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Abstract. Is it possible to cultivate grapevines without pesticides? Minimizing pesticide use is a huge challengefor the production of this emblematic crop, which currently heavily depends on chemical-intensive pest anddisease management strategies. Given this challenge, which research avenues could lead to the elimination ofpesticides in viticulture? Effectively removing pesticides requires integrating multiple management strategies,each typically only partially effective, and a shift from curative to agroecological vineyard management basedon prevention and improved agrosystem resistance. Consequently, a thorough and in-depth understanding ofagrosystem functioning is necessary in order to identify new reliable approaches and to optimize availablemethods (i.e., technical innovations). It is also essential to identify the most effective combinations ofmanagement strategies and the critical paths to pesticide-free systems. Research must also address any barriersand incentives that could hinder or accelerate this agroecological transition (i.e., systemic innovations). TheVITAE research project brings together researchers from INRAE, the universities of Bordeaux and Bourgogne,and the Institut Agro Montpellier. Using an interdisciplinary approach that integrates findings in biology,physiology, ecology, oenology and economic sciences, the VITAE project tackles research areas that have notyet been sufficiently explored, while investigating the extent of the social changes needed to promote thisagroecological revolution.

1. INTRODUCTION
Towards the end of the 19th century, several bio-aggressors that originated in North America wereunintentionally introduced into vineyards throughoutEurope, causing significant damage. Scientificadvancements at the time led to some understanding ofthe associated diseases and to the adoption of controlmethods, such as grafting grape varieties onto resistantrootstocks (Phylloxera), the use of copper (grapevinedowny mildew) and sulfur (grapevine powdery mildew)treatments, and eventually synthetic plant protectionproducts. After 1945, the intensification of agricultureresulted in a significant increase in pesticide use anddependance on chemical inputs (Figure 1).

Starting in the 21st century, growing awarenessregarding the negative impacts of such products forced areevaluation of conventional wine-growing systemsenvironmental and socio-economic sustainability.However, because the modern agri-food sector relies onpesticides, substantially reducing their use is a verycomplex issue.
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Figure 1. Pesticide use in viticulture has several particularities:high usage on a relatively small area (average TFI of 15 on 3 %of the agricultural area) and the predominant use of fungicidesto address powdery and downy mildews and representing morethan 80 % of total treatments. Insecticide use is mainlyexplained by mandatory treatments against the leafhopper,vector of flavescence dorée (73 % of the French wine-growingarea).
Most current research programs aim to facilitate theprogressive reduction of pesticides using substitutesolutions [1] (Fouillet et al., 2022). Analyses from theDEPHY network spanning the last 10 years show that itis possible to reduce phytosanitary product use by 25 %by optimizing their application and substituting withother, less detrimental products [2] (Nefti et al., 2024),[1, 3] (Fouillet et al., 2022, 2024). However, there is alimit to what can be achieved using these levers alone.
Agricultural research must play a major role indeveloping original research frontiers that could lead topesticide-free viticulture. This imperative explainsseveral research initiatives, in particular the FrenchPriority Research Program entitled “Growing andprotecting crops differently”, and the European ResearchAlliance program called “Towards a Chemical Pesticide-Free Agriculture” (https://www.era-pesticidefree.eu).These initiatives push agricultural researchers to producethe knowledge needed to enable pesticide-freeagriculture by 2040. The VITAE research project is partof this research imperative, incorporating both cutting-edge scientific innovation and better understanding thesocio-economic change necessary to facilitate such amonumental agricultural shift.

2. STRATEGIES
The VITAE project brings together French researchteams that share a common interest in vineyardagroecology. Using an interdisciplinary approach, theVITAE consortium organizes an integrative researchprogram to reach pesticide-free viticulture.
The project is organized into six work-packages(Figure 2) addressing viticultural management options atvarying spatial scales and the socio-economic factors forthe ecological transition. The project also includes a

foresight study to generate scenarios leading to zero-pesticide viticulture.
Eliminating pesticide use in viticulture requiresshifting from a curative disease management approachto one incorporating prevention and multiple alternativemethods. The partial efficacy of alternative protectionmethods necessitates their coordinated integration intonew, broader protection strategies that maximize eachmethod’s impact and their potential synergisticinteractions. Management strategies combining thesemethods will have to be adapted to specific climates andsocio-economic contexts.
Achieving zero-pesticide viticulture is only possibleusing both technical and systemic innovations. It is alsonecessary to rethink wine-growing systems as a wholewhile optimizing the quality of the wines that reach themarket. Furthermore, any alternative policy regulatingpesticides must take into consideration the fundamentaleconomics of market receptivity if, for example, winecharacteristics changed as a result, and of maintaining(or even strengthening) the competitiveness of farms andbusinesses. A thorough understanding of the economicand cultural obstacles to drastically changing agriculturalpractices is also necessary, bearing in mind that factorsother than monetary incentives can induce winegrowersto radically change their cultivation methods.
Finally, research supporting the transition to zero-pesticide viticulture requires close collaboration betweenscientific disciplines. Disruptive and innovative researchaxes are made possible by sharing knowledge, combiningexpertise, and collaborating across disciplines. TheVITAE project therefore proposes a multidisciplinaryapproach to building sustainable wine-growing systems.

Figure 2. Organization of the VITAE project. The resultsobtained for technical (WP1-WP2-WP3) and system (WP4-WP5-WP6) innovations will feed the foresight study.
3. MAIN ADVANCES
Work is in progress within each WP shown in Figure 2.The first key results obtained by the midpoint of theproject are presented below. The next challenge is tointegrate these results together and highlight the benefitsof VITAE’s multidisciplinary approach to helpdrastically reduce pesticide use in vineyards.

https://www.era-pesticidefree.eu
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3.1. Identifying microbial consortia that interferewith grapevine pathogens
After comparing the microbiomes of vineyards with lowor high susceptibility to downy mildew [4] (Fournier etal., 2023), it was found that several species of fungi andbacteria are more abundant in the less susceptible plots.These key fungal and bacterial species were found inlarge numbers in the soil surface in the spring. They werealso present on the surface of young leaves but rarely inleaf tissues. Foliar microorganisms from vineyards lesssusceptible to downy mildew were isolated and culturedto then assess their effect on the development of thedisease. Microorganisms present in leaf tissues thatremained healthy even during downy mildew epidemicswere also identified to supplement the list of key speciespotentially involved [5] (Barroso-Bergadà et al., 2022).A simplified microbial community (SynCom) composedof a mixture of forty-two key species showed promisingresults against downy mildew under controlledconditions. These key microorganisms could be used inbiocontrol strategies [6] (Fournier et al., 2022).
3.2. Developing new biocontrol methods withoriginal targets and/or modes of action
3.2.1. Identification of two new biocontrol solutions
Black rot (BR), and downy mildew (DM) are two majorgrapevine diseases for which effective biocontrolsolutions are necessary in order to replace conventionalfungicides. Among the potential solutions are biocontrolagents (BCAs) and the active molecules they secrete. Wefocused on two Bacillus strains previously shown aseffective BCAs against gray mold: Bacillus velezensisBuz14 and B. ginsengihumi S38.
A test to evaluate the effectiveness of biocontrolsolutions against black rot under semi-controlledconditions was developed. This test assesses diseaseexpression on leaves (i.e., symptom scoring) and fungaldevelopment (i.e., a cytological approach). Next, wehave demonstrated the effectiveness of the culturemedium supernatants of both bacterial strains againstblack rot (using the newly developed test) and grapevinedowny mildew (Figure 3). These two new polyvalentbiocontrol solutions combine a direct antimicrobialeffect with a plant defense-stimulator (PDS) (Figure 4)[7] (Raveau et al., 2024).

Figure 3. Mitigating effect of the two bacterial supernatantsassessed for black rot (left) and downy mildew (right).

Figure 4. Activation of defense gene expression incv. Marselan leaves treated by the bacterial supernatants (STS:stilbene synthase, ROMT: resveratrol-O-methyl transferase).
3.2.2. Enhancing PDS efficacy through preliminarydisinhibition of plant defense responses
PDS efficacy is often variable in field conditions and tothe quantities applied must be increased. In tobacco, ithas been shown that histone deacetylase enzymesnegatively regulate defense responses; their inhibitionby compounds (called de-inhibitors, or DIs) counteractsthis negative regulation. In grapevines, we havedemonstrated that applying a DI before applying a PDSleads to a more intense and prolonged activation of somedefense genes compared to PDS application alone.Interestingly, this strategy also leads to increasedprotection against downy mildew and powdery mildew.
3.3 Towards sustainable deployment ofresistant varieties
Host plant resistance is generally thought to be the mostfavorable disease control method in viticulture forenvironmental, economic, and social reasons. Grapevinebreeding programs are carried out by research institutesin countries around the world in order to create disease-resistant varieties targeting powdery and downymildews. The VITAE project expands this approach byalso targeting resistance to black rot and flavescencedorée (pre-breeding). As a first step, tests have beendeveloped to assess grapevine resistance to these twodiseases in controlled conditions. Observations fromtests conducted in the vineyard and in semi-controlledconditions have led to the identification of Vitis speciesthat are resistant to black rot. The next step is to transferthese resistances to an intermediate set of materials thatbreeders can then use to produce new grapevine varieties.
As for powdery and downy mildew, the VITAEproject focuses on the sustainable management ofgrapevine resistances that are already deployed. Ourobjective is to better characterize pathogen adaptation byidentifying the genes responsible for the breakdown ofresistance and monitoring the emergence of virulence innatural populations. To that aim, we have identified achromosomal region of the P. viticola (downy mildew)genome responsible for the breakdown of the Rpv3.1
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resistance and found that at least three genes arerecognized by the Rpv3.1 genes of the plant. Thesefindings allow for the development of a firstepidemiological monitoring tool of pathogen virulencein order to support the deployment of resistant varieties[8] (Paineau et al., 2022), [9] (Paineau et al., 2024).
3.4 Mobilizing biodiversity and ecosystemservices
Designing viticultural systems that promote theecosystem services provided by biodiversity would go along way in increasing agroecosystem resilience in thecontext of global change. The VITAE project's work onbiodiversity has highlighted the key role of certainarthropod taxa (e.g., spider families) in the naturalcontrol of insect pests, and the importance ofimplementing certain farming practices (e.g.,diversification of plant covers) at field or landscapescales to promote pest regulation. For instance, wedemonstrated that landscapes composed of smallvineyard plots and high amounts of semi-natural habitatsfavor the natural control of grapevine pests and limit theneed for insecticides [10] (Etienne et al., 2023), [11](Stemmelen et al., submitted). In addition, studies havedemonstrated that combining management strategies atboth local and landscape scales promotes greaterbiodiversity overall and bundles of ecosystem servicesthat can enhance the overall sustainability of viticulturalsystems without harming crop productivity [12](Beaumelle et al., 2023). These results suggest paths fordesigning vineyard systems that promote synergiesbetween biodiversity conservation, limitedenvironmental impacts, and crop productivity [13](Rusch et al., 2021).
3.5 Sustainable growing systems
Research on promising innovations conducted in input-efficient vineyards zeroed in on fifty more sustainablemanagement options currently in use (technical,organizational, and economic). From this research, it ispossible to better understand how to integrate thesepractices into farm management systems, taking intoconsideration production trade-offs related and anydownstream effects. Vineyards surface area is also apromising lever in mitigating obstacles to theimplementation lower-pesticide management,compensating for the resultant increased technical andorganizational complexity [14] (Merot et al., 2024). Inaddition, monitoring “minimally treated” plots will allowus to assess the impacts of various managementstrategies, including on enological characteristics of thefinal wine product. Furthermore, our results showed thatfarmers are changing their management approach fromplot to farm scale.

3.6 Identifying economic and regulatoryincentives
Research has been conducted on an experimental marketin order to assess how consumers value environmentallabeling, specifically as it relates to biodiversity. Thecreation of a “biodiv-score” for wines resulted in ageneral consumer willingness to pay more for suchproducts and a more value placed on an organiccertification. In addition, a choice experiment conductedto assess the willingness of Champagne winegrowers tointegrate resistant varieties into their vineyards showedthat winegrowers are interested in collective approachesto reduce cost and increase knowledge diffusion.
The VITAE project is also working on projectsrelated to insurance policies that cover crop loss anddamage. A choice experiment conducted among fourhundred winegrowers aimed to assess growers’preferences for a “product” insuring crop losses due todowny and powdery mildew, while at the same timeincentivizing growers to use very low chemical inputlevels. The results of this experiment show a genuineinterest in such “green insurance”, which can be designedas “incentive menus”.

4. FORESIGHT STUDY
The VITAE project includes a foresight study that willdevelop interdisciplinary scenarios for phasing outpesticides at the territory scale. Initial scenarios arecurrently being drafted (2024) and will be shared withwine industry organizations. Taking into account thesector's socio-economic context, the VITAE project willthen generate practical recommendations forwinegrowers, technical institutes, and policy makers.
5. CONCLUSIONS
The VITAE project has thus far cultivated aninterdisciplinary framework for the research communityto develop pesticide alternatives in the wine and vineyardsector. This collaborative structure facilitates theelaboration of interdisciplinary research proposals thatalign with French and European research programs. Thiscollective expertise must now be combined with that ofstakeholders and winegrowers to accelerate the design ofnew sustainable viticultural production systems.
FUNDINGS
The VITAE project is financed by the French NationalResearch Agency (ANR) under the grant 20‐PCPA‐0010(VITAE) (“Growing grapevine without pesticides:towards agroecological wine producing socio-ecosystems”).
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