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Introduction General Introduction

Host-plant specialization in phytophagous insects

Phytophagous insects depend on plant resources at some stage of their life cycle, whether for nutrition or oviposition (Bernays & Chapman, 1994). However, the selection of a suitable plant is a complex task since most environments are dynamic and exhibit great spatial and temporal variations in the plant resources available [START_REF] Carrasco | Insect host plant selection in complex environments[END_REF]. Given the long-standing coevolution between plants and insects (Ehrlich & Raven, 1964) and the variation in plant traits across the plant phylogeny, ecological specialization has occurred in a large proportion of phytophagous insects (Ali & Agrawal, 2012;Forister et al., 2012;Futuyma & Moreno, 1988;Jaenike, 1990). Indeed, along the diet breath continuum, 90 % of phytophagous insects are considered specialists (i.e., using one or more species belonging to the same plant family) while only 10 % are considered generalists (i.e., using species belonging to more than one plant family) (Bernays & Graham, 1988;Schoonhoven et al., 2005). If all phytophagous insects must search and recognize suitable host plants, how they achieve this complex task will depend on their degree of specialization.

Choosing a host plant: a sequential process

How phytophagous insects choose host plants to exploit is typically a sequence of behavioral responses [START_REF] Kennedy | Mechanisms of host plant selection[END_REF]Schoonhoven et al., 2005; Figure 1).

First is a searching phase during which the insect looks for a host plant in the environment, by making random movements resulting in accidental contacts with cues emitted from a host plant, which will then induce oriented movements toward or away from the source of these cues (Schoonhoven et al., 2005). These 'distance cues' consist in odors (i.e., mixtures of volatile organic compounds) and visual stimuli (e.g., plant size, architecture or color) [START_REF] Beyaert | Plant odour plumes as mediators of plant-insect interactions[END_REF][START_REF] Burger | Perception of floral volatiles involved in host-plant finding behaviour: Comparison of a bee specialist and generalist[END_REF]Johnson & Nielsen, 2012;[START_REF] Webster | Use of habitat odour by host-seeking insects[END_REF]. Insects respond to them by moving away from the plant if they are interpreted as repellent, or by approaching the plant until contact if they are interpreted as attractant (Bernays & Chapman, 1994).

Then, an evaluation phase is initiated that takes place on the plant surface (Schoonhoven et al., 2005). This involves a new set of behaviors such as sensing with gustatory receptors (Chapman, 2003), test-biting (for chewing species), probing (for piercing-sucking species) or puncturing with the ovipositor (Seada et al., 2016;Tsuneto et al., 2020;Wallace et al., 2004). This phase is mediated by an expanded set of chemicals that can be located on the plant surface (i.e., in cuticular waxes) or within tissues, and by physical traits such as trichome density, tissue toughness or tissue thickness.

Finally, a selection phase happens during which the insect accepts or rejects the plant as a host (Schoonhoven et al., 2005). In the case of host plant selection for feeding, this phase depends on what is called the 'nutritional strategy' of the insect. Herbivores have evolved sophisticate nutritional strategies, which optimize food selection and processing to maximize their fitness (Pyke, 2019;[START_REF] Simpson | Recent advances in the integrative nutrition of arthropods[END_REF]Simpson & Raubenheimer, 2012). Broadly speaking, this optimization consists in limiting energy losses associated with food handling , managing defense compounds contained in the food, and increasing the energy intake while ensuring an appropriate balance of nutrients (Pyke, 2019;Raubenheimer & Simpson, 2018;Schoener, 1971;Westoby, 1978).

Figure 1: The host-plant selection process in phytophagous insects depends on multiple factors that, globally, define a 'nutritional strategy'.

The multiple components of the nutritional strategies of phytophagous insects

Nutritional strategies depend on factors both directly related to the food source and directly related to the forager, but also on the ecological context (Figure 1).

Factors directly related to the food source are both physical and chemical. Upon contact with the plant, physical characteristics of plant organs or tissues can profoundly influence insect foraging decisions. Among these factors, resource accessibility is an important one (Barkan & Withiam, 1989) that can vary, e.g., with tissue thickness (Peeters, 2002) or, in the case of flower foragers, with the length of the corolla [START_REF] Mallinger | Bee visitation rates to cultivated sunflowers increase with the amount and accessibility of nectar sugars[END_REF]. On the plant surface, tissue toughness [START_REF] Webber | Intra-plant variation in cyanogenesis and the continuum of foliar plant defense traits in the rainforest tree Ryparosa kurrangii (Achariaceae)[END_REF] and waxy cuticles [START_REF] Watts | Are epicuticular waxes a surface defense comparable to trichomes? A test using two Solanum species and a specialist herbivore[END_REF], as well as physical structures such as trichomes [START_REF] Kaur | Role of trichomes in plant stress biology[END_REF] and spines [START_REF] Kariyat | Plant spines deter herbivory by restricting caterpillar movement[END_REF], can also influence the herbivore locomotion and in some cases act as physical barriers [START_REF] Bar | Plant trichomes and the biomechanics of defense in various systems, with Solanaceae as a model[END_REF]Xing et al., 2017). Physical traits, however, show less phylogenetic consistency compared to chemical ones, and are thus thought of less general importance for plant selection processes compared to chemical traits (Bernays & Chapman, 1994;Bernays & Graham, 1988;Schoonhoven, 1981). Variation in plant chemical traits is thus seen as a basis for greater specificity for host plant selection, especially given the dietary specialization of most phytophagous insects. Among these chemical traits, contact chemicals (present on the plant surface or within tissues), i.e., those sensed by gustatory receptors, have a major influence on insect nutritional strategies (Chapman, 2003;Pentzold et al., 2017). These chemicals are of different nature and can be broadly classified into macronutrients (complex molecules of high molecular weight) and metabolites (simpler molecules of low molecular weight). Among macronutrients, it has been shown that proteins and digestible carbohydrates are of primary importance for herbivores, and that insects can indeed regulate their intake, e.g., by switching between different food sources (Bernays & Raubenheimer, 1991;[START_REF] Mody | Fitness related diet-mixing by intraspecific host-plantswitching of specialist insect herbivores[END_REF][START_REF] Romanyukha | The impact of diet switching on resource allocation to reproduction and longevity in Mediterranean fruitflies[END_REF] or by adjusting their feeding behavior when constrained on an unbalanced food (Berner & Blanckenhorn, 2006;[START_REF] Fanson | Geometry of compensatory feeding and water consumption in Drosophila melanogaster[END_REF][START_REF] Lee | A geometric analysis of nutrient regulation in the generalist caterpillar Spodoptera littoralis (Boisduval)[END_REF]Simpson & Simpson, 1990). Metabolites are usually divided into primary and specialized ones, only the former being part of fundamental physiological processes that are plant growth and reproduction. Although primary metabolites, such as sugars and amino acids, are known to stimulate host acceptance [START_REF] Douglas | Geometry of compensatory feeding and water consumption in Drosophila melanogaster[END_REF]Freeman et al., 2014;Hunt et al., 2006;Miyamoto et al., 2012), it is considered that host selection processes cannot solely be based on them as they are ubiquitous in the plant kingdom (Schoonhoven et al., 2005). Since the seminal work of Fraenkel (1959), the role of specialized metabolites (previously called 'secondary metabolites') in plant-insect interactions has been widely recognized and extensively studied.

Their effect on herbivores is hard to generalize as it depends on the degree of specialization of the insect, i.e., a given specialized metabolite can stimulate or deter feeding depending on the insect species (Bruce, 2014;Macel, 2011;Volf et al., 2015). In the end, it is the balance between the simulant and deterrent effects of plant macronutrients, primary and specialized metabolites that determines the outcome of the selection process, which can end with complete rejection of the plant or acceptance at varying degrees (Schoonhoven et al., 2005).

Factors directly related to the forager include, e.g., the developmental stage and the sex of the individual. Physiological changes occurring during the insect development, or physiological differences between males and females (or between castes in social insects), can indeed result in different nutritional requirements and, consequently, in different nutritional strategies as revealed by different food choices [START_REF] Chyb | Identification of sensilla involved in taste mediation in adult western corn rootworm (Diabrotica virgifera virgifera LeConte)[END_REF]Renwick et al., 2001;Stockhoff, 1993).

In locusts (Locusta migratoria) for example, adults reduce protein intake and increase carbohydrate intake gradually during the somatic growth phase [START_REF] Chyb | Dietary selection in adult Locusta migratoria[END_REF], while in the gypsy moth (Lymantria dispar dispar) for example, males feed preferentially on lipidrich resources, which serve as fuel for flight, when females feed preferentially on protein-rich resources, which serve as fuel for egg development (Stockhoff, 1993). These and other internal factors modulate the insect nutritional requirements, which are expressed in terms of 'energetic budget.' An insect energetic budget is classically divided into in four main categories of energyproviding molecules, namely free sugars, glycogen, triglycerides and proteins, each of these being involved in different physiological processes (Arrese & Soulages, 2010;Beenakkers et al., 1984;[START_REF] Hahn | Energetics of Insect Diapause[END_REF]Rivero & Casas, 1999;Telfer & Kunkel, 1991;Weber, 2011).

Finally, the ecological context includes multiple factors such as antagonists (Hermann & Thaler, 2018), mutualists [START_REF] Fiedler | Host-plant relationships of lycaenid butterflies: Large-scale patterns, interactions with plant chemistry, and mutualism with ants[END_REF] and conspecifics [START_REF] Lihoreau | Nutritional ecology beyond the individual: A conceptual framework for integrating nutrition and social interactions[END_REF], but also the overall availability and distribution of the food sources in the environment [START_REF] Cole | Exploring the interactions between resource availability and the utilisation of semi-natural habitats by insect pollinators in an intensive agricultural landscape[END_REF][START_REF] Despland | The role of food distribution and nutritional quality in behavioural phase change in the desert locust[END_REF]Shin et al., 2021) as well as abiotic conditions (e.g., seasonality or temperature) (Hamby et al., 2016;Panda & Khush, 1995). This ecological context modulates the effects of the two other kinds of factors seen above, and can induce changes in the selection process of phytophagous insects compared to what could have been predicted based solely on plant traits and forager's nutritional state.

Studying host-plant selection processes: a need for integration

As seen above, a multiplicity of factors drives nutritional strategies of herbivorous insects.

However, so far, no approach has been developed that fully integrates all of them. Indeed, several fields of research have sought to understand the mechanisms of host-plant selection by phytophagous insects, each adopting a different point of view but none being truly integrative.

Among these fields, the most influential ones have been nutritional and chemical ecology, which have been developed largely in parallel in the 20 th century. While nutritional ecology mostly focuses on the influence of plant macronutrients [START_REF] Painter | The food of insects and its relation to resistance of plants to insect attack[END_REF], chemical ecology focuses on plant metabolites, especially specialized ones (Fraenkel, 1959). Research has recently moved toward a better integration of the respective and relative influence of macronutrients and metabolites on insects foraging decisions (Behmer et al., 2002;Le Gall, 2014;Simpson & Raubenheimer, 2001), but integrative studies are still deeply lacking. Parallel to these fields of research that make direct links between plant traits and the herbivore behavior, deciphering the genetic determinants of host-plant selection processes through quantitative genetics approaches is an indirect strategy that also provides important information to decipher the complexity of plant-insect interactions [START_REF] Whiteman | Genome-Enabled Research on the Ecology of Plant-Insect Interactions[END_REF]. Other approaches have been developed, such as ecological stoichiometry, that will not be presented in the present thesis.

The combination of complementary approaches originating from different research fields is therefore essential to obtain a comprehensive view of the determinants of host-plant selection processes. This is an obvious key fundamental question for the understanding of plant-insect interactions, but it is also of great interest for applied researches that aim at improving crop resistance to insect pests. Indeed, deciphering the determinants of host-plant selection processes allows envisaging protection strategies that will divert selection processes of insect pests in favor of the crop, such as biocontrol, behavioral manipulation and breeding for resistance.

Study system

Brassicogethes aeneus

Life cycle (Figure 1)

The pollen beetle, Brassicogethes aeneus F. (syn. Meligethes aeneus) is a pollinivorous Coleoptera from the Nitidulidae family, and the dominant pollen beetle species found in Europe (Ouvrard et al., 2016). Adult pollen beetles overwinter in the leaf litter (Figure 1) from late summer to early the next spring [START_REF] Rusch | Multi-scale effects of landscape complexity and crop management on pollen beetle parasitism rate[END_REF]Williams, 2010). Once the mean temperature of the soil reaches 10 °C at the early spring, adult beetles emerge and look for food sources [START_REF] Nilsson | The pollen beetle (Meligethes aeneus F.) in winter and spring rape at Alnarp 1976-1978, 3: Mortality factors[END_REF]. Adults are generalist pollen feeders and feed from plants belonging to many different families, for a week or two after emergence (Free & Williams, 1978;Marques & Draper, 2012;Ouvrard et al., 2016). Although adults are generalist feeders, oviposition is restricted to brassicaceous species (Borg & Ekbom, 1996;Free & Williams, 1978). When temperatures rise above 12 °C, both females and males disperse in the landscape and search for egg-laying sites (Ferguson et al., 2015;Free & Williams, 1978). At this time (i.e., from February to mid-March), pollen beetles massively immigrate into winter oilseed rape (Brassica napus L.) fields, these being very abundant in Western European landscapes at this period of the year and representing enormous patches of host plants on which to lay egg. Oilseed rape flowers being still closed at the moment of pollen beetle immigration, adults pierce flower buds to reach the pollen they contain, thereby causing often irreversible damage to these buds. Once blossoming starts, feeding occurs mainly on flowers with limited impact on the crop. Adults mate on the plant and females lay eggs in mid-size flower buds (3-5 mm), by ovipositing through a small hole they chew at the basis of the bud (Free & Williams, 1978;Hervé et al., 2015;[START_REF] Nilsson | The pollen beetle (Meligethes aeneus F.) in winter and spring rape at Alnarp 1976-1978, 3: Mortality factors[END_REF]Williams, 2010). Eggs hatch after a few days and the complete development of the insect takes about one month in natural conditions. First-instar larvae feed on the pollen available within the flower bud (Cook et al., 2004), while second (and last) instar larvae feed on pollen from open flowers, moving from flower to flower (Free & Williams, 1978). After about two weeks of growth, larvae drop to the soil and pupate just below the soil surface. New-generation adults emerge during summer and feed from the pollen of flowers from a great variety of plant species belonging to many different families and then seek overwintering sites between mid-July and late September (Williams & Free, 1978). 

Feeding patterns

During their life cycle, pollen beetles exhibit multiple feeding patterns occurring at different scales (Figure 2).

Just before and after diapause, adults feed from the pollen of flowers belonging to many different plant families (Free & Williams, 1978;Marques & Draper, 2012;Ouvrard et al., 2016). Ouvrard et al. (2016) reported the presence of pollen beetles on plants from nine different families, namely Brassicaceae, Alliaceae, Apiaceae, Asteraceae, Fabaceae, Liliaceae, Ranunculaceae, Rosaceae and Rubiaceae. At the family level, it has also been shown that pollen beetles exhibit non-random food choices, with, e.g., more intense feeding behaviors on

Brassica napus compared to its relative species Sinapis alba (Austel et al., 2021;Hopkins et al., 1998;Kaasik et al., 2014;Veromann et al., 2014), Eruca sativa [START_REF] Veromann | Relative attractiveness of Brassica napus, Brassica nigra, Eruca sativa and Raphanus sativus for pollen beetle (Meligethes aeneus) and their potential for use in trap cropping[END_REF] and Barbarea vulgaris [START_REF] Börjesdotter | Barbarea verna and Barbarea vulgaris as host plants for the pollen beetle (Meligethes aeneus)[END_REF]. A variability in the feeding intensity has also been observed between genotypes of different Brassicaceous species (Austel et al., 2021;Hervé et al., 2014;Seimandi-Corda et al., 2019). Finally, even at the small scale of an inflorescence of B. napus, pollen beetles show stereotypic feeding patterns with a preferential feeding on young flower buds compared to old ones (Ferguson et al., 2015;Nilsson, 1994;[START_REF] Seimandi-Corda | Sampling pollen beetle (Brassicogethes aeneus) pressure in oilseed rape: Which method is best?[END_REF]. Although all these feeding patterns have been well described, the determinants of these, i.e., the nutritional strategies of pollen beetle adults, remain unknown.

This species thus appears a biological model of interest for integrative studies on herbivores nutritional strategies.

Damage to oilseed rape crops

During the short period preceding the blossoming of B. napus, adult pollen beetles destroy flower bud perianths (i.e., petals and sepals) to reach the pollen they surround (Williams, 2010; Figure 3A,B,C). This damage can lead to the abortion of flower buds (Figure 3D), leaving podless stalks and possibly causing consequent yield losses of up to 80 % (Nilsson, 1987).

Oviposition and a high density of larvae can also cause some damage to flower buds, but to a much lesser extent (Williams, 2010). However, B. napus shows good abilities to tolerate pollen beetle damage, by compensating through the development of new branches and pods [START_REF] Pinet | Floral bud damage compensation by branching and biomass allocation in genotypes of Brassica napus with different architecture and branching potential[END_REF]. Once flowers open, pollen beetles no longer cause significant damage to the crop.

Oilseed rape: a crop plant threatened by many insect pests

Oilseed rape (Brassica napus L.) is a member of the Brassicaceae family and is considered a newly formed species probably originating from a spontaneous cross between turnip rape (Brassica rapa) and cabbage (Brassica oleracea) (Iniguez-Luy & Federico, 2010). This recent hybridization event, combined with the recent breeding for low erucic acid and glucosinolate seed content, has led to very low genetic diversity in current cultivars (Bus et al., 2011;Hasan et al., 2006). Brassica napus is the most cultivated oilseed crop in Europe nowadays, France being the first producer with 24.5 % of the total European production and 1.5 million hectares cultivated per year (Statistics | Eurostat, 2021). Two types of cultivars exist: winter and spring.

Winter oilseed rape, the most common type cultivated in Europe, is sown in late summer and flowers in early spring after an obligate vernalization period (Daun, 2011;Gourrion et al., 2020). Spring oilseed rape is sown in early spring and flowers in summer, with no need of vernalization. The long growth cycle of winter oilseed rape (~300 days) exposes plants to many insect pests such as the winter stem weevil (Ceutorhynchus picitarsis) and cabbage stem flea beetle (Psylliodes chrysocephala) during autumn, and the rape stem weevil (Ceutorhynchus napi), cabbage seed weevil (Ceutorhynchus assimilis), brassica pod midge (Dasineura brassicae) and pollen beetle in spring (Williams, 2010). As a result, oilseed rape requires a particularly high number of insecticide applications, the average number of treatments being eight times higher than for wheat or maize in France (Agreste, La Statistique Agricole, 2019). 

Control strategies

Insecticides, especially pyrethroids, have been classically used to control pollen beetle populations [START_REF] Richardson | Summary of findings from a participant country pollen beetle questionnaire[END_REF]. However, resistances to pyrethroids have developed and spread throughout European pollen beetle populations as a result of an excessive use of these products (Slater et al., 2011;Wrzesińska et al., 2014;Zimmer et al., 2014). Although neonicotinoids have also been used to control pollen beetles, their negative impact on bee health has led to a ban of their use in Europe [START_REF] Bass | Neonicotinoids[END_REF]. The development of alternative control methods is thus urgently needed. Among these, methods based on trap cropping have received considerable attention. Since pollen beetles are more attracted to flowering than nonflowering plants, early flowering plants such as ES Alicia oilseed rape cultivar (Terre-net, 2023), or turnip rape (Brassica rapa) can indeed be used as trap crops, placed within the crop or at the field border to divert pollen beetles from the crop to be protected (Cook et al., 2007).

Other brassicaceous companion plants have also been reported as being more attractive than B.

napus, such as the black mustard (Brassica nigra) and radish (Raphanus sativus), which could also be used as trap crops [START_REF] Veromann | Relative attractiveness of Brassica napus, Brassica nigra, Eruca sativa and Raphanus sativus for pollen beetle (Meligethes aeneus) and their potential for use in trap cropping[END_REF]. Biological control methods based on the recruitment of natural enemies, such as hymenopteran parasitoids (Kaasik et al., 2014;[START_REF] Ulber | Schädlingsbefall an Raps in Rein-und Mischfruchtanbau im ökologischen Landbau. Anbau von Mischkulturen mit Ölpflanzen zur Ver-besserung der Flächenproduktivität im ökologischen Landbau: Nährstoffaufnahme, Unkrautunterdrückung, Schaderregerbefall und Produktqualität -Abschlussbericht zum Forschungsprojekt Trenthorst: Bundesprogramm ökologischer Landbau[END_REF], entomopathogenic fungi [START_REF] Husberg | Effects of Metarhizium anisopliae on the pollen beetle Meligethes aeneus and its parasitoids Phradis morionellus and Diospilus capito[END_REF] or nematodes [START_REF] Nielsen | Susceptibility of Meligethes spp. And Dasyneura brassicae to entomopathogenic nematodes during pupation in soil[END_REF], have also been widely studied to reduce pollen beetle pressure. In addition, it has been reported that agricultural practices [START_REF] Valantin-Morison | Diagnosis of limiting factors of organic oilseed rape yield. A survey of farmers' fields[END_REF][START_REF] Veromann | Effects of nitrogen fertilization on insect pests, their parasitoids, plant diseases and volatile organic compounds in Brassica napus[END_REF] or the diffusion of repellent plant volatiles [START_REF] Mauchline | Semiochemical-based alternatives to synthetic toxicant insecticides for pollen beetle management[END_REF] can also reduce damage caused by pollen beetles. However, in spite of the number of strategies developed, the damage caused to crops by pollen beetles is still considerable. Other efficient, complementary, and sustainable methods are thus still needed, among which breeding for more natural resistance in B. napus.

Host plants

Different host plant species have been used in this work. They have been chosen depending on the scale at which the nutritional strategy of pollen beetles has been studied.

As seen above (Figure 1), just before diapause, pollen beetles feed from plant species belonging to many different families. However, particularly frequent associations have been observed with some species from three families : Crepis capillaris and Senecio vulgaris (Asteraceae),

Sisymbrium officinale and Sinapis arvensis (Brassicaceae), and Ranunculus acris and Ranunculus repens (Ranunculaceae) (Free & Williams, 1978;Herrera & Otero, 2021;Ouvrard et al., 2016). These species have been chosen for the present work. An additional interest they present is that they all produce yellow flowers, thereby avoiding a major influence of flower color in the selection of the plant by pollen beetles. Indeed, yellow is the preferred color of this insect species (Döring et al., 2012).

Although adult pollen beetles are generalist feeders, they have close relationships with brassicaceous plants, especially B. napus on which they feed and oviposit for most of their life (Borg & Ekbom, 1996;Free & Williams, 1978). Part of this work has then been performed on

B. napus.

No resistance to any insect pest has been identified in B. napus so far, hence the need to find sources of resistance in relative species for subsequent introgression and crop protection (Allender & King, 2010;Hasan et al., 2006;Hervé, 2018). Among other brassicaceous species, the white mustard Sinapis alba (L.) has been shown resistant to several insect pests (Bodnaryk, 1996;Lee et al., 2014;Malchev et al., 2010) and some studies have confirmed this result with pollen beetles (Austel et al., 2021;[START_REF] Veromann | Relative attractiveness of Brassica napus, Brassica nigra, Eruca sativa and Raphanus sativus for pollen beetle (Meligethes aeneus) and their potential for use in trap cropping[END_REF]. In a previous work by [START_REF] Mercier | Etude de la résistance de la moutarde blanche au méligèthe du colza[END_REF] in collaboration between Innolea and IGEPP, it has been validated that before flowering, S. alba is less accepted than B. napus and it has been further demonstrated that an intraspecific variation exists between S. alba genotypes, with one identified as susceptible to the pollen beetle (M1)

and two identified as resistant (M2 and M3) (Figure 4a,b). The work of the present thesis will start from these results. 15. From Mercier (2018).

Objectives and organization of the manuscript

Host plant selection for feeding depends on the nutritional strategy of the insect. Deciphering the factors that drive insect nutritional strategies is a key fundamental question to understand plant-insect interactions, but it is also of great interest for applied researches aiming to improve crop resistance to insect pests.

The pollen beetle is a generalist pollinivore with a close relationship with oilseed rape (Brassica napus) on which it mainly feeds and causes severe yield losses just before blossoming. Some levels of resistance to the pollen beetle have been identified in white mustard (Sinapis alba), which could be used in breeding programs to improve resistance of B. napus to this insect. However, the mechanisms underlying this rejection and the factors that drive the feeding behavior of pollen beetles are still unknown.

The objective of this work is to combine approaches from nutritional ecology, chemical ecology, and quantitative genetics to decipher the selective pressures exerted on the feeding behavior of pollen beetles that will serve to understand the rejection of S. alba. We studied the feeding patterns of pollen beetles, beyond B. napus, at different scales (plant families, species, genotypes and, within a single plant, between organs at different stages of maturity) to unravel the respective and relative influence of macronutrients and metabolites in their nutritional strategies. Combined with quantitative genetics we then try to decipher the chemical and genetic bases of the rejection of S. alba compared to B. napus by the pollen beetles.

The manuscript is organized as follows:

Chapter 1 combines nutritional ecology with insect physiology to unravel the determinants of host plant selection across different plant families [paper 1].

Paper 1 -Food preferences in a generalist pollen feeder: A nutritional strategy mainly driven by plant carbohydrates (published in Frontiers in Ecology and Evolution)

Chapter 2 investigates how a brassicaceous plant allocates its defenses among reproductive tissues, both spatially and temporally [papers 2 and 3], and deciphers the chemical determinants of the rejection of Sinapis alba [papers 4 and 5]. 

Chapter 1 Nutritional ecology -nutrients as the foraging currency

Animals, including phytophagous insects, require multiple nutrients for the processes of maintenance, growth, development and reproduction [START_REF] Raubenheimer | Integrative models of nutrient balancing: Application to insects and vertebrates[END_REF][START_REF] Simpson | Optimal foraging when regulating intake of multiple nutrients[END_REF]. Although plants contain all the essential nutrients required by phytophagous insects [START_REF] Chapman | The Insects: Structure and Function[END_REF]Schoonhoven et al., 2005), their ingestion in appropriate amounts and ratios is often challenging since the distribution of nutrients is highly variable at multiple spatial scales. Indeed, large variations in the nutrient content exist between different plant families and species (Bellec, et al., 2022a;Vaudo et al., 2020), different genotypes of a given plant species [START_REF] Mataa | Variation in Leaf Macro-nutrient and Antinutrient Contents Associated with Maturity in Selected Roselle (<em>Hibiscus sabdariffa</em>) Genotypes[END_REF][START_REF] Ruiz | Leaf-macronutrient content and yield in grafted melon plants. A model to evaluate the influence of rootstock genotype[END_REF], and even within an individual plant (Bellec et al., 2022b;[START_REF] Mataa | Variation in Leaf Macro-nutrient and Antinutrient Contents Associated with Maturity in Selected Roselle (<em>Hibiscus sabdariffa</em>) Genotypes[END_REF]Onodera et al., 2014;[START_REF] Von Fircks | Seasonal variation of macronutrients in leaves, stems and roots of Salix dasyclados Wimm. Grown at two nutrient levels[END_REF]). As a unique example, nutrients are typically more concentrated in reproductive tissues and seeds than in most other tissues [START_REF] Madsen | Resource allocation at the individual plant level[END_REF].

Among plant nutrients, proteins and digestible carbohydrates are of primary interest for phytophagous insects. Indeed, proteins are essential to provide the amino acids needed for protein synthesis, whereas digestible carbohydrates are mostly used either as key energy source to fuel the metabolism or to store energy once converted into fat or glycogen (Bernays & Chapman, 1994;[START_REF] Friend | Nutritional Requirements of Phytophagous Insects[END_REF]Schoonhoven et al., 2005;[START_REF] Thompson | Chapter 183-Nutrition[END_REF].

Given the need for insects to ensure the provisioning of sufficient and specific protein and carbohydrate amounts, and the fluctuating availability of these in the environment, insects have evolved the ability to regulate the intake of multiple nutrients. Nutrient regulation in insects was first demonstrated in Helicoverpa zea [START_REF] Waldbauer | Self-Selection of an Optimal Nutrient Mix from Defined Diets by Larvae of the Corn Earworm, Heliothis zea (Boddie)[END_REF] and was made possible by the use of artificial diets with controlled nutrient contents. Since the first review of [START_REF] Waldbauer | Self-Selection of Optimal Diets by Insects[END_REF], multiple examples have been reported in the literature of insects switching between food sources (Bernays & Raubenheimer, 1991;[START_REF] Mody | Fitness related diet-mixing by intraspecific host-plantswitching of specialist insect herbivores[END_REF][START_REF] Romanyukha | The impact of diet switching on resource allocation to reproduction and longevity in Mediterranean fruitflies[END_REF] or adjusting their feeding behavior when the opportunity to mix food sources was limited (Berner & Blanckenhorn, 2006;[START_REF] Fanson | Geometry of compensatory feeding and water consumption in Drosophila melanogaster[END_REF][START_REF] Lee | A geometric analysis of nutrient regulation in the generalist caterpillar Spodoptera littoralis (Boisduval)[END_REF]Simpson & Simpson, 1990).

The study of how insects regulate their nutrient intake took a significant step forward with the development of a unifying theoretical framework, the Nutritional Geometric Framework (NGF), by Simpson & Raubenheimer in 1993. The NGF is a graphical approach (Figure 1) to explore how individuals self-select food sources in a multidimensional nutrient space where axes represent relevant (i.e., fitness affecting) food components, e.g. proteins and carbohydrates for phytophagous insects. Within this nutritional space, individual food sources are positioned on trajectories, or nutritional rails, and there is a geometric representation of the nutrient mixture that the individual is (or should be) targeting, called the intake target (IT) (for more details see Behmer, 2009;[START_REF] Raubenheimer | Nutrition, ecology and nutritional ecology: Toward an integrated framework[END_REF]Simpson & Raubenheimer, 2012).

Figure 1: The Nutritional Geometric Framework developed by Simpson & Raubenheimer (1993). The intake target is represented by a red circle. Panel a: the insect can reach its intake target by consuming an optimal balanced food (green line). Panel b: the insect is constrained to an imbalanced food (brown line) and unable to reach its intake target, thus has three possible nutritional strategies: i) feeding until reaching carbohydrate requirements (dark blue circle) but suffering from a protein deficit, ii) feeding until reaching protein requirements (yellow circle) but suffering from a carbohydrate excess or iii) feeding to some intermediate point (grey circle) to limit both the excess of carbohydrates (yellow dotted line) and the deficit of proteins (dark blue dotted lines). Panel c: the insect can reach its intake target by switching between two unbalanced but complementary food sources (orange and blue lines). The shaded area represents the available nutrient space. Panel d: the nutrient space available depends on the insect specialization degree: to achieve the same intake target, a nutrient generalist can benefit from a larger food range (R, red line) than a nutrient specialist (r, purple line). Adapted from Behmer, (2009); [START_REF] Body | Manipulations des végétaux par les organismes endophytes: Mécanismes physiologiques, signalisation et conséquences nutritionnelles chez un insecte mineur de feuilles [These de doctorat, Tours[END_REF]; Raubenheimer & Simpson (1999).

The NGF has proven to be an effective tool for understanding how phytophagous insects regulate their feeding. However, this approach lacks the integration of the physiological dimension of these strategies. Indeed, the fitness depends not only on the uptake of dietary macronutrients, but also on their allocation to different life-history traits through their conversion to energy-providing molecules [START_REF] Heino | Evolution of resource allocation between growth and reproduction in animals with indeterminate growth[END_REF][START_REF] Tomlinson | Applications and implications of ecological energetics[END_REF].

One way to adopt this point of view is to quantify energetic budgets, i.e. the different types of energy-providing molecules. Although recent and sensitive analytical methods allow the rapid quantification of these energetic budgets in insects (Foray et al., 2012;Hidalgo et al., 2016), very few studies integrate this dimension to understand nutrient regulation strategies (Body et al., 2019). But, as discussed by Rivero & Casas (1999), bridging the gap between insect preferences or performance and plant nutrient contents through the integration of energetic budgets would give more physiological realism to the study of insect nutritional strategies.

In this chapter, we combine nutritional ecology with insect physiology to unravel the determinants of host plant selection across different plant families in a non-pollinator, pollinivorous insect, the pollen beetle.

The special case of pollen feeders:

Pollen is a food source for several groups of arthropods including mutualistic pollinators such as bees and bumblebees, and antagonist non-pollinators such as lycaenid butterflies, curculionid or chrysomelid beetles, and many thrips species (Schoonhoven et al., 2005). It is usually considered that pollen is primarily a source of proteins and lipids, whereas nectar is a source of carbohydrates [START_REF] Nicolson | Bee food: the chemistry and nutritional value of nectar, pollen and mixtures of the two[END_REF]. Most studies on nutrient regulation in pollinivores, which have been conducted on pollinators, have then considered proteins and lipids as the main foraging currencies (Ghosh et al., 2020;[START_REF] Vaudo | Bumble bees regulate their intake of essential protein and lipid pollen macronutrients[END_REF]Vaudo et al., , 2020)). However, it has been shown that amounts of lipids and carbohydrates equivalent to what is found in nectar can also be found in pollen (Di Pasquale et al., 2013;[START_REF] Donkersley | Nutritional composition of honey bee food stores vary with floral composition[END_REF]. Thus, as with other herbivores, carbohydrates should be considered to understand how pollinivores regulate their nutrient intake. In addition, studies aiming to understand the nutritional strategies of pollen feeders other than bees are currently lacking. Introduction: Animal nutritional strategies have been extensively studied in vertebrates, where generalism at the individual scale is the rule. In insect herbivores, the determinants of the nutritional strategy of individualscale generalists remain poorly studied, and the focus has been placed mainly on the influence of plant defense. Moreover, the integration of a physiological dimension in such studies remains rare. Here, we investigated the determinants of the nutritional strategy of pre-diapausing pollen beetles, Brassicogethes aeneus, with a focus on the influence of macronutrients. Before their diapause, pollen beetles are known to feed from plants belonging to many different families. This raises three questions: (i) Is the generalism of pollen beetles a populational consequence of individuals specialized on different plant families? (ii) Do individuals feed at random on flowers available or do they have a particular nutritional strategy? and (iii) In case of nonrandom feeding choices, do pollen macronutrients explain this nutritional strategy?

Methods: To answer these questions, we used a series of laboratory experiments including feeding choice tests on flowers and artificial substrates, quantification of pollen nutrient content, quantification of the insect energetic budget, and performance experiments.

Results: We show that pollen beetles are generalist at the individual scale, and that clear and stable food preferences are established over a few hours in a multi-choice context. Pollen beetles prefer to feed on flowers with a carbohydrate-rich pollen, and this preference is adaptive since performance correlates positively with the plant carbohydrate content. This better performance may be explained by the fact that individuals feeding on carbohydrate-rich resources accumulate more glycogen and total energetic reserves.

Discussion: This study represents one of the few evidences of generalism at the individual scale in an herbivorous insect. It provides a better understanding of the nutritional strategy of a non-bee pollen feeder and shows the importance of carbohydrates in this strategy. It highlights the need to

Introduction

Animals have evolved different strategies to exploit their food sources, ranging from strict specialism (i.e., feeding on a narrow range of resources) to generalism (i.e., feeding on a broad range of resources) (Futuyma and Moreno, 1988). Generalist species logically benefit from higher opportunities to find food sources compared to specialists [START_REF] Bernays | Insect herbivores: different reasons for being a generalist[END_REF]Richter and Cumming, 2006). The mixing of a variety of food items may be a strategy to dilute the intake of toxins (Freeland and Janzen, 1974) and to counterbalance nutritional deficiencies with complementary food sources [START_REF] Pulliam | Diet optimization with nutrient constraints[END_REF]Westoby, 1978). However, [START_REF] Fox | Specialization: species property or local phenomenon?[END_REF] and [START_REF] Bernays | Insect herbivores: different reasons for being a generalist[END_REF] drew attention to the fact that generalist species can be composed of specialized populations or individuals, and that a distinction should be made between generalist populations composed of specialist individuals and generalist populations composed of generalist individuals. Since the benefits of generalism are obviously not relevant for generalist populations composed of specialist individuals, this distinction appears crucial when deciphering nutritional strategies of generalist species.

These strategies have been extensively studied in vertebrates, where generalism at the individual scale is the rule [START_REF] Bernays | Insect herbivores: different reasons for being a generalist[END_REF]. Indeed, examples of such generalist feeding strategies at the individual scale can be found in mammals (Wiggins et al., 2006;[START_REF] Cui | Macronutrient signature of dietary generalism in an ecologically diverse primate in the wild[END_REF]Takahashi et al., 2021;Windley et al., 2022), birds [START_REF] Fargallo | Foraging strategy of a carnivorous-insectivorous raptor species based on prey size, capturability and nutritional components[END_REF][START_REF] Cady | Generalist bird exhibits site-dependent resource selection[END_REF][START_REF] Oortwijn | Sulfur in lucinid bivalves inhibits intake rates of a molluscivore shorebird[END_REF], reptiles [START_REF] Figueras | Consumption patterns of a generalist omnivore: eastern box turtle diets in the long island Pine Barrens[END_REF], and fishes (Yeager et al., 2014;[START_REF] Laske | Generalist feeding strategies in Arctic freshwater fish: A mechanism for dealing with extreme environments[END_REF]. In herbivorous insects, however, where most species are specialists (Bernays and Graham, 1988), feeding strategies of generalist species have received much less attention. Among generalist herbivorous insects, most of which are pollinators [START_REF] Fontaine | Are insect pollinators more generalist than insect herbivores?[END_REF], only nutritional strategies of bees have been thoroughly studied [START_REF] Bonoan | The perils of forcing a generalist to be a specialist: lack of dietary essential amino acids impacts honey bee pollen foraging and colony growth[END_REF]Ghosh et al., 2020;Vaudo et al., 2020) while it is known that non-bee hymenopterans, as well as many dipterans, lepidopterans and coleopterans, are important pollen feeders too (Rader et al., 2020). Therefore, we lack studies aiming at deciphering nutritional strategies of the vast diversity of non-bee generalist pollen feeders.

Since generalist herbivorous insects have long been considered less able than specialists to deal with plant defenses, most studies on the nutritional strategies of generalists have focused on the influence of these defenses on the host selection process (Schoonhoven et al., 2005;[START_REF] Lankau | Specialist and generalist herbivores exert opposing selection on a chemical defense[END_REF][START_REF] Kaplan | Plant defenses and predation risk differentially shape patterns of consumption, growth, and digestive efficiency in a guild of leaf-chewing insects[END_REF]Brochu et al., 2020). By contrast, much less is known about the contribution of macronutrients to this process. However, a great interspecific heterogeneity exists in the nutrient content of plants [START_REF] Ojima | The variation of carbohydrates in various species of grasses and legumes[END_REF]Ryder et al., 2021;[START_REF] Paź-Dyderska | Intra-and interspecific variability of non-structural carbohydrates and phenolic compounds in flowers of 70 temperate trees and shrubs[END_REF]Venjakob et al., 2022) and insects' feeding preferences and performance can vary in response to such variation [START_REF] Raubenheimer | Integrative models of nutrient balancing: Application to insects and vertebrates[END_REF]Schoonhoven et al., 1998;Wetzel et al., 2016;Vaudo et al., 2020). It has even been suggested that a low macronutrient content may act as a defense against insects, by reducing survival or fecundity and by increasing exposure to natural enemies as a result of a prolonged development [START_REF] Berenbaum | Turnabout is fair play: Secondary roles for primary compounds[END_REF]. Thus, the same coevolutionary process as observed with plant defenses might occur with plant macronutrients [START_REF] Moran | Low nutritive quality as defense against herbivores[END_REF][START_REF] Lundberg | Low nutritive quality as a defense against optimally foraging herbivores[END_REF][START_REF] Augner | Low nutritive quality as a plant defence: effects of herbivoremediated interactions[END_REF][START_REF] Berenbaum | Turnabout is fair play: Secondary roles for primary compounds[END_REF] and considering their content in plants is critical to understand host plant selection processes by generalist herbivorous insects.

The relationship between the plant macronutrient content and the insect fitness is a matter of physiology, covering digestion, storage, metabolism and usage of these nutrients and their by-products (Behmer, 2009). Central to this physiology and its study is the energetic budget of the insect. An insect energetic budget can be divided into four major categories of stored molecules, namely free sugars, glycogen, triglycerides, and proteins (Rivero and Casas, 1999). Free sugars can serve as direct energy (Beenakkers et al., 1984;Weber, 2011), glycogen and triglycerides as long-term energy that can be used in case of food deprivation [START_REF] Arrese | Insect fat body: Energy, metabolism, and regulation[END_REF], and proteins as energy available for a diversity of physiological processes [START_REF] Gilbert | Pollen feeding and reproductive biology of Heliconius butterflies[END_REF]Telfer and Kunkel, 1991;[START_REF] Hahn | Meeting the energetic demands of insect diapause: Nutrient storage and utilization[END_REF]. The geometric framework developed by Simpson and Raubenheimer (1993), which allows modeling nutritional strategies in a geometric space where food items are placed mostly depending on their nutrient content, has proven to be an effective tool to discover behavioral adaptations of multiple species. However, it does not integrate the physiological dimension of these strategies while it could give a greater realism Bellec et al. 10.3389/fevo.2022.1050321 and lead to a more complete picture of nutritional strategies in animals.

In this study, we decipher the determinants of the nutritional strategy of a generalist non-bee pollen feeder, the pollen beetle (Brassicogethes aeneus F. syn. Meligethes aeneus, Coleoptera: Nitidulidae). Before their summer diapause, adult pollen beetles feed on the pollen from plants belonging to many different families (Free and Williams, 1978;Marques and Draper, 2012;Ouvrard et al., 2016). A previous study has shown that the total macronutrient content of the food source is a key driver of pollen beetle feeding decisions at the inflorescence scale (Bellec et al., 2022). However, it is currently unknown whether macronutrients also influence the nutritional strategy of this species on a larger scale, i.e., when having the choice between plants of different species and families. The dominant flower associations recorded for pollen beetles belong to three main families: Brassicaceae, Ranunculaceae and Asteraceae (Free and Williams, 1978;Ouvrard et al., 2016;Herrera and Otero, 2021). We therefore chose different species among these families on which pollen beetles are commonly found just before entering diapause (Ouvrard et al., 2016 and Bellec, personal observation), and addressed the three following questions: (i) Is the generalism of pollen beetles a populational consequence of individuals specialized on different plant families? (ii) Do individuals feed at random on flowers available or do they follow a nutritional strategy? (iii) In case of non-random feeding choices, do pollen macronutrients explain this nutritional strategy? To answer these questions, we combine a set of manipulative laboratory experiments including behavioral experiments on flowers and artificial substrates, quantification of pollen nutrient content, quantification of the insect energetic budget and performance experiments.

Materials and methods

Plants and insects

Six species from three different families on which pollen beetles are found just before diapause were selected: Crepis capillaris and Senecio vulgaris (Asteraceae), Sisymbrium officinale and Sinapis arvensis (Brassicaceae), and Ranunculus acris and Ranunculus repens (Ranunculaceae). We only chose species with yellow flowers since color influences flower selection in this insect species and yellow is the preferred color (Döring et al., 2012). Plants were studied at the flowering stage, i.e., the period during which pollen beetles visit them. Since the cultivation of these plants is difficult to synchronize under controlled conditions, flowers were field-collected every day in the same local area in Rennes (Brittany, France), just before the experiments started.

Second generation, pre-diapausing pollen beetles, were sampled in late July on various plant species in Rennes (Brittany, France) and maintained under controlled conditions as described in Bellec et al. (2022). Insects were starved in individual Petri dishes (∅ = 35 mm) containing a moistened filter paper until 50% of the individuals died (i.e., 5 days), ensuring that energy levels of individuals still alive were low, but not null, when experiments started (Supplementary Figure 1). No ethical approval was required for the use of this species.

Preference experiments

Feeding choice-tests on detached flowers-To assess food preferences of pollen beetles, choice tests were performed. One individual was placed in a Petri dish (∅ = 135 mm) with one flower from each of the six plant species. Since flowers of S. officinale were much smaller than the others, here and in the following experiments, six flowers (i.e., a total anther volume equivalent to that of a single anther of S. arvensis) were used instead of one, to avoid visual bias and to provide the same amount of resources as with the other species. Flowers of the six species were disposed randomly and at equal distances from each other on a circle where they were maintained in slightly moistened floral foam covering the bottom of the Petri dish. The experiment lasted 7 h per day and was performed over three consecutive days. To avoid flower degradation and to provide an unlimited amount of resources flowers were replaced every day with freshly collected flowers. The resource on which the individual was found was recorded every hour and just before flower replacement. Forty-five replicates were performed.

Feeding choice-tests on artificial substrates-To validate the involvement of plant macronutrients in the feeding preference of pollen beetles, choice tests with artificial substrates were performed. Artificial substrates consisted of 3% agar disks (∅ = 5 mm, thickness = 2 mm) supplemented with macronutrients (casein:whey 80:20 as protein source and sucrose as carbohydrate source). One individual was placed in a Petri dish (∅ = 55 mm) with six agar disks supplemented with macronutrients in the same concentration as found in anthers from the six plant species (see section "Results"). Since the preference experiment on detached flowers showed that the feeding strategy of the pollen beetles was established on the first day, the experiment on artificial substrates was conducted on a single day. The experiment lasted 5 h to avoid desiccation of the agar disks. The resource on which the individual was found was recorded every 30 min. Thirty replicates were performed.

Performance experiment

To assess the influence of the resource on the pollen beetle performance, a starved individual was placed in a Petri dish (∅ = 55 mm) with no food or a flower of one of the six species, and a moistened filter paper. The experiment lasted 3 days. To Bellec et al. 10.3389/fevo.2022.1050321 avoid flower degradation and to provide an unlimited amount of resources, flowers were replaced every day with freshly collected flowers. After the feeding period, flowers were removed and the performance was quantified as the survival time. The filter paper was moistened every day and the survival time was recorded through daily observations. Thirteen to fifteen replicates were performed per treatment.

Quantification of plant macronutrients

Sample preparation-Anthers from freshly, field-collected flowers were dissected and immediately frozen into liquid nitrogen. For each species, two to three samples of 100 mg FW of anthers coming from a large number of plants were used. The number of samples was limited by the difficulty to collect sufficient amounts of plant material. Samples were then lyophilized and ground into fine powder for 20 s at 3,500 rpm (BeadBug© homogenizer and 2.8 mm stainless beads). Macronutrients were quantified as described in [START_REF] Masuko | Carbohydrate analysis by a phenol-sulfuric acid method in microplate format[END_REF] and [START_REF] Deans | Quantifying plant soluble protein and digestible carbohydrate content, using corn (Zea mays) as an exemplar[END_REF], with modifications as detailed below.

Soluble proteins-To 5 mg of dried powder, 250 µl of 0.1 M NaOH were added. Samples were then sonicated for 30 min and incubated for 15 min in a static water bath at 90 • C, then centrifuged for 10 min at 13,000 rpm and the supernatant collected. The pellet was extracted a second time as above, and supernatants collected. The pH was neutralized by adding 5.5 µl of 5.8 M HCl. To precipitate proteins, 45 µl of 100% trichloroacetic acid was added and samples were cooled in ice for 30 min. Samples were centrifuged tubes for 10 min at 13,000 rpm, the supernatant discarded and the pellet washed with 50 µl of -20 • C acetone that was quickly removed within 5 s. Samples were then dried under a fume hood for 30 min to ensure complete evaporation of the acetone. The dry residue was resuspended in 500 µl of 0.1 M NaOH and heated in a hot water bath, vortexed, and sonicated until the protein pellet was completely dissolved. Samples were then 20-fold diluted in distilled water. Quantification was performed using the Bradford method (Bradford, 1976) and standard solutions of bovine serum albumin as references, with 75 µl of sample mixed with 225 µl of Coomassie reagent and absorbance red at 595 nm.

Digestible carbohydrates-To 5 mg of dried powder, 500 µl of 0.1 M H 2 SO 4 were added. Samples were incubated for 1 h in a static water bath at 90 • C, cooled into tepid water and centrifuged for 10 min at 13,000 rpm. Samples were 10-fold diluted in distilled water. Quantification was performed using the phenol-sulfuric acid method [START_REF] Masuko | Carbohydrate analysis by a phenol-sulfuric acid method in microplate format[END_REF] and standard solutions of glucose as references, with 50 µl of sample mixed with 150 µl of H 2 SO 4 µl and 30 µl of 5% phenol. Reading plates was incubated for 5 min in a static water bath at 90 • C, cooled for 5 min at room temperature and absorbance red at 490 nm.

Quantification of the insect energetic budget

Sample preparation-To assess the influence of the resource on the pollen beetle energetic budget, the same experimental design as described in the performance experiment was followed, except that individuals were immediately and individually frozen at -20 • C after the feeding period. Ten replicates were performed per plant species. Proteins, sugars, glycogen, and triglycerides were quantified in each individual using the following protocol adapted from Foray et al. (2012) and Hidalgo et al. (2016).

Proteins-Insects were crushed for 30 s at 3,500 rpm into 300 µl of an aqueous lysis buffer (100 mM KH 2 PO 4 , 1 mM DTT, and 1 mM EDTA in pure water), using a homogenizer and 2.8 mm stainless beads (BeadBug©). Samples were then briefly centrifuged at 180 g and 4 • C. Protein quantification was performed using the Bradford method and standard solutions of bovine serum albumin as references, with 150 µl of sample mixed with 150 µl of Coomassie reagent and absorbance red at 595 nm.

Sugars and glycogen-To dissolve carbohydrates, 20 µl of 20% sodium sulfate solution (Na 2 SO 4 , Sigma) was added to the remaining homogenate, as well as 10 µl of the extraction buffer. This solution was then mixed with 1,200 µl of methanol:chloroform (1:2) to solubilize total lipids as well as sugars. Samples were then vortexed and centrifuged for 15 min at 180 g and 4 • C. From the biphasic supernatant, 450 µl of the upper phase was collected for the quantification of sugars and 850 µl of the lower phase for the quantification of triglycerides, while the pellet was kept for the subsequent quantification of glycogen. Upper phases were evaporated under a fume hood for 24-48 h. The pellet was washed twice by adding 400 µl of 80% methanol, vortexing and centrifugating for 5 min at 13,000 rpm and 4 • C. Sugars and glycogen were quantified using the anthrone reagent method (Van Handel, 1965) and standard solutions of glucose as references. For that purpose, 1 ml of anthrone reagent was added to each sample, then let incubating for 15 min in a water bath at 90 • C and cooled in ice for 10 min. Quantification was realized on 250 µl of sample and absorbance red at 625 nm.

Triglycerides-The lower phase of the previous extraction protocol was evaporated under a fume hood for 24-48 h, then resuspended in 100 µl of BSA-Triton X100-water solution (0.3:0.02:1). Quantification of triglycerides was performed using a dedicated enzymatic kit (Cayman chemicals©) and standard solutions of triolein as references, with 100 µl of sample mixed with 100 µl of the kit, incubated for 30 min at 37 • C for 30 min and absorbance red at 525 nm.

Energy-Total energy was calculated using the following conversion factors: proteins 0.0043 cal µg -1 , sugars 0.0041 cal µg -1 , glycogen 0.0041 cal µg -1 , and triglycerides 0.0079 cal µg -1 [START_REF] Beninger | Seasonal variations of the major lipid classes in relation to the reproductive activity of two species of clams raised in a common habitat: Tapes decussatus L. (Jeffreys, 1863) and T. philippinarum (Adams & Reeve[END_REF]. Bellec et al. 10.3389/fevo.2022.1050321 

Statistical analyses

All statistical analyses were performed using the R software 4.2.1 (R Core Team, 2022). Plot state sequence was used to visualize the behavioral feeding sequence of pollen beetles at the individual scale (R package "TraMineR, " [START_REF] Gabadinho | Analyzing and visualizing state sequences in R with TraMineR[END_REF]. A Shannon entropy index was used as a measure of inter-individual heterogeneity in food choices, and the relationship between this index and time was tested using a Pearson's correlation test (R package "TraMineR"). The proportions of individuals feeding on the different resources (flowers or artificial diets depending on the experiment) were compared using a likelihood ratio test (LRTest) applied on a Generalized Linear Model (family: binomial, link: logit) including the resource, time and their interaction as independent variables. This model allowed performing pairwise comparisons of Estimated Marginal Means (EMMeans) and testing whether trends observed time differed significantly from zero (R package "emmeans"; Lenth, 2019). p-Values were adjusted using the false discovery rate (FDR) correction (Benjamini and Hochberg, 1995) when performing pairwise comparisons. The macronutrient content of anthers was compared between plant species using ANOVAs performed on the protein content, carbohydrate content, total content, and protein:carbohydrate ratio. All responses but the protein:carbohydrate ratio were squareroot transformed to ensure a better model fit. Pearson's correlation tests were performed between all combinations of a food preference index, performance, components of the plant macronutrient content (i.e., digestible carbohydrates and soluble proteins) and components of the insect energetic budget (i.e., free sugars, glycogen, proteins, triglycerides, and total energy). In order to focus on the establishment of the nutritional strategy, the preference index was computed as the proportion of individuals feeding on each resource at the last record of the first day of the multi-choice experiment (i.e., once the nutritional strategy was established) minus the proportion of individuals feeding on the these resources at the first record (i.e., before the feeding strategy was established).

Results

Pollen beetles are generalists at the individual scale

In feeding choice tests with flowers of different species and families, 96% of individuals fed on more than one plant species and 82% of individuals fed on more than one plant family (Figure 1). Therefore, pollen beetles shifted from the resource they exploited over time at the individual scale (Supplementary Figure 2).

Pollen beetles adopt a common nutritional strategy with a preferential feeding on Ranunculaceae

The heterogeneity in food choices between individuals decreased significantly over time (r = -0.73, df = 22, p < 0.001), meaning that individuals progressively adopted a more uniform feeding strategy (Supplementary Figure 3). Indeed, although individuals fed equally on all resources at the first record, a significant preference for Ranunculaceae was established by the end of the first day and this remained constant throughout the rest of the experiment (Figure 2 and Supplementary Figure 4).

The nutritional strategy of pollen beetles is adaptive and driven by the plant carbohydrate content

The macronutrient content differs between anthers from the six plant species

The quantification of the macronutrient content of anthers from flowers of the six species revealed no difference in soluble protein (P) concentration [F (1 , 10) = 2.10, p = 0.148] but a significant difference in digestible carbohydrate (C) concentration [F (1 , 10) = 10.13, p < 0.01], with a 2.8-8.1 times higher concentration in anthers from R. repens than in other species (Figure 3). Consequently, organs also differed in their P:C ratio [F (5 , 10) = 5.55, p < 0.05], and total P + C amount [F (5 , 10) = 9.74, p < 0.01; Supplementary Figure 5].

The plant carbohydrate content correlates positively with insect preference, performance, and energetic budget

The preference of pollen beetles in the multi-choice experiment correlated positively with the performance of individuals fed with single species (Figure 4, raw values in Supplementary Table 1), showing that their feeding strategy is adaptive. In addition, both the preference and performance correlated positively with the carbohydrate content of anthers (Figure 4). Lastly, individuals feeding on resources containing more carbohydrates accumulated significantly more glycogen and total energetic reserves (Figure 4). The array of positive correlations obtained here suggests that the preference of pollen beetles is driven by the plant carbohydrate content, which increases the performance of individuals through an increase of energy available.

Pollen beetles prefer the macronutrient content of anthers from their preferred plant species

To validate the involvement of the plant macronutrient content in the feeding preference of pollen beetles, a choice test offering artificial substrates containing macronutrients in the same concentration and ratios as in anthers from the six plant species was performed. The proportion of individuals feeding on each food source varied significantly with time (χ 2 = 24, df = 5, p < 0.001). Pollen beetles fed significantly more on the diet containing macronutrients in the same concentration and ratios as in anthers from R. repens at the first record, and this preference increased over time (Figure 5 and Supplementary Figure 6).

Discussion

This study assessed the influence of plant macronutrients on the foraging behavior, energetic budget and resulting fitness of a generalist pollen feeder. Pollen beetles are known to be generalist pollen feeders at the species level, especially in late summer when new-generation individuals feed before seeking diapause sites (Free and Williams, 1978). However, it was previously unknown whether individuals are generalist themselves or whether they are specialized on different plant species or families. We found that pollen beetles feed, at the individual scale, on several plant species and even families during the course of the day, meaning that they are true generalists. Considering the level at which generalism occurs (i.e., species, populations, or individuals) is critical to understand nutritional strategies in animals [START_REF] Fox | Specialization: species property or local phenomenon?[END_REF][START_REF] Bernays | Insect herbivores: different reasons for being a generalist[END_REF]. Indeed, Bellec et al. 10.3389/fevo.2022.1050321 FIGURE 3 Host plant positions in the macronutrient space.

the benefits of being generalist (e.g., nutrient balancing, toxin dilution) are mostly relevant at the individual scale, and do not apply in generalist species composed of individuals specialized on different food sources. However, although individual-scale generalism has been widely described in grasshoppers and caterpillars [START_REF] Barbosa | Influence of alkaloids on feeding preference of eastern deciduous forest trees by the gypsy moth Lymantria dispar[END_REF][START_REF] Bernays | Insect herbivores: different reasons for being a generalist[END_REF]Singer, 2001;[START_REF] Bernays | Contrasted foraging in two species of polyphagous caterpillars[END_REF]Singer et al., 2004), we currently lack studies that investigate this aspect in other insect taxa.

Overall, individual generalism does not mean that individuals feed randomly or that they accept all plants belonging to their host spectrum indifferently and marked feeding preferences have been documented (Scriber, 1979;[START_REF] Barbosa | Influence of alkaloids on feeding preference of eastern deciduous forest trees by the gypsy moth Lymantria dispar[END_REF][START_REF] Karowe | Facultative monophagy as a consequence of prior feeding experience: Behavioral and physiological specialization in Colias philodice larvae[END_REF]. In the present study, we found that individuals progressively move toward a common nutritional strategy consisting in a preferential feeding on the two species of Ranunculaceae we tested, and that this strategy is established over a few hours. These results are in line with field observations performed by Free and Williams (1978), Ouvrard et al. (2016), and Herrera and Otero (2021) on pollen beetles. However, the reasons behind the clear feeding preference for Ranunculaceae remained unexplained so far. Bellec et al. (2022) demonstrated that the plant macronutrient content is a key driver of pollen beetles feeding strategy at the inflorescence scale. In the present study, the quantification of the macronutrient content of anthers from the six species tested revealed significant differences in the amount of digestible carbohydrates, which result in differences both in the total content and the ratio of macronutrients. In other pollen feeders, mainly bees, an influence of the pollen macronutrient content on the insect feeding behavior has been reported (Cook et al., 2004;[START_REF] Vaudo | Bumble bees regulate their intake of essential protein and lipid pollen macronutrients[END_REF]Ghosh et al., 2020). Here, we found a positive relationship between food preferences of pollen beetles on flowers and anther carbohydrate content. Feeding tests on artificial substrates mimicking the macronutrient content of the six species corroborate observations on flowers, especially the clear preference for R. repens. Although these results can be explained by both the carbohydrate content and the proteins to carbohydrates ratio, these being highly correlated since the protein content were quite similar between all species, correlations shown here as well as conclusions of Bellec et al. (2022) clear point toward an influence of the carbohydrate content itself. While testing the influence of nutrients on insect preferences and fitness using artificial substrates in the laboratory is common and has proven successful (Simpson and Raubenheimer, 2012), our study brings further ecological realism by reproducing real plants' content. Our results contrast with studies on other pollen feeders, mainly bees and bumblebees, where a substantial influence of protein quantity and quality on food preferences has been reported (Hanley et al., 2008;Kitaoka and Nieh, 2009;Leonhardt and Blüthgen, 2012;Ghosh et al., 2020). The usual emphasis on proteins to explain feeding behavior of pollinators is mainly because pollen is primarily considered a source of proteins, while nectar is a source of carbohydrates [START_REF] Nicolson | Bee food: the chemistry and nutritional value of nectar, pollen and mixtures of the two[END_REF][START_REF] Donkersley | Nutritional composition of honey bee food stores vary with floral composition[END_REF]. However, as demonstrated here, host-plant Bellec et al. 10.3389/fevo.2022.1050321 FIGURE 4 Relationships between the plant digestible carbohydrate content, the insect preference observed in the multi-choice experiment, and the performance and energetic budget of individuals fed with single species. The proportion of pollen beetles feeding on artificial diets containing macronutrients in the same concentrations as found in anthers from Ranunculus repens increases over time. Estimated Marginal Mean (EMMean) proportion (±SE) of individuals feeding on each resource at the first and last record of the experiment. Different letters indicate significantly different EMMeans. n = 30. Bellec et al. 10.3389/fevo.2022.1050321 selection by pollen feeders can also be determined by pollen carbohydrates. Overall, this work supports Le [START_REF] Gall | Physiological status is a stronger predictor of nutrient selection than ambient plant nutrient content for a wild herbivore[END_REF][START_REF] Gall | Generational variation in nutrient regulation for an outbreaking herbivore[END_REF] who highlighted the need to bridge field observations of host-plant selection with characterizations of the ambient nutrient landscape to better understand nutritional strategies in herbivores.

Performance experiments further showed that the preference of pollen beetles for carbohydrates-rich flowers is adaptive, as it positively correlates with survival. Although linking food preferences, performance and plant content is the common approach to decipher nutritional strategies of herbivorous insects, it is not integrative as it lacks a physiological intermediary that would give sense to the relationships observed. In particular, fitness is not only dependent on the uptake of food macronutrients but also on their allocation to different life-history traits through their conversion to energy-providing molecules [START_REF] Heino | Evolution of resource allocation between growth and reproduction in animals with indeterminate growth[END_REF][START_REF] Tomlinson | Applications and implications of ecological energetics[END_REF]. However, the incorporation of energetic budget of insects in nutritional ecology studies remains rare [but see Body et al. (2019)]. Here, we found a positive relationship between the plant carbohydrate content and the total energy available in pollen beetles after feeding, with a particular correlation with the glycogen reserves. Such a view on the insect energetic budget allows increasing the ecological relevance of hypothetical nutritional strategies. Indeed, we found that pollen beetles feed preferentially on carbohydrate-rich plants, and it is known that glycogen reserves are mainly derived from dietary carbohydrates [START_REF] Arrese | Insect fat body: Energy, metabolism, and regulation[END_REF]. Additionally, it has been widely documented that prior to diapause, such as here, many insects accumulate important glycogen reserves that will serve for fueling catabolism and eventual cryoprotection during diapause (Hahn andDenlinger, 2007, 2011). Since maximization of nutrient intake, including carbohydrates, has also been found in individuals feeding on oilseed rape inflorescences in spring, i.e., the reproductive period (Bellec et al., 2022), it seems that this strategy is not only a mean to accumulate energy for egg maturation or survival in spring, or to survive diapause in late summer. Indeed, it can be hypothesized that it is the overall nutritional strategy of the pollen beetle throughout its whole life cycle. Further investigations on the nutritional strategy of pollen beetles at other moments of their life cycle would be necessary to confirm this hypothesis.

Taken together, our results strongly suggest that food preferences of pollen beetles at the individual scale and when given the choice between phylogenetically distant plant species, is mainly driven by the plant carbohydrate content. According to the optimal foraging theory, individuals should forage to maximize their fitness (Pyke, 2019). Pollen beetles should then feed only on the optimal resource, i.e., R. repens here. However, we found that individuals still feed polyphagously, with a particular interest for R. acris, although it is not optimal from a carbohydrate maximization perspective. As shown by [START_REF] Lefcheck | Physiological effects of diet mixing on consumer fitness: A meta-analysis[END_REF] in a largescale meta-analysis, in more than half of the cases the mixing of several food sources does not result in any fitness gain compared to the feeding on the single optimal species. The maintenance of generalism in the pollen beetle, as well as in other species, might be due to associative learning [START_REF] Desouhant | What matters in the associative learning of visual cues in foraging parasitoid wasps: colour or brightness?[END_REF]Simcock et al., 2014;[START_REF] Hollis | What associative learning in insects tells us about the evolution of learned and fixed behavior[END_REF], individual personalities (Tremmel and Müller, 2013), ecological reasons such as spatial and temporal variations in resource availability and presence of natural enemies [START_REF] Rusch | Multi-scale effects of landscape complexity and crop management on pollen beetle parasitism rate[END_REF]Skellern and Cook, 2018) or the presence of visual (shape, color, and resistance) and chemical (volatiles, surface, and internal compounds) cues (Fraenkel, 1959;Freeland and Janzen, 1974;[START_REF] Prokopy | Visual detection of plants by herbivorous insects[END_REF]. Further studies are needed to characterize and assess the influence of other factors such as these to decrypt the nutritional strategy of pollen beetles in more depth.

In conclusion, this work represents the first evidence of generalism at the individual scale in the pollen beetle, a strategy described for herbivorous insects in a few orders only. It provides information on the nutritional strategy of generalist herbivores more specifically of pollen feeders other than bees, and highlights the importance of macronutrients, particularly carbohydrates, in this strategy that is uncommon in pollinivores. By originally combining the assessment of the plant nutrient content and the insect energetic budget in an adaptive framework, it also shows that nutritional ecology studies can gain in ecological and physiological realism. Bellec et al. 10.3389/fevo.2022.1050321 Conflict of interest LB and SF were employed by the company Innolea. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
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Discussion

In this chapter, we highlighted the influence of the pollen carbohydrate content on the pollen beetle feeding behavior, performance, and energetic budget. Studies on the nutritional strategies of pollinivores have mainly focused on the protein and lipid content, emphasizing the influence of protein quantity and quality on their dietary preferences (Ghosh et al., 2020;Hanley et al., 2008;Kitaoka & Nieh, 2009;Leonhardt & Blüthgen, 2012;[START_REF] Vaudo | Bumble bees regulate their intake of essential protein and lipid pollen macronutrients[END_REF]Vaudo et al., , 2020)). In this chapter, however, we have found that the carbohydrate content of pollen may also be an important factor in the nutritional strategies of pollinivores and should therefore be considered in such studies. Indeed, we found that pollen beetles select plant species with a carbohydraterich pollen, and that this preference is adaptive since performance correlates positively with the plant carbohydrate content. Consistently, the quantification of the energetic budget revealed that pollen beetles accumulate more glycogen, known to derive from dietary carbohydrates, and total energy when feeding on a carbohydrate-rich food source. Considering the insect energetic budget has then added a new, complementary dimension to the understanding of the nutritional strategy of the pollen beetle, and it confirms (as stated by Rivero & Casas, 1999) that studies on host plant selection processes in herbivores would gain at adding a physiological, energycentered, perspective.

As key message, we found that maximizing the carbohydrate intake seems to be a main driver of the nutritional strategy of pollen beetles, at least at a large scale between plant families and species. According to the optimal foraging theory (Pyke, 2019), pollen beetles should forage to maximize their fitness, then feeding exclusively on the most carbohydrate-rich food source, i.e.

Ranunculus repens. However, we observed that pollen beetles still feed polyphagously, with a particular interest for Ranunculus acris although it is not optimal for carbohydrate maximization. Therefore, other food components missing from this picture should play a role, along with nutrients. Among these components, plant defenses are other important drivers of host plant selection processes.

Prospect for applications:

During domestication, plants were selected to improve their nutritional quality [START_REF] Delgado-Baquerizo | Biogeographic bases for a shift in crop C: N : P stoichiometries during domestication[END_REF][START_REF] Flint-Garcia | Wide variability in kernel composition, seed characteristics, and zein profiles among diverse maize inbreds, landraces, and teosinte. TAG. Theoretical and Applied Genetics[END_REF]. However, a high nutritional quality is not only beneficial for humans but also for insect herbivores [START_REF] Amadio | Effect of plant nutritional traits on the diet of grasshoppers in a wetland of Northern Patagonia[END_REF][START_REF] Benrey | The effects of domestication of Brassicaand Phaseolusonthe interaction between phytophagous insects and parasitoids[END_REF][START_REF] Delgado-Baquerizo | Biogeographic bases for a shift in crop C: N : P stoichiometries during domestication[END_REF][START_REF] Newell-Mcgloughlin | Nutritionally improved agricultural crops[END_REF]. As carbohydrates appear important drivers of the pollen beetle nutritional strategy, crops with increased carbohydrate contents in their pollen should be prone to more pollen beetle-related damage.

The selection of plants with lower nutrient contents would seem an interesting strategy to decrease pollen beetle damage, but it would be obviously counterproductive for breeders since positive correlations exist between macronutrient content and crop yield [START_REF] Almaliotis | Leaf nutrient levels of strawberries (cv. Tudla) in relation to crop yield[END_REF][START_REF] Sauz | Relationships between yield and leaf nutrient contents in peach trees: Early nutritional status diagnosis[END_REF][START_REF] Velemis | Leaf nutrient levels of apple orchards (cv. Starkrimson) in relation to crop yield[END_REF]. In addition, bee pollination has been shown to increase oilseed rape yield by up to 35% under field conditions [START_REF] Perrot | Bees increase oilseed rape yield under real field conditions[END_REF].

Altering the nutritional quality of pollen could thus reduce pollinator attraction and yield. Therefore, manipulation of the plant nutrient content does not seem a relevant strategy to reduce pest pressure on oilseed rape crops.

Chapter 2 Chemical ecology -metabolites as the foraging currency

Plants have evolved a wide array of complex and complementary defense strategies to cope with the selective pressures exerted by herbivores. Plant defenses can rely on physical structures in the form of trichomes [START_REF] Kaur | Role of trichomes in plant stress biology[END_REF], spines [START_REF] Kariyat | Plant spines deter herbivory by restricting caterpillar movement[END_REF], leaf toughness [START_REF] Webber | Intra-plant variation in cyanogenesis and the continuum of foliar plant defense traits in the rainforest tree Ryparosa kurrangii (Achariaceae)[END_REF] and waxy cuticles [START_REF] Watts | Are epicuticular waxes a surface defense comparable to trichomes? A test using two Solanum species and a specialist herbivore[END_REF], or on so-called 'specialized' metabolites such as glucosinolates, alkaloids or terpenoids (reviewed in Mithöfer & Boland (2012)). Plants can counter or offset insect pressures through resistance mechanisms (i.e., traits that reduce the extent of injuries), or tolerance mechanisms (i.e., traits or physiological processes that reduce the fitness loss per unit of injury [START_REF] Stout | Reevaluating the conceptual framework for applied research on host-plant resistance[END_REF]). Resistance can itself be constitutive (i.e., expressed in the absence of insect damage), or induced (i.e.

expressed or enhanced after insect damage). Both types of resistance can be direct, with an unmediated effect on herbivores, or indirect, acting through the recruitment of natural enemies of herbivores.

Since the seminal work of Fraenkel (1959), plant defenses against insects have been studied

primarily through the prism of specialized (previously called 'secondary') metabolites which, unlike primary metabolites, are not directly involved in plant physiological functions (i.e., growth, development and reproduction) (Berenbaum & Zangerl, 2008;[START_REF] Hartmann | The lost origin of chemical ecology in the late 19th century[END_REF]. The production of specialized metabolites is costly as their biosynthesis diverts energy and resources from growth and development processes (Bergelson et al., 2001;[START_REF] Gershenzon | The cost of plant chemical defense against herbivory: A biochemical perspective[END_REF][START_REF] Koricheva | Meta-analysis of sources of variation in fitness costs of plant antiherbivore defenses[END_REF][START_REF] Strauss | Direct and ecological costs of resistance to herbivory[END_REF]. Given this cost, a substantial body of literature has shown that chemical defenses are not randomly distributed across the different plant tissues (Agrawal & Fishbein, 2006;Brown et al., 2003;Futuyma & Agrawal, 2009). One of the most influential theories to explain this heterogeneous spatial and temporal distribution of plant defenses, is the optimal defense theory (ODT; McKey, 1974;Rhoades, 1979;Rhoades & Cates, 1976). The ODT predicts that the distribution of defenses within the plant should mirror the fitness value of the tissues and their probability of being attacked. In this context, constitutive defenses should be allocated to the most valuable and vulnerable structures (e.g., primary roots, young leaves, flower buds, flowers and fruits) while induced defenses should be allocated to structures of low value or vulnerability (e.g., secondary roots, fully expanded leaves) (Karban & Myers, 1989;Zangerl & Rutledge, 1996). Although these predictions have received considerable experimental support for different plant tissues (Figure 1), very few studies have tested whether the ODT can be applied to the different reproductive tissues that constitute flowers (Bravo & Copaja, 2002;Onodera et al., 2014). However, understanding how chemical defenses are distributed in plant reproductive tissues would lead to a better comprehension of the foraging strategies of florivorous insects, among which are pollinivores.

Figure 1: Overview of the Optimal Defense Theory (ODT). The ODT predicts that constitutive defenses should be allocated to the most valuable and vulnerable structures (red) while induced defenses should be allocated to structures of low value or vulnerability (green). ODT-supporting studies for different plant organs are indicated.

Plant defenses also exert selective pressures on insects, which have led to the evolution of multiple counteradaptations in the latter [START_REF] Dussourd | Behavioral sabotage of plant defenses by insect folivores[END_REF]Ehrlich & Raven, 1964;Heckel, 2014;[START_REF] Heidel-Fischer | An insect counteradaptation against host plant defenses evolved through concerted neofunctionalization[END_REF][START_REF] War | Plant defense and insect adaptation with reference to secondary metabolites[END_REF][START_REF] Winde | Insect herbivore counteradaptations to the plant glucosinolate-myrosinase system[END_REF]. This coadaptation, or even coevolution, and the irregular distribution of specialized metabolites with the plant phylogeny, have led to ecological specializations in a large proportion of phytophagous insects, both for feeding and oviposition (Ali & Agrawal, 2012;Forister et al., 2012;Futuyma & Moreno, 1988;Jaenike, 1990). Along the diet breath continuum, most phytophagous insects are considered specialists (i.e., feeding on one or several species belonging to the same plant family), while only 10 % are considered generalists (i.e., feeding on species belonging to more than one plant family) (Bernays & Graham, 1988;Schoonhoven et al., 2005). Although there are many counterexamples (reviewed in Ali & Agrawal (2012)), it is generally accepted that specialists are less affected by specialized metabolites of their host plants, but tolerate a smaller diversity of defensive metabolites (Krieger et al., 1971;Whittaker & Feeny, 1971).

Metabolomics, the comprehensive study of the identity and abundance of the metabolites contained in an organism, is a precious tool to unravel mechanisms of plant defense against phytophagous insects. Two analytical strategies can be followed: targeted metabolomics, dedicated to one or a few specific classes of compounds, and especially interesting when some compounds (or classes) are known to be involved in the interaction; untargeted metabolomics, aiming to give a global view of all compounds present, and especially interesting when no prior information is available on the behaviorally-active compounds or no a priori is intended [START_REF] Maag | Metabolomics in plant-herbivore interactions: Challenges and applications[END_REF][START_REF] Van Dam | A role for metabolomics in plant ecology[END_REF]. Both strategies identify a few to a myriad of compounds, but the functional assessment of the involvement of each compound in the interaction with the insect is notoriously difficult. Correlating behavioral data with compounds abundance is then common to get candidate compounds. However, such an approach usually comes with important costs when it comes to the identification of the often numerous candidate compounds, and the testing of each one's effect on the insect behavior. A strategy to reduce this costs is using a bioassay-guided fractionation approach, which aims to isolate behaviorally active compounds from a mixture, then performing metabolomic analyses on the active fractions only (Figure 2) [START_REF] Araniti | Calamintha nepeta L. (Savi) as source of phytotoxic compounds: Bio-guided fractionation in identifying biological active molecules[END_REF][START_REF] Fathallah | Bio-guided fractionation of prenylated benzaldehyde derivatives as potent antimicrobial and antibiofilm from Ammi majus L. fruits-associated Aspergillus amstelodami[END_REF].

Figure 2: Principles of a bioassay-guided fractionation approach such as followed in the present work. a) A total extraction of the plant material is performed using a mixture of solvents of different polarities. b) The total extract is tested on the insect behavior using artificial substrates (e.g., agar disk, artificial leaves, etc.; [START_REF] Shimoda | Oviposition behavior of the sweet potato hornworm, Agrius convolvuli (Lepidoptera ; Sphingidae), as analysed using an artificial leaf[END_REF][START_REF] Unnithan | Role of sorghum extract in eliciting oviposition on a nonhost by the sorghum shootfly, Atherigona soccata Rondani (Diptera: Muscidae)[END_REF]. c,d) If the total extract replicates the behavior observed on entire plants, it is then fractionated according to compounds polarity. e,f) This procedure is repeated until a minimal fraction containing the behaviorally active compounds is identified [START_REF] Renwick | Chemical recognition of host plants for oviposition by the cabbage butterfly, Pieris rapae (lepidoptera: Pieridae)[END_REF]. g) Compounds present in this minimal fraction are then identified and quantified using metabolomic analyses.

In this chapter, we use the optimal defense theory to investigate how a brassicaceous plant (B. napus) allocates its defenses among reproductive tissues, both spatially and temporally, and try to decipher the chemical determinants of the resistance of the white mustard to a pollinivorous insect, the pollen beetle.

The special case of pollen feeders:

The pollen chemistry is quite unique among plant-based foods, in that it has both to attract pollinators and to prevent overexploitation by pollen feeders (Kessler & Halitschke, 2009;Rivest & Forrest, 2020). Several recent studies have highlighted the presence of chemical defenses in the pollen, which have long been understudied (Brochu et al., 2020;Stevenson, 2020;Vanderplanck et al., 2020;[START_REF] Wang | Bumblebee Rejection of Toxic Pollen Facilitates Pollen Transfer[END_REF]. Although efficient to reduce pressures exerted by pollen feeders, pollen defenses can also deter unspecialized bees and thus affect pollination (Arnold et al., 2014;Brochu et al., 2020). Given the conflicting selective pressures shaping pollen chemical traits, further studies are needed to understand the actual function of pollen defenses and their influence on the ecology and evolution of pollinivores, including pollinators, relative to flower characteristics such as morphology, color, scent, pollen shape and nutrient content (Rivest & Forrest, 2020).

Introduction

Plants have evolved sophisticated defense strategies to cope with herbivores, including chemical defenses that can be constitutive, i.e., present in the absence of attack, or induced, i.e. overexpressed after damage or upon risk of damage [START_REF] Boege | Facing herbivory as you grow up: the ontogeny of resistance in plants[END_REF][START_REF] Chen | Inducible direct plant defense against insect herbivores: a review[END_REF][START_REF] Dicke | Multitrophic effects of herbivore-induced plant volatiles in an evolutionary context[END_REF][START_REF] Dicke | Multitrophic effects of herbivore-induced plant volatiles in an evolutionary context[END_REF]Kessler and Baldwin, 2002;[START_REF] Agrawal | Phylogenetic trends in phenolic metabolism of milkweeds (Asclepias): evidence for escalation[END_REF][START_REF] Frost | Plant defense priming against herbivores: getting ready for a different battle[END_REF]. A substantial body of literature has shown that these chemical defenses are not uniformly distributed across the different plant tissues (Agrawal and Fishbein, 2006;Bellec et al., 2022;Brown et al., 2003;[START_REF] Futuyma | Macroevolution and the biological diversity of plants and herbivores[END_REF]. Over the past six decades several theories have been put forth to explain this heterogeneous spatial and temporal allocation of plant defenses (reviewed in [START_REF] Schuman | The layers of plant responses to insect herbivores[END_REF], one of the most influential being the optimal defense theory (ODT). Based on the assumption that the production of chemical defenses is costly and therefore limited, the ODT predicts that the distribution of defenses within the plant should mirror the fitness value of the tissues and their probability of being attacked (McKey, 1974;Rhoades, 1979;Rhoades and Cates, 1976). In short-lived plant species, constitutive defenses should be allocated to the most valuable and vulnerable structures (e.g., primary roots, young leaves, flower buds, flowers and fruits) while induced defenses should be allocated to structures of low value or probability of attack (e.g., secondary roots, fully expanded leaves) (Karban and Myers, 1989;Zangerl and Rutledge, 1996). These predictions have received considerable experimental support, with young leaves being generally more defended than older ones [START_REF] Badenes-Perez | Insect attraction versus plant defense: young leaves high in glucosinolates stimulate oviposition by a specialist herbivore despite poor larval survival due to high saponin content[END_REF][START_REF] Heath | Exploring plant defense theory in tall goldenrod, Solidago altissima[END_REF][START_REF] Mccall | Can optimal defence theory be used to predict the distribution of plant chemical defences?: Predicting the distribution of plant chemical defences[END_REF], primary roots being more defended than secondary ones [START_REF] Tsunoda | Root and shoot glucosinolate allocation patterns follow optimal defence allocation theory[END_REF][START_REF] Tsunoda | Locally and systemically induced glucosinolates follow optimal defence allocation theory upon root herbivory[END_REF], and stems being more defended than other vegetative organs [START_REF] Nocchi | Differential susceptibility of distinct parts of the aquatic plant Nymphoides humboldtiana to herbivory supports the optimal defense theory[END_REF]. Since reproductive organs are closely tied to the reproductive success of plants (Zangerl and Rutledge, 1996;[START_REF] Strauss | Optimal defence theory and flower petal colour predict variation in the secondary chemistry of wild radish[END_REF] and constitute high-quality nutritive targets for herbivores [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF][START_REF] Mooney | The carbon balance of plants[END_REF]Onodera et al., 2014), it is consistent with the ODT that they also are generally more defended than vegetative organs (reviewed in [START_REF] Kessler | Testing the potential for conflicting selection on floral chemical traits by pollinators and herbivores: Predictions and case study[END_REF]. To date, most studies performed on reproductive organs have been performed on entire, open flowers. However, the reproductive tissues (i.e., perianths, anthers and pistils) that constitute the flower can have specific values and vulnerabilities [START_REF] Adler | Selection by pollinators and herbivores on attraction and defense[END_REF][START_REF] Adler | Direct and indirect effects of alkaloids on plant fitness via herbivory and pollination[END_REF][START_REF] Kessler | Specificity and complexity: the impact of herbivore-induced plant responses on arthropod community structure[END_REF]Kessler et al., 2008;[START_REF] Mothershead | Fitness impacts of herbivory through indirect effects on plant-pollinator interactions in Oenothera macrocarpa[END_REF], which can evolve with age [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF]. The ODT can therefore be applied at such a fine scale, but this area of research is still in its infancy.

Defense allocation in reproductive organs is likely shaped by conflicting selective pressures imposed by pollen foragers. Indeed, plants should both attract pollinators to maximize outcrossing success and defend the pollen from non-pollinating pollen consumers [START_REF] Adler | Selection by pollinators and herbivores on attraction and defense[END_REF][START_REF] Adler | Direct and indirect effects of alkaloids on plant fitness via herbivory and pollination[END_REF][START_REF] Kessler | Specificity and complexity: the impact of herbivore-induced plant responses on arthropod community structure[END_REF]Kessler et al., 2008;[START_REF] Mothershead | Fitness impacts of herbivory through indirect effects on plant-pollinator interactions in Oenothera macrocarpa[END_REF]. Based on predictions of the ODT, it can be hypothesized that since primary tissues (i.e. anthers and pistils) are directly involved in reproduction they should be more intensely defended than accessory tissues (i.e. perianths), and that among primary tissues the gamete-limited pistils should be more defended than the gamete-unlimited anthers (Onodera et al., 2014). Although the very few studies describing tissue-specific defense allocation in reproductive organs have indeed shown higher defense concentrations in primary tissues than in accessory tissues (Onodera et al., 2014;Bravo and Copaja, 2002), such hypotheses are still poorly tested.

Besides spatial variations, plant defense levels can also vary over time [START_REF] Barton | Future directions in the ontogeny of plant defence: understanding the evolutionary causes and consequences[END_REF][START_REF] Barton | The ontogeny of plant defense and herbivory: characterizing general patterns using meta-analysis[END_REF][START_REF] Quintero | Time is of the essence: direct and indirect effects of plant ontogenetic trajectories on higher trophic levels[END_REF]. Indeed, plants undergo major physiological changes during their ontogeny that can lead to significant shifts in the nature and level of defenses [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF]. Such so-called ontogenetic trajectories have been well documented in vegetative organs where, in most cases, overall defenses decrease with age [START_REF] Koricheva | Temporal changes in plant secondary metabolite production: patterns, causes and consequences[END_REF]. However, they have received much less attention for reproductive organs, with only Li et al. (2021) showing some temporal changes in the defense level of flower buds in Brassica oleracea and [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF] showing no clear evidence of temporal changes in the defense level of inflorescences in Brassica nigra. Thus, as for spatial variations, temporal variations in defense allocation in reproductive organs are still mostly unknown.

In this study, we tested whether predictions of the ODT apply to reproductive organs of an annual brassicaceous plant. We focused on glucosinolates (GSLs), a widely diversified group of sulphur-containing specialized metabolites found mainly in Brassicaceae [START_REF] Chen | Update on glucosinolate metabolism and transport[END_REF][START_REF] Fahey | The chemical diversity and distribution of glucosinolates and isothiocyanates among plants[END_REF]Hopkins et al., 2009). GSLs and their degradation products (i.e., isothiocyanates, thiocyanates and nitriles) are well studied plant defenses that mostly deter generalist herbivores and pathogens but attract and stimulate specialists (Hopkins et al., 2009;[START_REF] Kumar | Feeding behaviour of generalist pests on Brassica juncea: implication for manipulation of glucosinolate biosynthesis pathway for enhanced resistance[END_REF]. Since the ODT predicts that the youngest leaf should be one of the most-defended vegetative organs, we used it as a reference to compare with reproductive organs. Within the latter, we examined separately accessory and primary tissues (i.e., perianths vs. pistils and anthers, respectively). We took a dynamic approach by assessing GSLs levels at three maturity stages of flowers: intermediate flower buds, old flower buds and open flowers. In addition, we compared levels of constitutive and systemically induced defenses. The following predictions for short-lived plants were tested: Prediction 1: vegetative organs should be less defended than reproductive ones; Prediction 2: within reproductive organs and all maturity stages confounded, perianths should be less defended than anthers and pistils; Prediction 3: among primary tissues and all maturity stages confounded, anthers should be less defended than pistils; Prediction 4: defense levels should be constant over maturity stages in primary tissues, while they should decrease after flower opening in perianths as these do not act as barriers anymore; Prediction 5: damage should induce systemic defenses only in structures of low values, i.e. leaves.

Material and methods

Plant cultivation

Spring oilseed rape plants (Brassica napus L., 'Liho' genotype) were cultivated in seedling trays with 3.5 × 3.5 × 5 cm cells filled with a fertilized substrate (Premier Tech Horticulture), grown in a climatic chamber (20 ± 1 • C, 16 L:8D and 70 ± 10 % RH) and watered two times a week with a fertilizer solution (N-P-K: 2.5-5-2.5). Two weeks after sowing, plants were transplanted individually into 7 × 7 × 6.5 cm plastic pots filled with the same substrate. All plants used in experiments were at early flowering stages, i.e. stages 61-64 on the BBCH scale (Lancashire et al., 1991).

Sample collection

On a single plant, reproductive tissues were harvested from five intermediate floral buds (2.5-5 mm long), five old buds (>5 mm long) and five flowers. Since physiological changes are known between these different maturity stages (e.g., pollen development, [START_REF] Scott | Patterns of gene expression in developing anthers of Brassica napus[END_REF]) different levels of defense can indeed be expected. The youngest leaf of the plant was also harvested (Fig. 1). The whole harvesting procedure was performed on two groups of plants, one undamaged and one mechanically-damaged. Mechanical damage consisted in clipping five flower buds of random maturity stage in half. The systemic response of the plant was studied by collecting tissues of undamaged flower buds three days later. Eight batches of 10 plants each were constituted per treatment. In order to collect enough material for chemical analyses, batches were pooled by two for pistils of intermediate and old flower buds.

Glucosinolate analysis

GSL extraction and analysis was performed as described in [START_REF] Missinou | Identification and quantification of glucosinolates and phenolics in a large panel of Brassica napus highlight valuable genetic resources for chemical ecology and breeding[END_REF]. In brief, tissues were frozen in liquid nitrogen immediately after harvesting, freeze-dried and ground into powder. For each sample, 1-5 mg DW were extracted in 1 ml of acidified methanol (1 % formic acid). Samples were vortexed, then sonicated in a water bath at 25 • C for 10 min. After centrifugation at 7 000 rpm for 10 min, supernatants were collected and filtered using a 0.22 µm PTFE membrane. GSLs were quantified on a UPLC-DAD-TQD system (Waters Corporation) equipped with a CSH C18 column (1.7 µm × 2.1 mm × 150 mm) and using a water:acetonitrile mobile phase. GSLs were identified based on retention time, mass-to-charge ratio (m/z) and UV spectra, using a mix of pure analytical standards as reference. Each of the GSLs analyzed was quantified using MS data (in Selection Ion Monitoring mode) and a five-point external calibration curve.

Statistical analyses

All statistical analyses were performed using the R software version 4.2.1 (R Core Team, 2022). The constitutive amounts of GSLs were analyzed using ANOVAs that included the tissue, the organ maturity and the interaction between these two factors as explanatory variables. The effect of mechanical damage on GSLs amounts was analyzed using ANOVAs, which included the treatment (undamaged vs. damaged), the tissue and the interaction between these two factors as explanatory variables. Response variables were systematically square-root transformed to ensure a better model fitting. Pairwise comparisons of estimated marginal means (EMMeans) were performed using the 'emmeans' R package (Lenth, 2019) and p-values adjusted using the false discovery rate correction (Benjamini and Hochberg, 1995).

Results

Twelve constitutive GSLs, all common in B. napus (Missinou et 2022), were detected in our samples: 10 aliphatic, one indolic and one aromatic (Fig. 2, Table S1). Some compounds were tissue-specific, such as gluconasturtiin, glucoerucin and n-hexyl-GSL isomers that were found only in primary reproductive tissues, i.e., anthers and pistils (Fig. 2).

Significant differences in the total amount of constitutive GSLs were observed according to the tissue and maturity stage (F 4,55 = 14.25, p < 0.001, Fig. 3). GSLs were more concentrated in reproductive than in vegetative organs, with a 13.2-14.9 times higher total amount in the former (Fig. 3, see Fig. S1a,b and Tables S2 andS3 for analyses of glucosinolate categories and individual compounds). Within reproductive organs and all maturity stages confounded, perianths were less concentrated than anthers and pistils (Fig. 3) for five of the twelve GSLs studied (Fig. S2a,b).

No variation was observed with age in the mean total amount of constitutive GSLs in reproductive organs (F 2,61 = 0.961, p = 0.388, Fig. 3). However, the total amount of constitutive GSLs showed an allocation shift with age when maturity stages were compared. Indeed, in intermediate flower buds, pistils were the most GSL-rich, followed by anthers then perianths, whereas no significant differences were found in old buds, and in flowers, anthers were the most GSL-rich while no difference was found between perianths and pistils (Fig. 3 and Fig. S1a,b, Tables S2 andS3). Significant variations were also found when maturity stages were compared per reproductive tissue. For perianths, the amount was highest in old buds, followed by flowers and intermediate buds. For anthers, the amount was highest in flowers, with buds of different maturity stages not differing from each other. The opposite was observed in pistils, with a higher amount in buds than in flowers (Fig. 4 and Fig. S3a,b).

Mechanical damage induced significant systemic variations in the total GSL amount (F 9,124 = 2.31, p < 0.001, Fig. 5). These consisted in an increased amount in pistils of intermediate flower buds, and an almost significant decrease in amount in anthers of the same intermediate buds.

Strikingly, this increased amount in pistils of intermediate buds was observed for eleven of the twelve studied GSLs (Fig. S4a,b).

Discussion

The aim of the present study was to assess whether the age-specific defense allocation in reproductive tissues of an annual brassicaceous plant follows predictions of the ODT. At the more general level, our results show that reproductive organs contain on average 14 times higher amounts of constitutive GSLs than the youngest leaf. This is consistent with our first prediction that reproductive organs should be more defended due to a higher fitness value and vulnerability, and in agreement with previous studies [START_REF] Strauss | Optimal defence theory and flower petal colour predict variation in the secondary chemistry of wild radish[END_REF][START_REF] Kessler | Testing the potential for conflicting selection on floral chemical traits by pollinators and herbivores: Predictions and case study[END_REF][START_REF] Damle | Higher accumulation of proteinase inhibitors in flowers than leaves and fruits as a possible basis for differential feeding preference of Helicoverpa armigera on tomato (Lycopersicon esculentum Mill, Cv. Dhanashree)[END_REF][START_REF] Keith | Testing the optimal defense hypothesis in nature: Variation for glucosinolate profiles within plants (C Rodriguez-Saona[END_REF][START_REF] Smallegange | Flower vs. Leaf feeding by Pieris brassicae: glucosinolate-rich flower tissues are preferred and sustain higher growth rate[END_REF]. Moreover, several aliphatic and aromatic GSLs were found exclusively in reproductive organs. Since aliphatic and aromatic GSLs are known to produce noxious isothiocyanates that are important defenses against chewing herbivores [START_REF] Bekaert | Metabolic and evolutionary costs of herbivory defense: systems biology of glucosinolate synthesis[END_REF][START_REF] Bones | The enzymic and chemically induced decomposition of glucosinolates[END_REF][START_REF] Jeschke | Metabolism of glucosinolates and their hydrolysis products in insect herbivores[END_REF]Mithen, 2001), this supports the hypothesis of a higher investment in defenses in Given that different reproductive tissues exhibit a high degree of specialization (Barrett, 2010), with distinct transcriptomes and metabolomes [START_REF] Lantin | Fertilization and wounding of the style induce the expression of a highly conserved plant gene homologous to a Plasmodium falciparum surface antigen in the wild potato Solanum chacoense Bitt[END_REF][START_REF] Wellmer | Gene networks controlling the initiation of flower development[END_REF] as well as unique interactions with pollinators and herbivores (Kessler and Baldwin, 2002;Kessler et al., 2008;Kessler and Baldwin, 2011), tissue-specific defense allocation can be expected. In line with predictions of the ODT, we found that constitutive GSL amounts differed between reproductive tissues. Indeed, all maturity stages confounded, amounts in primary tissues (i.e., anthers and pistils), which directly contribute to reproduction, were higher than in accessory tissues (i.e., perianths). Moreover, all tissue-specific aliphatic and aromatic GSLs were found in primary tissues. These results are in line with previous fine scale-analyses on Acanthus mollis (Acanthaceae) and Iris gracilipes (Iridaceae) that also found the highest amount of defensive compounds in pistils and anthers (Onodera et al., 2014;Bravo and Copaja, 2002). GSLs that are specifically expressed in anthers and pistils might contribute to solving the defense-attraction dilemma of reproductive tissues [START_REF] Kessler | Testing the potential for conflicting selection on floral chemical traits by pollinators and herbivores: Predictions and case study[END_REF], with an expected dual ecological function of protecting against herbivores while being neutral or helpful for pollinators (Stevenson, 2020). However, although a growing number of studies have reported the presence of specialized metabolites in primary reproductive tissues [START_REF] Mierziak | Flavonoids as important molecules of plant interactions with the environment[END_REF][START_REF] Palmer-Young | Secondary metabolites from nectar and pollen: A resource for ecological and evolutionary studies[END_REF], our understanding of their effects on antagonists and mutualists is still very fragmentary.

Organ ontogeny is known as a key source of variation in defense levels [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF][START_REF] Barton | Future directions in the ontogeny of plant defence: understanding the evolutionary causes and consequences[END_REF][START_REF] Barton | The ontogeny of plant defense and herbivory: characterizing general patterns using meta-analysis[END_REF], these being driven by intrinsic and extrinsic factors such as developmental constraints [START_REF] Fernandez-Lorenzo | Polyphenols as potential markers to differentiate juvenile and mature chestnut shoot cultures[END_REF][START_REF] Murray | Dihydroflavonol reductase activity in relation to differential anthocyanin accumulation in juvenile and mature phase Hedera helix L. 1[END_REF], allocation costs [START_REF] Boege | Facing herbivory as you grow up: the ontogeny of resistance in plants[END_REF][START_REF] Herms | The dilemma of plants: To grow or defend[END_REF] and temporal changes in selective pressures imposed by herbivores [START_REF] Barton | Additive and non-additive effects of birch genotypic diversity on arthropod herbivory in a long-term field experiment[END_REF][START_REF] Poelman | Herbivore-induced plant responses in Brassica oleracea prevail over effects of constitutive resistance and result in enhanced herbivore attack[END_REF]. Here we found no overall change in the level of defenses between the different flower maturity stages, but a significant shift in defense allocation among primary tissues, with pistils being highly defended in intermediate flower buds and anthers highly defended in open flowers (both tissues being equally defended in old buds). These results suggest a trade-off in the allocation of constitutive defenses between pistils and anthers, which would support the main assumption of the ODT that the total defense level is constrained due to metabolic costs associated with defense production (McKey, 1974;Rhoades, 1979;Rhoades and Cates, 1976). However, they do not support the prediction that defense levels should decrease with age in perianths, and only partly support the prediction that among primary tissues, gamete-limited pistils should be more defended than gamete-unlimited anthers. While prioritizing the defense of pistils in intermediate buds remains to be explained, it can be hypothesized that in open flowers, the probability of being attacked is higher for anthers than pistils, hence the adaptiveness of prioritizing anthers defense. Indeed, anthers are exposed to pollen feeders from which they must be protected. However, although high levels of defense in anthers are advantageous against non-pollinating pollen feeders (reviewed in Rivest and Forrest (2020)), they could be detrimental to pollinators (Brochu et al., 2020;Vanderplanck et al., 2020) thus for the plant's fitness. It could be argued that a nutrient-rich nectar can counterbalance the negative effect of anther defenses on pollinators [START_REF] Cook | Norditerpene alkaloid concentrations in tissues and floral rewards of larkspurs and impacts on pollinators[END_REF][START_REF] Cruz-Neto | The influence of nectar production and floral visitors on the female reproductive success of Inga (Fabaceae): a field experiment[END_REF][START_REF] Frölich | Tissue distribution and biosynthesis of 1,2-saturated pyrrolizidine alkaloids in Phalaenopsis hybrids (Orchidaceae)[END_REF][START_REF] Nicholls | Assessment of pollen rewards by foraging bees[END_REF][START_REF] Tiedeken | Nectar chemistry modulates the impact of an invasive plant on native pollinators[END_REF], but further research is needed to assess whether this happens here.

In contrast to constitutive defenses, we found that the pattern of systemically-induced GSLs did not agree with the one predicted by the ODT, i.e., that induced defenses should be allocated to structures of low value or probability of attack (Karban and Myers, 1989;Zangerl and Rutledge, 1996). Indeed, we found a systemic induction of GSLs only in the pistil of intermediate flower buds, which was paralleled by a decrease in anthers of the same organs. Strikingly, this induction occurred for most of the individual GSLs and despite the fact that pistils of intermediate buds were already the most defended tissues constitutively. Such induction in high-value tissues is not expected by the ODT, although it has already been documented in a few cases [START_REF] Strauss | Optimal defence theory and flower petal colour predict variation in the secondary chemistry of wild radish[END_REF][START_REF] Kessler | Testing the potential for conflicting selection on floral chemical traits by pollinators and herbivores: Predictions and case study[END_REF][START_REF] Baldwin | Plasticity in allocation of nicotine to reproductive parts in Nicotiana attenuata[END_REF][START_REF] Euler | The chemistry of defense and apparency in the corollas of Nicotiana attenuata[END_REF]. It has been shown that in knockout mutants of glucosinolate transporter-encoding genes of Arabidopsis thaliana, wounding did not induce an increase in aliphatic glucosinolates in young leaves, whereas it induced de novo biosynthesis of indolic glucosinolates [START_REF] Hunziker | Herbivore feeding preference corroborates optimal defense theory for specialized metabolites within plants[END_REF]Gershenzon and Ullah, 2022). Thus, it could be hypothesized that the increase in glucosinolates we observed after mechanical damage in pistils is related both to (re)allocation of aliphatics from another biosynthesis site (e.g., the mature leaves) by transporters, and to de novo local biosynthesis for indolics. In addition, it should be noted that defense inductions observed here may have differed with other types of damage since they likely depend both on the nature of the damage (e.g., mechanical wounding, damage inflicted by herbivores or pathogens) and damage location (e.g. belowground or aboveground, vegetative or reproductive organs) (Zangerl and Rutledge, 1996;[START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF][START_REF] Harvell | The ecology and evolution of inducible defenses[END_REF]Xiao et al., 2019).

To conclude, we found that defense patterns of reproductive tissues of a short-lived plant are partly in line with predictions from the ODT. However, the likelihood of attack among different organs and tissues, as well as the benefit to defend them and the fitness consequences associated, remains to be assessed. As often, theoretical considerations prevailed here and these should be challenged to ensure robust predictions. Overall, our results still demonstrate the need to consider individual tissues rather than whole inflorescences when dealing with defense allocation, as quantification in whole inflorescences could hide tissuespecific patterns. They also show that, as for vegetative organs, variations in defense allocation with age also arise in reproductive organs and these depend on the tissue considered. How such variations influence biotic interactions and plant fitness remains to be studied. 
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Summary

• S-methyl-L-cysteine sulfoxide (SMCSO) is a non-protein amino acid that accumulates in Brassicaceae, sometimes at higher levels than the well-known defense compounds glucosinolates, and for which few studies have sought a biological role. While a variety of evidence suggest a defensive function for this compound, no study has directly tested this hypothesis. • We assessed whether the spatial and temporal distribution of SMCSO in plant reproductive tissues was consistent with expectations for a defense compound by comparing these distributions with those expected from the Optimal Defense Theory. We then tested the effect of SMCSO on the feeding behavior of a phytophagous insect. • Amounts of SMCSO in intermediate buds were the highest in pistils followed by perianths and anthers, then decreased in pistils and perianths until reaching anther levels in open flowers. Since SMCSO is mainly found in closed flower buds, we assessed its effect on the feeding behavior of an insect targeting such buds, and found a significant and massive deterrent effect. • This study is the first to suggest a defensive function for the long known but mysterious SMCSO. It opens an area of research to understand whether this compound has evolved as a defense, and how specialist insects counteradapted.
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Introduction

Plants have evolved multiple defensive strategies to overcome the challenges imposed by herbivores, among which chemical defenses are central (Mithöfer & Boland, 2012). Many specialized metabolites such as cyanogenic glycosides, alkaloids, glucosinolates and terpenoids have been recognized to protect plants against phytophagous insects by acting as deterrents or repellents, or being toxic (Schoonhoven et al., 2005;Mithöfer & Boland, 2012). Next to these metabolites, non-proteinogenic amino acids can also contribute to the plant defense, as these structural analogs of proteinogenic amino acids may interfere with the insect metabolism [START_REF] Rehr | L-Dopa in legume seeds: a chemical barrier to insect attack[END_REF][START_REF] Rosenthal | The biochemical basis for the deleterious effects of l-canavanine[END_REF][START_REF] Rosenthal | l-Canavanine: a higher plant insecticidal allelochemical[END_REF][START_REF] Bown | Gamma-aminobutyrate: defense against invertebrate pests?[END_REF]. However, although hundreds of nonproteinogenic amino acids have been described, few studies have tested these compounds for direct defensive functions against phytophagous insects [START_REF] Huang | Non-protein amino acids in plant defense against insect herbivores: representative cases and opportunities for further functional analysis[END_REF][START_REF] Jander | Editorial: physiological aspects of nonproteinogenic amino acids in plants[END_REF].

Glucosinolates have historically been the prime focus of chemical ecologists studying brassicaceous plants. Indeed, these specialized metabolites have a wealth of biological effects, including defensive ones (Hopkins et al., 2009;[START_REF] Kumar | Feeding behaviour of generalist pests on Brassica juncea: implication for manipulation of glucosinolate biosynthesis pathway for enhanced resistance[END_REF]. Besides glucosinolates, some plants including Brassicaceae accumulate the non-proteinogenic amino acid S-methyl-Lcysteine sulfoxide (SMCSO; a.k.a methiin), which is often found in greater amounts than glucosinolates. Since its discovery in garlic and turnip roots in the 1950s [START_REF] Yurugi | Studies on vitamin B1 related compounds. LIX. Reaction between thiamine and ingredients of Allium genus plants.(V). On sulfur-containing ingredients of Allium genus plants[END_REF][START_REF] Synge | A new free amino acid in cabbage[END_REF]Morris & Thompson, 1956), few investigations have sought for a biological role of SMCSO. Its function, if any, then remains largely unknown.

Several facts suggest that SMCSO may have a defensive function. First is its spatial distribution among plant organs. The optimal defense theory (ODT) proposed by McKey (1974) predicts that since the production of defenses is costly, their allocation should be a function of the value and the probability of attack of the different tissues. Plants should therefore allocate constitutive defenses to tissues of high value and vulnerability (e.g., primary roots, young leaves, reproductive organs) and favor induced defense in tissues of low value and vulnerability (e.g., secondary roots, old leaves) (Karban & Myers, 1989;Zangerl & Rutledge, 1996). Interestingly, it has been repeatedly reported that SMCSO is present in greater abundance in young than old leaves, in secondary than primary roots, and in stems and reproductive organs than in vegetative ones (Morris & Thompson, 1956;Mae et al., 1971;Whittle et al., 1976;Dan et al., 1999).

Second fact is the spatial separation between SMCSO and its catabolic enzyme. Plant defenses are often stored in a non-active form that is spatially separated from its bioactivating enzymes unless tissues are damaged, which avoids the production of autotoxic compounds [START_REF] Mayer | Polyphenol oxidases in plants[END_REF]Bones & Rossiter, 2006;[START_REF] Morant | beta-Glucosidases as detonators of plant chemical defense[END_REF][START_REF] Sánchez-Pérez | Tissue and cellular localization of individual beta-glycosidases using a substrate-specific sugar reducing assay[END_REF][START_REF] Shimada | Plant vacuoles[END_REF]. In the case of SMCSO, the contact with its vacuole-residing catabolic enzyme (i.e.

a cysteine sulfoxide lyase) only occurs after tissue disruption and the following reactions lead to the formation of neurotoxins such as dimethyldisulfide (DMDS) and dimethyltrisulfide (DMTS) (Chin & Lindsay, 1994;Dugravot et al., 2003;Kubec & Dadáková, 2009;Danner et al., 2015;Coode-Bate et al., 2019). Finally, the consumption of high levels of SMCSO is known to be responsible for major health problems in ruminants, hence its common name 'kale-anemia factor' in agriculture [START_REF] Grant | Kale anaemia in ruminants[END_REF]Whittle et al., 1976;[START_REF] Smith | Kale poisoning: the brassica anaemia factor[END_REF]. However, while a variety of evidences point toward a defensive function of this compound, no study has directly tested this hypothesis so far.

Here we test whether SMCSO may act as a defense against phytophagous insects. To do this, we build on a previous work where we characterized the spatial allocation of glucosinolates in reproductive tissues of a brassicaceous plant, and showed that this was consistent with the main predictions of the ODT (Bellec et al., 2023). In the present study, we test whether the distribution of SMCSO in the same tissues (i.e. perianths, anthers and pistils) fits with these predictions, and we also compare three ontogenic stages of flowers (i.e. intermediate buds, old buds and open flowers). Since the ODT predicts that the youngest leaf should be the most defended of aerial vegetative organs, we use it to compare with reproductive organs. We also quantify SMCSO levels in healthy and mechanically damaged plants to check whether it can be induced by herbivory. We then test the following ODT predictions: (i) SMCSO should be less concentrated in vegetative than in reproductive organs; (ii) Among reproductive organs and all maturity stages confounded, SMCSO should be less concentrated in perianths than in primary tissues (i.e. anthers and pistils); (iii) Among primary reproductive tissues, SMCSO should be less concentrated in gamete-unlimited anthers than in gamete-limited pistils; (iv) Induction of SMCSO after damage should occur only in low-value and vulnerable tissues, i.e.

young leaves. We end by testing the effect of a physiological amount of SMCSO on the feeding behavior of an herbivorous insect.

Material and Methods

Plant cultivation

Spring oilseed rape plants (Brassica napus L., 'Liho' genotype) were grown as described in Bellec et al. (2023). All plants were used at early flowering stages, i.e. stages 61-64 on the BBCH scale (Lancashire et al., 1991).

Insects

Overwintered pollen beetles (Brassicogethes aeneus) were sampled in unsprayed winter oilseed rape crops (Brittany, France) and maintained in controlled conditions as described in Bellec et al. (2022). Prior to feeding tests, insects were starved for 72 h in individual Petri dishes (Ø = 35 mm) containing a moistened filter paper. No ethical approval was required for the use of this species.

Sample collection

Plants sampled here were the same as those used for glucosinolate quantification in Bellec et al. (2023). In brief, on each single plant reproductive tissues were harvested from five intermediate floral buds (2.5-5 mm long), five old buds (>5 mm long) and five flowers, and the youngest leaf was also harvested (Figure 1). The whole harvesting procedure was performed 

SMCSO quantification

SMCSO was extracted from tissues frozen into liquid nitrogen immediately after harvesting, then freeze-dried and ground into powder. For each sample, 1-5 mg DW were extracted in 1 ml of acidified methanol (1 % formic acid). Extracts were vacuum-dried, then dried residues were resuspended in 50 µl of ultrapure water, after which samples were vortexed and placed in an ultrasonic bath for 5 min then centrifuged for 5 s at room temperature. SMCSO was derivatized as in [START_REF] Ourry | Influence of belowground herbivory on the dynamics of root and rhizosphere microbial communities[END_REF] and quantified on an Acquity UPLC-DAD system (Waters Corporation) according to [START_REF] Jubault | Differential regulation of root arginine catabolism and polyamine metabolism in clubrootsusceptible and partially resistant Arabidopsis genotypes[END_REF]. A pure standard was used to confirm the identity of the molecule and to build calibration curves.

Feeding tests

To test for a deterrent effect of SMCSO on the feeding behavior of pollen beetles, choice tests with artificial substrates were performed. Artificial substrates consisted in 3 % agar disks (Ø = 5 mm, h = 2 mm), supplemented with 20 mM sucrose as a natural feeding stimulant (Chapman, 2003). Two individuals were placed in a Petri dish (Ø = 35 mm) for 3 h with two discs, one control disc with only sucrose and one disc supplemented with SMCSO. Since the perianth is the first tissue encountered by pollen beetles when they arrive on a flower bud, the amount of SMCSO chosen for this experiment was that of intermediate bud perianths (i.e. 16 nmol.mg -1 DW). Insects were filmed during the experiment and their movements tracked with Ethovision XT v. 15 (Noldus®). The feeding behavior was estimated as the cumulative duration spent on each disc. Following preliminary observations, it was assumed that individuals were feeding when on discs and that the feeding speed was constant. Thirty replicates were performed.

Statistical analyses

All statistical analyses were performed with R version 4.2.1 (R Core Team, 2022).

The constitutive amounts of SMCSO were analyzed using an ANOVA that included the tissue, the organ maturity stage and the interaction between these two factors as explanatory variables.

The effect of mechanical damage on SMCSO amounts was analyzed using an ANOVA including the treatment (undamaged vs. damaged), the tissue and the interaction between these two factors as explanatory variables. For feeding tests, the total time spent on discs was compared between treatments using a Wald test applied on a Linear Mixed Model (LMM) that included the replicate as random factor ('car' R package (Fox & Weisberg, 2019), 'lme4' R package (Bates et al., 2015)). The response variables was square-root transformed to ensure a better model fitting. Pairwise comparisons of estimated marginal means (EMMeans) were performed using the 'emmeans' R package (Lenth, 2019) and p-values adjusted using the false discovery rate correction (Benjamini & Hochberg, 1995).

Results

Significant differences in the amount of constitutive SMCSO were observed according to the plant tissue (F3,68= 53.13, p < 0.001, Fig. 2). First, SMCSO was more concentrated in reproductive than in vegetative organs, with a 6.5-22 times higher total amount in the former.

Second, within reproductive organs and all maturity stages confounded, pistils were the most concentrated tissues followed by perianths and then anthers (Fig. 3). No variation was observed with age in the mean amount of constitutive SMCSO in reproductive organs (F2,61 = 0.30, p = 0.108, Fig. 3). However, contrasts between tissues evolved significantly with the maturity stage (F4,55 = 20.40, p < 0.001, Fig. 4). Indeed, important differences were found between tissues in intermediate flower buds, where the amount was the highest in pistils followed by perianths and anthers, while these differences were reduced in old flower buds and not significant anymore in flowers (Fig. 4). Significant variations were also found when maturity stages were compared per reproductive tissue (F2,61 = 0.30, p = 0.108, Fig. 5). For perianths and pistils amounts were the highest in intermediate buds, followed by old buds and flowers, while for anthers the amount did not differ significantly between maturity stages (Fig. 5). As relationships between SMCSO and glucosinolate amounts might be expected since all these belong to the sulfur metabolism, these were assessed but none was observed whatever glucosinolates were considered in total or per class (Figure S1).

Mechanical damage induced significant systemic variations in SMCSO amount (F9,124 = 2.31, p < 0.05, Fig. 5). These consisted in an almost significant increase in pistils of intermediate flower buds, and significant or almost significant decreases in vegetative organs as well as several reproductive tissues of different maturity stages (Fig. 5).

Finally, when tested at the amount found in perianths of intermediate flower buds, SMCSO reduced pollen beetle feeding intensity by 88.3 % (EMmean time [± SE] (min) spent feeding: control 41. 96 [31.01-55.57], ) and this reduction was highly significant (χ² = 17.67, df = 1, p < 0.001). 

Discussion

Since its discovery in the 1950s, only few studies have looked for potential biological functions of the non-proteinogenic amino acid SMCSO (reviewed in [START_REF] Edmands | S-Methyl-l-cysteine sulphoxide: the Cinderella phytochemical?[END_REF]), and none has directly questioned its role as a defense against phytophagous insects. Here, we took advantage of the predictions of the ODT that we previously validated in the same plant species and organs for well-known defense compounds, i.e. glucosinolates (Bellec et al., 2023), to test whether the spatial distribution of SMCSO in the same organs fits with expectations for a defense compound.

According to the ODT, plant defenses should be allocated to the most valuable and vulnerable structures (McKey, 1974;Rhoades & Cates, 1976;Rhoades, 1979). In line with previous studies on the distribution of SMCSO, as well as with predictions of the ODT, we found that oilseed rape reproductive organs contain on average 14 times higher amounts of SMCSO than the youngest leaf. This is consistent with the distribution of glucosinolates [START_REF] Strauss | Optimal defence theory and flower petal colour predict variation in the secondary chemistry of wild radish[END_REF][START_REF] Smallegange | Flower vs. Leaf feeding by Pieris brassicae: glucosinolate-rich flower tissues are preferred and sustain higher growth rate[END_REF]Keith & Mitchell-Olds, 2017;Bellec et al., 2023) and other defense compounds found in various plants such as proteinase inhibitors [START_REF] Damle | Higher accumulation of proteinase inhibitors in flowers than leaves and fruits as a possible basis for differential feeding preference of Helicoverpa armigera on tomato (Lycopersicon esculentum Mill, Cv. Dhanashree)[END_REF], alkaloids [START_REF] Catalfamo | Accumulation of alkaloids and their necines in Heliotropium curassavicum, H. spathulatum and H. indicum[END_REF][START_REF] Frölich | Tissue distribution and biosynthesis of 1,2-saturated pyrrolizidine alkaloids in Phalaenopsis hybrids (Orchidaceae)[END_REF][START_REF] Bellec | Scopolamine in Brugmansia Suaveolens (Solanaceae): defense, allocation, costs, and induced response[END_REF] or DIBOA (Bravo & Copaja, 2002). The ODT predicts that tissues directly involved in reproduction, especially gametelimited pistils, should be more defended than perianths. All maturity stages confounded, we found a tissue-specific pattern of allocation of SMCSO among reproductive tissues, with highest levels in pistils, followed by perianths and then anthers. These results are partly consistent with the ODT. Although the level of SMCSO was high in pistils as predicted by the theory, it was quite low in anthers for a reproductive organ, even though it was still higher than in leaves. This is consistent with similar fine-scale studies performed on condensed tannins (Onodera et al., 2014), but differs from the distribution of DIBOA, where higher levels were found in anthers followed by perianths and then pistils (Bravo & Copaja, 2002), and from that of glucosinolates, where both pistils and anthers were more defended than perianths (Bellec et al., 2023).

The pattern of systemically-induced SMCSO, although not in agreement with ODT predictions (i.e., that induced defenses should be restricted to structures of low value and vulnerability, here leaves (Karban & Myers, 1989;Zangerl & Rutledge, 1996)), was interestingly similar to that of glucosinolates (Bellec et al., 2023). Indeed, we found a systemic induction of SMCSO only in pistils of intermediate flower buds, which was paralleled by a significant decrease in various tissues of different maturity stages. While not in line with the ODT, these results demonstrate the important allocation of SMCSO to the pistil, which was the most concentrated tissue already. These results suggest a trade-off in SMCSO allocation with potential reallocation in pistils after damage, which would still support the most basic assumption of the ODT, i.e. that the total defense production is constrained by metabolic costs (McKey, 1974).

Overall, we found that the spatial distribution of SMCSO in reproductive organs and tissues was consistent with the main predictions of the ODT. Furthermore, this distribution showed interesting similarities with that of glucosinolates in the same organs and tissues. Since both SMCSO and glucosinolates are components of the plant sulfur metabolism and derive from the amino acid L-cysteine [START_REF] Kiddle | C-S lyase activities in leaves of crucifers and non-crucifers, and the characterization of three classes of C-S lyase activities from oilseed rape (Brassica napus L.)[END_REF], a possible limitation of this study would be that similarities in SMCSO and glucosinolates distributions may be simple consequences of shared or antagonistic biosynthetic pathways. However, and although the biosynthetic pathway of SMCSO is still mostly unknown, shared enzymes are not expected [START_REF] Hamamoto | The C-S Lyases of higher plants 1: isolation and properties ofhomogeneous cystine lyase from Broccoli (Brassica oleracea var botrytis) Buds[END_REF][START_REF] Ukai | Purification and characterization of cystine lyase a from broccoli inflorescence[END_REF][START_REF] Kiddle | C-S lyase activities in leaves of crucifers and non-crucifers, and the characterization of three classes of C-S lyase activities from oilseed rape (Brassica napus L.)[END_REF][START_REF] Edmands | S-Methyl-l-cysteine sulphoxide: the Cinderella phytochemical?[END_REF][START_REF] Neequaye | CRISPR-Cas9-Mediated gene editing of myb28 genes impair glucoraphanin accumulation of brassica oleracea in the field[END_REF].

More important, we found no relationship between SMCSO and glucosinolates content, no matter if the latter were considered in total or per chemical class (i.e. aliphatic, aromatic and indolic). In addition, the pattern of glucosinolates and SMCSO allocation across flower maturity stages was very different. Indeed, while for glucosinolates a shift in allocation between pistils and anthers was observed (Bellec et al., 2023), for SMCSO a drastic decrease in pistils and perianths was observed with no increase in anthers. From these results, it appears that if SMCSO truly is a defense compound, it seems that its function would be mostly to defend closed flower buds.

SMCSO has long been recognized to have toxic effects on ruminants, rats and fowls when consumed at high doses [START_REF] Smith | Kale poisoning: the brassica anaemia factor[END_REF][START_REF] Steven | Disulphide exchange reactions in the control of enzymic activity[END_REF][START_REF] Maxwell | Production of a Heinz body anaemia in the domestic fowl after ingestion of dimethyl disulphide: a haematological and ultrastructural study[END_REF][START_REF] Stoewsand | Bioactive organosulfur phytochemicals in Brassica oleracea vegetables--a review[END_REF][START_REF] Hill | Plant chemistry and antiquality components in forage[END_REF], and to have antimicrobial properties against plant pathogens [START_REF] Kyung | S-Methyl-L-Cysteine Sulfoxide as the precursor of Methyl Methanethiolsulfinate, the principal antibacterial compound in cabbage[END_REF][START_REF] Fry | Use of a substrate/alliinase combination to generate antifungal activity in situ[END_REF][START_REF] Pedras | Plant chemical defenses: are all constitutive antimicrobial metabolites phytoanticipins?[END_REF]. Strikingly, very few studies have suggested an influence on interactions with phytophagous insects. Only can be mentioned [START_REF] Ourry | Influence of belowground herbivory on the dynamics of root and rhizosphere microbial communities[END_REF] who found that SMCSO content increases after herbivory by cabbage root fly larvae (Delia radicum), and Hervé et al. (2014) who showed a negative correlation between SMCSO amount and egg production in the pollen beetle. Since SMCSO is mainly found in closed flower buds, we assessed its effect on the feeding behavior of an insect targeting such buds, i.e. the pollen beetle. We found a drastic reduction in pollen beetle feeding intensity when a physiological amount of SMCSO was added to an artificial substrate. Although other nonproteinogenic amino acids are known to repel, deter or intoxicate phytophagous insects (e.g. L-Canavanine, GABA, L-Mimosine etc.; [START_REF] Rosenthal | The biochemical basis for the deleterious effects of l-canavanine[END_REF][START_REF] Huang | Non-protein amino acids in plant defense against insect herbivores: representative cases and opportunities for further functional analysis[END_REF][START_REF] Da | Abiotic stresses and non-protein amino acids in plants[END_REF], our study brings the first evidence of such deterrent property for SMCSO.

Its specific allocation, especially the lower levels found in anthers and open flowers, could also suggests that it might have negative effects on pollinators (Kessler & Baldwin, 2002, 2011;Kessler et al., 2008) but more investigations would be needed to explore this hypothesis.

In summary, this study is the first to suggest a physiological, defensive, function for the long known but still mysterious SMCSO. However, whether or not this compound truly evolved as a defense still remains unknown. Phylogenetic approaches based on a large diversity of brassicaceous plants, as well as tests with diverse antagonistic and mutualistic insects, would help answer this question. An area of research also opens to identify detoxification mechanisms in specialist herbivores, as known for other non-proteinogenic amino acids (reviewed in [START_REF] Huang | Non-protein amino acids in plant defense against insect herbivores: representative cases and opportunities for further functional analysis[END_REF] and expected from the coevolutionary theory of plant defenses (Ehrlich & Raven, 1964).

Paper 4

The perianth chemical composition is involved in the rejection of Sinapis alba by an insect feeding from flower buds 

Introduction

Selection of a suitable host plant is essential for phytophagous insects to complete their life cycle (Bernays & Chapman, 1994;Schoonhoven et al., 2005). The final decision to accept or not a plant as a host is dependent on both the plant physical (i.e., trichomes, waxy cuticles, toughness) and chemical traits (i.e. macronutrients, primary and specialized metabolites) that are perceived once the insect is in contact with the plant (Berenbaum & Zangerl, 2008;Caldwell et al., 2016;Carmona et al., 2011;Erb & Kliebenstein, 2020;[START_REF] Foster | Mapping asynchrony between gypsy moth egg-hatch and forest leaf-out: Putting the phenological window hypothesis in a spatial context[END_REF][START_REF] Martemyanov | Asynchrony between host plant and insectsdefoliator within a tritrophic system: The role of herbivore innate immunity[END_REF]. The balance between stimulant and deterrent effects of these traits ultimately determines the outcome of the decision process, i.e., acceptance or non-acceptance, the latter being the result of true rejection or absence of recognition (Bernays & Chapman, 1994;Schoonhoven et al., 2005). Among plant traits that influence this process, specialized metabolites are widely recognized as defense compounds being key drivers of host plant rejection, with many evidences of their general deterrent effect on phytophagous insects (Mithöfer & Boland, 2012;[START_REF] Stevenson | Plant secondary metabolites in nectar: Impacts on pollinators and ecological functions[END_REF][START_REF] Wouters | Plant defense and herbivore counterdefense: Benzoxazinoids and insect herbivores[END_REF][START_REF] Zhu-Salzman | Arthropod-inducible proteins: Broad spectrum defenses against multiple herbivores[END_REF].

One important property of specialized metabolites is their non-random phylogenetic distribution, with many of them typical to certain plant families (Agrawal et al., 2012;Hartmann & Dierich, 1998;Mithen, 2001). Qualitative and quantitative variations of these compounds are also usual between plant species of the same family, and even between genotypes of the same species (Austel et al., 2021;[START_REF] Katz | Genetic variation, environment and demography intersect to shape Arabidopsis defense metabolite variation across Europe[END_REF][START_REF] Züst | Mechanisms and evolution of plant resistance to aphids[END_REF]. This irregular distribution in the plant kingdom has led to a high level of specialization in phytophagous insects, with more than 90 % of them being specialized on one or a few plant families (Ali & Agrawal, 2012;Forister et al., 2012;Futuyma & Moreno, 1988;Jaenike, 1990;[START_REF] Speed | Coevolution can explain defensive secondary metabolite diversity in plants[END_REF][START_REF] Wink | Evolution of chemical defense traits in the Leguminosae: Mapping of distribution patterns of secondary metabolites on a molecular phylogeny inferred from nucleotide sequences of the rbcL gene[END_REF]. Indeed, it is generally accepted that these specialists have evolved tolerance to the particular specialized metabolites of their host plants and even use them as infochemicals to select their these plants, at the cost of tolerating a smaller diversity of defense metabolites than generalists (Krieger et al., 1971;Whittaker & Feeny, 1971). However, although this basic dichotomy between specialists and generalists has helped to define general patterns of response to plant defenses in phytophagous insects, it may be over simplistic in many cases. For example, many adult florivores are generalist for feeding and specialist for oviposition, such as Delia radicum [START_REF] Caesar | The cabbage root maggot[END_REF][START_REF] Finch | Volatile plant chemicals and their effect on host plant finding by the cabbage root fly (Delia brassicae)[END_REF], Manduca sexta (Mechaber & Hildebrand, 2000), Pieris rapae (Root & Kareiva, 1984) or Plutella xylostella (Newman, 2014). While they are often considered specialists, these insects, which are generalists from the point of view of feeding, may respond to plant chemical defenses very differently from 'true specialists'.

The pollen beetle (Brassicogethes aeneus, F. syn. Meligethes aeneus, Coleoptera: Nitidulidae), is a generalist pollinivore, which feeds from plants belonging to many different families (Ouvrard et al., 2016). However, it has very close relationships with brassicaceous species for two reasons: females oviposit only on these plants, and both sexes spend most of their adult life feeding from brassicaceous plants as the same plants are used a food sources, mating sites and oviposition sites (Borg & Ekbom, 1996;Free & Williams, 1978). The relationship is particularly intense with oilseed rape (Brassica napus L.) as oilseed rape fields, which are very abundant in Western European landscapes, represent enormous patches of host plants at the time pollen beetles look for oviposition sites. At this period (i.e., from February to mid-March), oilseed rape flowers are still closed and pollen beetles must pierce the perianth (i.e., sepals plus petals) of flower buds to reach the pollen they contain (Nilsson, 1987). Multiple studies have already shown that flower buds of another brassicaceous species, the white mustard (Sinapis alba L), are often rejected as food sources by pollen beetles (Austel et al., 2021;Bellec, et al., 2022a;Hopkins et al., 1998;Kaasik et al., 2014;Veromann et al., 2014). As Austel et al. (2021) demonstrated that unknown chemicals present in flower buds of S. alba trigger rejection of these as food sources, it can be hypothesized that compounds present in the perianth of these buds contains metabolites deterring pollen beetles from feeding.

In the present study, we tested whether compounds present in the perianth of S. alba really explained the rejection of this species by the pollen beetle, and we make first steps to identify these compounds. To do this, we exploited the feeding contrasts previously shown by Bellec et al. (2022a), both between B. napus and S. alba and between S. alba genotypes. First, a bioguided fractionation approach with artificial feeding substrates was followed to identify active fractions of the perianth metabolome that replicate the feeding contrast observed on entire plants. High-resolution and untargeted metabolomics was then performed to progress into the identification and quantification of candidate metabolites that may be responsible for the effect of the most-rejected genotypes of S. alba.

Material and Methods

Plant cultivation

Brassica napus (cv. Liho) and Sinapis alba genotypes used in this study were INRAE and Innolea supplied lines initially obtained from genetic resource centers. Three genotypes of S.

alba were used, chosen for their contrasted levels of rejection to the pollen beetle: one susceptible ('M1') and two resistant ('M2' and 'M3') (Bellec et al., 2022a). Plants were grown as described in (Bellec et al., 2022a) and all plants used in the experiments were at the 'greenyellow bud stage', i.e., BBCH 55-57 (Lancashire, 1991).

Insects

Overwintered pollen beetles were collected in winter OSR crops near Rennes (Brittany, France)

from February to May, and maintained under controlled conditions on a pollen-containing agar diet as described in (Bellec et al., 2022b). Individuals were isolated and starved for 72 hr prior to all experiments.

Extraction and fractionation of perianth chemical compounds

Sampling of plant material -On a single intact plant, 20 to 25 flower buds of random size were sampled, from which the perianth (i.e., sepals plus petals) was harvested. Perianths were frozen in liquid nitrogen immediately after harvesting, then freeze-dried and ground into powder. Ten batches of 10-12 plants each were constituted per genotype. H2O, 50:50 H2O:MeOH and MeOH for the methanol fraction). Subfractions were concentrated to dryness using a rotatory evaporator and resuspended in 1.5 ml of the original solvent.

Feeding tests on artificial substrates

To identify subfractions containing compounds causing the host plant preference of the pollen beetle, choice tests with artificial substrates were performed where. Two extracts were systematically confronted in these experiments, one from a susceptible plant vs. one of a resistant plant: B. napus vs. S. alba (M3), M1 vs. M2 and M1 vs. M3.

Artificial substrates consisted either of 3 % agar disks (Ø = 5 mm, thickness = 2 mm) when a stimulant effect of the extracts was tested, or 3 % agar disks supplemented with 10 mM sucrose as a natural feeding stimulant (Chapman, 2003) when a deterrent effect was tested. Extracts were prepared at physiological concentrations, i.e. they contained compounds extracted from a perianth biomass equivalent to that of the agar disk impregnated with 5 μl of solvent (i.e., 13 mg FW/disk, Method S1). Extracts tested in choice tests were constituted from a pool of the 10 batches described above, mixed in equal proportions. In a first experiment, total perianth extracts were tested, which were reconstituted by depositing 5 µl of each of the three fractions on the disks. The effect of each fraction alone was then tested, and for fractions that replicated the feeding contrast observed on entire plants, subfractions were tested (5 µl deposited in all cases). After evaporation of the solvents, two pollen beetles were placed in a Petri dish (Ø = 35 mm) for 3 hr with two agar disks (one per plant tested). Insects were filmed during the experiment and their movements tracked with the Ethovision XT software v. 15 (Noldus). The cumulative time spent on each disk was summed for both individuals and used as an estimate of feeding intensity. Thirty replicates were performed per experiment.

Untargeted metabolomics

Since the subfraction 2.3 replicated the contrast observed on entire plants for both M1 vs. M2 and M1 vs. M3 comparisons, it was retained as the subfraction of interest for the metabolomic analysis, which consisted in a combination of UltraPerformance Liquid Chromatography (UPLC) and High-Resolution Mass Spectrometry (HRMS).

The chromatographic analysis was performed on a WATERS Acquity H-Class LC system using a BEH C18 column (1. for column equilibration for the next analysis. The spectrometric analysis was performed on a WATERS XEVO G2XS QTof equipped with an ESI source. Experimental settings were optimized, and the following parameters were applied: electrospray ionization spray voltage 3 kV, cone voltage 40V, source temperature 120 °C, desolvation gas temperature 400 °C, cone gas flow 100l.h -1 , desolvation gas flow 800l.h -1 . MS1 spectra were acquired in full scan mode in centroid mode, with mass ranging from 100-800 m/z and scan time 0.25 s.

Four technical replicates of each sample were injected (injection volume 10 µl), both in positive and negative ionization mode. Camalexin (© Sigma Aldrich) was used as an external standard since it was detected in both ionization modes. Data were acquired using the Masslynx software (version 4.1) and preprocessed with the Quanlynx software (Waters Corporation). Samples for which a drift of the external standard signal was observed were removed from the analysis, leading to discard one of 10 samples per S. alba genotype. Only features with an average peak width between 3-30 s and an average abundance greater than 50,000 in at least one genotype were retained for analysis.

Statistical analyses

All statistical analyses were performed with the R software v. 4.2.2 (R Core Team, 2022) using packages 'RVAideMemoire' (M. Hervé, 2022), 'emmeans' (Lenth, 2019), 'car' (Fox & Weisberg, 2019), 'lme4' (Bates et al., 2015) and 'multcomp' [START_REF] Hothorn | Simultaneous inference in general parametric models[END_REF]. Each feeding test was analyzed using a Wald test applied on a Linear Mixed Model (LMM) that included the treatment as fixed factor and the replicate as random factor. The response was the square-root of the total time spent feeding on disks transformed to ensure model fitting. The abundance of features detected in the metabolomic analysis was compared between S. alba genotypes both uni-and multivariately, with a square-root transformation systematically applied. Univariate analyses consisted in ANOVAs with FDR-adjusted p-values. A fold change was calculated for each feature, as the mean abundance in the susceptible genotype (M1) relatively to the mean abundance in both resistant genotypes (M2 and M3). The multivariate analysis consisted in a redundancy analysis (RDA) on centered and scaled data and an associated permutation test with 9,999 permutations (R package 'vegan'; [START_REF] Oksanen | vegan: Community Ecology Package (R package version 2.6-2[END_REF]. A threshold of 0.8 was applied to identify features that were the most discriminant between the susceptible genotype and both resistant genotypes.

Results

The chemical composition of the perianth is sufficient to explain the feeding contrast between Brassica napus and Sinapis alba as observed on entire plants When total extracts were tested for their stimulant effect, no significant difference in the time spent feeding was observed between disks supplemented with extracts of B. napus and S. alba (χ² = 1.170, df = 1, p = 0.280; Figure 1a). When a deterrent effect was tested, a significant reduction of about 98 % in feeding intensity was observed on disks supplemented with extracts from S. alba (χ² = 270.061, df = 1, p < 0.001; Figure 1b). Perianth extracts of S. alba then contains metabolites that deter pollen beetle feeding. One subfraction containing moderately polar compounds is sufficient to reproduce the feeding contrast between S. alba genotypes M1 and M2

The feeding intensity of pollen beetles was significantly higher on disks supplemented with total perianth extracts from genotype M1 when compared to M2 (χ² = 8.052, df = 1, p < 0.01; 

A diversity of compounds of different polarities allow reproducing the feeding contrast between S. alba genotypes M1 and M3

The feeding intensity of pollen beetles was significantly higher on disks supplemented with total perianth extracts from genotype M1 when compared to M3 (χ² = 51.615, df = 1, p < 0.001; 

Candidate features that may explain feeding contrasts within Sinapis alba could be detected

After preprocessing of the metabolomic data, a total of 604 features were detected (364 and 240 in negative and positive ionization mode, respectively). Univariate and multivariate analyses were performed to identify candidate features responsible for the reduction in pollen beetle feeding intensity on genotypes M2 and M3 compared to M1. Univariate analyses revealed 355 features with a significantly different abundance between M1, M2 and M3, among which 149 were overexpressed in M2 compared to M1 and 154 were overexpressed in M3 compared to M1 (Table S1). In parallel, the multivariate analysis showed that chemical profiles differed significantly between the three genotypes (F = 8.429, p < 0.001, Figure 4a). As the first RDA axis discriminated the susceptible genotype (M1) from both resistant genotypes (M2 and M3),

we used correlations with this axis to identify candidate features. Thirteen features with a correlation greater than 0.8 were identified (Figure 4b). All these were also revealed in univariate analyses and were therefore considered as final candidate features. Among these thirteen features, eight showed a significantly higher abundance in M3, followed by M2 and M1, and five showed abundances equal in M2 and M3 but significantly higher than in M1

(Figure 5). The retention time of all final candidate features ranged from 8.87 to 9.01 min, the total run time being of 10 min (Table S1). Letters indicate significant differences between genotypes. Fold changes were calculated as the mean abundance in the susceptible genotype (M1) relatively to the mean of both resistant genotypes (M2 and M3). n = 9 per genotype with 10-12 plants per replicate.

Discussion

Specialized metabolites play a major role in the plant defense against phytophagous insects [START_REF] War | Mechanisms of plant defense against insect herbivores[END_REF]. These compounds belong to various chemical classes (reviewed in Mithöfer & Boland, 2012) and can vary both qualitatively and quantitatively between plant species and genotypes (Agrawal & Fishbein, 2006;[START_REF] Stamp | Out of the quagmire of plant defense hypotheses[END_REF][START_REF] Van Zandt | Plant defense, growth, and habitat: A comparative assessment of constitutive and induced resistance[END_REF]. Their identification and distribution between and within species is key to increase our understanding of how and why phytophagous insects select their host plants, especially in the case of insects where the adult is generalist for feeding and specialist for oviposition. In this context, the aim of the present study was to decipher the chemical bases of the rejection of Sinapis alba to the pollen beetle, i.e., why pollen beetles are more prone to reject this plant species compared to Brassica napus. To do this, we combined bio-guided fractionation with untargeted high-resolution metabolomics.

Multiple studies had already revealed some level of rejection to the pollen beetle in S. alba (Austel et al., 2021;Bellec et al., 2022a;Hopkins et al., 1998;Kaasik et al., 2014;Veromann et al., 2014). In a previous work by Austel et al. (2021), negative correlations were found between the chemical composition of the flower buds of S. alba, and the feeding intensity of pollen beetles. Here, we found that perianth extracts replicated feeding contrasts observed by Bellec et al. (2022a) on entire plants, both between B. napus and S. alba and between S. alba genotypes. This confirms that the perianth chemistry is responsible, at least in part, for the rejection of S. alba to the pollen beetle. It may be hypothesized that the deterrent effect of perianth extracts from S. alba compared to B. napus is related to the domestication of B. napus. Indeed, as observed with other crops, the continuous artificial selection for improvements of crop productivity and palatability has often been achieved at the expense of defenses [START_REF] Meyer | Patterns and processes in crop domestication: An historical review and quantitative analysis of 203 global food crops[END_REF][START_REF] Turcotte | The impact of domestication on resistance to two generalist herbivores across 29 independent domestication events[END_REF]Whitehead et al., 2017). The absence of resistance to any insect pest in B. napus (Allender & King, 2010;Hasan et al., 2006;Hervé, 2018) would be consistent with this hypothesis. Another hypothesis may be that, since the period during which pollen beetles feed on closed flower buds (thus encounter perianths) is relatively short compared to the time spent feeding on open flowers, the perianth is likely to exert a weak selective pressure on the feeding behavior of pollen beetles (Hervé et al., 2014) and adaptations to the particular chemistry of S. alba's perianth is unlikely. This hypothesis appears sound as the pollen beetle is a true generalist feeding from many plant species of different families (Bellec et al., 2022c;Free & Williams, 1978;Herrera & Otero, 2021;Ouvrard et al., 2016), thus many other food sources than S. alba are available. A last hypothesis to explain the deterrence of perianths of S. alba for the pollen beetle may be that it contains more or less specific defense compounds to which pollen beetles are not adapted, which would be expected as generalists are usually less able to deal with specific defense compounds than specialists (Ali & Agrawal, 2012).

To progress into the identification of the compounds responsible for the rejection of S. alba, a bio-guided fractionation approach was followed. We found that compounds of different polarities are involved in the feeding contrast observed between S. alba genotypes. Untargeted, high-resolution metabolomics performed on the most promising subfraction revealed 13 candidate ions, i.e., overexpressed in resistant genotypes compared to the susceptible genotype, to be studied more thoroughly. Our study then confirms the interest of bio-guided fractionation to isolate behaviorally-active compounds from complex mixtures, as a first step before conducting metabolomic analyses on a 'narrow' portion of the plant metabolome. Although the identity of our candidate ions is still to be determined, what appears for now is that they should be semi-polar compounds, as all were extracted with dichloromethane and show long retention times in reverse phase liquid chromatography. Ongoing MS/MS fragmentation will help elucidating the structure of these ions [START_REF] Kind | Identification of small molecules using accurate mass MS/MS search[END_REF], which functional validation should follow by performing feeding tests with either commercial or home-purified standards. Borg & Ekbom (1996) showed that female pollen beetles are deterred from ovipositing after a short walk on the flower buds of S. alba. Thus, it may be hypothesized that compounds present on the perianth surface (i.e., in epicuticular waxes) cause this rejection. Plant cuticular compounds are mainly fatty acids, which are nonpolar to semi-polar (Müller & Riederer, 2005). Moreover, such fatty acids have previously been shown deterrent for some insect species, both for feeding and oviposition (Ali et al., 2012;Cruz-Estrada et al., 2019;Eigenbrode & Espelie, 1995;Guo & Qing Li, 2009;Müller, 2018;Santana et al., 2012). This class of metabolites then appears as a good candidate to contain some of the ions we revealed in our metabolomic analysis. The assessment of the effect of perianth surface extracts on the feeding behavior of the pollen beetle would help testing this hypothesis. Added to fatty acids, semipolar flavonoids (e.g., isoflavones, methylated flavones and flavonols) could also be found in our most promising subfraction, especially in their aglycone form [START_REF] Chaves | Extraction of flavonoids from natural sources using modern techniques[END_REF]. Some of these phenolic compounds are known to be phagodeterrents or digestibility reducers, at least on some insect species [START_REF] Simmonds | Flavonoid-insect interactions: Recent advances in our knowledge[END_REF][START_REF] Treutter | Significance of flavonoids in plant resistance: A review[END_REF]. However, whether they actually have a direct effect on pollen beetles is uncertain (Austel et al., 2021;Hervé et al., 2014). Indeed, chemical structure appears to play a major role in the bioactivity of flavonoids, which may in part explain their highly species-specific effects [START_REF] Simmonds | Importance of flavonoids in insect--plant interactions: Feeding and oviposition[END_REF][START_REF] Simmonds | Flavonoid-insect interactions: Recent advances in our knowledge[END_REF]. Another class of specialized metabolites with potential deterrent effects is glucosinolates (Mithen, 2001), iconic defense compounds of brassicaceous plants, but these are relatively unlikely to be found in our dichloromethane fraction as their extraction typically needs more polar solvents (e.g., methanolwater mixtures) [START_REF] Grosser | A straightforward method for glucosinolate extraction and analysis with Highpressure Liquid Chromatography (HPLC)[END_REF].

Overall, our results advance the understanding of why pollen beetles reject S. alba. Although pollen beetles are often considered as specialists, it appears that they are not adapted to the specific defenses of S. alba. This inability to cope with specific defenses suggests a behavioral response closer to that of a generalist (Ali & Agrawal, 2012). Given the strong influence of nutrients on the feeding strategy of pollen beetles (Bellec et al., 2022b;Bellec et al., 2022c), it cannot be excluded that the nutrient content of anthers is also involved in the feeding contrast observed between S. alba genotypes. Further studies on the chemistry of anthers, and the effect of this on the behavior of the pollen beetle, are needed to show the extent to which the chemistry of the perianth drives the rejection of S. alba. In addition, this study is a first step to identify compounds that could be used as resistance biomarkers in breeding programs aiming to identify genes that cause the resistance of S. alba to the pollen beetle. These genes could then be introgressed into B. napus elite cultivars. Searching for sources of resistance in species related to B. napus, such as S. alba, thus appears a promising strategy for breeding programs aiming to increase the resistance of B. napus to insect pests (Hervé, 2018).

Tableau S1: Results of ANOVAs testing the effect of the Sinapis alba genotype on the abundance of each feature (i.e., ion) detected in the metabolomic analysis. Features considered significantly discriminant in both univariate and multivariate analyses are indicated in bold. n = 9 per genotype with 10-12 plants per replicate. (Berenbaum & Zangerl, 2008;Caldwell et al., 2016;Carmona et al., 2011;Erb & Kliebenstein, 2020;Gatehouse, 2002). Although these defense strategies have historically been considered

independently (Herms & Mattson, 1992;[START_REF] Koricheva | Meta-analysis of trade-offs among plant antiherbivore defenses: Are plants jacks-of-all-trades, masters of all?[END_REF]Steward & Keeler, 1988), multiple evidences suggest that they interact and contribute to global defense strategies called 'defense syndromes' (Agrawal & Fishbein, 2006;[START_REF] Becerra | Synchronous coadaptation in an ancient case of herbivory[END_REF][START_REF] Kursar | Convergence in defense syndromes of young leaves in tropical rainforests[END_REF][START_REF] Okamura | Effects of different secondary metabolite profiles in plant defense syndromes on specialist and generalist herbivores[END_REF]. However, most studies dealing with plant resistance to herbivores still investigate this through the prism of a single component, mainly specialized metabolites (Wink, 1988; examples listed in [START_REF] Kortbeek | Endogenous plant metabolites against insects[END_REF]Zaynab et al., 2018). Unexpectedly, Carmona et al. (2011) showed in their meta-analysis that herbivores are more likely to reject plants on the basis of physical rather than chemical properties. It seems therefore crucial to consider the diversity of plant resistance mechanisms simultaneously, especially the combination of physical and chemical traits. This is particularly needed when dealing with insect pests, as pyramiding several lines of resistance in crop plants should increase the durability of their resistance [START_REF] Mitchell | Plant defense against herbivorous pests: Exploiting resistance and tolerance traits for sustainable crop protection[END_REF].

The pollen beetle (Brassicogethes aeneus, F. syn. Meligethes aeneus, Coleoptera: Nitidulidae), is one of the major pests of oilseed rape (Brassica napus L., Brassicaceae) in Europe (Williams, 2010). Adults are generalist pollinivores that destroy flower buds prior to blossoming to reach the pollen they contain, which can cause serious yield losses (Nilsson, 1987). Although no source of resistance to this insect has been found in B. napus, several studies have revealed some level of resistance in a related species, the white mustard (Sinapis alba L., Brassicaceae) (Austel et al., 2021;Bellec, et al., 2022a;Hopkins et al., 1998;Kaasik et al., 2014;Veromann et al., 2014). Identification of key traits responsible for the resistance of S. alba is a promising strategy to identify desirable genes that could then be introgressed into B. napus elite varieties (Bergelson & Roux, 2010;Khan et al., 2020;Mammadov et al., 2018;[START_REF] Varshney | Genomics-assisted breeding for crop improvement[END_REF].

In a previous study, we found that the resistance of S. alba to the pollen beetle was partly related to the chemical composition of its perianths (Bellec et al. (in prep.) [Chapter 2; Paper 4]).

However, it remained open whether surface and/or internal perianth compounds explain the effect of whole-perianth extracts. As Borg & Ekbom (1996) demonstrated that oviposition of pollen beetle females on S. alba is deterred after a short walk on flower buds, it could be hypothesized that resistance is due to compounds present on the perianth surface (i.e. epicuticular waxes). In addition, traits other than perianth chemicals may also contribute to the resistance of S. alba. Indeed, contrary to B. napus, some flower buds of S. alba exhibit nonglandular trichomes (i.e., non-secretory trichomes (Borg & Ekbom, 1996;[START_REF] Khalik | Morphological studies on trichomes of Brassicaceae in Egypt and taxonomic significance[END_REF]Werker, 2000)) on their surface, and these are known to reduce the feeding by other herbivorous insects such as crucifer flea beetles (Phyllotreta cruciferae; [START_REF] Lamb | Hairs protect pods of mustard (Brassica hirta 'gisilba') from flea beetle feeding damage[END_REF], cabbage seedpod weevils (Ceutorhynchus assimilis; [START_REF] Mccaffrey | Assessment of Sinapis alba, Brassica napus and S. alba×B. napus hybrids for resistance to cabbage seedpod weevil, Ceutorhynchus assimilis (Coleoptera: Curculionidae)[END_REF] and to a lesser extent tarnished plant bugs (Lygus lineoliris; Bodnaryk, 1996). It can then be hypothesized that the same trichomes may be partly responsible for the resistance of S. alba to the pollen beetle.

In the present study, we tested whether perianth surface compounds and non-glandular trichomes are involved in the rejection of S. alba by the pollen beetle. Perianth surface compounds were extracted from S. alba genotypes with contrasted levels of resistance (Bellec et al., 2022a) by washing flower buds with a solvent mixture and the effect of these extracts was tested using artificial diets. To assess the influence of trichomes, feeding experiments were performed with 'hairy' and 'shaved' flower buds from a S. alba genotype previously identified as highly resistant (Bellec et al., 2022a). The contribution of these traits to the resistance of S.

alba was assessed by comparison with chemical traits identified in Bellec et al. (in prep.) [Chapter 2; Paper 4] for whole-perianth extracts.

Material and Methods

Plant cultivation

All S. alba genotypes used in this study were Innolea-supplied lines initially obtained from genetic resource centers. Three genotypes showing contrasted levels of resistance to the pollen beetle, one susceptible ('M1') and two resistant ('M2' and 'M3'), were grown as described in Bellec et al. (2022a). All plants were used at the 'green-yellow bud stage', i.e., BBCH 55-57 (Lancashire et al., 1991).

Insects

Overwintered pollen beetles were collected in winter OSR crops near Rennes (Brittany, France) from February to May, and maintained under controlled conditions on a pollen-containing agar diet as described in Bellec et al. (2022b). Individuals were isolated and starved for 48 h prior to feeding tests on detached flower buds and for 72 h prior to feeding tests on artificial substrates.

Extraction of perianth surface compounds

Common surface extraction methods (i.e., dipping in a solvent mixture, stripping with cellulose acetate, sweeping with a solvent-saturated glass wool, containing the solvent in a glass cylinder pressed onto the surface, reviewed in Riederer & Muller (2006)) were not applicable to flower buds, due to the small size of these as well as their three-dimensional aspect and the fact that they open spontaneously once dipped in a solvent (thus leading to the extraction of compounds from anthers and pistils). An alternative strategy was then followed, where a mixture of solvents was applied to the surface of flower buds. From preliminary experiments, a mixture of hexane, dichloromethane and methanol (80:10:10) was retained as adequate to extract most of the compounds present in epicuticular waxes while avoiding reaching tissues below. A volume of 1.5 ml of solvent was used to extract a whole, intact inflorescence. Primary inflorescences from 10 plants of each genotype (i.e., M1, M2 and M3) were extracted to get a total extracted area of approximately 3,000 mm² per genotype (Supplementary Method 1).

Feeding tests

Feeding tests on detached hairy and shaved flower buds -S. alba flower buds exhibit nonglandular trichomes on their surface contrary to B. napus (Supplementary Figure 1). Sinapis alba flower buds of genotype M3 were used in this experiment, as it is highly resistant to the pollen beetle and its trichome density does not differ from that of genotypes M1 and M2

(Supplementary Figure 2). One pollen beetle was placed in a Petri dish (Ø = 35 mm) with two buds of equal size, one hairy (i.e., control) and one shaved just before experiment (i.e., which non-glandular trichomes just removed with microsurgical scissors under a binocular microscope). The experiments lasted for 4 h and it was recorded whether pollen beetles damaged the flower buds at 15, 30, 60, 120 and 240 min through observations under a binocular microscope. Thirty replicates were performed, with flower buds excised from 10 different plants.

Feeding tests on agar disks supplemented with surface extracts -Artificial substrates consisted in 3 % agar disks (Ø = 5 mm, thickness = 2 mm) supplemented with 10 mM of sucrose as a natural feeding stimulant (Chapman, 2003), necessary to test for a deterrent effect of the extracts. Extracts were prepared at physiological concentrations, i.e. contained compounds extracted from a perianth surface equivalent to that of the agar disk (i.e., 51 mm²). After evaporation of the solvents, two pollen beetles were placed in a Petri dish (Ø = 35 mm) for 3 h with two agar disks (one per genotype tested). Insects were filmed during the experiment and their movements tracked with the Ethovision XT software v. 15 (Noldus). The cumulative time spent on each disk was summed for both individuals and used as an estimate of feeding intensity. Twenty replicates were performed per experiment (M1 vs. M2 and M1 vs. M3).

Statistical analyses

All statistical analyses were performed with the R software v. 4.2.2 (R Core Team, 2022) using packages 'RVAideMemoire' (Hervé, 2022), 'emmeans' (Lenth, 2019), 'car' (Fox & Weisberg, 2019) and 'lme4' (Bates et al., 2015). The probability of a bud to be attacked over time was compared between hairy and shaved buds using a Wald test applied on a Generalized Linear Mixed Model (GLMM, family: binomial, link: logit). The model included the treatment (i.e., hairy or shaved), the time and their interaction as explanatory variables and the replicate as random factor. Wald tests applied on Linear Mixed Models (LMM) that included the replicate as random factor were used to compare the total time spent feeding on agar disks between genotypes (M1 vs. M2 and M1 vs. M3). To assess the relative contribution of perianth surface compounds to the resistance of S. alba, the global feeding intensity of pollen beetles (i.e., per replicate, the cumulative time spent feeding summed for both individuals and treatments) was compared between surface extracts and whole-perianth extracts (data obtained from Bellec et al. (in prep.) [Chapter 2; Paper 4]) using a Wald tests applied on Linear Mixed Models (LMM) that included the replicate as random factor. The response was fourth-root transformed to ensure LMM fitting.

Results

The probability of a bud to be attacked increased significantly with time (time: χ² = 5.13, df = 1, p = 0.023) but was not influenced by the presence of non-glandular trichomes (treatment: χ² = 0.39, df = 1, p = 0.530; treatment × time: χ² = 0.01, df = 1, p = 0.917; Fig. 1). acids, which are nonpolar to semi-polar (Müller & Riederer, 2005). Such fatty acids have previously been shown deterrent for some insect species, both for feeding and oviposition (Ali et al., 2012;Cruz-Estrada et al., 2019;Eigenbrode & Espelie, 1995;Guo & Qing Li, 2009;Müller, 2018;Santana et al., 2012). Although a potential deterrent effect of cuticular fatty acids occurs, we found that, overall, the feeding intensity of pollen beetles was much lower on wholeperianth extracts than on surface extracts. As [START_REF] Reifenrath | Leaf surface wax layers of Brassicaceae lack feeding stimulants for Phaedon cochleariae[END_REF] and [START_REF] Roessingh | Oviposition and tarsal chemoreceptors of the cabbage root fly are stimulated by glucosinolates and host plant extracts[END_REF] showed that the concentration of a given compound is generally much lower in surface extracts as compared with whole-tissue extracts, it could be hypothesized that here, deterrent compounds are present in lower concentrations on the perianth surface compared to the wholeperianth. Alternatively, as some compounds are specific to epicuticular waxes [START_REF] Cervantes | Oviposition responses by hessian fly, Mayetiola destructor, to wheats varying in surfaces waxes[END_REF]Riederer & Muller, 2006;Weißinger et al., 2021), compounds specific to the perianth surface may deter pollen beetles from feeding, although to a lesser extent than compounds present in perianth tissues.

Overall, our results strongly suggest that the resistance of S. alba to the pollen beetle is mainly due to the perianth chemistry and not to the presence of non-glandular trichomes. The identification and quantification of surface and whole-perianth deterrent compounds would provide information on the concentration-dependent or specific defenses present in perianth epicuticular waxes and tissues. While other traits remain to be explored (e.g., perianth thickness, anther nutritional quality, etc.), pyramiding several chemical defenses identified from perianth of S. alba is a promising perspective for future breeding programs aiming to protect B. napus from the pollen beetle.

high amounts of glucosinolates found in anthers of open flowers have an effect on pollinators and non-pollinating pollen feeders other than pollen beetles. Regarding SMCSO, its specific allocation, especially the lower levels found in anthers of open flowers, suggest that it might have negative effects on pollinators (Kessler & Baldwin, 2002;Kessler et al., 2008;Kessler & Baldwin, 2011). More investigations are needed to explore this hypothesis.

Multiple studies have revealed some level of resistance to the pollen in the white mustard (Sinapis alba L., Brassicaceae) compared to the oilseed rape (Austel et al., 2021;Bellec, et al., 2022 [Paper 7]; Hopkins et al., 1998;Kaasik et al., 2014;Veromann et al., 2014). In Papers 4

and 5, we found that the perianth chemical composition is involved in this resistance. Using a bio-guided fractionation approach, we found that compounds of different polarities are involved in the pollen beetle feeding contrast observed between S. alba genotypes. Since feeding tests with the most polar (i.e., methanol) subfraction of the dichloromethane fraction reproduced the contrast observed on entire plants for both comparisons (i.e., susceptible vs. each of the resistant genotypes), it was retained as the first fraction of interest for metabolomic analyses. Untargeted, high-resolution metabolomics performed on this fraction, coupled with univariate and multivariate statistical analyses, revealed thirteen candidate ions to be studied more thoroughly (i.e., ions overexpressed in resistant genotypes compared to the susceptible genotype). In parallel, results obtained in Paper 5 showed that the chemistry of the perianth surface was partly involved in resistance contrast between S. alba genotypes. Results of these two studies appear consistent, since plant-derived fatty acids are mainly found in cuticle waxes [START_REF] Kunst | Biosynthesis and secretion of plant cuticular wax[END_REF]Müller & Riederer, 2005). Moreover, several studies have reported deterrent effects of fatty acids on some insects behavior, both on feeding and oviposition (Ali et al., 2012;Cruz-Estrada et al., 2019;Eigenbrode & Espelie, 1995;Guo & Qing Li, 2009;Santana et al., 2012).

It has even been shown that exogenous applications of fatty acids in crops can reduce pest pressure [START_REF] Herrbach | Effect of dodecanoic acid on the colonisation of sugar beet by aphids and the secondary spread of virus yellows[END_REF][START_REF] Phelan | Post-landing behavior of alate Myzus persicae as altered by (E)-beta-farnesene and three carboxylic acids[END_REF]. The identification of metabolites and validation of the effect of these compounds on the feeding behavior of the pollen beetle remains to be performed, and other subfractions are still to be analyzed, but our studies already confirm the interest of combining bio-guided fractionation and untargeted metabolomic approaches to identify candidate behaviorally-active compounds. This appears important as no previous study performed on the pollen beetle would have allowed to target cuticular compounds as candidate deterrent compounds.

As shown in Chapter 1, the nutrient content of the food source is an important driver of the pollen beetle feeding behavior. The present chapter demonstrates that metabolites are another important driver, at least at the scale of the plant species and genotypes. Consequently, combining approaches from nutritional ecology and chemical ecology appears crucial to get a more integrative view of the determinants of host-plant selection processes in herbivorous insects, at least in this particular species.

Prospects for applications:

Improving crop resistance is particularly challenging with insects feeding from plant reproductive organs. Indeed, these organs are key for pollinators attraction (Brochu et al., 2020;Rivest & Forrest, 2020;Vanderplanck et al., 2020). Improving defenses could alter pollination and reduce the plant reproductive success, thus the crop productivity. However, given the specific localization of defenses in reproductive tissues (Barrett, 2010;[START_REF] Lantin | Fertilization and wounding of the style induce the expression of a highly conserved plant gene homologous to a Plasmodium falciparum surface antigen in the wild potato Solanum chacoense Bitt[END_REF]Wellmer & Riechmann, 2010) and the possible targeted action of these defenses on certain insect species (Kessler & Baldwin, 2002;Kessler et al., 2008;Kessler & Baldwin, 2011), breeding for increased defense in reproductive tissues seems a feasible strategy. Since we found a drastic effect of SMCSO on the feeding behavior of pollen beetles and a specific allocation of this compound to closed flower buds, it might be a candidate compound to target for oilseed rape breeders. However, further studies are mandatory to understand the spectrum of action of this compound, as well as its biosynthetic pathway and the genetic determinants of its production.

Breeding for desirable agronomic traits has, in many cases, reduced the genetic diversity (Khush, 2001) and the expression of defensive traits in crop plants (which is part of the socalled 'domestication syndrom', Chen et al. (2015)). Among these crops, oilseed rape is no exception as almost no resistance to any insect pest has been found in existing cultivars (Allender & King, 2010;Hasan et al., 2006;Hervé, 2018). The identification of compounds deterring pollen beetled in a related species, which production could be introgressed into elite oilseed rape cultivars, then offers promising perspectives for breeding programs. The existence of such biomarkers, and associated molecular markers that are still to be identified, could allow performing high-throughput (bio)marker-assisted selection on S. alba genotypes, instead of the traditional and slower phenotype-based selection (Fernie & Schauer, 2009).

Food choices in animals must solve challenges imposed by the environment in ways that maximize growth, reproduction and survival [START_REF] Emlen | The role of time and energy in food preference[END_REF]MacArthur & Pianka, 1966;Pyke et al., 1977;Schoener, 1971). Broadly speaking, evolutionary theories are thus based on the assumption that animals should maximize the amount of energy gained while ensuring an appropriate nutrient balance, minimizing the energy losses associated with locating and handling the food source, and managing defense compounds contained in the food [START_REF] Houston | Foraging currencies, metabolism and behavioural routines[END_REF]Schoener, 1971;Westoby, 1978). In this adaptive framework, foraging decisions of animals should depend on fitness-relevant food-related variables, called 'currencies', which an optimal forager should maximize or minimize (Schoener, 1971).

As a multiplicity of factors related to the food source can influence foraging decisions, relevant currencies are both multiple and complementary to each other (Stephens et al., 2007). However, diet 'quality' is usually defined as a single currency, mainly nutrient (Chapter 1, Jensen et al., 2012;Kohl et al., 2015;[START_REF] Mayntz | Nutrient-specific foraging in invertebrate predators[END_REF]Vaudo et al., 2020) or defense content (Chapter 2, Galdino et al., 2015;Shroff et al., 2008). Although these two facets are not independent and probably not even sufficient on their own, we currently know very little about their relative contribution to animal foraging decisions. Indeed, only few studies have looked into the relative and interactive effects of nutrients and defenses on food choices of phytophagous insects (Behmer et al., 2002;Le Gall, 2014;Simpson & Raubenheimer, 2001). For example, Simpson & Raubenheimer (2001) found that the effect of tannic acid on the performance of locusts (Locusta migratoria) is highly dependent on the nutrient content of the food, with a greater deterrent effect in nutritionally unbalanced diets. In addition, Behmer et al. (2002) and Le Gall (2014) found that locusts and grasshoppers (Melanoplus differentialis) will to ingest tannic acid and gramine, respectively, to achieve optimal protein-carbohydrate intakes. Further studies then appear necessary to understand the respective and relative influence of nutrients and defenses on the feeding behavior of insects.

Although there is a tremendous body of literature on the identification of fitness-relevant foraging currencies (reviewed in [START_REF] Houston | Foraging currencies, metabolism and behavioural routines[END_REF], the validation of their relevance for the explanation of foraging patterns has rarely been assessed. In this aim, one way to proceed is to make use of mathematical models that predict the food sources (or the proportion of each food source) to be included in the diet to forage optimally, based on the preliminary identification of the currencies influencing the foraging (Pyke et al., 1977). These predictions could then be confronted to real foraging patterns. These are the foundations of a scientific field called Optimal Foraging Theory (OFT). Although the OFT has historically focused on total energy contained in the food as relevant currency [START_REF] Pyke | Optimal foraging theory: Introduction[END_REF], its models can be applied to any currency that can be expressed as being maximized (or minimized).

In this chapter, we combine nutritional and chemical ecology with OFT modeling to understand the determinants of pollen beetle foraging patterns at a fine scale, i.e. within a plant inflorescence.

2. Here, we describe and decipher the determinants of the foraging pattern of the pollen beetle Brassicogethes aeneus, a pollinivorous insect that is a pest of oilseed rape Brassica napus. This insect feeds from flowers for almost all of its life cycle, except for a couple of weeks preceding blossoming. During this period, only flower buds are available and the insect destroys them to feed from the pollen they contain, causing serious yield losses.

3. We found that during this critical period, pollen beetles exhibit a stereotypic intrainflorescence feeding pattern that depends on flower bud maturity. To explain this pattern, we first deciphered the selective pressures driving pollen beetles' feeding behaviour. Using a set of manipulative laboratory experiments, including behavioural experiments on plant tissues and artificial substrates, chemical characterization of plant tissues and performance experiments, we show that the pollen beetles' feeding behaviour does not seem to be driven by specialized metabolites or an attempt to reach an optimal nutrient balance, but rather by a process of maximization of total macronutrient intake. Next, using optimal diet choice models, we found that one aspect of the intra-inflorescence feeding pattern, the preference for young over old flower buds, could be well-explained through the lens of total macronutrient intake maximization per unit of time to access the resource.

4.

Our study provides new insights into small-scale foraging patterns and highlights the need to characterize and assess the relative influence of several components of diet quality when deciphering selective pressures driving foraging patterns.
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Animals living in complex and dynamic environments have evolved sophisticate foraging strategies that optimize food searching and processing to maximize growth, reproduction and survival (Pyke, 2019;[START_REF] Simpson | Recent advances in the integrative nutrition of arthropods[END_REF]Simpson & Raubenheimer, 2012).

Such optimization consists in limiting energy loss associated with locating and handling the food source, managing defence compounds contained in the food and increasing energy intake while insuring an appropriate balance of nutrients (Schoener, 1971;Westoby, 1978;Raubenheimer & Simpson, 2018;Pyke, 2019). In this adaptive framework, it appears that both factors directly related to the food (e.g. availability, accessibility, nutritional quality and defence compounds) or to the forager (e.g. physiological status, interactions with antagonists) can influence foraging decisions [START_REF] Bee | Influence of foliar traits on forage selection by introduced red deer in New Zealand[END_REF][START_REF] Ho | Predation risk influences food-web structure by constraining species diet choice[END_REF][START_REF] Kraus | Insect diet[END_REF][START_REF] Mason | Divergent host plant utilization by adults and offspring is related to intra-plant variation in chemical defences[END_REF]Vanderplanck et al., 2020;[START_REF] Woodard | Diet and nutritional status during early adult life have immediate and persistent effects on queen bumble bees[END_REF]. However, we currently lack studies embracing several of these factors to assess their relative effect on foraging behaviours.

Insects have been widely studied to understand food exploitation patterns in herbivorous animals. Research has mostly focused on how herbivorous insects mix different plant species to reach optimal diets. However, availability, accessibility as well as defence compounds and nutritional quality of food sources can also vary within species and even within a given plant. Indeed, plant quality can depend on the organ, its degree of maturity or a particular location in this organ (Brown et al., 2003;[START_REF] Kouki | Resource availability affects differentially the levels of gallotannins and condensed tannins in Ceratonia siliqua[END_REF][START_REF] Mason | Divergent host plant utilization by adults and offspring is related to intra-plant variation in chemical defences[END_REF][START_REF] Rodrigues | Feeding preference of Holymenia clavigera and Anisoscelis foliacea marginella (Hemiptera: Coreidae: Anisoscelini) in relation to intra-and interspecific features of host plants (Passifloraceae)[END_REF]. Therefore, individual plants represent a mosaic of patches that may be differentially profitable for herbivores, in the same way as different plant species do (Galdino et al., 2015). It can then be hypothesized that similar foraging strategies as observed in interspecific studies may be observed at such a small scale. However, few studies have sought to understand insect foraging strategies at a small scale, and most of them only focused on the influence of one resource characteristic, mainly specialized metabolites in the framework of the Optimal Defense Theory (e.g. Shroff et al., 2008;[START_REF] Köhler | Within-plant distribution of 1,4-benzoxazin-3-ones contributes to herbivore niche differentiation in maize: 1,4-benzoxazin-3-ones determine herbivore foraging[END_REF][START_REF] Tsunoda | Root and shoot glucosinolate allocation patterns follow optimal defence allocation theory[END_REF][START_REF] Hunziker | Herbivore feeding preference corroborates optimal defense theory for specialized metabolites within plants[END_REF].

In this study, we describe and try to understand the determinants of the foraging pattern of the pollen beetle (Brassicogethes aeneus F. syn. Meligethes aeneus, Coleoptera: Nitidulidae), a pollinivorous insect that feeds on the pollen of plants belonging to many different families (Free & Williams, 1978;Marques & Draper, 2012;Ouvrard et al., 2016). Although adult pollen beetles are generalist feeders, they have close relationships with brassicaceous plants, especially oilseed rape (OSR; Brassica napus L., Brassicaceae), on which they feed and oviposit (Ekbom & Borg, 1996;Free & Williams, 1978). Adults feed from flowers for almost all of their life cycle, except for a couple of weeks preceding OSR blossoming. During this period, only flower buds are available and the insect destroys them to feed from the pollen they contain, inflicting serious yield losses (Nilsson, 1987). It is known that during this critical period for the plant, pollen beetles exhibit a stereotypic intra-inflorescence pattern of resource exploitation. Indeed, females preferentially lay eggs in buds at an intermediate developmental stage (i.e. medium size buds; Hervé et al., 2015), while younger buds (i.e. small buds) are preferentially used for feeding (Ferguson et al., 2015;Nilsson, 1994;[START_REF] Seimandi-Corda | Sampling pollen beetle (Brassicogethes aeneus) pressure in oilseed rape: Which method is best?[END_REF].

However, the factors that influence this fine-scale foraging strategy and particularly the clear preference for young flower buds over older ones are still unknown. To decipher the selective pressures that shape the feeding behaviour of pollen beetles, we follow Hervé, Delourme, Gravot, et al. (2014) by hypothesizing that, since the period during which pollen beetles feed on open flowers (~3-6 months) is much longer than the time spent feeding on closed buds (~2 weeks), their feeding behaviour should have been shaped based on the characteristics of the flowers rather than flower buds. Therefore, we use the well-known preference for flowers as compared with flower buds (Free & Williams, 1978) to reveal these selective pressures. We next test whether these selective pressures could explain the small-scale feeding pattern observed on flower buds. We decipher the selective pressures using a set of manipulative laboratory experiments including behavioural experiments on entire plants, plant organs and artificial substrates; chemical characterization of plant organs (i.e. quantification of macronutrients and defence compounds); and performance experiments. We next combine the selective pressures identified into an optimal diet choice (ODC) model to explain the intra-inflorescence foraging pattern of the pollen beetle.

| MATERIAL S AND ME THODS

| Plants and insects

Winter OSR plants ('Express' genotype) were grown as described in [START_REF] Hervé | How oilseed rape (Brassica napus) genotype influences pollen beetle (Meligethes aeneus) oviposition[END_REF]. Plants were used for experiments at the BBCH growth stages 55-57 and 60-69 (Lancashire et al., 1991), that is the 'green-yellow bud stage' and the 'flowering stage' respectively. Following Hervé et al. (2015) and Figure S1), who showed that flower buds of six OSR genotypes ranging from 2.5 to 5 mm long are preferentially used for oviposition, bud maturity classes were defined as: 'young' < 2.5 mm, 'intermediate ' 2.5-5 mm and 'old' > 5 mm. Overwintered pollen beetles Brassicogethes aeneus, were collected in unsprayed winter OSR crops at Le Rheu and Betton (Brittany, France) and placed in controlled conditions (16:8 L:D, 12°C), where they were fed with agar discs containing commercial organic pollen from unspecified

K E Y W O R D S
evolutionary forces, feeding behaviour, macronutrient intake, resource accessibility, specialized metabolites 161 plants (© Celtibio; 3% agar, 12% pollen and 4 g l -1 Tegosept + 1.5 g l -1 propionic acid as antifungal and antibacterial agents). No ethical approval was required for the use of B. aeneus. Insects were starved prior to all experiments in individual Petri dishes (Ø = 35 mm) containing a moistened filter paper. Following preliminary experiments, starvation durations, number of individuals per experiment and experiment durations were defined to get sufficient feeding contrasts without reaching saturation (i.e. total consumption of the food sources). Three starvation durations were conducted: 48 hr for feeding tests on entire plants or plant organs, 72 hr for feeding tests on artificial substrates and until reaching 50% of mortality for performance experiments (ensuring that energy levels prior to the experiment were low).

| Feeding tests

| Tests on entire plants

To describe the feeding pattern of the pollen beetle, one individual was placed on the main inflorescence of an entire plant at the green-yellow bud stage as described in [START_REF] Hervé | How oilseed rape (Brassica napus) genotype influences pollen beetle (Meligethes aeneus) oviposition[END_REF]. After 3 days, the number of buds damaged by feeding was counted. Buds damaged by feeding are recognizable as they show irregular holes of usually large sizes and located anywhere on the buds, while buds damaged by oviposition show stereotypic small holes at their basis. The length (i.e. maturity) of damaged buds was measured under a binocular microscope (0.1 mm precision). Ten replicates were performed.

Data analysis

All statistical analyses were performed with the R software v. 4.0.2 (R Core Team, 2020). Our data are available from Dryad Digital Repository https://doi.org/10.5061/dryad.866t1 g1sq. The mean number of buds damaged was compared between maturity classes (young, intermediate and old buds) using a Wald test applied on a GLMM including the individual plant as random factor (distribution: Poisson, link function: log; R package lme4: Bates et al., 2015 andcar: Fox &[START_REF] Fox | An R companion to applied regression[END_REF].

Here and in the following experiments, pairwise comparisons of estimated marginal means (EMMeans) were systematically performed using the emmeans package (Lenth, 2019) and p-values adjusted using the false discovery rate correction (Benjamini & Hochberg, 1995).

| Tests on plant organs

To confirm the preference for flowers over flower buds and to assess the contribution of resource accessibility and resource chemical composition to this preference, dual-choice tests were performed. One individual was placed in a Petri dish (Ø = 55 mm) for 2 hr with two different food sources, and it was then recorded whether each food source had been damaged or not. Three choice tests were conducted: one flower versus one old bud (to confirm the preference for flowers), one old bud versus six anthers just excised from one old bud (to assess the influence of resource accessibility) and six anthers just excised from one flower versus six anthers just excised from one old bud (to assess the influence of resource chemical composition). Old buds rather than young buds were chosen to decipher the factors responsible for the preference for flowers, for practical aspects and to avoid any bias related to a physical factor since anthers of old buds and flowers have the same size. About 20-27 replicates were performed per choice test.

Data analysis

For each choice test, the probability of being damaged was compared between the two food sources using a Cochran's Q test, which considered the replicate as pairing factor (R package rVaidememoire, Hervé, 2021).

| Tests on artificial substrates

An experimental set-up based on agar discs was designed to assess the respective and relative contributions of macronutrients (either their quantity and ratio) and defence metabolites in the preference of pollen beetles for flowers. Artificial substrates consisted of 3% agar discs (Ø = 5 mm, thickness = 2 mm) supplemented with macronutrients (casein: whey 80:20 as protein source and sucrose as carbohydrate source) and/or pure standards of defence metabolites, depending on the experiment. Macronutrient and defence metabolite concentrations used in experiments varied depending on the hypothesis tested (see Results and Table S1). In all experiments on artificial substrates, two individuals were placed in a Petri dish (Ø = 35 mm) for 3 hr, with two or three discs depending on the experiment. Insects were filmed during the experiment and their movements tracked with the Ethovision XT software v.

15 (Noldus). The feeding behaviour was estimated as the cumulative duration spent on each disc. Following preliminary observations, it was assumed that individuals were feeding when on discs and that the feeding speed was constant. Thirty replicates were performed per experiment.

Data analysis

For each experiment, the total time spent on discs was compared between the treatments using a Wald test applied on a Linear Mixed Model (LMM) that included the replicate as random factor (R packages lme4 and car). The response was systematically square-root transformed to ensure model fitting.

| Chemical characterization of plant organs

| Macronutrients

Macronutrient quantification was performed on five samples of three different plant organs: anthers from flowers, old buds and young buds. Each sample comprised organs collected from 14 to 16 plants (four organs per plant), immediately frozen into liquid nitrogen then freeze-dried. Plant organs were sampled from the same plants to ensure unbiased comparisons. Total soluble proteins (P) were extracted from 10 mg of dried powder that was agitated for 15 min at room
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temperature in 1 ml of acidified phosphate buffer (0.2 M, pH = 6.8), then centrifuged at 12,000 g for 30 min at 4°C. Quantification was performed using the Bradford's method (Bradford, 1976) and standard solutions of bovine serum albumin as references. Total digestible carbohydrates were extracted from 10 mg of dried powder in 2 ml of phosphate buffer (0.2 M, pH = 6.5) for 20 min at 95°C. After centrifugation at 14,000 g for 5 min at 4°C, the supernatant was collected, the extraction steps were repeated and both supernatants were pooled.

Total digestible carbohydrates (C) were quantified using the hot anthrone test [START_REF] Van Handel | Determination of fructose and fructose-yielding carbohydrates with cold anthrone[END_REF] and standard solutions of glucose as references.

Data analysis

Macronutrient composition was compared between pairs of plant organs (flower vs. old buds and old buds vs. young buds) using Welch t tests. Tests were performed for P, C and P + C content as well as for the P:C ratio.

| Defence metabolites

Compounds were chosen according to previous studies (Hervé, Delourme, Gravot, et al. (2014); Hervé, Delourme, Gravot, et al. (2014); Seimandi-Corda et al., 2019): S-methylcysteine sulfoxide (SMCSO) and flavonols that were suspected to be phagodeterrent for the pollen beetle (Hervé, Delourme, Gravot, et al., 2014) as well as glucosinolates that are known defence compounds of Brassicaceae (Hopkins et al., 2009) although their effects on the pollen beetle was not clear (Hervé, Delourme, Gravot, et al. (2014); Hervé, Delourme, Gravot, et al. (2014)). Material (i.e. anthers from flowers and old buds) was collected as described for macronutrients, and metabolites were extracted and quantified as described in [START_REF] Hervé | How oilseed rape (Brassica napus) genotype influences pollen beetle (Meligethes aeneus) oviposition[END_REF] and Seimandi-Corda et al. (2019).

Data analysis

Metabolic profiles of plant organs were compared multivariately using a redundancy analysis (RDA) on centred and scaled data and an associated permutation test with 9999 permutations (R package Vegan; [START_REF] Oksanen | vegan: Community ecology package. R package version 2[END_REF]. Univariate Welch t tests with FDRadjusted p-values were also performed to compare plant organs separately for each compound.

| Performance experiments

| Performance on plant organs

Here and in the following experiments, performance was assessed as the survival time following a defined feeding period. Survival was chosen over fecundity as performance estimator since pollen beetles produce eggs continuously as they feed [START_REF] Ekbom | Field oviposition rates and egg load dynamics of pollen beetles (Meligethes aeneus Fab.) (Colepotera: Nitidulidae)[END_REF][START_REF] Hervé | How oilseed rape (Brassica napus) genotype influences pollen beetle (Meligethes aeneus) oviposition[END_REF] and lay eggs only in flower buds.

Providing them with flower buds where to lay eggs would have led to an impossibility to prevent them from feeding, which would have biased the experiments. One starved individual was placed for 24 hr in a Petri dish (Ø = 55 mm) with a non-limiting food source consisting of two flowers or two old buds. After the feeding period, individuals were placed in new Petri dishes (same size) with a moistened filter paper humidified every day, and their survival time was recorded through daily observations. About 41-43 replicates were performed per treatment.

Data analysis

The survival time was analysed using a likelihood ratio test (LRTest) applied on a survival regression (distribution: Weibull, link function: log), which included the treatment as explanatory variable [R packages surViVal [START_REF] Therneau | Modeling survival data: Extending the cox model[END_REF] and car].

| Performance on artificial diets

Twenty-eight artificial diets differing in their P + C content and P:C ratio were designed, consisting of all combinations of four total macronutrient concentrations (P + C 45, 90, 180 and 270 g l -1 ) and seven macronutrient ratios (P:C 1:0.5, 1:1, 1:2, 1:3.5, 1:5, 1:8 and 1:15). All diets were presented to insects in 3% agar discs (Ø = 5 mm, thickness = 2 mm). All discs included casein:whey 80:20 as P source and sucrose as C source as well as a constant amount of additional nutritional resources (i.e. dry yeasts and vitamins) and antimicrobial agents (i.e. Tegosept and propionic acid; see Appendix S1). The P and C content of dry yeasts was included in the calculations following [START_REF] Lenth | Drosophila females trade off good nutrition with high-quality oviposition sites when choosing foods[END_REF]. After starvation, one individual was offered two identical discs for 48 hr in a Petri dish (Ø = 35 mm) that also contained a moistened filter paper. After the feeding period, discs were removed and performance was estimated as above. Fifteen replicates were performed per diet.

Data analysis

The survival time was analysed using a LRTest applied on a survival regression (distribution: Weibull, link function: log; R packages sur-ViVal and car). The model included the total P + C concentration, the P:C ratio and their interaction as explanatory variables.

| Optimal diet choice modelling

To determine whether pollen beetles' feeding pattern at the inflorescence scale could be explained by a maximization of the total nutrient intake per unit of time, a model of ODC was used. As other optimal foraging models, ODC models are based on the profitability of each food source, which is dependent on the amount of nutrients acquired from the food sources and the handling time needed to locate, capture, manipulate and ingest these food sources. Since pollen beetles can be considered encountering both young and old buds simultaneously on a given inflorescence, the ODC model of Waddington and Holden (1979) was used. This model allows predicting the optimal proportion of each food source to be included in the diet, which maximizes total macronutrient intake per unit of time:

163 where p y is the predicted proportion of young buds to be included in the diet, Q = M. C is the ratio of total nutrient amounts ingested per bud (M: ratio of bud masses ingested, C: ratio of total nutrient concentrations per mass unit); H y and H o are handling times of young and old buds respectively; and D y and 1-D y are the relative densities of young buds and old buds on an inflorescence respectively. The distributions of the model parameters were estimated from a series of dedicated experiments described below and summarized in Table 1. The values of p y were computed through simulations since most of the model parameters, that is M, C and H, were random variables. For that purpose, the central tendency and the distribution of each parameter were computed at the mean point of the two bud maturity classes, that is 1.75 mm long for young buds and 6 mm long for old buds (Table 1). The values of p y were calculated for all values of D y ranging from 0 to 100%, by steps of 1%. For each value of D y, 10,000 simulations were performed in each of which parameter values were randomly sampled from their theoretical distributions. These 10,000 values allowed estimating a central tendency of p y (considered as the median value) and an associated 95% credibility interval. Predicted proportions of young buds to be used could then be compared with real values observed in the feeding experiment on entire plants. The real relative density of young buds at the green-yellow bud stage was estimated by measuring all buds of the main inflorescence of 15 intact plants and calculating the proportion of young buds among the total amount of young and old buds. This proportion was estimated as 0.596 using a GLM (distribution: binomial, link function: logit).

| RE SULTS

| Pollen beetles show a stereotypic intrainflorescence feeding pattern

Feeding tests on entire plants revealed that the mean number of flower buds attacked differed significantly according to bud maturity (χ 2 = 34.33, df = 2, p < 0.001). Young buds were the most damaged [EMMean number (±SE) of buds damaged: 5.18 ± 0.92] while no significant difference was observed between intermediate and old buds (1.60 ± 0.43 and 1.13 ± 0.35 

| What selective pressures drive pollen beetle feeding behaviour?

3.2.1 | Pollen beetles prefer to feed on flowers rather than on buds and this preference is adaptive

In dual-choice tests offering one flower and one old bud, pollen beetles exhibited a total preference for flowers (Q = 20.00, df = 1, p < 0.001, Figure 1a). The performance experiment conducted to assess the adaptiveness of this preference showed that pollen beetles survive for a longer time when having fed from flowers (χ 2 = 5.08, df = 1, p = 0.024, Figure 1b).

| Pollen accessibility contributes to the preference for flowers

To assess the contribution of pollen accessibility (i.e. whether or not the perianth is present) to the pollen beetle's preference for flowers, dual-choice tests offering one old bud and anthers just dissected from one old bud were conducted. The damage probability was significantly higher on anthers (proportion [95% CI]: 0.96 [0.81-0.99]) than on whole old buds (0.11 [0.02-0.29]; Q = 21.16, df = 1, p < 0.001).

| Pollen chemical composition contributes to the preference for flowers

To assess the contribution of pollen chemical composition to the pollen beetle's preference for flowers, dual-choice tests offering anthers just dissected from one flower and anthers just dissected from one old bud were conducted. The damage probability was significantly higher on anthers from flowers (0.74 [0.54-0.89]) than on anthers from old buds (0.33 [0.16-0.54] 
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Macronutrient content differs between anthers from flowers and anthers from old buds

Quantification of the macronutrient content of anthers from flowers and of anthers from old buds revealed no difference in protein (P) concentration (t = -0.97, df = 7.66, p = 0.363) but revealed a significant difference in carbohydrate (C) concentration (t = 6.60, df = 6.56, p < 0.001), with a higher concentration in anthers from flowers (Figure 2). Consequently, organs also differed in their P:C ratio (t = 5.32, df = 6.13, p = 0.002) and total P + C amount (t = 6.33, df = 6.05, p < 0.001). The mean P:C ratio was of 1:10.2 for anthers from flowers and 1:4.9 for anthers from old buds, while the total macronutrient amount was 1.7 times higher in anthers from flowers on average (Figure 2).

Pollen beetles prefer the macronutrient content of anthers from flowers

To test whether the difference in macronutrient content between plant organs was involved in the pollen beetle's preference for flowers, dual-choice tests offering artificial substrates containing macronutrients in the same concentration and ratio as in anthers from flowers and anthers from old buds were performed. Pollen beetles spent significantly more time feeding from the diet mimicking anthers from flowers than anthers from old buds (χ 2 = 11.28, df = 1, p < 0.001, Figure 3a).

Only total macronutrient content, but not their ratio, influences the pollen beetle's feeding behaviour

Since macronutrient content was proven to be involved in the pollen beetle's preference for flowers, additional experiments were performed to assess the respective influence of the total macronutrient amount (P + C) and of macronutrient ratio (P:C). Choice tests offering artificial substrates supplemented with macronutrients in the same total amount but with different ratios showed no significant preference for any diet (χ 2 = 2.32, df = 2, p = 0.314, Figure 3b). On the contrary, choice tests offering artificial substrates supplemented with macronutrients in the same ratio but with different total amounts showed a significant preference for the diet containing the highest total macronutrient amount (χ 2 = 8.71, df = 1, p = 0.003, Figure 3c).

The maximization of total macronutrient intake shown by pollen beetles is adaptive

To assess whether the process of maximization of total macronutrient intake shown by pollen beetles is adaptive, a performance experiment with artificial diets differing in their total macronutrient amount (four treatments from 45 to 270 g/L) and ratio (seven treatments from 1:0.5 to 1:15) was conducted. No effect of the interaction between total macronutrient amount and ratio on the pollen beetles' survival (χ 2 = 0.03, df = 1, p = 0.872) as well as no effect of the macronutrient ratio (χ 2 = 0.46, df = 1, p = 0.499) were found.

However, a significant effect of the total macronutrient amount was shown, with survival increasing with this amount (χ 2 = 21.53, df = 1, p < 0.001, Figure 3d). 2).

Epiprogoitrin is phagodeterrent at physiological concentration

To assess whether the difference in progoitrin and epiprogoitrin concentrations is involved in the pollen beetle's preference for flowers, dual-choice tests on artificial substrates supplemented with pure standards representing concentrations similar to those of anthers from flowers and anthers from old buds were performed. No difference in time spent feeding was found for progoitrin (χ 2 = 0.02, df = 1, p = 0.876). A significant difference was found for epiprogoitrin (χ 2 = 4.51, df = 1, p = 0.034), with less time spent feeding when epiprogoitrin was applied in concentrations similar to those of anthers from old buds [EMMean time ± SE (min) spent feeding when epiprogoitrin was applied in concentrations similar to those of flowers 21.1 ± 5.4 and in concentrations similar to those of anthers old buds 9.1 ± 2.9].

The effect of epiprogoitrin is negligible compared to the one of macronutrients

Since both the effect of the total macronutrient amount and of the concentration of epiprogoitrin were consistent with the preference of pollen beetles for anthers from flowers, two additional experiments were performed to assess the relative contribution of these two factors. First, a dual-choice test offering artificial substrates with macronutrients at the same ratio (P:C 1:8) but with total amounts as in anthers from flowers and anthers from old buds confirmed that pollen beetles spend more time feeding where total macronutrient amount is the highest (Figure 4). In the second experiment, epiprogoitrin was added to the diet to assess whether inverting the concentrations found in the two organs could cancel the effect of macronutrients. Epiprogoitrin at the concentration found in anthers from old buds was then added to the diet containing macronutrients No significant change in the feeding pattern was observed (Figure 4).

| The intra-inflorescence feeding pattern of pollen beetles on flower buds is perfectly explained by an optimal foraging for total macronutrient intake per unit of time

Previous experiments showed that two selective pressures seem to drive pollen beetles' feeding behaviour: pollen accessibility and maximization of the total macronutrient intake from pollen. To assess whether the pollen beetle's intra-inflorescence foraging pattern on flower buds, that is the preference for young buds over old ones, could be explained by these two factors, an optimal foraging approach was chosen. Indeed, optimal foraging theory models the maximization of a currency (here total macronutrients) per unit of time (here handling time, i.e. time to pierce the perianth and access the pollen), which together define resource profitability. An ODC model that takes into account the relative density of both resources which are encountered simultaneously on an inflorescence was used.

To parametrize this model, the mean mass ingested per bud, the total macronutrient concentration and the time to pierce the perianth per bud were estimated using dedicated experiments according to the methods described in Appendix S2. First, the mean mass ingested per bud mass, which was used to estimate the ratio of bud masses ingested from young vs. old buds (M), was more than twice as low on young buds as it was on old buds (mean mass ingested per bud ± SE [mg FW]: young buds 1.09 ± 0.13 and old buds 2.28 ± 0.23). Second, the total macronutrient concentration (protein plus carbohydrate), which was used to estimate the ratio of total nutrient content per unit mass of young vs. old buds (C) was on average 1.4 times higher in anthers from young buds than in anthers from old buds. In young buds, the mean concentrations of proteins and carbohydrates (μg/ mg DW-1 ± SE) were 78.45 ± 4.00 and 284.52 ± 10.80 respectively; in old buds these were 42. 54 ± 2.36 and 208.75 ± 14.72 respectively. Third, a strong positive relationship was found between bud maturity and handling time (Figure 5). For young (<2.5 mm) buds, the handling time (Hy) was c. 4 times shorter than for old (>5 mm) buds (Ho).

Simulations were then performed (Appendix S2) to estimate theoretical distributions of these parameters M, C and H (see Table 1) to feed the ODC model. The predicted optimal proportion of young buds to be included in the diet was consistent with the observed

F I G U R E 4
The phagodeterrent effect of epiprogoitrin is negligible compared to the effect of total macronutrient amount. EMMean time (±SE; min) spent feeding on artificial substrates supplemented with total macronutrient amount as in anthers from flowers and anthers from old buds, without epiprogoitrin (left, n = 30) or with epiprogoitrin concentrated as in the opposite organ (right, n = 30). Different letters indicate significant differences between the treatments 6), demonstrating that the intra-inflorescence feeding pattern of pollen beetles could be well-explained by a process of maximization of total macronutrient intake per unit of time.

| DISCUSS ION

In this study, we found that an herbivorous insect, the pollen beetle, shows a stereotypic intra-inflorescence pattern of resource exploitation that depends on flower bud maturity. It has already been documented that organ maturity can drive foraging decisions in foliar herbivores [START_REF] Rodrigues | Feeding preference of Holymenia clavigera and Anisoscelis foliacea marginella (Hemiptera: Coreidae: Anisoscelini) in relation to intra-and interspecific features of host plants (Passifloraceae)[END_REF][START_REF] Choong | What makes a leaf tough and how this affects the pattern of Castanopsis fissa leaf consumption by caterpillars[END_REF][START_REF] Kouki | Resource availability affects differentially the levels of gallotannins and condensed tannins in Ceratonia siliqua[END_REF][START_REF] Lambdon | How should toxic secondary metabolites be distributed between the leaves of a fast-growing plant to minimize the impact of herbivory?[END_REF][START_REF] Blüthgen | Contrasting leaf age preferences of specialist and generalist stick insects (Phasmida)[END_REF]. However, much less is known in other feeding guilds, including pollinivores. In line with field observations performed by Seimandi-Corda et al. ( 2021), we observed a preferential feeding on young flower buds compared to intermediate and older ones. [START_REF] Ekbom | Pollen beetle (Meligethes aeneus) oviposition and feeding preference on different host plant species[END_REF], Hervé et al. (2015) and [START_REF] Seimandi-Corda | Sampling pollen beetle (Brassicogethes aeneus) pressure in oilseed rape: Which method is best?[END_REF] showed that pollen beetle females preferentially lay eggs on buds at an intermediate developmental stage. This suggests that the lower exploitation of intermediate buds for feeding might be a way to share resources that are used simultaneously for oviposition and feeding [START_REF] López-Ortega | Patterns of oviposition and feeding in the monophagous fly Anastrepha spatulata (Diptera: Tephritidae) on its larval host plant Schoepfia schreberi[END_REF]. However, the reasons behind the clear feeding preference for young buds over old ones remained unexplained.

The most direct way to explain the feeding pattern of pollen beetles would be to identify the selective pressures driving its behaviour. In line with Free and Williams (1978), we confirmed the total preference of pollen beetles for flowers over flower buds and the adaptiveness of this preference. This supports the hypothesis proposed by Hervé, Delourme, Gravot, et al. (2014) that flower characteristics should have shaped the feeding behaviour of pollen beetles.

These characteristics might be of different nature since a multiplicity of factors directly related to the food source are commonly assumed to influence foraging decisions (Stephens et al., 2007). However, a wealth of studies defined diet quality as a single currency, mainly nutrients (Jensen et al., 2012;Kohl et al., 2015;[START_REF] Mayntz | Nutrient-specific foraging in invertebrate predators[END_REF]Vaudo et al., 2020) or defence content (Galdino et al., 2015;Shroff et al., 2008). So far, few studies combined the influence of several factors and most of these studies were correlative, that is they did not directly test the influence of each factor and their interaction on the forager's behaviour. Such correlative approaches might lead to a biased view of the relevant determinants of the foraging behaviour.

As an example, [START_REF] Cronin | Within-plant variation in seaweed palatability and chemical defenses: Optimal defense theory versus the growth-differentiation balance hypothesis[END_REF] found that although seaweed tissue toughness was correlated with the feeding behaviour of two marine invertebrates, a proper test of the influence of this factor using artificial substrates revealed that it did not explain the feeding pattern, contrary to defence compounds. Here, we characterized and assessed the contribution of resource accessibility and chemical composition, both in terms of nutrients and defence compounds, to the preference of pollen beetles.

We found that pollen beetles fed significantly less when the perianth was present. By acting as a physical and potential chemical barrier [START_REF] Hervé | How oilseed rape (Brassica napus) genotype influences pollen beetle (Meligethes aeneus) oviposition[END_REF], the perianth can significantly reduce resource accessibility. This could partly explain the preference for flowers, where the pollen is directly accessible.

Since it has been shown that structural characteristics such as tissue thickness, toughness as well as the presence and shape of trichomes, can vary according to the maturity level of plant organs [START_REF] Adebooye | Morphology and density of trichomes and stomata of Trichosanthes cucumerina (Cucurbitaceae) as affected by leaf age and salinity[END_REF][START_REF] Afshari | Variation in essential oil composition, bioactive compounds, anatomical and antioxidant activity of Achillea aucheri, an endemic species of Iran, at different phenological stages[END_REF][START_REF] Cronin | Within-plant variation in seaweed palatability and chemical defenses: Optimal defense theory versus the growth-differentiation balance hypothesis[END_REF], we hypothesized that structural characteristics of the bud perianth can vary according to the bud developmental stage and influence the feeding behaviour of pollen beetles. Indeed, we found that handling

F I G U R E 5
Relationship between bud maturity (mm) and handling time (min). Regression line (red) and associated 95% confidence interval (dashed blue line) are represented. R 2 = 0.87, F 1,22 = 148.2 and df = 1; p < 0.001 F I G U R E 6 Maximization of the total macronutrient intake per unit of time explains the pollen beetle's feeding pattern on inflorescences when only flower buds are available. Proportion of young buds included in the diet according to real relative density available, as predicted by an optimal diet choice model maximizing nutrients intake per unit of time and as observed in feeding tests on entire plant. Predicted proportion: median (red line) with 95% credibility interval (grey area) from simulations. Observed value: mean (green circle) with 95% confidence interval time (i.e. time to pierce the perianth and reach anthers) was higher for old buds than for young buds. The total time required for food searching, capture and handling is a key parameter of optimal foraging models since it contributes to determining resource profitability (Barkan & Withiam, 1989). Searching time is more decisive for organisms that encounter resources sequentially, while handling time is more decisive for organisms that encounter resources simultaneously since it represents the only component of the time spent foraging. Moreover, handling time seems to depend mainly on prey mobility and size for predators [START_REF] Fe R E N C E S Abraços-Duarte | Functional response and predation rate of Dicyphus cerastii Wagner (Hemiptera: Miridae)[END_REF][START_REF] Beissinger | Experimental analysis of diet specialization in the snail kite: The role of behavioral conservatism[END_REF], whereas resource accessibility seems of more importance for herbivores [START_REF] Mallinger | Bee visitation rates to cultivated sunflowers increase with the amount and accessibility of nectar sugars[END_REF][START_REF] Meire | Are oystercatchers (Haematopus ostralegus) selecting the most profitable mussels (Mytilus edulis)?[END_REF][START_REF] Sayers | Memory and foraging theory: Chimpanzee utilization of optimality heuristics in the rank-order recovery of hidden foods[END_REF]. This makes resource accessibility related to the perianth a key parameter to consider to explain pollen beetles' foraging decisions, since pollen beetles encounter all buds of an inflorescence simultaneously.

Behavioural experiments further showed the involvement of the pollen chemical composition in the preference for flowers. The impact of pollen chemistry on feeding behaviours has been reported in other pollinivores including honeybees [START_REF] Cook | Are honey bees' foraging preferences affected by pollen amino acid composition? Pollen quality and honey bee preferences[END_REF]. Although total energy is key for predators (Jensen et al., 2012), macronutrient quality and quantity seems of more influence for herbivores' feeding decisions [START_REF] Cook | Are honey bees' foraging preferences affected by pollen amino acid composition? Pollen quality and honey bee preferences[END_REF][START_REF] Vanderplanck | How does pollen chemistry impact development and feeding behaviour of polylectic bees?[END_REF]Ghosh & Jung, 2020;[START_REF] Felton | The nutritional balancing act of a large herbivore: An experiment with captive moose (Alces alces L)[END_REF][START_REF] Nie | Obligate herbivory in an ancestrally carnivorous lineage: The giant panda and bamboo from the perspective of nutritional geometry[END_REF]. In this study, the quantification of macronutrient content of anthers from flowers and from old buds revealed significant differences in both the total amount and ratio of macronutrients. Feeding tests on artificial diets showed a strong preference of pollen beetles for artificial substrates incorporating macronutrients as in anthers from flowers and showed that this preference is related to the total macronutrient amount but not their ratio. Additionally, we found that this maximization of total macronutrient intake is adaptive, as it increases survival time. Our results are consistent with the nutritional heterogeneity hypothesis, which states that since generalist insect herbivores are more likely to encounter unbalanced foods, they are more prone to maximize nutrient intake to suffer less from a deficit of the limiting nutrient (Simpson et al., 2002). This strategy would reflect the greater probability that a generalist will subsequently encounter resources with a complementary imbalance (Raubenheimer & Simpson, 1999).

Apart from macronutrients, defence metabolites are regularly emphasized to explain foraging decisions of herbivores (Fraenkel, 1959;Freeland & Janzen, 1974). Here, we found that the concentration of two glucosinolates differed significantly between anthers from flowers and from old buds, with higher concentrations in anthers from old buds. Behavioural tests further showed that the difference in epiprogoitrin concentration triggered a phagodeterrent effect on the pollen beetle. A growing number of studies have reported the presence of deterrent or toxic compounds in the pollen of several plant species [START_REF] Mierziak | Flavonoids as important molecules of plant interactions with the environment[END_REF][START_REF] Palmer-Young | Secondary metabolites from nectar and pollen: A resource for ecological and evolutionary studies[END_REF]Stevenson, 2020).

It is hypothesized that the presence of defences in the pollen may serve to prevent overexploitation by pollen-feeding insects such as pollen beetles, thus ensuring pollination by beneficial species (Rivest & Forrest, 2020). Nonetheless, it has been shown that pollen defences may also deter non-specialist bees, thus affecting pollination (Arnold et al., 2014;Brochu et al., 2020). Therefore, the actual function of pollen defences and their influence on the ecology and evolution of pollinators relatively to flower characteristics (morphology, colour, scent, pollen shape and nutrient content) is still unclear (Rivest & Forrest, 2020). In this study, we disentangled the relative contributions of total macronutrient amount and epiprogoitrin concentration in the preference of pollen beetles for anthers from flowers and found that the effect of epiprogoitrin was negligible compared to the effect of macronutrients. Thus, even for a pollen antagonist such as the pollen beetle, pollen defences do not appear as a significant component of foraging decisions. This result further questions the role of plant defences in the evolution of plant-pollinator interactions.

Taken together, our results suggest that the feeding behaviour of pollen beetles is driven by both handling time, which here depends on pollen accessibility, and the total macronutrient intake from pollen. To finally test whether the pollen beetle's intra-inflorescence feeding pattern, that is the preference for young buds over old ones, could be explained by these two factors, an ODC model was used. Since pollen beetles can be considered encountering young and old buds simultaneously, we chose the model of Waddington and Holden (1979) that integrates this hypothesis. We integrated all parameters that we identified as relevant determinants of the pollen beetles' foraging behaviour (i.e. relative density, mass of buds ingested, total macronutrient concentration and handling time) in our model.

Quantitative predictions from such simultaneous-encountering ODC models have typically been obtained on vertebrate predators [START_REF] Cayford | Seasonal changes in the size selection of mussels, Mytilus edulis, by oystercatchers, Haematopus ostralegus: An optimality approach[END_REF][START_REF] Galis | Optimal foraging and ontogeny; food selection by Haplochromis piceatus[END_REF][START_REF] Meire | Are oystercatchers (Haematopus ostralegus) selecting the most profitable mussels (Mytilus edulis)?[END_REF][START_REF] Sih | Optimal diets: Simultaneous search and handling of multiple-prey loads by salamander larvae[END_REF]. Here, we predicted the proportion of young buds to be included in the diet to maximize total macronutrient intake per unit of time to access the resource by an herbivorous insect, depending on the relative density of young buds. We found that the observed proportion of young buds included in the diet was quantitatively consistent with the predicted proportion. Thus, the intra-inflorescence feeding pattern of pollen beetles, in particular the clear preference for young buds over older buds, appears to be driven by their faster handling time and their slightly higher macronutrient content, which both compensate for the lower ingested mass on this resource. 

C, the ratio of total nutrient concentrations per bud mass unit

Generation of real values -Nutrients were quantified in young and old buds as described in the main text.

Estimation of the distributions -The following procedure was followed:

1. A normal theoretical distribution of total nutrient concentration per bud mass unit was generated separately for young and old buds. Parameters of these distributions (i.e., means and standard deviations) were those calculated from real values.

2. Ten thousand values of the ratio of total nutrient concentration per bud mass unit, C, were computed by dividing 10 000 values sampled from the distribution fitted on young bud values by 10 000 values sampled from the distribution fitted on old bud values. 

Discussion

In this chapter, we described and unraveled the determinants of the intra-inflorescence foraging pattern of pollen beetles. We found that the foraging behavior of pollen beetles does not appear to be driven by specialized metabolites or an attempt to achieve an optimal nutrient balance, but rather by a process of maximization of total macronutrient intake. Next, using optimal diet choice models, we found that the intra-inflorescence feeding pattern of pollen beetles, i.e., the clear preference for young buds over old buds, can be well explained by a maximization of total macronutrient intake per unit of time to access to the resource.

The nutrient and defensive content of the resource were typically considered separately as a single currency for phytophagous insects (Fraenkel, 1959;[START_REF] Painter | The food of insects and its relation to resistance of plants to insect attack[END_REF]. However, not only nutrients and defenses can influence insects foraging decisions, but also their subcategories and interactions [START_REF] Beck | Resistance of Plants to Insects[END_REF][START_REF] Kennedy | Mechanisms of host plant selection[END_REF]. Here, we assessed the respective but also the relative influence of nutrients and defenses on the feeding behavior of pollen beetles. In line with other studies on locusts and grasshoppers (Behmer et al., 2002;Le Gall, 2014), pollen beetles were willing to feed on deterrent compounds if this allows maximizing nutrient intake. This confirms the need to disentangle the respective and relative influence of the multiple fitness-relevant variables that drive foraging decisions. Moreover, although a few studies have assessed the combined effect of nutrients and defenses within the nutritional geometric framework (Behmer et al., 2002;Le Gall, 2014;Simpson & Raubenheimer, 2001), none have been conducted such as here, i.e., with physiological concentrations of metabolites really present in host plants.

However, this appears necessary to get nutritional ecology and chemical ecology closer. Our study is a small contribution to make this more frequent.

Nutritional Ecology (NE) and Optimal Foraging Theory (OFT) are two fields of research that have developed largely in parallel, both aiming to understand foraging decisions of animals (Raubenheimer & Simpson, 2018). While the OFT seeks to understand how animals maximize (or minimize) a given foraging currency by comparing predictions of mathematical models with real behaviors (Charnov, 1976;MacArthur & Pianka, 1966), NE has mostly focused on elucidating the nature of foraging currencies, and how these influence the animal performance and behavior [START_REF] Scriber | The Nutritional Ecology of Immature Insects[END_REF][START_REF] Slansky | Nutritional ecology of insects, mites, spiders, and related invertebrates[END_REF]. Since the total energy contained in the food source has historically been the currency maximized in OFT models, OFT studies have primarily focused on foraging decisions of predators (Jensen et al., 2012) rather than herbivores. Indeed, it has long been recognized that nutritional strategies of herbivores are too complex to be seen through the unique lens of total energy only (Westoby, 1978). However, the basic assumption of OFT is not that energy is the most relevant currency, but that foraging decisions can be formalized as a maximization process, which maximizes the herbivore fitness in turns (Pyke et al., 1977). OFT models can then be applied to any currency which intake can be maximized, such as nutrients, and thus be of interest to study foraging patterns of herbivores.

In addition, although classical OFT models allow only for qualitative predictions (i.e., to feed or not to feed on a given resource), some models have been developed to make quantitative predictions, i.e., the proportion of each resource to be included in the diet to forage optimally (Waddington & Holden, 1979). Such quantitative models permit bridges between the OFT and NE, especially the nutritional geometric framework, where a central question is how animals combine multiple imbalanced food sources in optimal proportions to get as close as possible to their intake target. In this chapter, we combined nutritional and chemical ecology (to identify fitness-relevant foraging currencies) with quantitative OFT models (to predict the optimal foraging strategy). We found that the proportion of each resource included in the real diet of pollen beetles was quantitatively consistent with those predicted from foods nutrient content, demonstrating the interest of our integrative approach. This shows that OFT models and NE can be reconciled and opens an avenue for future integrative studies.

Introduction

Phytophagous insects are considered responsible for 20 % of yield losses annually, both by direct damage and indirectly through the transmission of plant diseases (Agrawal, 2011;[START_REF] Chang | Virus-induced plant volatiles mediate the olfactory behaviour of its insect vectors[END_REF]Oerke, 2006). Despite extensive efforts of farmers and breeders, the cost of insect damage management is estimated over $70 billion per year worldwide (Bradshaw et al., 2016).

Although beneficial in the short term, the heavy reliance of modern agriculture on chemical insecticides has led to environmental hazards and the development of resistances in insect populations (Aktar et al., 2009;Ansari et al., 2014;Bass et al., 2015;Onstad & Knolhoff, 2023;Perveen, 2012). As suggested by [START_REF] Douglas | Strategies for enhanced crop resistance to insect pests[END_REF], part of the solution to reduce insect pest pressures lies in the problem: the domestication of crops over the past centuries has led to a reduction of the genetic diversity in crop plants, and to the production of highly nutritious plants that are often poorly defended compared to their wild relatives (Chen et al., 2015;Khush, 2001;[START_REF] Olsen | A bountiful harvest: Genomic insights into crop domestication phenotypes[END_REF]. The challenge is thus to breed plants that both express resistances against insect pests and sustain current productivity. One strategy to achieve this goal is to decipher the genetic determinants of these resistances.

Compared to resistances against insects, the genetic bases of resistances to pathogens have been much more extensively studied (Figure 1a). Besides the fact that plant pathologists adopted molecular studies earlier than entomologists, two main, related reasons, explain this gap: the often quantitative mechanisms of resistances against insects and the heavy constraints of phenotyping (Goggin et al., 2015;Hervé, 2018;Kloth et al., 2012). Indeed, plant defense against insects is often complex and based on quantitative mechanisms involving multiple traits, thus multiple Quantitative Trait Loci (QTL) that interact and contribute to the overall plant resistance (Agrawal & Fishbein, 2006;Broekgaarden et al., 2011;Kloth et al., 2012;Mitchell-Olds, 2010). In comparison, qualitative resistances, i.e. those based on gene-for-gene mechanisms, are quite rare against insects and mainly limited to piercing-sucking species such as aphids or thrips (reviewed in [START_REF] Bonaventure | Perception of insect feeding by plants[END_REF][START_REF] Douglas | Strategies for enhanced crop resistance to insect pests[END_REF][START_REF] Smith | The molecular bases of plant resistance and defense responses to aphid feeding: Current status[END_REF][START_REF] Yencho | Applications of tagging and mapping insect resistance loci in plants[END_REF]. The study of quantitative resistances to insect pests has nevertheless increased dramatically with recent advances in molecular biology and genomics (Figure 2b), and technologies in this area are continuing to expand (reviewed in [START_REF] Douglas | Strategies for enhanced crop resistance to insect pests[END_REF]. However, studies still focus mainly on QTLs conferring resistance to piercing-sucking insects, as resistances to chewing insects, such as beetles or caterpillars, only represent one third of the papers published (Figure 2c). The reason for this is probably linked to constraints imposed by phenotyping processes. While genomic advances have increased the speed of the identification of molecular markers of resistance (Razzaq et al., 2019;Wani et al., 2022;Zhu et al., 2020), the phenotyping of large numbers of plant lines remains the rate-limiting step in research and breeding programs (Goggin et al., 2015;Hervé, 2018;Houle et al., 2010;Kloth et al., 2012). Indeed, since the probability to detect genotype-phenotype associations increases with the size of the plant population and the number of replicates per individual of this population, hundreds to thousands of plants need to be both genotyped and phenotyped (Goggin et al., 2015;Ingvarsson & Street, 2011;Kloth et al., 2012;Mir et al., 2019). Large-scale phenotyping screens are however challenging, due to constraints such as the rearing of insects in the laboratory (difficult or even impossible for insects with an obligatory diapause) or their sampling in natura (subject to spatial and temporal variations in insect presence), or to the fact that plant-insect interactions are strongly influenced by the plant phenological stage and the insect physiological status (Hervé, 2018;Obermeier et al., 2022). In this context, the development of high-throughput phenotyping protocols is key, as it would allow the acquisition of resistance data that are needed for the genetic mapping of QTLs.

QTL mapping starts with the production of a segregating (or mapping) population, which results from the crossing of parents that differ in one or more resistance traits (Figure 2a). The segregating populations can be a F2 population (i.e., composed of descendants of the initial, F1 hybrids, obtained by self-fertilization of these hybrids), a backcross population (i.e., composed of individuals obtained by crossing F1 hybrids with one of the two parents), or a population composed of recombinant inbred lines (i.e., obtained by inbreeding F2 individuals). The mapping population is then used to construct a linkage map, i.e., a map that indicates the position and relative genetic distances between molecular markers along chromosomes (Figure 2b). By combining this linkage map with resistance data obtained from the phenotyping of the segregating population (Figure 2c), a QTL analysis can be performed to detect association between the resistance phenotype and the genotypic markers (Figure 2d) (see [START_REF] Collard | An introduction to markers, quantitative trait loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts[END_REF] for further explanations). As a subsequent step, the structural and functional annotation of the genes contained in the QTLs identified, added with the quantification of their differential expression in the initial parents, can allow the identification of candidate genes responsible for the resistance phenotype, which function have then to be validated (Santos et al., 2018;Zhang et al., 2021;Zhu et al., 2020).

Figure 2: Principles of a QTL mapping analysis (inspired from [START_REF] Collard | An introduction to markers, quantitative trait loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts[END_REF]. a) Getting a segregating population (here, 10 individuals) from the crossing of two parents (P1 and P2) contrasted for their level of resistance to the targeted insect species. b) Building of a linkage map from the segregating population. For each molecular marker, parent 1 is scored as an 'A' whereas parent 2 is scored as a 'B'. c) Phenotyping the segregating population (as well as the parents) for individual levels of resistance. d) Combining molecular and phenotypic data in a QTL mapping analysis to get the most likely position for resistance QTLs. For each marker, an ANOVA is performed and a LOD score (i.e., log odds) is calculated, which indicates the strength of the genotype-phenotype association. A LOD score above the significance level, here 3, indicates the presence of a QTL (i.e., significant genotypephenotype association) in that region of the genome. Here, the QTL is located near marker G, with the best flanking markers being F and G.

INTRODUCTION

Insect pests are globally responsible for an estimated 15% of crop yield loss worldwide 1,2 and novel management approaches are needed to reduce the environmental hazards related to the heavy reliance on synthetic insecticides. 3,4 One alternative control strategy is breeding for plant resistance to insect pests. The development of insect-resistant cultivars requires the identification and characterization of sources of resistance as a first step. However, domesticated crops have been selected mainly for their agronomic characteristics, sometimes at the expense of defensive traits. 5 Exploring natural variation in resistance traits among wild relatives of crop species is therefore a promising strategy to identify desirable genes, 5,6 which could be introgressed into elite cultivars. 7,8 Nevertheless, introgression of valuable genes remains a challenging task since plant resistance to insects is, in most cases, a quantitative mechanism involving multiple loci. 9 In this context, the identification of quantitative trait loci (QTLs) responsible for the resistance requires both plant genotyping to identify the genetic bases of the traits of interest, and plant phenotyping to quantify these traits in heterogeneous plant populations. The probability to detect genotype-phenotype associations increases with the population size and the number of replicates per individual of the population, which leads to the need to genotype and phenotype hundreds to thousands of plants. 10-13 While genomic advances have increased the speed of the identification of molecular markers of the resistance, 14-16 the phenotyping of large numbers of plant lines remains the rate-limiting step in breeding efforts. 11,13,17 In addition, high-throughput phenotyping also suffers from constraints related to the rearing of insects in the laboratory (complex or even impossible for insects that have obligatory diapause in their life cycle) or their sampling in the field (subject to regional, seasonal and year-to-year variations in insect presence), and the fact that plant-insect interactions are highly dependent on the plant's phenological stage or the insect's physiological status. 18,19 In this study, we present a new phenotyping protocol to quantity plant resistance against the pollen beetle in large plant populations. The pollen beetle (Brassicogethes aeneus F. syn. Meligethes aeneus, Coleoptera: Nitidulidae) is one of the major pests of oilseed rape (OSR; Brassica napus L., Brassicaceae) in Europe. 20 Adults are generalist pollinivores that destroy flower buds just before blossoming to feed from the pollen they contain, inflicting serious yield losses. 21 Hervé and Cortesero, 22 Seimandi-Corda et al. 23 and Austel et al. 24 showed that although pollen beetle susceptibility varies among OSR cultivars, none of those tested could be considered resistant. In parallel, a relative species, the white mustard (Sinapis alba L., Brassicaceae), has shown some level of resistance to the pollen beetle in multiple studies. 24-27 Thus, introgressing the white mustard resistance into elite OSR cultivars appears a promising strategy. 18 However, we currently lack midthroughput (i.e. increased throughput compared to current methods) phenotyping protocols allowing the quantification of resistance levels to the pollen beetle in large plant populations. This is due to the many constraints associated with the phenotyping of plant resistance to this insect species, such as the need for mass sampling of insects from the field since it cannot be reared and the use of crop plants at a particular and short-lived phenological stage, i.e. just before flowering (the 'green-yellow bud stage'), which is the most vulnerable stage to damage by this pest. This last constraint makes large field screenings practically impossible since homogeneity in plant phenology between genotypes tested is required, which is unrealistic with large plant panels. Grown stage homogeny is important because, it is known that flowering OSR plants are more attractive than non-flowering ones for pollen beetles 28,29 and that differences in plant height also influences plant colonization. 28 Field screenings, then, seem too prone to bias for large-scale phenotyping, although they might be useful to give first hints on plant genotypes worthwhile to be phenotyped rigorously under more controlled conditions.

Here, we selected contrasted white mustard genotypes from an initial field screening and then assessed their level of resistance to the pollen beetle in controlled conditions using a standard phenotyping method using 'classically potted plants' and a plastic container as a partitioning system. 30 We then tried to upgrade this protocol for more mid-throughput phenotyping, by testing two alternative protocols: 'miniaturized plants' with a tube as partitioning system, and detached single buds. The alternative protocol which best matched contrasts found with the standard protocol was then evaluated for its applicability on a large panel composed of hundreds of plants.

MATERIALS AND METHODS

Plants

All genotypes used in this study were Innolea-supplied lines initially obtained from genetic resource centers (Supporting Information, Table S1). An initial field screening was conducted in 2016 with 50 genotypes of white mustard sown in Rosenthal (Germany) to identify potential contrasts of pollen beetle feeding intensity in this species. Briefly, 100 seeds per genotype were sown in a nursery row in March 2016. Damage was visually assessed on each plant and from these observations a unique, approximate mean number of buds damaged per genotype was estimated. Genotypes used for laboratory experiments were selected based on the initial field screening (see Supporting Information, Fig. S1) and consisted of one moderately susceptible OSR genotype (var. 'Liho', 30 ) used as a control, and three contrasted genotypes of white mustard: one susceptible genotype ('M1') and two resistant genotypes ('M2' and 'M3'). To validate the phenotyping with miniaturized plants and a tube as a partitioning system, an additional large panel of 62 genotypes was used. All plants used in the experiments were at the 'green-yellow bud stage', i.e., BBCH 55-57. 31 Experiments with classically potted plants and detached flower buds were performed in 2018, while experiments with miniaturized plants were performed in 2020.

Classically potted plants

Seeds were sown in individual propagation plugs (65% blond peat, 20% black peat, 15% perlite, 2% Danish clay; pH = 6.2) and placed in controlled conditions (14:10 L:D, 70% RH, 18 °C) for 2-3 weeks. After this period, plantlets were transplanted in individual 1 L pots with the same substrate and placed in controlled conditions as before until bud development (approximately 3 weeks). The whole growth process took 5-8 weeks, depending on the genotype.

Miniaturized plants

Plants were grown in seedling trays with 3.5 × 5 cm cells filled with fertilized substrate (Premier Tech: Horticulture -NFU [START_REF] Watson | Speed breeding is a powerful tool to accelerate crop research and breeding[END_REF][45][START_REF] Bruce | Variation in plant responsiveness to defense elicitors caused by genotype and environment[END_REF][START_REF] Paudel | Induced plant defenses against herbivory in cultivated and wild tomato[END_REF][START_REF] Michereff | Priming of indirect defence responses in maize is shown to be genotype-specific[END_REF][START_REF] Cabrera-Bosquet | High-throughput phenotyping and genomic selection: the frontiers of crop breeding converge[END_REF][START_REF] Maccaferri | Quantitative trait loci for grain yield and adaptation of durum wheat (Triticum durum Desf.) across a wide range of water availability[END_REF][START_REF] Zhong | Molecular mapping and marker-assisted selection of genes for septoria speckled leaf blotch resistance in barley[END_REF][START_REF] Jannink | Genomic selection in plant breeding: from theory to practice[END_REF][START_REF] Moreau | Experimental evaluation of several cycles of marker-assisted selection in maize[END_REF][START_REF] Shaw | Biochemical markers for cabbage seedpod weevil (Ceutorhynchus obstrictus (Marsham)) resistance in canola (Brassica napus L.)[END_REF][START_REF] Lee | Identification of putative quantitative trait loci associated with a flavonoid related to resistance to cabbage seedpod weevil (Ceutorhynchus obstrictus) in canola derived from an intergeneric cross, Sinapis alba × Brassica napus[END_REF]. Nutrition (N-P-K: 2.5-5-2.5) was provided via irrigation two or three times a week, depending on the requirements of the plants, plants were maintained in controlled conditions (16:8 L:D, 70% RH, 18 °C). The whole growth process took 3-5 weeks.

Insects

Overwintered pollen beetles were collected in winter OSR crops at Betton (Brittany, France) from February to May and maintained under controlled conditions on an artificial substrate as described in Bellec et al. 32 Insects were placed in individual Petri dishes (⌀ = 35 mm) containing a moistened filter paper for 48 h and starved prior to all experiments. Since both females and males are pests, the sex of the individuals was not recorded in the experiments as we aimed to find sex-independent sources of resistance. Moreover, determination of the sex of pollen beetles is a laborious task that is unrealistic in large scale phenotyping. No ethical approval was required for the use of this species.

No-choice feeding experiments on whole classically potted plants

Following Hervé et al., 30 four pollen beetles were placed on the main inflorescence of an entire plant and enclosed in a plastic container (h = 85 mm, ⌀ = 65 mm) that separated the main inflorescence from the rest of the plant. The pot was suspended by a nylon-thread fixed to the wall to avoid bending of the stem. To prevent insect escape, a piece of cotton wool was placed around the stem at the bottom of the pot (Supporting Information, Image S1.a). After 24 h, the total number of buds present on the inflorescence, as well as the number of buds damaged by feeding, were counted to calculate the proportion of buds damaged. Here and in the following experiments, preliminary tests were performed to define the number of introduced pollen beetles per plant, as well as the experiment duration, so that sufficient feeding contrasts could be observed but without reaching the total destruction of the inflorescence (i.e., saturation). Twenty-one replicates were performed per genotype.

No-choice feeding experiment on detached flower buds

One pollen beetle was placed for 24 h in a Petri dish (⌀ = 35 mm) containing a moistened filter paper and a flower bud excised from a plant. All buds were of length 2-3 mm, i.e. the length preferred by pollen beetles on OSR plants and the mean length of white mustard flower buds, for which no specific preference according to bud size is observed. 32 After the experimental period, the presence of feeding damage on the bud was recorded. Forty-six replicates were performed per genotype, with flower buds excised from at least 10 different plants per genotype.

No-choice feeding experiments on whole miniaturized plants

Four pollen beetles were placed on the main inflorescence of an entire plant totally enclosed in a plastic tube divided into two sections (a piece of cotton wool surrounding the stem at their junction was used to prevent insects moving to the part of the plant below). Plants were transplanted in the device in plastic cups of the same size as seedling tray cells used for growth. The height of the tube section containing the inflorescence was constant (h = 100 mm, ⌀ = 60 mm), while the height of the section containing the vegetative part was adjusted according to the height of the plant (Supporting Information, Image S1.b). After 48 h, the total number of buds present on the inflorescence, and the number of those damaged by feeding, were counted to compute the proportion of buds damaged. Phenotyping lasted for 3 weeks in total and was divided in two sequential sessions comprising half of the replicates for all genotypes. The phenotyping of the second session started when the first was completely over. Due to differences in development time among genotypes to reach the green-yellow bud stage, phenotyping of all the genotypes in a session lasted for maximum 1.5 weeks, i.e. not simultaneously for all plants. Fifteen replicates were performed to assess the phenotyping method on the four previously described genotypes and 10 replicates were performed to validate the phenotyping method on a large panel of 62 genotypes.

Data analysis

All statistical analyses were performed with the R software v. 4.0.2. 33 Only data from replicates where all pollen beetles were alive at the end of the experiment were used in analysis. 

RESULTS

Significant differences between genotypes in the proportion of buds damaged were observed in feeding tests on entire plants with classically potted plants (χ 2 = 168.59, df = 3, p < 0.001, Fig. 1(a)). The proportion of buds damaged was the highest for the OSR treatment, followed by white mustard genotypes M1, M2 and M3, in that order. The same feeding contrast was observed with miniaturized plants (χ 2 = 88.38, df = 3, p < 0.001, Fig. 1(b)), and a strong positive correlation was found between results obtained with these two phenotyping methods (r = 0.998, df = 2, p < 0.01, Fig. 

DISCUSSION

This study was designed to develop a phenotyping protocol allowing the quantification of plant resistance against the pollen beetle in large plant populations. Since field phenotyping of plant resistance to this insect faces several critical challenges, 28,29 a protocol to move towards a mid-throughput phenotyping in controlled conditions, where the plant phenological stage can be homogenized, was developed. Contrasted white mustard genotypes were first selected from an initial field screening, then assessed and compared to one OSR genotype in controlled conditions using the phenotyping protocol developed by Hervé et al. 30 Although this protocol showed the same contrasts as observed in the field (i.e. the highest feeding damage on OSR, followed by white mustard genotypes M1, M2 and M3 in that order), it presents constraints in terms of time required (5-8 weeks of plant growth) and space (11 cm diameter; approximately 8 pots per m 2 ), which limits use with large numbers of plants. To optimize this phenotyping method, plants were 'miniaturized' to speed up growth (3-5 weeks), to save space both during growth and experiments (6 cm diameter tubes; approximately 27 tubes per m 2 ), and to ease plant manipulation. The early flowering observed with this plant growth protocol is an indicator of stress, 36 but although stressful conditions (such as limited space and growing substrate) can modify the plant physiology, 37-39 and thus traits associated with resistance, the same resistance contrasts as observed in the field and the classically potted plants were found with miniaturized plants. Although experiments on miniaturized plants were not performed the same year as those on classically potted plants, results of these experiments were highly correlated. On the contrary, results from experiments performed on detached flower buds did not correlate with those obtained on classically potted plants, although these experiments were performed the same year. This excludes year-related biases in our results. It should be noted that while the phenotyping protocol with miniaturized plants was developed for white mustard and

Increased phenotyping of plant resistance to the pollen beetle www.soci.org spring oilseed rape genotypes, it is applicable to winter oilseed rape with the addition of a vernalization step prior to transplantation in the phenotyping device. Besides its advantages with the pollen beetle, this phenotyping setup with miniaturized plants could allow the phenotyping of other insects restricted to a particular organ, such as cabbage root fly larvae (Delia radicum) on roots, cabbage stem flea beetle (Psylliodes chrysocephala) adults on leaves or cabbage seed weevils (Ceutorhynchus assimilis) on reproductive organs. 20 Strategies to accelerate plant growth are common, but are primarily based on adjustments of the photoperiod, temperature, light quality or planting density, 40-42 rarely on space restriction for root growth. Speed plant growth approaches are of particular interest for plants that are phenotyped at pre-flowering growth stages that are longer to reach. 43,44 Promising results obtained on a small plant panel led to the phenotyping method being tested on a large population of miniaturized plants. Since the probability to detect associations between phenotypic and genotypic traits increases with the population size and the number of repetitions per individual, 10-13 this protocol was tested on a large white mustard population of 620 individual plants. We found significant variation in pollen beetle feeding damage among white mustard genotypes, which indicates the potential for large-scale application of this phenotyping protocol. Further improvements of this protocol can be envisaged. Placing plants and insects inside the setup and especially recording the proportion of buds damaged, which requires visual inspection of all individual buds, remain time-consuming and labor-intensive tasks. Phenotyping on detached buds therefore seems to be an attractive solution, however our results show that feeding contrasts observed on detached buds are not consistent with those obtained on entire plants, which supports results obtained by Hervé et al. 28 Indeed, both the feeding contrasts between OSR and white mustard, and between white mustard genotypes, were lost. The wounding provoked by the cutting of flower buds can induce different chemical responses among genotypes that could explain such discrepancy. 45-48 The use of mid-throughput phenotyping protocols such as the one described here allows the acquisition of resistance data, which may then be used for genetic mapping of QTLs. Although traditional marker-assisted selection has proven successful for monogenic traits or dominant genes, 49-51 there is still a lack of studies for multigenic traits conferring partial resistance, especially on polyploid genomes like in OSR. 52,53 A complementary approach to marker-assisted selection could be to understand mechanisms behind resistance, in order to identify resistance biomarkers and their associated molecular markers. 54,55 The use of molecular markers in combination with biomarkers may indeed be a successful strategy to select for complex traits. In addition to simplifying breeding for resistance by avoiding large phenotyping with insects, the identification of resistance traits would provide pest-specific responses, knowledge on relationships between resistance traits and other plant attributes, and an understanding of the context in which resistance may evolve in insects. 56 In the absence of resistance biomarkers, phenotyping protocols such as the one described here are valuable tools. Although results obtained in controlled conditions may not be fully reproducible in the field and multiple field validations are needed, 57-60 our system opens a promising avenue for breeding programs aiming to improve OSR resistance against the pollen beetle.

Supplementary Material

Supplementary Table S1: Origin (seedbank and country) of white mustard (Sinapis alba) genotypes used in an initial field screening to detect variation in feeding responses to the pollen beetle (Brassicogethes aeneus). 

Species

Introduction

Phytophagous insects exploit plants to complete their life cycle, leading to the consumption of about 20 % of the annual plant biomass on earth (Agrawal, 2011). Among this plant biomass are crops, for which insects are considered responsible for an estimated 15 % of annual yield loss worldwide (Bradshaw et al., 2016;[START_REF] Culliney | Crop losses to arthropods[END_REF]Oerke, 2006). The control of insect pests relies mainly on the use of qualitative methods such as insecticides, Bt-transformed plants and breeding to introgress major resistance genes (Bergelson et al., 2001;[START_REF] Boedo | Evaluation of different methods for the characterization of carrot resistance to the alternaria leaf blight pathogen (Alternaria dauci) revealed two qualitatively different resistances[END_REF].

Although efficient at short term, these strategies suffer from low durability, environmental issues, and the development of insect resistance (Ansari et al., 2014;Bass et al., 2015;[START_REF] Devine | Insecticide use: Contexts and ecological consequences[END_REF]Onstad & Knolhoff, 2023;Perveen, 2012). Breeding plants to express quantitative resistance (i.e., Quantitative Trait Loci, QTL) is a partial but sustainable alternative strategy (Broekgaarden et al., 2011;Kloth et al., 2012;Mitchell-Olds, 2010) that can be used in combination with other control methods (i.e. biological control, cultural methods, trap cropping, etc, [START_REF] Driesche | Biological Control[END_REF][START_REF] Hanks | Sex and aggregation-sex pheromones of cerambycid beetles: Basic science and practical applications[END_REF][START_REF] Prokopy | Developing new markers and QTL mapping for greenbug resistance in sorghum [Sorghum bicolor (L.) Moench][END_REF].

However, the genetic determinism of quantitative resistances to insects remains much less studied than for pathogens, especially since breeding for insect resistance suffers from heavy constraints related to the phenotyping process (Goggin et al., 2015;Hervé, 2018;Kloth et al., 2012). Nevertheless, understanding the genetic determinants of resistance to insects appears crucial for future crop protection, particularly when targeting chewing pests as resistances against these are mainly quantitative.

The pollen beetle (Brassicogethes aeneus F. syn. Meligethes aeneus, Coleoptera: Nitidulidae) is a major pest of oilseed rape (Brassica napus L., Brassicaceae), the first cultivated oil crop in Europe (FAOSTAT; Williams, 2010). Adults destroy flower buds before blossoming to feed from the pollen they contain, which can cause yield losses of more than 50 % (Nilsson, 1987;[START_REF] Ulber | Schädlingsbefall an Raps in Rein-und Mischfruchtanbau im ökologischen Landbau. Anbau von Mischkulturen mit Ölpflanzen zur Ver-besserung der Flächenproduktivität im ökologischen Landbau: Nährstoffaufnahme, Unkrautunterdrückung, Schaderregerbefall und Produktqualität -Abschlussbericht zum Forschungsprojekt Trenthorst: Bundesprogramm ökologischer Landbau[END_REF]. Given the current resistance level to pyrethroids in European pollen beetle populations [START_REF] Brandes | Impact of insecticides on oilseed rape bud infestation with eggs and larvae of pollen beetle (Brassicogethes aeneus (Fabricius))[END_REF][START_REF] Heimbach | Incidence of pyrethroid-resistant oilseed rape pests in Germany[END_REF][START_REF] Stará | Seven-year monitoring of pyrethroid resistance in the pollen beetle (Brassicogethes aeneus F.) during implementation of insect resistance management[END_REF], and the lack of efficient alternative control methods [START_REF] Hokkanen | Developing ecostacking techniques for pollen beetle management in oilseed rape[END_REF][START_REF] Nilsson | Parasitoids of pollen beetles: Vol. Bio-control of oilseed rape pests[END_REF][START_REF] Ruther | Response of the pollen beetle Meligethes aeneus to volatiles emitted by intact plants and conspecifics[END_REF], improving B. napus resistance is needed (Hervé, 2018). So far, almost no resistance to the pollen beetle has been identified in existing B. napus cultivars (Austel et al., 2021;Hervé & Cortesero, 2016;Seimandi-Corda et al., 2019). However, several studies have described moderate to high levels of resistance in a phylogenetically related species, the white mustard (Sinapis alba L., Brassicaceae) (Bellec, Hervé, et al., 2022;Kaasik et al., 2014;Veromann et al., 2014). Introgression of S. alba resistance genes into elite B. napus cultivars appears to be a promising strategy (Hervé, 2018). Although the genetic determinism of the resistance of S. alba to other insect pests (e.g. the cabbage seedpod weevil Ceutorhynchus obstrictus L. and the cabbage root fly Delia radicum L.) has been partly elucidated (Ekuere et al., 2005; R. W. H. Lee et al., 2014;Shaw et al., 2009), it is still unknown for the resistance to the pollen beetle.

In this study we try to identify genomic regions in S. alba that are associated with the resistance to the pollen beetle. Sinapis alba genotypes with contrasted levels of resistance (Bellec et al., 2022) were used to produce two F2:3 segregating populations. We phenotyped individuals from each population for their resistance using a mid-throughput phenotyping protocol developed by Bellec et al. (2022), and assessed how the resistance traits used discriminate between parents and segregate within populations. Combining phenotyping data with linkage mapping, we performed QTL analyses.

Material and Methods

Plants

All S. alba genotypes used in this study were initially obtained from genetic resource centers and subsequently self-fertilized for at least three generations. A panel of 12 genotypes with contrasted levels of resistance to the pollen beetle were used to identify Single Nucleotide Polymorphisms (SNPs). Among them, three genotypes previously characterized for their contrasted levels of resistance, one susceptible ('M1') and two resistant ('M2' and 'M3'), were used (Bellec et al., 2022). The F2 mapping populations M1×M2 and M1×M3, consisting of 144 and 138 lines respectively, were derived from crosses between the susceptible parent and each of the resistant parents. For phenotypic tests, miniaturized plants were grown as described in Bellec et al. (2022). All plants used in the experiments were at the 'green-yellow bud stage', i.e., BBCH 55-57 (Lancashire et al., 1991).

Insects

Overwintered pollen beetles were collected in winter B. napus crops at Mondonville (43.67159119209758, 1.2884695172992815, Occitania, France) from February to May 2022, and maintained under controlled conditions on a pollen-containing agar diet as described in Bellec et al. (2022). Insects were starved for 48 h prior to experiments. Since both females and males are oilseed rape pests, we aimed to find sex-independent sources of resistance and the sex of the individuals was therefore not recorded in the experiments. No ethical approval was required for the use of this species.

Phenotyping for resistance to the pollen beetle

The phenotyping was performed as described in Bellec et al. (2022) on F3 individuals resulting from self-fertilized F2 individuals. In brief, four pollen beetles were placed and enclosed on the main inflorescence of an entire plant. After 48 h the total number of buds damaged by feeding was counted, as well as the level of damage of damaged buds: partial damage (i.e. perianth only) or total damage (i.e. perianth plus anthers) (Figure S1). The whole phenotyping process lasted for six weeks for each population, and was divided into 11-12 trials with on average 120 plants per trial. Due to differences in development time among lines, all lines were not represented in each trial. Phenotypic scores for five to 10 replicates (i.e. F3 individuals) were obtained per F2 line, with on average 9.7 replicates per M1×M2 line and 9.1 replicates per M1×M3 line. Five replicates of each parent were performed per trial in order to correct for an inter-trial variation.

Statistical analyses -All statistical analyses were performed with the R software v. 4.2.1. (R Core Team, 2022). For each population and variable recorded (i.e., total number of buds damaged, number of buds partially damaged and number of buds totally damaged), the intertrial variation was corrected as follows: (i) a Generalized Linear Mixed Model (GLMM, distribution: Poisson, link function: log) was fitted on data of the parental lines only, which included the parent as fixed factor and the trial as random factor (R package 'lme4', Bates et al., 2015). From this model, the Estimated Marginal Mean (EMMean) level of damage on each parental line was computed (R package 'emmeans', [START_REF] Lenth | Drosophila females trade off good nutrition with high-quality oviposition sites when choosing foods[END_REF] and the overall mean level of damage on the parental lines was computed as the average of these two EMMeans. (ii)

For each trial, a correction factor was computed by subtracting the trial-specific mean level of 

Genetic map construction

Linkage maps were calculated with ASMap R package (v.1.0-4) (threshold: 10 -20 ; distance: 30cM) and genetic distance was calculated with Kosambi method using the 144 phenotyped lines for M1×M2 population and the 138 phenotyped lines for M1×M3 population. Data were obtained for 2081 markers for M1×M2 population and for 1648 markers for M1×M3 population. Monomorphic markers, markers with missing values and markers showing a very skewed segregation in the offspring were removed (segregant SNPs in the population with a heterozygous rate between 35% and 65% (distribution around 50%) and a NA rate under 5%.).

QTL mapping -Identification of S. alba resistance related genes

Single Marker Analysis (SMA) -Associations between SNP marker and EMMmean values of traits were tested by single marker analysis (SMA) at the 0.001 significance level using LMs with resistance traits (partially, totally and damaged buds) as response variables and line as independent variable [START_REF] Haley | A simple regression method for mapping quantitative trait loci in line crosses using flanking markers[END_REF].

iQTLM -QTL mapping was carried out using iterative composite interval mapping (iQTLm) methods (Charcosset et al., 2000) implemented in the MCQTL v. 52.42 (Jourjon et al., 2005) software. The additive and dominance allelic effects (dominance model) were used as the QTL model. The significance threshold of the MCQTL test was estimated after performing 1000 permutation tests for each trait to reach a genome-wide type-I error rate of 0.05 and 0.1 for QTLs and cofactors, respectively. This resulted in a detection threshold of 3.3 and a cofactor threshold of 3 for all traits and each population. Cofactor selection was performed by forward selection of markers. The allelic effect and R² at each QTL were estimated for each trait.

Genome sequencing and assemblies

Sequencing and genome assembly have been performed previously by Innolea. In brief, the genome of the resistant genotype of the population M1×M3, has an estimation of 8% of heterozygosity has been sequenced using the long read PacBio HiFi chemistry [START_REF] Eid | Real-time DNA sequencing from single polymerase molecules[END_REF] and assembled in chromosomes with the help of OmniC technique [START_REF] Putnam | Chromosome-scale shotgun assembly using an in vitro method for long-range linkage[END_REF] by Dovetail. Hybrid scaffolds have been organized in chromosomes by merging and reverse some scaffolds with the help of the M1×M3 genetic map and another S. alba complete genome (from I. Parkin). The full BUSCO score for gene completion is approximately 97.6%.The genome of the resistant genotype of the M1×M2 population, has an estimation of 5% of heterozygosity and has been sequenced using PacBio [START_REF] Eid | Real-time DNA sequencing from single polymerase molecules[END_REF] and an optimal map has been produced using the Bionano genomics [START_REF] Lam | Genome mapping on nanochannel arrays for structural variation analysis and sequence assembly[END_REF] by INRAE-CNRGV (Toulouse, France). Hybrid scaffolds have been organized in chromosomes by merging and reverse some scaffolds with the help of the M1×M2 genetic map and another S. alba complete genome (from I. Parkin). The gene completion complete BUSCO score is about 99.6%.

Results

Construction of high-density linkage maps for both populations

The genetic map consisted of 2067 markers for M1×M2 population divided over 12 linkage groups (LGs) with 139-232 markers per LG, a mean distance of 0.71 cM between adjacent SNP markers, and LG lengths of 95-150 cM, with a total map length of 1443 cM (Supplementary Information, Figure S2). M1×M3 genetic map consisted of 1614 markers divided over [START_REF] Ingvarsson | Association genetics of complex traits in plants[END_REF] LGs with 61-191 markers per LG, a mean distance of 0.93 cM between adjacent SNP markers, and

LG lengths of 74-143 cM, with a total map length of 1388 cM (Figure S2).

Resistance traits discriminate parents and are segregated in F2 individuals of both populations

Phenotyping revealed significant differences among lines for all resistance traits in both populations (M1×M2: partially damaged buds all damaged buds χ2 = 44.15, df = 1, p < 0.001, Figure 1). 

SMA and CIM analyses reveal genomic regions involved in the resistance to the pollen beetle in both populations

A total of 39 marker-trait associations could be found based on SMA, representing five regions of the genome (Figure 2, Table S1 for detailed information). In the M1xM2 population, associations could be found only for the partially damaged buds, with three regions of two, 23

and one markers on linkage groups LG04, LG06 and LG11, respectively. These markers explained 8-11 % of the phenotypic variation. In the M1×M3 population, three markers on the linkage group LG06 were found to be associated with the number of totally damaged buds, explaining 9 % of the phenotypic variation. Ten markers on the linkage group LG09, explaining 8-10 % of the phenotypic variation, were also found to be associated with the number of damaged buds in the M1×M3 population (Figure 2, Table S1 for detailed information). Using CIM analysis, a total of three QTLs were detected overall. A QTL associated with the number of partially damaged buds, explaining 12 % of the phenotypic variation with a dominance effect, was detected on the linkage group LG06 in the M1×M2 population (Table 1). In the M1×M3 population, two QTLs were found. The first one, associated with the number of totally damaged buds was detected on LG06 and explained 11% of variation with a dominant effect. Interestingly, this QTL is colocalized with the QTL identified in the M1xM2 population.

The second QTL was located on LG09 and associated with all damaged buds, explaining 11 % of the phenotypic variation with a recessive effect (Table 1). 

Discussion

Breeding for plant resistance is a basic and sustainable method to control insect pests. Although the number of studies on the genetic determinism of plant resistance to insect pests have increased with genomic advances (Razzaq et al., 2019;Wani et al., 2022;H. Zhu et al., 2020), this remains much less characterized than for pathogens [START_REF] Flor | Current Status of the Gene-For-Gene Concept[END_REF][START_REF] Gebhardt | Markerassisted combination of major genes for pathogen resistance in potato[END_REF][START_REF] Gururani | Plant disease resistance genes: Current status and future directions[END_REF] and mainly concerns piercing-sucking insects [START_REF] Boissot | Mapping and validation of QTLs for resistance to aphids and whiteflies in melon[END_REF]Lee et al., 2015;[START_REF] Punnuri | Developing new markers and QTL mapping for greenbug resistance in sorghum [Sorghum bicolor (L.) Moench][END_REF]. In this study, we tried to decipher the genetic determinants of the resistance to the pollen beetle in S. alba, which could then be introgressed into elite B.

napus cultivars.

The probability to detect reliable phenotype-genotype associations increases with the accuracy, precision, and throughput of the phenotyping process [START_REF] Cobb | Next-generation phenotyping: Requirements and strategies for enhancing our understanding of genotype-phenotype relationships and its relevance to crop improvement[END_REF]Goggin et al., 2015;Kloth et al., 2012). Here, two F2:3 populations of S. alba, consisting of 138 and 144 lines each with an average of 9.4 replicates per line, were phenotyped for their resistance to the pollen beetle using the protocol developed by Bellec et al. (2022). We found that, in the exception of the number of partially damaged buds in M1×M3 parents, all three resistance traits selected (i.e., total number of buds damaged, number of buds with partial or total damage) discriminated our parental lines and segregated with a normal distribution in F2:3 progenies. As phenotyping for resistance against insects, especially chewing species, imposes strong constraints, most studies on the genetic mapping of insect resistance rely on resistance biomarkers (Lee et al., 2014;Malchev et al., 2010;[START_REF] Vosman | QTL mapping of insect resistance components of Solanum galapagense[END_REF]. Understanding the genetic determinism of quantitative resistance, as was done here, is therefore original and belongs to an emerging literature especially for chewing insects.

The combination of high-quality genomes and a high-density genetic map has been proven to increase the probability to locate genes associated with important agronomic traits in various crop species [START_REF] Luo | An ultra-high-density genetic map provides insights into genome synteny, recombination landscape and taproot skin colour in radish (Raphanus sativus L.)[END_REF]peanut, Agarwal et al., 2018;melon, Hu et al., 2018;rice, Li et al., 2021;cotton, Wang et al., 2020). Here, sufficient phenotypic variation between F2:3 lines allowed QTL mapping on high-density linkage maps constructed from 2067 and 1614 molecular markers, for populations M1×M2 and M1×M3 respectively. SMA is the simplest procedure for QTL linkage mapping with any statistical software [START_REF] Beckmann | Detection of linkage between marker loci and loci affecting quantitative traits in crosses between segregating populations[END_REF][START_REF] Edwards | Molecular-marker-facilitated investigations of quantitative-trait loci in maize. I. Numbers, genomic distribution and types of gene action[END_REF][START_REF] Luo | An ultra-high-density genetic map provides insights into genome synteny, recombination landscape and taproot skin colour in radish (Raphanus sativus L.)[END_REF]. However, it does not consider the interference effect of multiple QTLs located elsewhere on the genome, contrary to the CIM method [START_REF] Zeng | Precision mapping of quantitative trait loci[END_REF].

Although more QTLs were detected with SMA, both methods confirmed QTL detection on linkage groups LG06 for M1×M2 and on LG06 and LG09 for M1×M3. In line with other studies [START_REF] Akond | A comparison on some interval mapping approaches for QTL detection[END_REF][START_REF] Doerge | Mapping and analysis of quantitative trait loci in experimental populations[END_REF], CIM performs better in detecting QTL positions and allows a better explanation of the phenotypic variation (i.e., [START_REF] Bergelson | Towards identifying genes underlying ecologically relevant traits in Arabidopsis thaliana[END_REF][START_REF] Broekgaarden | Exploiting natural variation to identify insect-resistance genes: natural variation in insect resistance[END_REF][START_REF] Mir | High-throughput phenotyping for crop improvement in the genomics era[END_REF].

Although the contribution to the resistance explained by individual QTLs appears rather low compared to studies on piercing-sucking insects (Aulacorthum solani (35%) Lee et al., 2015; Schizaphis graminum (55 %) [START_REF] Punnuri | Developing new markers and QTL mapping for greenbug resistance in sorghum [Sorghum bicolor (L.) Moench][END_REF] [START_REF] Wu | QTL analysis of herbivore resistance of Brassica napus[END_REF].Given the large number of genes (i.e., a total of 2977 genes) below the QTLs we identified, it is difficult to identify those responsible for differences in the resistance level of S. alba. However, combining genetic mapping with functional analyses can narrow the number of candidate genes (Zhu & Zhao, 2007), and a first step would be to use transcriptomic analyses to identify differentially expressed genes (Santos et al., 2018;Zhang et al., 2021;M. Zhu & Zhao, 2007).

Overall, this study provides the first insight into the genetic bases of the resistance to the pollen beetle, with the identification of three resistance QTLs in two S. alba populations. These QTLs now need to be refined in order to envisage a transfer to B. napus. Although increasing the number of lines to phenotype, as well as the number of replicates per line, would improve the statistical power to detect finer QTLs, this seems difficult given the number of insects required (i.e. four individuals per plant, resulting in 3 000 insects for the present study), their short window of availability (i.e. from March to June (Williams, 2010)), and the impossibility to rear them. Another strategy would be to perform QTL mapping on lines that are more advanced in generations and show greater segregation (Nagata et al., 2015). Combining expression analyses of genes underlying QTLs with metabolomic approaches to identify metabolites potentially involved in the resistance of S. alba will now help identifying candidate genes. This study opens promising perspectives for future breeding programs aiming to protect B. napus from the pollen beetle. Given the recognized influence of specialized metabolites in shaping plant-insect interactions (Agrawal et al., 2012;Hartmann & Dierich, 1998;Mithen, 2001), this component of the resource was also considered in our studies. While the influence of defenses was not tested in et al., 2002;Le Gall, 2014), and make sense since generalists are expected to tolerate a great diversity of specialized metabolites given the likeliness that they encounter such diversity (Ali & Agrawal, 2012).

Although not reported in the previous chapters, we also investigated the involvement of the resource itself (i.e., pollen) in (i) the rejection of flower buds of Sinapis alba when compared to B. napus (i.e., at the plant species level) and (ii) the different levels of rejection within S. alba (i.e., at the plant genotype level) [Chapter 4] (Figure 4). We found that pollen beetles are significantly more attracted to anthers of B. napus than to anthers of the S. alba resistant genotypes, and that the contrast observed between susceptible and resistant S. alba genotypes is replicated with anthers only (Figures 2 and4). These results suggest that the anther chemistry may also be involved in the rejection of S. alba by the pollen beetle. Papers 4 and 5 [Chapter 2] revealed that metabolites from both the surface and internal tissues of the perianth are involved in the feeding contrast observed on entire plants (Figure 4). Using bio-guided fractionation and untargeted high-resolution metabolomics, thirteen candidate metabolites responsible for the rejection of S. alba were identified. The forthcoming identification of these metabolites and validation of their effect on the pollen beetle feeding behavior will provide crucial insights into the chemical bases of the rejection of S.alba. [Chapter 4] revealed that several fractions of the perianth metabolome, as well as several regions of the plant genome, are associated with the rejection of S. alba, respectively. Plant defenses against phytophagous insects are generally based on several traits acting synergistically, which finally contribute to overall plant defense strategies called "defense syndromes" (Agrawal & Fishbein, 2006). Even when a plant species appears to be defended by only one type of defense, as is the case here with metabolites, this is typically from multiple origins, i.e., multiple metabolites here [START_REF] Bennett | Secondary metabolites in plant defence mechanisms[END_REF][START_REF] Berenbaum | Constraints on chemical coevolution: Wild parsnips and the parsnip webworm[END_REF].

It can be hypothesized that such a pyramiding of defensive compounds can potentially provide greater and more sustainable levels of defense to the plant than if the same compounds were present individually. Interestingly, a common metabolic fraction (i.e., F2.3) and a common genomic region (i.e., QTL on LG06) were found associated to the resistance in our two resistant genotypes, but additional fractions (i.e., F1.1, F1.2, F2.1 and F3.3) and genomic region (i.e., QTL on LG09) were identified associated with the resistance in the most resistant genotype (M3). It can thus be hypothesized that the rejection of S. alba has a common chemical and genetic basis, with additional effects explaining the variation in the degree of rejection. The ongoing identification of metabolites and gene functions will allow exploring these hypotheses further.

Deciphering the nutritional strategy of the pollen beetle has clearly highlighted the interest of combining nutritional and chemical ecology. Indeed, the determinants (i.e., macronutrients and metabolites) of the host-plant selection process varied depending on the scale at which the Overall, the combination of nutritional ecology, chemical ecology, and quantitative genetics has provided a quite comprehensive picture of the determinants of the host-plant selection process in the pollen beetle. If key for a full understanding of interactions between the pollen beetle and its host plants, deciphering these fundamental aspects will also serve as a basis for applications aiming to improve crop resistance to this pest of oilseed rape (cf. Prospects for application [General Discussion]).

Using nutritional geometry to understand the context in which macronutrients and specialized metabolites drive host-plant selection processes

One of the main issues in the study of insect nutrition, especially for generalist insects that encounter very heterogeneous resources, is to disentangle the respective and relative influence of food components on the insect feeding behavior. Although the nutritional geometry has proven successful in understanding how insects regulate their macronutrient intake (in terms of both quantity and ratio of macronutrients) as a function of the physiological state and ecological context [START_REF] Lihoreau | Nutritional ecology beyond the individual: A conceptual framework for integrating nutrition and social interactions[END_REF][START_REF] Nestel | Resource allocation and compensation during development in holometabolous insects[END_REF]Raubenheimer & Simpson, 1999, 2018;Simpson & Raubenheimer, 1993), little effort has been devoted to deciphering the relative influence of macronutrients and specialized metabolites. The aim of this section is therefore to use results from experiments performed in this PhD to illustrate how integrating specialized metabolites into nutritional geometry can serve to understand host-plant selection processes by phytophagous insects.

In this work, we investigated the feeding preferences of pollen beetles for different resources and found that the drivers of the nutritional strategy, either macronutrients or specialized metabolites, differ depending on the resources studied. Although the influence of specialized metabolites was negligible compared to that of macronutrients at the inflorescence scale (Paper 6 [Chapter 3]), the feeding contrasts observed between B. napus and S. alba, and between S. alba genotypes (Papers 4 and5 [Chapter 2]), appeared to be solely due to metabolites. This raises the question of the context in which macronutrients and specialized metabolites drive host-plant selection processes. Since the primary reason for insects to forage is to acquire an appropriate amount and combination of macronutrients to fuel physiological processes, a critical first step was to understand what pollen beetles have evolved to prioritize. In Paper 6

[Chapter 3] we found that they maximize their macronutrient intake per unit of time. In line with these results, using nutritional geometry and fitness landscape we found that pollen beetles perform better when macronutrient amounts are higher. Indeed, the fitness landscape shows that a better performance is achieved when increasing the total amount of macronutrients in the diet (i.e., when moving from bottom left to top right) (Figure 6). However, it also suggests that the performance is increased with a slightly carbohydrate-biased ratio in the diet (ca. 1:3.1).

Although not fully consistent with Paper 6 [Chapter 3] where no influence of the macronutrient ratio was observed on pollen beetle feeding preferences, an effect of this ratio would be consistent with the positive correlations observed in Paper 1 [Chapter 1] between the carbohydrate content in the diet and both preferences and performance of the pollen beetle. It should be noted that in Paper 6 [Chapter 3], the influence of the macronutrient ratio on the feeding behavior was assessed at a total amount of 90 g.l -1 , which might be too low for an influence of the ratio to be revealed (as suggested by the fitness landscape). Extending the fitness landscape and performing new feeding choice experiments with artificial diets enriched in macronutrient amounts is then needed to clarify which of the total amount or the ratio of macronutrients is the true factor influencing the performance and preferences. However, the global picture is still that the pollen beetle intake target can be viewed as a maximization of the macronutrient intake, especially carbohydrates.

In nutritional geometry, the intake target is usually expressed as a point or small region in the nutrient space (Raubenheimer & Simpson, 2018). However, as demonstrated in Paper 6

[Chapter 3] based on optimal foraging theory models and as suggested by the performance landscape, in some cases the intake target can be expressed as a maximization of a specific ratio or total amount of macronutrients, rather than a fixed target defined by both a specific ratio and total amount of macronutrients. Such maximization processes are the basis of the optimal foraging theory (OFT), which seeks to understand how animals maximize (or minimize) a given foraging currency by comparing model predictions with real behaviors (Charnov, 1976;MacArthur & Pianka, 1966). We suggest that integrating maximization processes from the OFT in the multidimensional nutrient space from nutritional geometry, opens the way to a possible harmonization between these two frameworks that have grown independently, if not competitively.

Figure 6: Performance of the pollen beetle according to the macronutrient intake. Scale expressed in survival days.

The red circle represents the survival peak. The response surface was generated using non-parametric thin-plates.

The nutritional rail to reach the intake target is indicated (black straight line). n =15 individuals for each of the 28 artificial diets studied to generate the response surface (all combinations of four total nutrient concentrations (P+C 45, 90, 180 and 270 g.l -1 ) and seven nutrient ratios (P:C 1:0.5, 1:1, 1:2, 1:3.5, 1:5, 1:8 and 1:15) (Paper 6 [Chapter 3]).

Through quantification of macronutrients in real food sources, we can then (i) assess the relative proximity of these food sources to the intake target in the nutrient space (Figure 7) and (ii) determine whether this fits with behavioral results obtained on artificial substrates reproducing the macronutrient content of these food sources (i.e., whether individuals prefer to feed on diets that are the closest to the intake target). Here, we found that indeed, when given a choice between plant species from different families (Paper 1 [Chapter 1]) or between organs of the same plant but at different stages of maturity (Paper 6 [Chapter 3]), pollen beetles prefer to feed on the food source which nutrient content is the closest to their intake target (Figure 7). On the contrary, no preference was observed when all food sources offered were far from the intake target (Papers 4 and 5 [Chapter 3]) and very interestingly, specialized metabolites influenced feeding choices of pollen beetles only in these last cases (Figure 7). ). These results are consistent with the few studies performed on other generalist insects (i.e., grasshoppers and locusts), where individuals have been shown willing to ingest defensive compounds provided this allows getting closer to their intake target (S. Behmer et al., 2002;Le Gall, 2014;Simpson & Raubenheimer, 2001). Moreover, in the same studies, the strongest effect of defensive compounds was also observed on the nutrient-poor resources.

From what precedes, we can suggest the existence of a trade-off between the effect of macronutrients and specialized metabolites on the feeding behavior of generalist phytophagous insects. This trade-off can be expressed in two ways: (i) When resources have very different macronutrient contents the one closest to the intake target is favored, but when they have similar macronutrient contents, feeding choices are more influenced by specialized metabolites; (ii)

Macronutrients are the main driver of feeding decisions when resources are close to the intake target, specialized metabolites are the main driver of feeding decisions when resources are far from the intake target (Figure 8). Therefore, we propose that if using nutritional geometry is relevant to assess the nutritional quality of food sources as a function of their relative distance from the intake target, it may also allow predicting cases where macronutrients or specialized metabolites should drive feeding decisions.

Figure 8: Suggested trade-offs in the effect of macronutrients and specialized metabolites on food choices of generalist phytophagous insects, as a function of the relative distance to their intake target. Three scenarios are represented for the intake target: a specific amount and ratio of macronutrients (red circle, left), a maximization of a given macronutrient ratio (red arrow, middle), a maximization of the total macronutrient intake (red arrows, right). Colored areas indicate the suggested gradient of influence of macronutrients (red) and specialized metabolites (blue).

The pollen beetle diet breadth -At the interface between generalism and specialism

The diet breadth of phytophagous insects varies along a spectrum going from specialism, i.e., the feeding from one or several plant species belonging to the same family, to generalism, i.e., the feeding from species belonging to more than one plant family (Bernays & Graham, 1988;Futuyma & Moreno, 1988). Although there are counterexamples, it is widely accepted that classifying an herbivore as specialist or generalist has useful predictive power to understand how it selects among heterogeneous host plants (in terms of both macronutrients and specialized metabolites). Indeed, it is expected that generalists should be able to consume a large amount of nutritionally unbalanced resources since they are likely to encounter resources with complementary imbalances in the near future, while specialists should only consume a small amount of unbalanced foods to avoid fitness costs due to this imbalance (S. T. Behmer, 2009;Simpson et al., 2002). Regarding plant defenses, generalists are expected to tolerate a great diversity of defense compounds but to be affected by high levels of specific ones, while specialists are expected to tolerate a small diversity of defense compounds (those of their host plant family) but to be less affected by specific ones (Ali & Agrawal, 2012). However, assessing an insect specialization degree is a complex task. Indeed, this degree of specialization can vary depending on the developmental stage and the reproductive status, with many examples of generalist adults and specialist larvae (Mechaber & Hildebrand, 2000;Newman, 2014;Root & Kareiva, 1984). Nevertheless, defining the degree of specialization of an insect species is critical for a better understanding of the mechanisms of host plant selection.

Starting from Right-angle Mixture Triangles (RMT, Raubenheimer (2011)) used in nutritional geometry (Simpson & Raubenheimer, 1993), [START_REF] Machovsky-Capuska | The multidimensional nutritional niche[END_REF] proposed a framework to conceptualize the multiple aspects of the nutritional niche of animals (Figure 9a, 9b). According to this, the specialist-to-generalist continuum can apply at three different levels:

(i) the macronutrient level, i.e., the macronutrient content on which an individual can survive, with a continuum ranging from macronutrient specialists (blue circle, Figure 9a) to macronutrient generalists (orange circle, Figure 9a); (ii) the food composition level, i.e., the variations in macronutrient content an individual can tolerate, with a continuum ranging from food composition specialists that feed only from resources with close macronutrient contents (yellow area, Figure 9b), to food composition generalists that feed from resources with variable macronutrient contents (green area, Figure 9b); (iii) the food exploitation capabilities, i.e., the diversity of food non-nutritional properties (e.g., physical structures or specialized metabolites)

an insect is capable to tolerate, with a continuum ranging from food exploitation specialists that can only exploit foods with similar non-nutritional properties, to food exploitation generalists that can exploit foods with highly variable non-nutritional properties (different colored shapes, lower right-hand corner of Figure 9b).

From the results obtained in this PhD, it appears that the pollen beetle can be considered as both a food composition and a food exploitation generalist. Indeed, it feeds from resources from different plant families and species, which necessarily show variable non-nutritional properties (e.g. specialized metabolites) (Paper 1 [Chapter 1], Ouvrard et al., 2016). However, from the point of view of macronutrients the pollen beetle can be considered specialist, since it prefers macronutrient-rich, especially carbohydrate-rich, resources (Figure 9c). flower buds are likely to exert a weak selective pressure on the feeding behavior of pollen beetles (Hervé et al., 2014), and adaptations to its particular chemistry are therefore unlikely.

Although the effect of SMCSO on specialist and generalist herbivores remains to be assessed, such a deterrent effect of a specific compound is consistent with that expected for a generalist 

Prospects for application

Although the period during which pollen beetles damage closed flower buds of B. napus is rather short, it can cause drastic yield losses when combined with other stresses (Nilsson, 1987).

Given the widespread resistance to pyrethroids in European pollen beetle populations (Slater et al., 2011;Wrzesińska et al., 2014;Zimmer et al., 2014) (Morris & Thompson, 1956;Mae et al., 1971;Whittle et al., 1976;Dan et al., 1999)) vs. reproductive organs, will provide a better understanding of its spectrum of action. Moreover, since SMCSO amounts are much reduced in open flowers of B.

napus, one could expect a possible deterrent effect on pollinators. Thus, understanding the range of action of SMCSO appears to be a key step for eventual future breeding programs aiming to favor this trait and improve the resistance of B. napus. Even though a deterrent effect of SMCSO on beneficial organisms such as pollinators is to be observed, we found in Papers 2 and 3

[Chapter 2] that the production of defensive compounds could be tissue-specific. It might then be possible to enhance its production only in the tissue damaged by the pest that is targeted.

Selection for increased amounts of SMCSO in the perianth of B. napus might therefore be possible, which would avoid negative effects on other insects since very few species feed from closed flower buds (e.g., the cabbage seed weevil, Ceutorhynchus obstrictus, and the brassica pod midge, Dasineura brassicae [START_REF] Alford | Biocontrol of Oilseed Rape Pests[END_REF]Williams, 2010)). In addition, screening large panels of B. napus genotypes for their SMCSO level could help unravelling the still-unknown genetic determinism of its biosynthesis, which could then be used as key information to increase SMCSO amounts in commercial B. napus cultivars. Overall, this preliminary study opens a promising avenue for breeding programs targeting this compound.

Paper 7 [Chapter 4] confirmed the resistance of S. alba to the pollen beetle in comparison with B. napus, and showed an intraspecific variation in the level of resistance in this species. Papers 4 and 5 [Chapter 2] further revealed that this resistance was partly due to the chemical composition of the perianth, with an effect of both surface and internal compounds. Using a bio-guided fractionation approach we identified several fractions of the perianth metabolome responsible for this resistance, and the following untargeted high-resolution metabolomic analyses revealed thirteen candidate ions that may trigger this effect. Once identified and after functional validation with pure standards, these compounds (or associated molecular markers) might be used as biomarkers for performing high-throughput (bio)marker-assisted selection.

This would be a crucial improvement for breeding programs, as it would allow avoiding the slower and more laborious traditional phenotyping of resistance, which remains the main bottleneck (Fernie & Schauer, 2009).

In parallel, several regions of the genome involved in the resistance of S. alba were identified by QTL mapping (Paper 8 [Chapter 4]). The identification of common metabolic fractions and common QTLs in our two resistant genotypes suggests a common basis for the resistance of S. alba, with additional sources of resistance present in M3 (i.e., the most resistant genotype),

where more QTLs and fractions were identified. This is of great interest as pyramiding multiple desirable genes and chemical traits into a single genetic background is expected to provide more durable resistances (Ortega et al., 2016;[START_REF] Walker | Combining cry1Ac with QTL alleles from PI 229358 to improve soybean resistance to lepidopteran pests[END_REF][START_REF] Ye | Marker-assisted gene pyramiding for inbred line development: Basic principles and practical guidelines[END_REF]. Indeed, in contrast to monogenic resistances, polygenic resistances are theoretically more difficult to overcome by phytophagous insects [START_REF] Smith | Molecular bases of plant resistance to arthropods[END_REF]. Extending our study to a larger panel of resistant S. alba genotypes may even reveal additional chemical and genetic sources of resistance. As the chemical composition of the perianth is likely to exert only a weak selective pressure on the feeding behavior of the pollen beetle, the development of counter-adaptations in the insect is thus not expected, which would make the resistance even more durable.

The QTLs identified in Paper 8 [Chapter 4] are very large and cover thousands of genes. Two main methods can be used to precise the mapping of these QTLs. First, after a first rough-scale mapping such as performed here on F2:3 populations, a larger number of individuals could be screened with markers flanking the QTLs, in order to identify sets of QTL isogenic recombinants (QIRs) that would then be phenotyped to map the QTLs more finely [START_REF] Peleman | Quantitative trait locus (QTL) isogenic recombinant analysis: A method for high-resolution mapping of QTL within a single population[END_REF]. Second, progenies derived from near-isogenic lines (NILs) may be used (Nagata et al., 2015). However, although powerful this approach requires the construction of highly inbred lines over many generations before the cross required for fine QTL mapping can be obtained.

Given the known self-incompatibility of S. alba, this method can be particularly challenging [START_REF] Niemann | Evaluation of selfincompatibility and crossability in alloploid and diploid mustard species[END_REF][START_REF] Olsson | Self-incompatibility and outcrossing in rape and white mustard[END_REF] but the technique of embryo rescue may overcome these natural barriers to reproduction [START_REF] Sharma | Embryo rescue in plants-A review[END_REF].

Conclusion

Host plant selection for feeding depends on the nutritional strategy of the insect. Deciphering the factors that drive insect nutritional strategies is a key fundamental question to understand plant-insect interactions, but it is also of great interest for applied research aiming to improve crop resistance to insect pests. In the present work, we originally combined approaches from nutritional ecology, chemical ecology and quantitative genetics to decipher the determinants of the nutritional strategy of the pollen beetle, a major pest of oilseed rape. We showed that pollen beetle feeding decisions vary according to the resources available, at different scales: plant families, plant species, plant genotypes and organs within a plant. In particular, our results

suggest that although pollen beetles are generalist feeders, they have specialized on the macronutrient and metabolite content of open flowers of oilseed rape (Brassica napus), i.e., their main food source. In this context, we sought to understand the bases of the already-known rejection of the white mustard (Sinapis alba) by the pollen beetle, which could have promising agronomic applications to protect oilseed rape crops from this major pest. We found that the macronutrient content of the pollen, mostly similar between oilseed rape and the white mustard, does not explain this rejection contrary to flower-bud perianth metabolites of different polarity that have been shown deterrent. We also deciphered the first genetic determinants of the resistance of the white mustard, with the identification of three resistance QTLs. The pyramiding of multiple desirable genes and chemical resistance traits, as may be envisaged from this work, offers promising perspectives for breeding programs aiming to introduce durable resistances from the white mustard into elite oilseed rape cultivars. Overall, this work highlights the need to integrate approaches from different fields of research to unravel the selective pressures that drive insect foraging decisions. As demonstrated here, this integration is powerful both for a better understanding of host-plant selection processes, and for the development of durable crop protection programs.

effets stimulants et dissuasifs des macronutriments, des métabolites primaires et spécialisés qui détermine l'issue du processus de sélection, pouvant se solder par le rejet ou l'acceptation de la plante. L'état physiologique de l'insecte qui peut varier en fonction de l'âge et du sexe va entraîner des besoins nutritionnels différents et, par conséquent influencer sa stratégie nutritionnelle.

Plusieurs domaines de recherche ont tenté de comprendre les mécanismes de sélection des Pollen beetle are pollinivorous insect eating on oilseed rape INTR PERIANTH?

• Pollen beetle feeding behavior is explained by a process of maximization of total nutrient intake • Intra-inflorescence feeding pattern that depends on flower bud maturity is perfectly explained through this lens

• New example of small scale foraging pattern

• New insight into the forces responsible for the evolution of feeding behavior

Optimal Diet Choice (ODC) model

Optimal foraging at small scales: Explaining the intra-inflorescence foraging strategy of a pollinivorous insect Résumé : La sélection de la plante hôte pour l'alimentation dépend de la stratégie nutritionnelle de l'insecte. Identifier les facteurs qui déterminent ces stratégies est une question fondamentale pour comprendre les interactions plantes-insectes, mais est aussi d'un intérêt pour la recherche appliquée visant à améliorer la résistance des cultures. Nous avons combiné des approches de l'écologie nutritionnelle et chimique et de la génétique quantitative pour élucider les déterminants de la stratégie nutritionnelle du méligèthe, un ravageur majeur du colza. Nos résultats suggèrent que, bien que les méligèthes soient généralistes, ils semblent s'être spécialisés sur le contenu en macronutriments et métabolites des fleurs ouvertes du colza, leur principale ressource. Dans ce contexte, nous avons cherché à comprendre les bases du rejet connu de la moutarde blanche par le méligèthe, qui pourraient avoir des applications agronomiques prometteuses pour protéger les cultures de colza. Nous avons montré que le contenu en macronutriments du pollen n'explique pas ce rejet, contrairement aux métabolites du périanthe des boutons floraux. Nous avons identifié les premiers déterminants génétiques de la résistance de la moutarde blanche, avec l'identification de trois QTL de résistance. Le pyramidage de multiples gènes souhaitables et de traits de résistance chimiques, tel qu'il peut être envisagé à partir de ce travail, offre des perspectives prometteuses pour les programmes de sélection visant à introduire des résistances durables de la moutarde blanche dans les cultivars de colza. Dans l'ensemble, ce travail met en évidence la nécessité d'intégrer des approches provenant de différents domaines de recherche afin d'élucider les pressions de sélection qui influencent le choix de la ressource par les insectes. Comme nous l'avons démontré ici, cette intégration est d'intérêt à la fois pour une meilleure compréhension des processus de sélection des plantes-hôtes et pour le développement de programmes durables de protection des cultures. Title: It takes three to tango: combining nutritional and chemical ecology with quantitative genetics to unravel determinants of host plant selection in a phytophagous insect Keywords: Host plant selection, Nutritional Ecology, Chemical Ecology, Quantitative Genetics, Brassicogethes aeneus, Brassica napus Abstract: Host plant selection for feeding depends on the nutritional strategy of the insect. Deciphering the factors that drive insect nutritional strategies is a key fundamental question to understand plant-insect interactions, but it is also of great interest for applied research aiming to improve crop resistance. We combined approaches from nutritional and chemical ecology and quantitative genetics to decipher the determinants of the nutritional strategy of the pollen beetle, a major pest of oilseed rape. Our results suggest that although pollen beetles are generalist feeders, they have specialized on the macronutrient and metabolite content of open flowers of oilseed rape, their main food source. In this context, we sought to understand the bases of the already-known rejection of the white mustard by the pollen beetle, which could have promising agronomic applications to protect oilseed rape crops.

We found that the macronutrient content of the pollen does not explain this rejection contrary to flower-bud perianth metabolites. We deciphered the first genetic determinants of the resistance of the white mustard, with the identification of three resistance QTLs. The pyramiding of multiple desirable genes and chemical resistance traits, as may be envisaged from this work, offers promising perspectives for breeding programs aiming to introduce durable resistances from the white mustard into oilseed rape cultivars. Overall, this work highlights the need to integrate approaches from different fields of research to unravel the selective pressures that drive insect foraging decisions. As demonstrated here, this integration is powerful both for a better understanding of host-plant selection processes, and for the development of durable crop protection programs.

Figure 1 :

 1 Figure 1: Life cycle of the pollen beetle (Brassicogethes aeneus) with a focus on their nutrition. Adapted from Seimandi Corda (2018).

Figure 2 :

 2 Figure 2: Pollen beetles show feeding patterns at multiple scales.

Figure 3 :

 3 Figure 3: Pollen beetle damage on Brassica napus. A) Anatomy of a flower bud of Brassica napus. B) Adults destroying a flower bud to reach the pollen it contains. C) Adults feeding on an inflorescence. D) Aborted buds due to pollen beetle attacks.

Figure 4 :

 4 Figure 4: Pollen beetle feeding intensity on Brassica napus and Sinapis alba genotypes (M1, M2, M3) in controlled conditions.a) EMMean proportions (+/-SE) of buds damaged on entire plants. b) Proportion (+/-SE) of damaged buds for each genotype among damaged buds, experiment on detached inflorescences, in a choice situation. n = 15. From Mercier (2018).

Paper 2 -

 2 Age-specific allocation of glucosinolates within plant reproductive tissues (published in Plant Science) Paper 3 -Could SMSO, the Cinderella phytochemical, act as a defense compound against phytophagous insects? (in prep. for New Phytologist) Paper 4 -The perianth chemical composition is involved in the rejection of Sinapis alba by an insect feeding from flower buds (in prep. for Phytochemistry) Paper 5 -Perianth surface compounds but not non-glandular trichomes partly explain the resistance of Sinapis alba to the pollen beetle (in prep. for Oecologia) Chapter 3 merges nutritional and chemical ecology in an adaptive framework to understand the determinants of foraging patterns at a fine scale, i.e. within a plant inflorescence [paper 6]. Paper 6 -Factors driving the within-plant patterns of resource exploitation in a herbivore (published in Functional Ecology) Chapter 4 deciphers the genetic determinants of the rejection of Sinapis alba using a new midthroughput phenotyping protocol [paper 7] and QTL mapping [paper 8]. Paper 7 -A protocol for increased throughput phenotyping of plant resistance to the pollen beetle (published in Pest Management Science) Paper 8 -Identification of three QTLs of resistance to the pollen beetle in two F2:3 Sinapis alba populations (in prep. for Theoretical and Applied Genetics)

Figure 1 :

 1 Figure 1: Overview of manuscript organization.

FIGURE 1

 1 FIGURE 1 Pollen beetles feed on plants from different species and families at the individual scale. Distribution of the number of species/families used per individual. n = 45.

FIGURE 2

 2 FIGURE 2 The proportion of pollen beetles feeding on Ranunculaceae increases quickly over time and remains constant. Estimated Marginal Mean (EMMean) proportion (±SE) of individuals feeding on each resource at the first and last record of each day of the experiment. Different letters indicate significantly different EMMeans. n = 45.

  Pearson's correlation coefficients (r) indicate the strength and direction of the relationship. Axis values are the values of the measured variables. Results of the correlation tests are summarized in the chart at the bottom left, with putative directional relationships.
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 5 FIGURE 5

Fig. 1 .

 1 Fig. 1. Detailed experimental design.

Fig. 2 .

 2 Fig. 2. Twelve glucosinolates (GSLs) are constitutively present in inflorescences of Brassica napus, with some compounds being tissue-and stage-specific. Heatmap of mean normalized amounts of constitutive GSLs (top right: amounts autoscaled by compound, from low (dark blue) to high (yellow)) according to the tissue and maturity stage (see Fig. 1 for explanation of symbols).

Fig. 3 .

 3 Fig. 3. The allocation of constitutive GSLs depends on the plant tissue and changes with the bud maturity stage. Letters indicate significant differences between reproductive tissues for each maturity stage (see Fig. 1 for explanation of symbols). n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Fig. 4 .

 4 Fig. 4. Perianths are more defended in old flower buds, while among primary reproductive tissues anthers are more defended in open flowers and pistils are more defended in flower buds. EMMean amount of total constitutive GSLs according to the tissue and maturity stage (see Fig. 1 for explanation of symbols). Letters and numbers indicate significant differences between maturity stages for each reproductive tissue. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Fig. 5 .

 5 Fig. 5. Mechanical damage induces defenses only in pistils of intermediate flower buds. EMMean amount of total GSLs according to the tissue and maturity stage (see Fig. 1 for explanation of symbols). Asterisks indicate significant differences (* p < 0.05, ** p < 0.01 and *** p < 0.001). n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

M

  .H., A.M.C., S.F. and L.B. conceived the ideas and designed the methodology; N.M. and L.B. collected the data; M.H. and L.B. analyzed the data; L.B. wrote the first draft of the manuscript and all authors contributed to revisions. All authors gave final approval for publication.

Fig

  Fig. S1a,b Amount of glucosinolates by reproductive tissue according to the ontogenetic stage.

Fig

  Fig.S2a,b Amount of glucosinolates in vegetative, accessory, and primary reproductive tissues.

Fig

  Fig. S3a,b Amount of glucosinolates by ontogenetic stage according to the reproductive tissue.

Fig

  Fig. S4a,b Amount of glucosinolates in vegetative and reproductive tissues, with reproductive tissues analyzed at three maturity stages for each treatment (constitutive vs. induced).

Figure

  Figure S1.a: EMMean (± SE) amount of glucosinolate categories (aliphatic: glucoraphanin, progoitrin, glucoalyssin, gluconapoleiferin, gluconapin, glucobrassicanapin,

Figure

  Figure S1.b: EMMean (± SE) individual amount of constitutive glucosinolates in vegetative and reproductive tissues (youngest leaf vs. perianths, anthers and pistils),

Figure

  Figure S2.a: EMMean (± SE) amount of glucosinolate categories (aliphatic: glucoraphanin, progoitrin, glucoalyssin, gluconapoleiferin, gluconapin, glucobrassicanapin, glucoerucin, n-hexyl-GSL iso.I, n-hexyl-GSL iso.II, n-hexyl-GSL iso.III; indolic: glucobrassicin; aromatic: gluconasturtiin) in vegetative, accessory, and primary reproductive tissues (youngest leaf vs. perianths vs. anthers and pistils). n = 8 for vegetative tissues with 10 plants per replicate, n = 24 perianths with 10 plants per replicate, n = 40 for primary reproductive tissues with 10 plants per replicate except for pistils of intermediate and old buds where there are 20 plants per replicate.

Figure

  Figure S2.b: EMMean (± SE) individual amount of constitutive glucosinolates in vegetative, accessory, and primary reproductive tissues (youngest leaf vs. perianths

Figure

  Figure S3.a: EMMean (± SE) amount of glucosinolate categories (aliphatic: glucoraphanin, progoitrin, glucoalyssin, gluconapoleiferin, gluconapin, glucobrassicanapin, glucoerucin, n-hexyl-GSL iso.I, n-hexyl-GSL iso.II, n-hexyl-GSL iso.III; indolic: glucobrassicin; aromatic: gluconasturtiin) in vegetative and reproductive tissues (youngest leaf vs. perianths, anthers and pistils), with reproductive tissues analyzed at three maturity stages (intermediate flower buds, old buds and flowers). Letters and numbers indicate significant differences between maturity stages for each reproductive tissue. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Figure

  Figure S3.b: EMMean (± SE) individual amount of constitutive glucosinolates in vegetative and reproductive tissues (youngest leaf vs. perianths, anthers and pistils), with reproductive tissues analyzed at three maturity stages (intermediate flower buds, old buds and flowers). Letters and numbers indicate significant differences between maturity stages for each reproductive tissue. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Figure

  Figure S4.a: EMMean (± SE) amount of glucosinolate categories (aliphatic: glucoraphanin, progoitrin, glucoalyssin, gluconapoleiferin, gluconapin, glucobrassicanapin, glucoerucin, n-hexyl-GSL iso.I, n-hexyl-GSL iso.II, n-hexyl-GSL iso.III; indolic: glucobrassicin; aromatic: gluconasturtiin) in vegetative and reproductive tissues (youngest leaf vs. perianths, anthers and pistils), with reproductive tissues analyzed at three maturity stages (intermediate flower buds vs. old buds and flowers) for each treatment (constitutive vs. induced). Asterisks indicate significant differences (*p< 0.05, **p< 0.01 and ***p< 0.001). n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Figure

  Figure S4.b: EMMean (± SE) individual glucosinolate amount in vegetative and reproductive tissues (youngest leaf vs. perianths, anthers and pistils), with

  on two groups of plants, one undamaged and one mechanically damaged. Mechanical damage consisted in clipping five flower buds of random maturity stage in half, and tissues were harvested three days after damage. Since the systemic response of the plant was studied, damaged flower buds were not harvested. Eight batches of 10 plants each were constituted per treatment. In order to collect enough material for chemical analyses, batches were pooled by two for pistils of intermediate and old flower buds.

Figure 1 :

 1 Figure 1: Sampling design of the present study and pictograms of the different plant stages and organs used in result figures (similar to Bellec et al. (2023)).

Figure 2 :

 2 Figure 2: SMCSO is more abundant in reproductive than in vegetative tissues, and especially concentrated in the pistils and perianths. EMMean amount (±SE; nmol.mg -1 DW) of constitutive SMCSO according to the tissue. Letters indicate significant differences between tissues. n = 8 for vegetative tissues with 10 plants per replicate, n = 24 for perianths and anthers with 10 plants per replicate, n = 16 for pistils with 10 plants per replicate except for pistils of intermediate and old buds with 20 plants per replicate.

Figure 3 :

 3 Figure 3: Contrasts in SMCSO amount between reproductive tissues decrease with age. EMMean amount (±SE; nmol.mg -1 DW) of constitutive SMCSO according to the tissue and bud maturity stage. Letters indicate significant differences between reproductive tissues for each maturity stage. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Figure 4 :

 4 Figure 4: Perianths and pistils show higher levels of SMCSO in flower buds than in open flowers, while anthers exhibit constant and relatively lower levels. EMMean amount (±SE; nmol.mg -1 DW) of constitutive SMCSO according to the tissue and maturity stage. Letters indicate significant differences between maturity stages for each reproductive tissue. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Figure 5 :

 5 Figure 5: Mechanical damage induces modifications of SMCO amounts at all plant stages. EMMean amount (±SE; nmol.mg -1 DW) of SMCSO according to the tissue, maturity stage and treatment. *p< 0.05, **p< 0.01, ***p< 0.001. n = 8 per treatment with 10 plants per replicate, except for pistils of intermediate and old buds where n = 4 with 20 plants per replicate.

Fractionation

  -For each batch, 50 mg DW were successively extracted with 5 ml of solvent of increasing polarity, in this order: hexane (Hex, for the extraction of non-polar compounds), dichloromethane (DCM, for compounds of intermediate polarity) and methanol (MeOH, for polar compounds). At each extraction step, samples were agitated for 1h15 at 200 rpm at room temperature and supernatants collected. The three fractions were then concentrated to dryness under nitrogen flow and resuspended in 1.5 ml of the original solvent.Subfractionation -Fractions of S. alba were subfractionated using a Solid Phase Extraction (SPE) protocol. Whatever the fraction, 500 µl of each batch was concentrated to dryness using a rotatory evaporator, then resuspended in 200 µl of the original solvent. This was loaded on a SPE cartridge filled either with a SiOH stationary phase (CHROMABond ® SPE column, 500 mg SiOH, 3 ml volume, MACHEREY-NAGEL, Germany) for the hexane and dichloromethane fractions, or a C8 stationary phase (CHROMABond ® SPE column, 200 mg C8, 3 ml volume, MACHEREY-NAGEL, Germany) for the methanol fraction. Elution was then performed with 4 ml of three solvents of increasing or decreasing polarity, depending on the fraction (respectively and in this order: 85:15 Hex:DCM, DCM and 50:50 DCM:MeOH for the hexane fraction; 98:2 DCM:MeOH, 90:10 DCM:MeOH and MeOH for the dichloromethane fraction;

  7 µm x 2.1 mm x 50 mm; Waters Corp) maintained at 40 °C. The mobile phase consisted in water (UPLC-Grade, solvent A) and acetonitrile (UPLC-Grade, solvent B), both solvents being acidified with 0.1 % formic acid (v:v). The flow rate of the mobile phase was 0.3 ml.min -1 and the elution gradient: 0-1min (5 to 10 % B), 1-2 min (10 to 15 % B), 2-5min (15 to 19 % B), 5-8 min (19 to 50 % B), 8.0-8.1 min (50 to 5 % B) and hold up to 10min

Figure 2 )

 2 Figure 2), replicating the contrast observed on entire plants. To identify compounds responsible for this contrast, total extracts were fractionated and fractions tested individually. Only the DCM fraction (F2) replicated the contrast (χ² = 19.794, df = 1, p < 0.001; Figure 2), whereas no significant difference was observed when the Hex (F1) and MeOH (F3) fractions were tested (χ² = 3.672, df = 1, p = 0.055 and χ² = 1.847, df = 1, p = 0.174, respectively; Figure 2). The DCM fraction was therefore subfractionated and subfractions tested individually. The initial contrast was replicated when testing the MeOH (F2.3) subfraction (χ² = 10.036, df = 1, p = 0.001; Figure 2), whereas no difference was observed with the two other subfractions (98:2 DCM:MeOH (F2.1): χ² = 0.018, df = 1, p = 0.893; 90:10 DCM:MeOH (F2.2): χ² = 0.018, df = 1, p = 0.892).

Figure 2 :

 2 Figure 2: Compounds from the dichloromethane fraction are involved in the feeding contrast observed between Sinapis alba genotypes M1 and M2. EMMean cumulative time (± SE; min) spent feeding on each agar disk. Asterisks indicate significant differences (**p< 0.01, ***p< 0.001). n = 30 per experiment.
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 333 Figure3), replicating the contrast observed on entire plants. The total extract was then fractionated, and the feeding contrast replicated with each of the three fractions (Hex (F1): χ² = 24.538, df = 1, p < 0.001; DCM (F2): χ² = 5.033, df = 1, p = 0.025; MeOH (F3): χ² = 5.453, df = 1, p = 0.019; Figure3). Each fraction was therefore subfractionated. The contrast observed with the Hex (F1) fraction was reproduced with the 85:15 Hex:DCM (F1.1) and DCM (F1.2) subfractions (χ² = 58.224, df = 1, p < 0.001 and χ² = 17.581, df = 1, p < 0.001, respectively, Figure3), whereas no significant difference was observed when the 50:50 DCM: MeOH (F1.3) subfraction was tested (χ² = 0.895, df = 1, p = 0.344; Figure3). The contrast observed with the DCM (F2) fraction was reproduced with the 98:2 DCM:MeOH (F2.1) andMeOH (F2.3) subfractions (χ² = 11.831, df = 1, p < 0.001 and χ² = 10.901, df = 1, p < 0.001, respectively, Figure3), whereas no significant difference was observed when the 90:10 DCM:MeOH (F2.2) subfraction was tested (χ² = 0.202, df = 1, p = 0.653, Figure3). Finally, the contrast observed with the MeOH (F3) fraction was reproduced with the MeOH (F3.3) subfraction only (H2O (F3.1): χ² = 0.863, df = 1, p = 0.353; 50:50 H2O:MeOH (F3.2): χ² = 0.093, df = 1, p = 0.761; MeOH (F3.3): χ² = 9.783, df = 1, p = 0.002; Figure 3).

Figure 3 :

 3 Figure 3: A diversity of compounds of different polarities can explain the feeding contrast observed between Sinapis alba genotypes M1 and M3. EMMean cumulative time (± SE; min) spent feeding on each agar disk. Asterisks indicate significant differences (*p< 0.05, **p< 0.01, ***p< 0.001). n = 30 per experiment.

Figure 4 :

 4 Figure 4: The chemical composition of the MeOH (F2.3) subfraction allows discriminating S. alba genotypes that are susceptible or resistant to the pollen beetle. a) Redundancy analysis (RDA) performed on the features detected in the MeOH (F2.3) subfraction. Different bracketed letters indicate significant differences between genotypes. b) Correlations between feature abundance and the RDAconstrained axis 1. Only features with a correlation greater than 0.8 (i.e. more abundant in the resistant genotypes) are represented. Symbols in brackets show results of univariate tests (*** p<0.001).

Figure 5 :

 5 Figure 5: Thirteen candidate features appear may explain the rejection of Sinapis alba genotypes M2 and M3 to the pollen beetle. EMMean feature abundance (± SE) in each genotype. The spectral mass (m/z) of each feature is indicated in bold and the ionization mode in which it was detected is indicated in brackets: (-) negative, (+) positive.Letters indicate significant differences between genotypes. Fold changes were calculated as the mean abundance in the susceptible genotype (M1) relatively to the mean of both resistant genotypes (M2 and M3). n = 9 per genotype with 10-12 plants per replicate.

Figure 1 :

 1 Figure 1: The probability of a Sinapis alba flower bud to be attacked by the pollen beetle is not affected by the presence of non-glandular trichomes. Probability of being damaged for hairy (light grey line) and shaved (dark grey line) flower buds according to time (min). Dots represent individual data. n = 30.

Figure 2 :

 2 Figure 2: a) Surface compounds are partly involved in the resistance contrast observed between Sinapis alba genotypes against the pollen beetle. EMMean cumulative time (± SE; min) spent feeding on agar disks supplemented with perianth surface extracts. n = 20 per experiment. b) Perianth surface compounds contribute less to the resistance than whole-perianth compounds (Bellec et al. (in prep.) [Chapter 2; Paper 4]). EMMean total cumulative time (± SE; min) spent feeding on each type of extract. n = 40 for surface perianth extracts and n = 60 for whole-perianth extracts. Asterisks indicate significant differences (*p<0.05, ***p< 0.001).

F I G U R E 1 2

 12 Pollen beetles prefer to feed on flowers rather than on buds and this preference is adaptive. (a) Mean proportion (95% CI) of plant organs damaged in dual-choice tests (n = 20). (b) Kaplan-Meier survival curves of individuals having fed on flowers (yellow) or old buds (dashed green; n = 41-43 per treatment). Asterisks indicate significant differences (*p < 0.05 and ***p < 0.001) Mean concentration (±SE; μg/mg DW) of proteins and carbohydrates in anthers from flowers and anthers from old buds (n = 5 per treatment, 14-16 plants per replicate). Asterisks indicate significant differences (NS p > 0.05, *p < 0.05, **p < 0two glucosinolates differs significantly between anthers from flowers and anthers from old buds To assess whether anthers from flowers and anthers from old buds differ in their content of chemical defences, three classes of specialized metabolites were quantified: glucosinolates, flavonols and SMCSO. The multivariate analysis did not reveal any difference in the global chemical profile of the two organs (F = 0.91, p = 0.420). In contrast, univariate analyses showed a significant difference in the concentration of two glucosinolates, namely progoitrin and epiprogoitrin. Both compounds were more concentrated in anthers from old buds (Table

F I G U R E 3

 3 Pollen beetles maximize total macronutrient intake and this behaviour is adaptive. EMMean time (±SE; min) spent feeding on artificial substrates supplemented with (a) macronutrients as in anthers from flowers and anthers from old buds (n = 30), (b) the same macronutrient amount (P + C = 90 g/L) but with different ratios (n = 30) and (c) the same macronutrient ratio (P:C 1:8) but with different total amounts (n = 30). (d) Survival time (days) according to the total macronutrient amount. Dots represent individual points, and the red line represents the mean survival over the seven different P:C ratios. Asterisks indicate significant differences (NS p > 0.05, *p < 0.05, **p < 0found in anthers from flowers and vice versa.

  Overall, this work highlights the need to characterize and assess the influence of several components of diet quality on the foraging decisions of animals. It also shows the importance of deciphering evolutionary forces shaping foraging behaviours, although this represents significant conceptual and practical difficulties due to the number of factors involved and the need to determine the relative contribution of each in a quantitative manner. AUTH O R S ' CO NTR I B UTI O N S M.H., A.M.C., G.S.C. and L.B. conceived the ideas and designed the methodology; M.H., G.S.C., K.M., L.B., M.T., C.L. and J.O. collected the data; M.H., G.S.C. and L.B. analysed the data; L.B. wrote the first 169

3 .

 3 The theoretical distribution that best fitted the empirical distribution of C was chosen among the normal, log-normal, uniform, logistic, exponential, gamma and Weibull distributions. A normal distribution was retained. The theoretical normal distribution was fitted by maximum likelihood (figure below).

Figure 1 :

 1 Figure 1: Survey of studies on plant resistance to insects in the literature. a) Number of results on Web of Science with the keywords "QTL + disease resistance" and "QTL + insect resistance" (research date: March 22, 2023). b) Evolution over the years of the number of results on Web of Science for "QTL + insect resistance" (research date: March 22, 2023). c) Percentage of studies identifying resistance QTL for chewing and piercing-sucking insects, based on 100 studies reviewed in Gado & Alviar (2022), Wani et al. (2022) and Yencho et al. (2000). QTL: Quantitative Trait Loci.

Figure 1 .

 1 Figure 1. Pollen beetle feeding intensity on oilseed rape and white mustard genotypes in controlled conditions. (a, b, c) EMMean proportion (+/-SE) of buds damaged and EMMean probability (+/-SE) of being damaged depending on the plant genotype with (a) classically potted plants (n = 21 per genotype); (b) miniaturized plants (n = 15 per genotype); (c) detached buds (n = 46 per genotype). (d, e) Relationships between feeding intensity observed with classically potted plants and (d) miniaturized plants; (e) detached buds. (g) EMMean proportion (+/-SE) of buds damaged on a large panel of white mustard genotypes using miniaturized plants (n = 10 per genotype). Different letters indicate significant differences between genotypes.

  damage on the parent lines to the overall mean level of damage computed previously. The trialspecific mean level of damage was computed as the average of the EMMean levels of damage on the parents (obtained from a Generalized Linear Model (GLM, distribution: Poisson, link function: log) fitted only on data from the given trial). (iii) For each trial, the trial-specific correction factor computed at the previous step was added to values from all plant lines. Once corrected, data were used to compute the overall EMMean level of damage of each line. This was obtained from a Linear Model (LM) on transformed number of buds damaged (fourth-root transformed to improve model fit), with the line as only independent variable.RNAseq SNP identification and SeqSNP 10K genotypingA RNAseq experience was performed with 12 different S. alba genotypes, at two development stages (plants with 3 leaves for vegetative stage and 4-week-old plants for reproductive stage), and the RNA extraction was performed from whole plants. Thus, 419 368 filtered polymorphisms were identified between the 12 genotypes by mapping on an unpublished reference S. alba complete genome (pers. Comm., I. Parkin, AAFC Saskatoon). A selection of 10K SNPs well distributed over the genome was used to develop a SeqSNP targeted GBS (LGC -https://www.lgcgroup.com/newsroom-and-blog/news-and-blog/solution-for-genotypingthousands-of-markers/) for genotyping of the F2 populations.

Figure 1 :

 1 Figure 1: Resistance traits discriminate parents and are segregated in F3 individuals of both populations. Frequency distribution of resistance traits (EMMean number of partially, totally, and all damaged buds) in F3 individuals (grey bars) and parents (red line: resistant parent, blue line: susceptible parents). Asterisks indicate a significant difference between parents (*p< 0.05, **p< 0.01 and ***p< 0.001). a) n = 144 lines for the M1×M2 population with on average 9.7 replicates per line; b) n = 138 lines for the M1×M3 population with on average 9.1 replicates per line.

Figure 2 :

 2 Figure 2: Manhattan plots of SNP associations with pollen beetle resistance on the 12 linkage groups of S. alba. Dots represent individual SNP markers with colored dots highlighting markers significantly associated with resistance traits at a significance level of p = 0.001.

Figure 1 :

 1 Figure 1: Summary of the factors driving the pollen beetle nutritional strategy at different plant scales. Research fields used to unravel these factors, and associated papers and chapters, are indicated.

Paper 1 [

 1 Chapter 1] due to technical constraints (i.e., difficulties to collect sufficient plant material), it was assessed in Paper 6 [Chapter 3], which showed that pollen beetles are willing to feed on deterrent compounds if this allows maximizing nutrient intake. These results are consistent with other studies on other generalists such as locusts and grasshoppers (S. Behmer

Figure 2 :

 2 Figure 2: Anthers are partly involved in the feeding contrast observed between Brassica napus and Sinapis alba, and between genotypes of S. alba. Dual choice tests with freshly dissected anthers from B. napus and S. alba were performed. The number of individuals on each resource was recorded every 10 min during 1h30. EMMean number (± SE) of individuals on each resource at each time point. n = 30 per experiment

Figure 3 :

 3 Figure3: The nutrient content of the pollen does not explain the feeding contrast observed between Brassica napus and Sinapis alba, and between genotypes of Sinapis alba. Feeding preferences of pollen beetles on artificial diets containing proteins (± SE; µg.mg -1 DW) and carbohydrates (± SE; µg.mg -1 DW) as in real pollen sources (Liho, Brassica napus; M1, susceptible Sinapis alba genotype; M2, moderately resistant Sinapis alba genotype; M3, resistant Sinapis alba genotype). Dotted lines represent the nutritional rail of each resource (i.e., macronutrient ratios). Arrows summarize results of dual-choice tests between each pair of diets. Different colors indicate significant differences in choice tests (green: most consumed diet; red: least consumed diet) while light grey arrows indicate non-significant differences. n = 30 per dual-choice test.

Figure 4 :

 4 Figure 4: Gradient of feeding preference of pollen beetles found between Brassica napus (cv. Liho) and genotypes of Sinapis alba (M1, M2, M3), in experiments on entire plants, detached organs and artificial substrates supplemented with either macronutrients or metabolites at physiological concentrations.

5 [

 5 feeding behavior was studied. Considering only metabolites in Paper 6 [Chapter 3], we could have concluded that these were the main drivers of the feeding behavior, while their effects were finally negligible compared to those of macronutrients. Similarly, in Papers 4 and Chapter 2], we would never have understood the rejection of S. alba if only the macronutrient content had been considered. Furthermore in line with results from chemical ecology (Papers 4 and 5 [Chapter 2]), quantitative genetics (Paper 8 [Chapter 4]) highlighted the multigenic and potentially multi-trait origin of what triggers the rejection of S. alba. Further investigations will determine the consistency and complementarity of the results obtained with these two approaches.

Figure 7 :

 7 Figure7: The influence of macronutrients and specialized metabolites in host-plant selection processes in the pollen beetle seems to depend on the nutritional context. Resources studied in this PhD are represented. Colored arrows indicate feeding contrasts that were shown related to the macronutrient content of the resource (green: most consumed resource; red: least consumed resource), while in the case of resources circled no influence of the macronutrient content was observed. The colored area framed with a solid line represents the fitness landscape of the pollen beetle for a ratio of 1:3.14 (intake target, Figure6) (blue: low survival; red: high survival). The colored area framed by a dashed line is an extrapolation of the fitness landscape, as these macronutrient quantities were not tested. The effect of specialized metabolites is indicated where it has been assessed.

  We suggest the following hypothesis to explain this generalist-specialist pattern. Although an ecological generalist, the pollen beetle feeds from open flowers of B. napus for most of its active life. Consistently with Hervé et al. (2014), in Paper 6 [Chapter 3] we found that the characteristics of the pollen from open flowers, especially its macronutrient content, have shaped the feeding behavior of pollen beetles. We therefore suggest that the 'macronutrient specialization' revealed content found in wild brassicaceous species would help to determine whether the observed lack of influence is related to glucosinolates composition, insufficient concentrations in B. napus, or to a real specialization of pollen beetles for this resource. In line with the specialization on open flowers of B. napus, Paper 3 [Chapter 2] showed that pollen beetles are highly deterred by SMCSO, a compound mainly found in perianths and pistils of closed flower buds of B. napus. Since the period during which pollen beetles feed on closed flower buds is relatively short compared to the time spent feeding on open flowers, closed

  insect. Another evidence of a unique specialization of pollen beetles for open flowers of B. napus, while still being a generalist herbivore, is that compounds specifically produced by other brassicaceous species have a drastic deterrent effect on their feeding behavior. Indeed, Austel et al. (2021) found a strong deterrent effect of glucobarbarin and saponins present in Barbarea vulgaris, and Papers 4 and 5 [Chapter 2] showed a deterrent effect of perianth chemical compounds of S. alba compared to B. napus.Overall, these results suggest that although pollen beetles are ecological generalist feeders, the strong selective pressure exerted by the pollen from open flowers of B. napus have somehow led to both their macronutrient and defense specialization. It may then be hypothesized that pollen beetles are, to some extent, poorly adapted to compounds present in the perianth of closed flower buds of B. napus and to compounds present specifically or in greater amounts in other brassicaceous species. This gives promising prospects to protect B. napus from this insect pest using relative species as sources of resistance.

2 :Chapitre 1 -Chapitre 2 -Article 2 -Chapitre 3 -Chapitre 4 -

 212234 plantes hôtes par les insectes phytophages, chacun adoptant un point de vue différent mais aucun n'étant véritablement intégratif. Alors que l'écologie nutritionnelle se concentre principalement sur l'influence des macronutriments, l'écologie chimique se concentre sur les métabolites, en particulier les métabolites spécialisés. Déchiffrer les déterminants génétiques de la sélection des plantes hôtes par des approches de génétique quantitative est une stratégie indirecte qui fournit également des informations importantes pour comprendre la complexité des interactions entre les plantes et les insectes.La combinaison d'approches complémentaires provenant de différents domaines de recherche est donc essentielle pour obtenir une vue d'ensemble des déterminants des processus de sélection des plantes hôtes. Il s'agit d'une question fondamentale pour la compréhension des interactions plantes-insectes qui présente également un grand intérêt pour les recherches appliquées visant à améliorer la résistance des cultures aux insectes ravageurs.Modèles biologiques et objectifs de la thèseLe méligèthe (Brassicogethes aeneus) est un coléoptère pollinivore de la famille des Nitidulidae. Durant leur cycle de vie, les méligèthes présentent des préférences alimentaires (i.e., des patrons d'exploitation) à différentes échelles allant de la famille de plante à l'échelle de l'inflorescence par les choix préférentiels de certains stades de maturité des boutons floraux.Cette espèce apparaît donc comme un modèle biologique pertinent pour des études intégratives sur les stratégies nutritionnelles des herbivores. Comprendre la stratégie nutritionnelle de cet insecte est aussi d'intérêt agronomique. Pendant la courte période précédant la floraison du colza (Brassica napus, Brassicaceae) les méligèthes adultes détruisent les périanthes des boutons floraux (i.e., les pétales et les sépales) pour atteindre le pollen qu'ils contiennent. Ces dégâts peuvent entraîner l'avortement des boutons floraux et donc des pertes de rendement allant jusqu'à 80 %. Des insecticides étaient traditionnellement utilisés pour contrôler les populations de méligèthes, mais le développement de résistance et l'interdiction progressive de plusieurs de ces produits nous poussent à développer des solutions alternatives efficaces et durables.Combiner l'écologie nutritionnelle et chimique à la génétique quantitative permettrait de comprendre les stratégies nutritionnelles des méligèthes et notamment les mécanismes impliqués dans le rejet de certaines plantes, comme observé chez la moutarde blanche ce qui offrirait des perspectives prometteuses pour les programmes de sélection visant à augmenter la résistance du colza à cet insecte. Pour atteindre ces objectifs, quatre chapitres principaux structurent ce manuscrit : Les deux premiers chapitres portent sur deux domaines de recherche classiques généralement développés en parallèle, chacun se concentrant sur un aspect de la chimie de la plante différent : les nutriments (Chapitre 1 : Article 1) et les défenses (ChapitreArticles 2,[START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF] 4 et 5). Le Chapitre 3 (Article 6) combine ces deux approches, en mettant en évidence l'influence relative des nutriments et des défenses, ainsi que leur interaction sur le comportement alimentaire des méligèthes. Le Chapitre 4 (Articles 7 et 8) décrypte les mécanismes de rejet de la plante hôte observés chez la moutarde blanche par le biais de la génétique quantitative Écologie nutritionnelle -les nutriments, moteur de la recherche de nourriture Dans ce chapitre, nous avons combiné l'écologie nutritionnelle et la physiologie des insectes pour élucider les déterminants de la sélection des plantes hôtes au sein de différentes familles de plantes chez le méligèthe.Article 1 -Préférences alimentaires chez un pollinivore généraliste : Une stratégie principalement motivée par les sucres solubles (publié dans Frontiers in Ecology and Evolution)Les stratégies nutritionnelles des animaux ont largement été étudiées chez les vertébrés, où le généralisme à l'échelle individuelle est la règle. Chez les insectes herbivores, les déterminants de la stratégie nutritionnelle des généralistes à l'échelle individuelle restent peu étudiés et se focalisent principalement sur l'influence des défenses des plantes. De plus, l'intégration d'une dimension physiologique dans ces études reste rare. Ici, nous avons décrypté les déterminants de la stratégie nutritionnelle des méligèthes juste avant la diapause, en se focalisant sur l'influence des macronutriments. Avant leur diapause, les méligèthes sont connus pour se nourrir de plantes appartenant à de nombreuses familles. Cela soulève trois questions : (i) le généralisme des méligèthes est-il une conséquence de la spécialisation des individus sur différentes familles de plantes ? (ii) les individus se nourrissent-ils au hasard des fleurs disponibles ou ont-ils une stratégie nutritionnelle particulière ? et (iii) dans le cas de choix alimentaires non aléatoires, est-ce que le contenu en macronutriments du pollen explique cette stratégie nutritionnelle ? Pour répondre à ces questions, nous avons utilisé une série d'expériences en laboratoire comprenant des tests de choix alimentaire sur des fleurs et des substrats artificiels, de la quantification des macronutriments du pollen, de la quantification du budget énergétique des insectes et des expériences de performance. Nous avons montré que les méligèthes étaient généralistes à l'échelle individuelle, et que des préférences alimentaires stables étaient établies après quelques heures. Les méligèthes préféraient se nourrir sur les fleurs ayant un pollen riche en sucres solubles, et cette préférence était adaptative car corrélée à la performance. Ces performances accrues peuvent s'expliquer par l'accumulation de glycogènes et de réserves énergétiques totales lorsque les individus se nourrissent de ressources riches en sucres solubles. Cette étude représente l'une des rares preuves de généralisme à l'échelle individuelle chez un insecte herbivore. Elle permet de mieux comprendre la stratégie nutritionnelle de cet insecte et montre l'importance des sucres solubles dans cette stratégie. Ce travail souligne la nécessité de combiner quantification des macronutriments des plantes et évaluation du budget énergétique des insectes dans un cadre adaptatif afin de mieux comprendre les stratégies nutritionnelles des herbivores.Nous avons constaté que la maximisation de l'apport en sucres solubles semblait être un moteur principal de la stratégie nutritionnelle des méligèthes, au moins à une échelle large entre des plantes de différentes familles. Selon la théorie de la recherche optimale de nourriture (Optimal Foraging Theory, OFT), les méligèthes devraient maximiser leur condition physique, en se nourrissant exclusivement de la ressource la plus riche en sucres solubles, c'est-à-dire Ranunculus repens. Cependant, nous avons observé que les méligèthes se nourrissaient tout de même de manière polyphage, avec un intérêt particulier pour Ranunculus acris bien qu'elle ne soit pas optimal pour une maximisation des sucres solubles. D'autres composants alimentaires, absents de ce tableau, semblent donc jouer un rôle dans le choix de la ressource par le méligèthe.Parmi ces composants, les défenses des plantes sont d'autres moteurs importants des processus de sélection des plantes hôtes. Écologie chimique -les métabolites, moteur de la recherche de nourriture Dans ce chapitre, nous avons utilisé la théorie de la défense optimale (Optimal Defense Theory, ODT) pour étudier l'allocation des défenses au sein des tissus reproducteurs du colza, à la fois dans l'espace et dans le temps, et avons essayé de déchiffrer les déterminants chimiques de la résistance de la moutarde blanche au méligèthe. Allocation des glucosinolates en fonction de l'âge des tissus reproducteurs des plantes (publié dans Plant Science) La théorie de la défense optimale prédit que la distribution des défenses au sein d'une plante devrait refléter la valeur et la vulnérabilité de chaque tissu. Bien que cette théorie ait reçu de nombreux soutiens expérimentaux, très peu d'études ont examiné la répartition des défenses entre les tissus reproducteurs et aucune n'a évalué simultanément l'évolution de ces défenses avec l'âge. Nous avons quantifié les glucosinolates dans les périanthes, les anthères et les pistils à différents stades de maturité des boutons floraux (i.e., les boutons floraux intermédiaires, les boutons floraux âgées et les fleurs) de plantes non endommagées et mécaniquement endommagées d'une espèce annuelle de Brassicacée. La feuille la plus jeune a été utilisée comme référence pour les organes végétatifs, car prédit comme étant le tissu végétatif le plus défendu. Conformément aux prédictions de l'ODT, les tissus reproducteurs étaient plus défendus que les tissus végétatifs de manière constitutive, et au sein de ces premiers, les pistils et les anthères étaient plus défendus que les périanthes. Aucun changement dans le niveau de défense global n'a été constaté entre les stades de maturité des boutons, mais un changement temporel significatif a été observé entre les pistils et les anthères. Contrairement aux prédictions de l'ODT, les dommages mécaniques n'ont pas induit de défenses systémiques dans les feuilles mais seulement dans les pistils. Nos résultats montrent que l'allocation des défenses dans les tissus reproducteurs des plantes se produit à des échelles spatiales et temporelles fines, étendant le cadre d'application de l'ODT. Article 3 -Le SMCSO, la Cendrillon des substances phytochimique, pourrait-il agir comme un composé de défense contre les insectes phytophages ? (en préparation pour New Phytologist) Le S-méthyl-L-cystéine sulfoxyde (SMCSO) est un acide aminé non protéique qui s'accumule chez les Brassicacées, parfois à des niveaux plus élevés que les glucosinolates, composés de défense bien connus, et pour lequel peu d'études ont cherché un rôle biologique. Bien que de nombreux indices suggèrent une fonction défensive pour ce composé, aucune étude n'a directement testé cette hypothèse. Nous avons évalué si la distribution spatiale et temporelle du SMCSO dans les tissus reproducteurs des plantes correspondait à celle prédite pour un composé de défense en comparant ces distributions à celles attendues par l'ODT. Nous avons ensuite testé l'effet du SMCSO sur le comportement alimentaire d'un insecte phytophage. Les quantités de SMCSO étaient les plus élevées dans les pistils des boutons intermédiaires, suivis des périanthes et des anthères, puis diminuaient dans les pistils et les périanthes jusqu'à atteindre des niveaux similaires à ceux trouvés dans les anthères dans les fleurs ouvertes. Comme le SMCSO se trouve principalement dans les boutons floraux fermés, nous avons évalué son effet sur le comportement alimentaire d'un insecte ciblant ces boutons, et avons constaté un effet dissuasif significatif de ce composé. Cette étude est la première à suggérer une fonction défensive du SMCSO. Ces résultats ouvrent la voie pour des recherches visant à comprendre si ce composé a évolué en tant que défense des plantes. Article 4 -La composition chimique du périanthe est impliquée dans le rejet de Sinapis alba par un insecte se nourrissant de boutons floraux (en préparation pour Phytochemistry) La sélection d'une plante hôte appropriée est essentielle pour que les insectes phytophages puissent achever leur cycle de vie. Parmi les caractéristiques des plantes qui influencent ce processus, les métabolites spécialisés sont largement reconnus comme des composés de défense qui jouent un rôle prépondérant dans le rejet de la plante. Bien que la dichotomie de base entre spécialistes et généralistes ait aidé à définir des modèles généraux de réponse aux défenses des plantes, elle peut s'avérer trop simpliste pour les adultes faisant preuve à la fois de généralisme pour l'alimentation et de spécialisme pour l'oviposition. Le méligèthe (Brassicogethes aeneus) est un ravageur majeur du colza (Brassica napus), pour lequel aucune source de résistance n'a été identifiée jusqu'à présent. Dans des études antérieures, nous avons constaté qu'une espèce apparentée, la moutarde blanche (Sinapis alba L.), présentait des niveaux variables de résistance à cet insecte. Toutefois, les mécanismes sous-jacents à ce rejet restent encore inconnus. Comme les méligèthes rejettent S. alba après un court instant sur les boutons floraux, l'implication de la chimie du périanthe dans la résistance de cette espèce a été explorée. Dans cette étude, nous avons évalué l'implication de la chimie du périanthe dans le rejet de S. alba. En utilisant une approche de fractionnement bio-guidée, nous avons identifié des fractions actives de métabolites de différentes polarités impliquées dans ce rejet. Une fraction active commune aux deux génotypes résistants a été identifiée et analysée prioritairement. Des analyses métabolomiques non ciblées ont été réalisées et treize ions candidats responsables de la résistance de S. alba au méligèthe ont été identifiés. La fragmentation MS/MS en cours permettra d'élucider la structure de ces ions, dont la validation fonctionnelle devra être réalisée par le biais de tests alimentaires avec des standards commerciaux ou après une étape de purification. Nos résultats ont permis de mieux comprendre les mécanismes qui sous-tendent le rejet de S. alba par le méligèthe et soulignent que, bien qu'ils soient souvent considérés comme spécialiste, le méligèthe présente des réponses comportementales aux défenses des plantes similaires à celles d'un généraliste.Article 5 -Les composés de surface du périanthe, mais pas les trichomes non glandulaires, expliquent en partie la résistance de Sinapis alba au méligèthe (en préparation pour Oecologia)Les mécanismes de défense des plantes contre les insectes phytophages sont souvent complexes et impliquent de multiples caractéristiques qui peuvent être physiques ou chimiques. Il est particulièrement nécessaire de comprendre la diversité et les contributions de ces caractéristiques pour améliorer la résistance des cultures aux insectes ravageurs. Nous avons évalué si les composés de la surface du périanthe et la présence de trichomes non glandulaires étaient impliqués dans le rejet de S. alba par le méligèthe. Des composés de surface du périanthe ont été extraits de génotypes de S. alba présentant des niveaux de résistance contrastés et l'effet de ces extraits a été testé à l'aide de substrats artificiels. Pour évaluer l'influence des trichomes, des tests d'alimentation ont été réalisés avec des boutons floraux "poilus" et "rasés". La contribution de ces caractéristiques à la résistance de S. alba a été évaluée par comparaison avec celle décrite précédemment pour les extraits de périanthe entier. Nous avons constaté que la probabilité qu'un bouton soit attaqué n'était pas influencée par la présence de trichomes non glandulaires. De plus, bien que les composés de surface expliquent en partie le contraste d'alimentation observé entre les deux génotypes les plus contrastés, nous avons constaté que l'intensité d'alimentation des méligèthes était beaucoup plus faible sur les extraits de périanthes entiers que sur les extraits de surface. Ces résultats montrent que les caractéristiques de la surface du périanthe jouent un rôle, bien que limité dans la résistance de la plante. L'identification et la quantification des composés dissuasifs de surface et interne permettront d'en savoir plus sur la spécificité de ces défenses. La combinaison de plusieurs défenses chimiques identifiées dans les périanthes de S. alba est une perspective prometteuse pour de futurs programmes de sélection visant à protéger B. napus contre le méligèthe. Comme nous l'avons vu dans le Chapitre 1, la teneur en nutriments influence fortement le comportement alimentaire des méligèthes. Le présent chapitre démontre que les métabolites sont un autre facteur important, au moins à l'échelle de l'espèce et du génotype. Par conséquent, la combinaison d'approches provenant de l'écologie nutritionnelle et de l'écologie chimique semble cruciale pour obtenir une vision plus intégrée des déterminants des processus de sélection des plantes hôtes chez cet insecte. Fusionner l'écologie nutritionnelle et chimique pour comprendre la sélection des plantes hôtes Dans ce chapitre, nous avons combiné l'écologie nutritionnelle et chimique avec les modèles mathématiques de l'Optimal Foraging Theory (OFT) pour comprendre les déterminants des patrons de recherche de nourriture des méligèthes à une échelle fine, au sein d'une inflorescence de colza. Article 6 -Facteurs à l'origine des schémas intra-plantes d'exploitation des ressources chez un herbivore (publié dans Functional Ecology) Les pressions de sélection exercées sur le comportement alimentaire des animaux ont été largement étudiées pour comprendre leurs schémas de recherche de nourriture. Chez les herbivores, des schémas spécifiques d'exploitation des ressources au sein de la plante ont été documentés, mais leurs déterminants restent peu étudiés. Dans cette étude, nous décrivons et déchiffrons les déterminants du mode de recherche de nourriture du méligèthe (Brassicogethes aeneus) un coléoptère pollinivore, ravageur du colza Brassica napus. Cet insecte se nourrit de fleurs pendant la majorité de son cycle de vie, à l'exception de quelques semaines avant la floraison. Pendant cette période, seuls les boutons floraux sont disponibles et l'insecte les détruit pour se nourrir du pollen qu'ils contiennent, entraînant de sérieuses pertes de rendement. Nous avons constaté que pendant cette période critique, les méligèthes présentaient un schéma d'alimentation intra-inflorescence stéréotypé qui dépendait de la maturité des boutons floraux.Pour expliquer ce schéma, nous avons d'abord déchiffré les pressions de sélection qui régissaient le comportement alimentaire des méligèthes. À l'aide d'un ensemble d'expériences en laboratoire, incluant des expériences comportementales sur des tissus végétaux et des substrats artificiels, de la caractérisation chimique des tissus végétaux et des expériences de performance, nous avons montré que le comportement alimentaire des méligèthe ne semblait pas être motivé par des métabolites spécialisés ou une tentative pour atteindre un équilibre nutritionnel optimal, mais plutôt par un processus de maximisation de l'apport total en macronutriments. En utilisant des modèles de choix alimentaires optimaux, nous avons ensuite constaté qu'un aspect du schéma d'alimentation intra-inflorescence, la préférence pour les jeunes boutons floraux par rapport aux plus anciens, pouvait être expliqué à travers le prisme de la maximisation de l'apport total en macronutriments par unité de temps pour accéder à la ressource. Notre étude fournit donc de nouvelles informations sur les schémas de recherche de nourriture à petite échelle et souligne la nécessité de caractériser et d'évaluer l'influence relative de plusieurs composants de l'alimentation pour déchiffrer les pressions de sélection à l'origine des schémas de recherche de nourriture.Ces résultats démontrent qu'une réconciliation entre OFT et écologie nutritionnelle est possible ouvrant la voie à de futures études, davantage intégratives. Déterminants génétiques de la résistance des plantes hôtes Dans ce chapitre, nous avons développé un nouveau protocole à moyen débit pour le phénotypage de la résistance au méligèthe. En utilisant ce protocole nous avons réalisé la première cartographie de QTL (Quantitative Trait Loci) de résistance au méligèthe.Article 7 -Un protocole pour le phénotypage à moyen débit de la résistance des plantes au méligèthe (publié dans Pest Management Science) L'amélioration de la résistance des cultures aux insectes herbivores est un objectif de recherche majeur dans les programmes de sélection. Bien que les technologies génomiques aient augmenté la vitesse à laquelle de grandes populations peuvent être génotypées, les programmes de sélection souffrent toujours de contraintes de phénotypage. Le méligèthe (Brassicogethes aeneus) est un ravageur majeur du colza pour lequel aucun cultivar résistant n'est disponible à ce jour, mais des études antérieures ont mis en évidence le potentiel de la moutarde blanche comme source de résistance et l'introgression de cette résistance apparaît comme une stratégie prometteuse. Nous présentons ici un protocole de phénotypage permettant l'acquisition de données de résistance à moyen débit, qui pourraient ensuite être utilisées pour la cartographie génétique des QTL. Des génotypes de moutarde blanche contrastés ont été sélectionnés à partir d'un criblage initial sur le terrain, puis évalués pour leur résistance dans des conditions contrôlées à l'aide d'une méthode de phénotypage standard. Nous avons ensuite fait évoluer ce protocole vers le phénotypage à moyen débit, en testant deux méthodes alternatives. Nous avons constaté que le phénotypage sur boutons détachés ne fournissait pas les mêmes contrastes de résistance que ceux observés avec le protocole standard, contrairement au protocole de phénotypage avec des plantes miniaturisées. Ce dernier a donc ensuite été testé sur un large panel composé de centaines de plantes. Une variation significative de la résistance parmi les génotypes a été observée, validant ainsi l'application à grande échelle de ce nouveau protocole de phénotypage. L'association de ce protocole de phénotypage à moyen débit et de la moutarde blanche comme source de résistance contre le méligèthe offre une voie prometteuse pour les programmes de sélection visant à améliorer la résistance du colza. macronutriments, les méligèthes maximisent leur apport en macronutriments pour se rapprocher de leur objectif nutritionnel quitte à consommer des métabolites dissuasifs. A l'inverse l'effet des métabolites dissuasifs semble être plus fort lorsque la teneur en macronutriments des ressources est proche et éloignée de l'objectif nutritionnel. Dans l'ensemble, nos résultats suggèrent que bien que les méligèthes soient généralistes pour leur alimentation, la forte pression de sélection exercée par le pollen des fleurs ouvertes de B. napus a conduit à une spécialisation sur leur contenu en macronutriments et en défense. On peut alors émettre l'hypothèse que les méligèthes sont, dans une certaine mesure, peu adaptés aux composés présents dans le périanthe des boutons floraux fermés de B. napus et aux composés présents spécifiquement ou en plus grande quantité chez d'autres espèces de Brassicacées. Ces résultats donnent des perspectives prometteuses pour protéger B. napus de ce ravageur en utilisant des espèces relatives comme sources de résistance. Le criblage de larges panels de génotypes de B. napus pour leur niveau en SMCSO, composé pour lequel un effet dissuasif fort sur le comportement des méligèthes a été observé, permettrait de comprendre le déterminisme génétique encore inconnu de sa biosynthèse qui pourrait ensuite être utilisé pour favoriser la production de ce composé dans les cultivars de B. napus. Une fois identifiés et après validation fonctionnelle avec des standards ou après purification, les composés dissuasifs présents dans les périanthes de la moutarde blanche pourraient être utilisés pour effectuer de la sélection assistée par (bio)marqueurs de la résistance. L'identification de fractions métaboliques et QTL communs entre nos deux génotypes résistants suggère une base commune de la résistance de S. alba, avec des sources de résistance supplémentaires dans le génotype le plus résistant, où plus de QTL et de fractions ont été identifiés. Etendre cette étude à un panel de génotypes plus large permettrait d'identifier des sources de résistance supplémentaires, à la fois chimique et génétique qui seront d'un grand intérêt. Le pyramidage à la fois de plusieurs gènes et de traits chimiques dans un seul fond génétique devrait fournir des résistances plus durables. Les QTL identifiés dans cette thèse devront être affinés, soit par criblage d'individu avec des marqueurs flanquants les QTL précédemment identifiés soit par cartographie QTL sur des lignées présentant des taux de ségrégation plus élevés. Une fois ces QTL affinés une analyse d'expression de gènes pourra être réalisée pour identifier des gènes candidats, exprimés de manière différentielle entre nos parents contrastés. Des analyses fonctionnelles et structurales de ces gènes candidats permettront de caractériser les déterminants génétiques de la résistance de S. alba au méligèthe.L'utilisation de lignées isogéniques pour la plupart des locus mais ségrégant pour le QTL cible permettra de valider l'implication de ces QTL dans la résistance de la moutarde blanche. L'introgression de ces QTL dans des cultivars élites de B. napus pourra alors être envisagée.Bien que cette introgression sera certainement complexe compte tenu de la difficulté à produire des hybrides interspécifiques et des nombreux rétrocroisements qui seront nécessaires pour assurer une introgression stable des gènes de résistance, des études antérieures ont montré que l'introgression de gène de résistance de S. alba dans B. napus était réalisable.En conclusion, cette thèse a montré que les décisions alimentaires des méligèthes variaient en fonction des ressources disponibles, à différentes échelles : à l'échelle des familles de plantes, des espèces de plantes, des génotypes de plantes et des organes au sein d'une même plante. En particulier, nos résultats suggèrent que bien que les méligèthes soient généralistes pour leur alimentation, ils se sont spécialisés sur la teneur en macronutriments et en métabolites des fleurs ouvertes de colza, leur principale source de nourriture. Dans ce contexte, nous avons cherché à comprendre les bases du rejet de la moutarde blanche (Sinapis alba) par le méligèthe, qui pourrait avoir des applications agronomiques prometteuses pour protéger les cultures de colza de ce ravageur majeur. Nous avons constaté que la teneur en macronutriments du pollen, majoritairement similaire entre le colza et la moutarde blanche, n'expliquait pas ce rejet contrairement aux métabolites des périanthes de boutons floraux de polarités différentes qui se sont montrés dissuasifs. Nous avons également identifié les premiers déterminants génétiques de la résistance de la moutarde blanche au méligèthe, avec l'identification de trois QTL de résistance. Le pyramidage de multiples gènes désirables et traits de résistance chimique, telle qu'il peut être envisagée à partir de ce travail, offre des perspectives prometteuses pour des programmes de sélection visant à introduire des résistances durables de la moutarde blanche dans des cultivars élites de colza. Dans l'ensemble, ce travail met en évidence la nécessité d'intégrer des approches de différents domaines de recherche pour démêler les pressions de sélection qui motivent les décisions de recherche de nourriture des insectes. Comme démontré ici, cette intégration est puissante à la fois pour une meilleure compréhension des processus de sélection des plantes hôtes et pour le développement de programmes durables de protection des cultures. EXPLAINS THE INTRA-INFLORESCENCE FORAGING PATTERN?
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  Mean values of variables used in the correlation analyses.

	Food source	Preference index	Performance (survival in days)	Plant digestible carbohydrates (µg.mg -1 DW)	Plant soluble proteins (µg.mg -1 DW)	Insect free sugars (µg.mg -1 DW)	Insect glycogen (µg.mg -1 DW)	Insect proteins (µg.mg -1 DW)	Insect triglycerides (µg.mg -1 DW)	Total energy (cal.mg -1 DW)
		n = 45	n = 13-15	n = 2-3	n = 2-3	n = 10	n = 10	n = 10	n = 10	n = 10
	Crepis capillaris	0.00	16.57	66.27	35.92	1.22	7.48	118.12	63.67	0.79
	Senecio vulgaris	-0.05	13.70	89.09	8.16	2.36	7.93	216.74	68.33	1.22
	Sisymbirum officinale	-0.04	13.20	27.05	21.38	0.61	10.10	130.66	40.76	0.75
	Sinapis arvensis	-0.05	20.80	45.54	48.06	1.02	9.77	142.96	43.33	0.82
	Ranunculus acris	0.02	16.00	69.62	21.46	2.64	10.40	210.55	46.08	1.12
	Ranunculus repens	0.18	28.00	219.19	22.48	2.34	12.89	205.52	94.39	1.30
	Negative control	not relevant	12.40	not relevant	not relevant	0.90	6.08	83.71	42.92	0.58

  al.,

	L. Bellec et al.

Table S1 :

 S1 List of identified glucosinolates (GSL).

	m/z	RT (min)	Semi-systemic name	Trivial name	Category	Standard used for quantification
	436.04	3.18	4-methylsulfinylbutyl-GSL	Glucoraphanin	aliphatic	Glucoraphanin
	388.04	3.4	2-hydroxy-3-butenyl-GSL	Progoitrin	aliphatic	Progoitrin
	450.06	3.98	5-methylsulfinylpentyl-GSL	Glucoalyssin	aliphatic	Glucoalyssin
	402.05	4.66	hydroxy-pentenyl-GSL	Gluconapoleiferin	aliphatic	Glucobrassicanapin
	372.08	5.52	3-butenyl-GSL	Gluconapin	aliphatic	Gluconapin
	386.06	8.36	4-pentenyl-GSL	Glucobrassicanapin aliphatic	Glucobrassicanapin
	420.05	9.17	4-methylthiobutyl-GSL	Glucoerucin	aliphatic	Glucoerucin
	402.09	14.83	n-hexyl-GSL iso. I	-	aliphatic	Glucobrassicanapin
	402.09	15.14	n-hexyl-GSL iso. II	-	aliphatic	Glucobrassicanapin
	416.10	19.3	n-heptyl-GSL iso. III	-	aliphatic	Glucobrassicanapin
	447.05	11.5	3-indolylmethyl-GSL	Glucobrassicin	indolic	Glucobrassicin
	422.06	13.15	2-phenylethyl-GSL	Gluconasturtiin	aromatic	Gluconarturtiin

Table S2 :

 S2 
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.99 422.9480 negative 45425 ± 5275,7 85058 ± 8341,5 113760 ± 10411 19,978 3,86E-05 ***

  

	5.77 0.45 8.02 9.02 4.47 8.41 8.62 8.63 2.03 8.96 0.56 8.12	683.0008 162.0535 173.1177 137.1338 204.9726 381.1790 122.0350 492.1721 188.0679 516.3625 295.7360 253.1071	negative positive negative positive negative negative negative negative negative negative negative negative	154430 ± 43533 60346 ± 6603,4 79384 ± 5147,3 55670 ± 2184,2 98873 ± 21101 243060 ± 15392 24523 ± 5176,5 234700 ± 9539,4 9003,3 ± 1296,7 51247 ± 2092,1 131080 ± 28861 48113 ± 2447,6	4758,9 ± 2140,7 11124 ± 2047,6 102290 ± 3389,9 67469 ± 2811,6 22568 ± 2085 189830 ± 7630,4 4641,1 ± 516,13 250320 ± 15216 1886,6 ± 834,19 53947 ± 3504,4 182860 ± 42777 50035 ± 1685,9	2124,7 ± 1201,7 15613 ± 4834,4 117290 ± 5483,7 84995 ± 5942,9 82104 ± 25261 182580 ± 10532 54098 ± 27356 196940 ± 19102 112770 ± 66798 45895 ± 3962,5 119890 ± 38687 47505 ± 1830,5	33,141 23,58 17,891 13,149 10,025 7,5139 5,1247 3,606 2,5296 1,6006 0,99344 0,47678		1,71E-06 *** 1,44E-05 *** 7,61E-05 *** 0,000452 *** 0,001766 ** 0,006264 ** 0,025657 * 0,068304 . 0,14281 0,28422 0,44722 0,6686
	0.53 0.71 0.44 0.63 9.03 8.85 8.64 8.05 9.06 0.52 0.54 0.52	245.0425 591.9551 294.0946 555.9542 460.2306 230.3124 221.0816 383.2342 323.2191 332.7966 172.8861 420.7061	negative negative positive negative positive positive negative negative positive negative negative negative	110120 ± 13618 385400 ± 60317 67683 ± 6691,8 122990 ± 24713 289560 ± 14778 18341 ± 2440 369320 ± 93117 78300 ± 5020 289940 ± 22075 51302 ± 4896,5 168730 ± 25124 92076 ± 18690	6004,1 ± 1773 102390 ± 24063 20075 ± 3836 64765 ± 17267 335530 ± 9058,2 54371 ± 8036 28201 ± 1679,1 43066 ± 3740,5 220570 ± 16197 75452 ± 5750,1 219560 ± 23259 121440 ± 23760 Paper 5	22006 ± 7710,1 36054 ± 16153 10550 ± 3409,7 16500 ± 4090,9 441300 ± 48442 25037 ± 5817,9 895230 ± 504730 120610 ± 56707 354550 ± 71626 66370 ± 12807 182300 ± 41720 98409 ± 27850	32,937 23,461 17,84 12,922 10,004 7,4899 5,092 3,5913 2,5265 1,5745 0,98725 0,47092		1,77E-06 *** 1,46E-05 *** 7,72E-05 *** 0,000502 *** 0,001779 ** 0,006334 ** 0,026095 * 0,068863 . 0,14284 0,29022 0,44892 0,67119
	5.78 8.96 0.63 8.96 8.95 0.44 8.01 0.46 9.12 9.16 8.62 8.96	222.0806 409.9069 487.9613 197.0273 negative negative negative negative 510.1605 negative 203.0543 positive 222.1147 positive 242.1762 positive 299.1895 positive 205.1462 positive 414.2878 positive 660.3769 negative	161870 ± 32948 17380 ± 3891,5 454830 ± 84327 88344 ± 6366,4 73457 ± 5155,4 385030 ± 59119 44555 ± 5484,7 114250 ± 21936 187500 ± 41452 158000 ± 21415 739630 ± 31502 747820 ± 39643	17857 ± 5091,3 71253 ± 7750,1 290970 ± 61070 124310 ± 5563,4 76835 ± 5617,4 157250 ± 22568 45272 ± 1448,6 108200 ± 20474 117410 ± 4606 115690 ± 12269 846030 ± 49641 740330 ± 31895	13517 ± 3264,5 62650 ± 8915,6 65490 ± 20989 128330 ± 7712,1 51698 ± 3051,4 197010 ± 34430 65451 ± 8989,2 58578 ± 21044 243400 ± 80143 290260 ± 134570 787950 ± 63601 791760 ± 47561	32,615 23,473 17,808 12,862 9,7912 7,4757 5,0943 3,5215 2,5216 1,5709 0,98514 0,46485		1,87E-06 *** 1,46E-05 *** 7,76E-05 *** 0,000514 *** 0,00199 ** 0,006368 ** 0,026095 * 0,072479 . 0,14308 0,29054 0,44893 0,67394
	RT (min) 5.78 4.99 8.74 4.28 8.98 8.79 8.32 8.77 8.77 0.54 8.97 8.31 0.63 6.16 9.00 3.73 3.92 9.07 0.50 8.57 9.10 0.54 9.20 0.53	m/z 533.2017 258.0437 622.1549 332.0258 570.3887 571.4184 379.1986 475.0454 158.1091 173.8736 353.2249 315.2676 331.0530 708.0272 502.1355 negative mode negative negative negative negative negative positive negative negative positive negative positive positive negative negative 248.0414 positive 269.0335 positive 433.1834 positive 276.8372 negative 481.1824 positive 109.1026 positive 197.8424 negative 340.1220 positive 150.8749 negative	M1 (mean ± SE) 96181 ± 25418 301070 ± 48770 75142 ± 5022 429970 ± 105630 740500 ± 54445 77013 ± 7835,4 36335 ± 3196,7 32378 ± 13570 152080 ± 24113 93419 ± 9630,4 62436 ± 15451 54669 ± 5446 165690 ± 24819 172270 ± 49729 339650 ± 23728 91807 ± 28082 39407 ± 13978 51825 ± 5219,4 110240 ± 3694,3 63747 ± 4140,6 81025 ± 4789,8 50402 ± 5294,6 75228 ± 32043 125210 ± 23005	M2 (mean ± SE) 4751,5 ± 2158,7 62188 ± 30324 50532 ± 2333,8 81394 ± 51193 795620 ± 40367 86314 ± 3633,2 38443 ± 3163,3 1556,9 ± 154,48 64749 ± 7827 123610 ± 7735,8 45785 ± 3300,3 62739 ± 10418 6391,4 ± 3224,4 12656 ± 3331,8 510740 ± 19048 19,86 ± 18,241 5,3906 ± 5,1316 76380 ± 3961,9 145490 ± 5652,6 78910 ± 6201,5 82150 ± 3035,3 78299 ± 8266,1 37304 ± 12321 183040 ± 31855	2618,3 ± 1113,4 21948 ± 11127 47813 ± 2483,5 70857 ± 16434 1029800 ± 49512 106020 ± 4521,1 65888 ± 14109 58643 ± 37083 187410 ± 98743 99911 ± 17970 43963 ± 3316,4 55693 ± 15425 M3 (mean ± SE) 9182,5 ± 4144,8 8698 ± 2292,3 563410 ± 48468 119170 ± 61731 57057 ± 33958 89456 ± 8432,5 127770 ± 10746 78750 ± 3456 67826 ± 7016,2 80835 ± 16659 215670 ± 146390 0,93819 32,567 23,012 17,599 12,838 9,7376 7,4204 5,0713 3,5054 2,5012 1,5173 0,96428 0,45867 F 32,356 22,964 17,591 12,815 9,7347 7,391 5,047 3,4879 2,4878 1,5115 176130 ± 48823 0,44815	df	1,87E-06 *** 1,69E-05 *** 8,36E-05 *** 0,000517 *** 0,002036 ** 0,006566 ** 0,026398 * 0,073197 . 0,14518 0,30402 0,4568 0,67677 p 1,93E-06 *** 1,7E-05 *** 8,36E-05 *** 0,00052 *** 0,002036 ** 0,006663 ** 0,026772 * 0,073999 . 0,14646 0,30496 0,46709 0,68246
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Perianth surface compounds but not non-glandular trichomes partly explain the resistance of Sinapis alba to the pollen beetle
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	Introduction
	Plants have evolved several morphological (e.g., trichomes, spinescence, waxy cuticles,
	toughness) and biochemical (e.g., repellent, deterrent, toxic compounds or digestibility
	reducers) resistance mechanisms in response to selective pressures exerted by herbivores
	1 IGEPP, INRAE, Institut Agro, Univ Rennes, 35000, Rennes, France
	2 Innolea, 6 Chemin de Panedautes, 31700 Mondonville, France

  respectively; young buds vs. olds buds p < 0.001; young buds vs. intermediate buds p < 0.001; old buds vs. intermediate buds p = 0.352).

  Distribution of the parameters used in the optimal diet choice model

	BELLEC et al.			Functional Ecology	| 1705
	Name	Description	Unit	Distribution
	M	Ratio of bud masses ingested per bud (i.e. bud mass ingested on young	unitless	 ( = 0.45, = 0.08)
		buds divided by the bud mass ingested on old buds)		

C

Ratio of total nutrient (P + C) concentrations per mass unit (i.e. total nutrient concentration of young buds divided by the total nutrient concentration of old buds) unitless  ( = 1.15, = 0.14)

H

Handling time min

Young buds,  ( = 18.96, = 2.12) Old buds,  ( = 76.21, = 3.81)

  Mean concentration (±SE) of metabolites in anthers from flowers and anthers from old buds (nmol mg -1 DW), and results of Welch t tests (FDR adjusted p-values). p-values <0.1 are indicated in bold. N = 5 per bud tissue proportion (Figure

	TA B L E 2					Anthers from	Anthers from
							flowers	old buds	df	t	p
					Glucosinolates
					Epiprogoitrin	1.10 ± 0.33	3.32 ± 0.48	7.08	-3.79	0.043
					Progoitrin	0.66 ± 0.21	2.08 ± 0.25	7.78	-4.38	0.033
					Gluconasturtiin	0.48 ± 0.05	0.48 ± 0.05	7.77	0.00	1.000
					Gluconapin	0.26 ± 0.11	1.26 ± 0.36	4.78	-2.66	0.122
					Glucobrassicin	0.14 ± 0.02	0.32 ± 0.06	5.37	-2.85	0.108
					Flavonols
					Flavonol 1	1.52 ± 0.10	1.30 ± 0.03	4.76	2.06	0.160
					Flavonol 2	9.38 ± 0.83	8.80 ± 0.28	4.87	0.66	0.635
					Flavonol 3	2.84 ± 0.15	3.34 ± 0.09	6.57	-2.79	0.108
					Flavonol 4	0.00 ± 0.00	0.06 ± 0.02	4.00	-2.45	0.153
					Flavonol 5	0.06 ± 0.02	0.10 ± 0.00	4.00	-1.63	0.257
					Flavonol 6	0.30 ± 0.03	0.30 ± 0.04	7.20	0.00	1.000
					Flavonol 7	4.70 ± 0.21	5.20 ± 0.16	7.40	1.89	0.160
					S-methylcysteine	19.70 ± 3.73	24.00 ± 3.84	7.99	-0.80	0.578
						sulfoxide
		100			a	
	Time spent feeding (min)	40 60 80 20	a	b		b
		0				
		Total macronutrient	Total macronutrient	Total macronutrient	Total macronutrient
		amount as in anthers	amount as in anthers	amount as in anthers	amount as in anthers
		from flowers	from old buds	from flowers	from old buds
			No epiprogoitrin	Epiprogoitrin as in	Epiprogoitrin as in
					anthers from	anthers from
					old buds	flowers
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  1(d)). The feeding test with detached buds did not provide the same contrast as observed with classically potted plants. The probability of bud damage was the lowest for M2 while no significant difference was found between the bud damage of OSR treatment, M1 and M3 (χ 2 = 88.38, df = 3, p < 0.001, Fig.1(c)). Moreover, no relationship was found between feeding damage observed with classically potted plants and detached buds (r = 0.263, df = 2, p = 0.734, Fig.1(e)). Based on these results, the protocol based on miniaturized plants was retained for further evaluation. When applied on a large panel of 62 white mustard genotypes with 10 replicates each (i.e. 620 individual plants), it allowed the discrimination of a significant variation in the proportion of buds damaged, with EMMean proportions (+/-SE) ranging from 0.013 ± 0.006 to 0.085 ± 0.015 (χ 2 = 281.42, df = 62, p < 0.001, Fig.1(f)).
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Table 1 :

 1 Both methods, SMA and CIM, confirmed QTL detection on linkage groups LG06 for M1×M2 and on LG06 and LG09 for M1×M3. The confidence interval for the QTLs detected by CIM on LG06 and LG09 were projected on the genome sequence assemblies for the two resistant parent lines. QTLs identified define regions of 6.56 Mb on LG06 for M1xM2 and regions of 2.47 Mb on LG06 and 3.50 Mb on LG09 for M1xM3. QTLs associated with the resistance to the pollen beetle, detected with confidence interval mapping (CIM).

	Population	Trait	Linkage group	Position (cM a ; CI b )	QTL length (Mb c )	Add.eff d	Dom.eff e LOD f R² g	No. genes
		Number of							
	M1×M2	partially damaged	06	32.01 (0 -85.67)	6.56	-0.04	-0.05	4.04 0.12	1598
		buds							
		Number of							
	M1×M3	totally damaged	06	54.89 (48.20 -60.37)	2.47	-0.01	-0.21	3.30 0.11	600
		buds							
		Total							
	M1×M3	number of damaged	09	50.54 (48.48 -80.65)	3.50	-0.05	0.16	3.43 0.11	779
		buds							

a cM: centimorgan d Add. eff: additive effect g R²: phenotypic variation explained b CI: confidence interval e Dom. eff: dominance effect c Mb: megabase f LOD: logarithm of odds

Table S1 :

 S1 Results of Single Marker Analysis (SMA) for resistance traits in F2:3 individuals.

	Population	Trait	Linkage group	SNP marker	Position	df1, df2	F	P	R²
	M1×M2	partially damaged buds	04	S04_9970139	47.79	2,140	9.01	<0.001	0.10
	M1×M2	partially damaged buds	04	S04_10598873	47.29	2,140	8.50	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_177045	0.00	2,140	8.36	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_365874	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_373914	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_392322	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_407647	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_443160	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_515131	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_545305	0.69	2,140	7.65	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1650559	13.34	2,140	8.04	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1760141	18.92	2,140	8.24	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1821527	23.66	2,140	8.16	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1839775	23.66	2,140	8.16	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1904009	23.66	2,140	8.16	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_1979667	29.00	2,140	8.75	<0.001	0.10
	M1×M2	partially damaged buds	06	S06_2403761	32.98	2,140	9.83	<0.001	0.11
	M1×M2	partially damaged buds	06	S06_2489806	33.67	2,140	8.29	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_2521787	33.67	2,140	8.29	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_2914099	48.93	2,140	9.07	<0.001	0.10
	M1×M2	partially damaged buds	06	S06_3165548	49.97	2,140	9.04	<0.001	0.10
	M1×M2	partially damaged buds	06	S06_5966572	81.20	2,140	7.44	<0.001	0.08
	M1×M2	partially damaged buds	06	S06_5969302	81.20	2,140	7.44	<0.001	0.08
	M1×M2	partially damaged buds	06	S06_6299221	83.28	2,140	7.56	<0.001	0.08
	M1×M2	partially damaged buds	06	S06_6389723	84.32	2,140	7.93	<0.001	0.09
	M1×M2	partially damaged buds	06	S06_22240174	148.43	2,140	6.45	<0.001	0.10
	M1×M2	partially damaged buds	11	S11_21232292	70.64	2,140	6.81	<0.001	0.11
	M1×M3	totally damaged buds	06	S06_6988625	54.52	2,135	8.01	<0.001	0.09
	M1×M3	totally damaged buds	06	S06_7166528	54.88	2,135	8.05	<0.001	0.09
	M1×M3	totally damaged buds	06	S06_7229564	54.88	2,135	8.05	<0.001	0.09
	M1×M3	damaged buds	09	S09_14780993	50.54	2,135	8.37	<0.001	0.10
	M1×M3	damaged buds	09	S09_14877956	50.54	2,135	8.37	<0.001	0.10
	M1×M3	damaged buds	09	S09_14888017	50.54	2,135	8.37	<0.001	0.10
	M1×M3	damaged buds	09	S09_14959450	50.91	2,135	8.23	<0.001	0.10
	M1×M3	damaged buds	09	S09_14972261	50.91	2,135	8.23	<0.001	0.10
	M1×M3	damaged buds	09	S09_15053242	52.36	2,135	7.57	<0.001	0.09
	M1×M3	damaged buds	09	S09_15187512	54.24	2,135	7.74	<0.001	0.09
	M1×M3	damaged buds	09	S09_15636224	55.69	2,135	7.71	<0.001	0.09
	M1×M3	damaged buds	09	S09_16637424	72.90	2,135	7.30	<0.001	0.08
	M1×M3	damaged buds	09	S09_16787997	74.71	2,135	7.92	<0.001	0.09

  , sustainable control strategies are thus urgently needed. In this context, fundamental approaches from nutritional ecology, chemical ecology and quantitative genetics followed in this PhD have provided a better understanding of the factors involved in feeding decisions of pollen beetles, and appear of interest for crop protection. In particular, we found that compounds present in closed flower buds of B. napus (Paper 3 [Chapter 2]) or in B. napus-related species (Papers 4 and 5 [Chapter 2]) can deter pollen beetle feeding. Starting from this, we propose some opportunities to improve the resistance of B. napus to this pest. Paper 3 [Chapter 2] is the first evidence of a direct defensive function of this compound.Ongoing phylogenetic approaches assessing the within-plant distribution pattern of SMCSO among brassicaceous species will help to understand whether it has really evolved as a defense compound. Additionally, the evaluation of the influence of this compound on other insects such as specialists vs. generalists, belowground vs. aboveground species, or those feeding on vegetative organs (since SMCSO is also present in roots and leaves

	Paper 3 [Chapter 2] revealed a drastic deterrent effect of SMCSO, with a reduction of the
	feeding intensity of about 90 % when SMCSO was tested at physiological concentrations on an
	artificial substrate. Although some SMCSO degradation products, i.e., dimethyldisulfide
	(DMDS) and dimethyltrisulfide (DMTS), have been documented as important neurotoxins for
	phytophagous insects (Chin & Lindsay, 1994; Coode-Bate et al., 2019; Danner et al., 2015;
	Dugravot et al., 2003; Kubec & Dadáková, 2009),
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Food preferences in a generalist pollen feeder: a nutritional strategy mainly driven by plant carbohydrates Laura Bellec 1,2 *, Anne-Marie Cortesero 1 , Thomas Giguère 1 , Sébastien Faure 2 , and Maxime R. Hervé 1 1 IGEPP, INRAE, Institut Agro, Univ Rennes, 35000, Rennes, France 2 Innolea, 6 Chemin de Panedautes, 31700 Mondonville, France *Correspondence: Laura Bellec laura.bellec@innolea.fr Supplementary Figure 1: Pollen beetles' insect energetic budget before and after starvation.

Supplementary Figure 2: Position of each individual on one of the six plant species tested according to time.

Supplementary Figure 3: Heterogeneity in food choices between individuals over time.

Supplementary Figure 4: Trends of the mean proportion of individuals feeding on each plant species over time.

Supplementary Figure 5: Mean concentration of proteins and carbohydrates in anthers from the six species.

Supplementary Figure 6: Trends of the mean proportion of individuals feeding on artificial substrates supplemented with macronutrients in the same concentrations as found in anthers of each of the six species over time. 7

Supplementary

Supplementary Figure 6. The proportion of pollen beetles feeding on artificial diets containing macronutrients in the same concentrations as found in anthers from R. repens increases over time.

Trends of the mean proportion of individuals feeding on each resource over time. n = 30.
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Method S1: Calculation of the mass of an agar disk impregnated with 5 µl of solvent.

The mass of a disk impregnated with solvent was assessed with two solvents, dichloromethane and methanol (n = 10 disks per solvent). A volume of 5 µl of methylene blue was applied on the surface of the disks. After cutting disks in halves, the total diameter (𝑑) and height (ℎ) of the disks were measured as well as the diameter (𝑑′) and height (ℎ′) of the part of the disks that was not impregnated with the staining solution. The mass of disk impregnated (𝑀 𝑖𝑚𝑝𝑟𝑒𝑔𝑛𝑎𝑡𝑒𝑑 ) was then calculated using the total mass of the disk (𝑀 𝑡𝑜𝑡𝑎𝑙 ), the total volume of the disk (𝑉 𝑡𝑜𝑡𝑎𝑙 ) and the volume of disk not impregnated (𝑉 𝑛𝑜𝑛-𝑖𝑚𝑝𝑟𝑒𝑔𝑛𝑎𝑡𝑒𝑑 ) as follows.

The mean mass of an agar disk impregnated with 5 µl of solvent was of 12.97 ± 0.63 mg FW (dichloromethane 14.15 ± 1.05 mg FW, methanol 11.75 ± 0.54 mg FW).

Parameters used to calculate the mass of agar disk that is impregnated with 5µl of solvent.

Discussion

Plant resistance to insects is generally based on the synergistic interaction of several traits (Agrawal & Fishbein, 2006), and such combination of resistance traits potentially provides a higher level of plant defense (Ortega et al., 2016;Storer et al., 2012;Yamanaka & Hossain, 2019). Considering the diversity of traits and their relative contribution to the plant resistance is therefore crucial for breeding programs aimed at developing sustainable crop resistances [START_REF] Mitchell | Plant defense against herbivorous pests: Exploiting resistance and tolerance traits for sustainable crop protection[END_REF]. In this context, this study assessed the involvement of several perianth surface characteristics (i.e., trichomes and surface chemistry) in the resistance of the white mustard, S. alba, to the pollen beetle.

Non-glandular trichomes can act as a plant defense by disrupting herbivore locomotion, either by acting as a physical barrier or by causing injuries [START_REF] Bar | Plant trichomes and the biomechanics of defense in various systems, with Solanaceae as a model[END_REF]Xing et al., 2017).

Although S. alba possesses non-glandular trichomes not found on B. napus our results revealed that the probability of a bud to be attacked was not influenced by the presence of these trichomes. It is known that the efficiency of trichome-based defenses is highly dependent on the insect morphology (e.g., size) and mode of locomotion (e.g., flying or walking), as well as the trichome density and spatial arrangement on plant organs [START_REF] Peterson | Integration of plant defense traits with biological control of arthropod pests: Challenges and opportunities[END_REF][START_REF] Riddick | Do plant trichomes cause more harm than good to predatory insects?[END_REF]Tian et al., 2012;Vermeij, 2015). As pollen beetles are of small size (i.e., 2-3 mm long), it can be hypothesized that the trichome density on S. alba buds (i.e., one trichome per flower bud on average) are of too low efficiency to reduce pollen beetle feeding. Indeed, studies that reported a significant influence of S. alba trichomes were performed on insects feeding on pods, where trichomes cover most of the surface (Bodnaryk, 1996;[START_REF] Lamb | Hairs protect pods of mustard (Brassica hirta 'gisilba') from flea beetle feeding damage[END_REF][START_REF] Mccaffrey | Assessment of Sinapis alba, Brassica napus and S. alba×B. napus hybrids for resistance to cabbage seedpod weevil, Ceutorhynchus assimilis (Coleoptera: Curculionidae)[END_REF]. Moreover, although trichomes might have explained the resistance of S. alba compared to that of B. napus, this would not have hold true for the resistance contrast observed between S. alba genotypes, as all these produce trichomes in similar density.

The surface of the plant is the primary contact zone for herbivorous insects. Consistently, it has been widely recognized that surface chemical compounds play an important role in host plant selection processes in these insects (reviewed in Eigenbrode &Espelie, 1995 andRiederer &Müller, 2006). In this study, the contrast in pollen beetle feeding, as observed on entire S. alba plants (Bellec et al., 2022a), was also found with perianth surface extracts but only when genotype M1 was compared to M3. In line with observations from Borg & Ekbom (1996) on pollen beetle oviposition, we found that perianth surface compounds are involved in the resistance of S. alba, as these compounds partly explain the feeding contrast observed between the two most contrasted genotypes. The chemistry of plant cuticle is mainly represented by fatty
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Assessment of 𝑎 (radius; mm) from ℎ (n = 30 buds):

Assessment of 𝐴 (total area; mm) from ℎ1, ℎ2 and 𝑎:

The mean area of a bud was of 9. 94 mm², thus an average of 300 mm² was extracted per inflorescence ( 9.94 (mean area) * 30 (number of buds on one inflorescence) = 298.2 mm²).

Parameters used to measure flower bud area.

Supplementary Figure 1: Pictures of flower buds of Brassica napus and Sinapis alba

Presence of non-glandular trichomes on the surface of flower buds of Sinapis alba, which are not found on flower buds of Brassica napus. a) Flower bud of Brassica napus, b) Flower bud of Sinapis alba (M1 genotype, i.e. susceptible to pollen beetles), c) Flower bud of Sinapis alba (M2 genotype, i.e. resistant to pollen beetles), d) Flower bud of Sinapis alba (M3 genotype, i.e. highly resistant to pollen beetles). Buds with 'high' trichome densities are pictured (Figure S1). 

Supplementary Figure 2: Trichome density does not differ between Sinapis alba genotypes

Discussion

In this chapter, we described the spatio-temporal allocation of chemical defenses in reproductive tissues of B. napus and made the first demonstration of a defensive function of the well-known but still mysterious SMCSO. We also showed that the white mustard perianth contains internal and surface metabolites that deter pollen beetle feeding, contrary to physical structures. Using a bio-guided fractionation approach coupled with untargeted high-resolution metabolomics, we identified thirteen candidate ions.

Only few studies have investigated the distribution of plant defenses among plant reproductive organs (i.e., perianths, anthers and pistils) (Bravo & Copaja, 2002;Onodera et al., 2014), and evolution of these defenses with organ maturation [START_REF] Chrétien | Plant metabolism and defence strategies in the flowering stage: Time-dependent responses of leaves and flowers under attack[END_REF]Li et al., 2021). To the best of our knowledge, no study has ever assessed simultaneously the spatial and temporal allocation of chemical defenses within reproductive tissues. Here, we found higher amounts of In parallel, we found that SMCSO is also more concentrated in reproductive than in vegetative organs [Paper 3], and that within reproductive tissues, it is more concentrated in pistils followed by perianths and anthers in intermediate buds, these differences being reduced down to disappearing with bud maturation. These last results, combined with the demonstration of the deterrent effect of SMCSO on the feeding behavior of pollen beetles, bring the first evidence of the defensive function of this metabolite, at least in flower buds. However, whether or not this compound truly evolved as a defense still remains unknown. Broader studies based on a large diversity of brassicaceous plants, as well as feeding tests with diverse herbivores differing in their diet breath and the organ they feed from, are ongoing to help answer this crucial question.

Although high defense levels in anthers, such as found for glucosinolates, are advantageous against non-pollinating pollen feeders (reviewed in Rivest & Forrest (2020)), they could be detrimental to pollinators (Brochu et al., 2020;Vanderplanck et al., 2020) and thus for the plant fitness. Previous work by Hervé, et al. (2014), however, showed that glucosinolates, at least those found in oilseed rape, do not seem to have a major influence on the feeding behavior of the pollen beetle, a non-pollinating pollen feeder. Further studies are needed to test whether the

Chapter 3

Merging nutritional and chemical ecology to understand host plant selection draft of the manuscript and all authors contributed to revisions. All authors gave final approval for publication.
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Factors driving the within-plant patterns of resource exploitation in a herbivore

M, the ratio of bud masses ingested per bud

Generation of real values -Individuals starved for 24 h were placed individually in Petri dishes (Ø = 35 mm) containing a moistened filter paper and then offered a unique but non-limiting food source for 24 h. Two treatments were performed: five young buds and two old buds. Buds were weighted before and after the feeding period using a microbalance (precision 0.01 mg)

and the number of buds damaged was recorded. Thirty replicates were performed per treatment.

Eight-ten control replicates (without insects) were performed per treatment to estimate weight loss due to desiccation. Net weight losses due to feeding was calculated by subtracting the mean weight loss due to desiccation to raw weight losses. Values were divided by the number of buds damaged to get net masses ingested per bud. Replicates where the individual did not feed were discarded, leading to 24-30 values per bud maturity class.

Estimation of the distributions -The following procedure was followed:

1. A new data set was generated randomly by bootstrapping real data, separately for young buds and old buds. A ratio of bud masses ingested, M, was computed by dividing the median mass ingested per young bud by the median mass ingested per old bud.

2.

Step 1 was repeated until obtaining 10 000 values of M. 

H, the handling time

Generation of real values -Twenty-four individuals were placed individually in Petri dishes (Ø = 28 mm) containing a single bud chosen randomly from 1-7 mm long buds. Buds were fixed to the bottom of the Petri dishes using an albumin solution (0.05 %) to avoid movement that could disturb the handling process. Preliminary observations showed that once started, a feeding sequence is never interrupted until anthers are reached. Insects were observed every 5 min using a portable magnifier (x 10) and it was recorded when the feeding sequence started and when anthers were reached. The relationship between bud maturity and handling time, i.e. time to pierce the perianth and reach anthers, was modelled using a Linear Model (LM).

Estimation of the distributions -The following procedure was followed:

1. From the above model, 10 000 values of handling time per young bud were predicted by bootstrapping. Predictions were performed for a bud size of 1.75 mm, i.e. the mean size of young buds. The same was performed for old buds (size 6 mm). 

Chapter 4 Genetic determinants of host plant resistance

In this chapter, we develop a new mid-throughput protocol to phenotype dozens to hundreds of plants for their resistance to the pollen beetle, and use it to perform QTL mapping as first step to understand the genetic determinants of this resistance.

Research Article
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Supplementary Supplementary Table 1: Results of Single Marker Analysis (SMA)

Supplementary Information Supplementary Figure 1: Pictures of the different levels of damage of pollen beetles on Sinapis alba flower buds

Supplementary Figure 2: Genetic linkage map of M1×M2 and M1×M3 populations

Discussion

In this chapter, we developed a mid-throughput phenotyping protocol to screen genotypes of Sinapis alba for their resistance to the pollen beetle. Using this protocol in association with quantitative genetic analyses, we performed QTL mapping and identified the first QTLs of resistance to the pollen beetle in two segregating populations.

The phenotyping of large numbers of plant lines for their resistance to insects is the main bottleneck of breeding programs, especially when this resistance is quantitative (Goggin et al., 2015;Hervé, 2018;Houle et al., 2010;Kloth et al., 2012). In the case of the pollen beetle, large field screenings are made difficult because of the important influence of the plant phenology and height on both the colonization and feeding behavior (Cook et al., 2007;Hervé et al., 2017).

The protocol developed here allowed phenotyping hundreds of S. alba genotypes under controlled conditions, where the phenological stage of the plants could be homogenized. To do this, we optimized an existing protocol developed by Hervé et al. (2014) by miniaturizing the plants, which allowed a faster growth, saving space during growth and experiments, and easing manipulation of the plants. This protocol can still be improved, especially the laborious and time-consuming assessment of damage (i.e., number of buds attacked) that could be automated using spectroscopic techniques (reviewed in [START_REF] Ahmad | Monitoring insect pest infestation via different spectroscopic techniques[END_REF]. However, it already permitted the observation of significant variations in pollen beetle feeding damage in two large populations of ca. 140 S. alba genotypes each, which broke down a significant barrier for this biological system. This mid-throughput phenotyping protocol has thus paved the way for the search of genetic determinants of the resistance to the pollen beetle.

Understanding the genetic determinants of resistance to insects is essential for breeding programs that aim to provide an ecofriendly and sustainable method for crop protection. Here, the QTL mapping performed on two segregating populations of S. alba revealed three QTLs associated with the resistant phenotype, located on linkage groups LG06 and LG09. Each QTL explained 11-12 % of the phenotypic variation, which is rather low compared to studies on piercing-sucking insects (Lee et al., 2015;[START_REF] Punnuri | Developing new markers and QTL mapping for greenbug resistance in sorghum [Sorghum bicolor (L.) Moench][END_REF], but in line with results obtained with other chewing insects (Castro-Álvarez et al., 2015;Ekuere et al., 2005;Joshi et al., 2021;Kamfwa et al., 2018). This study then provides the first insight into the genetic bases of the resistance to the pollen beetle in S. alba, and contributes to an emerging literature on the genetic determinants of quantitative resistances to chewing insects.

Interestingly, two QTLs, one from each population, overlapped on LG06. This makes this particular genomic region of prime interest to identify genes conferring resistance in S. alba.

However, this QTL of interest is still very large (i.e. 2.7 Mb) and underlines 600 genes.

Refinement of the QTL would be required to avoid the introgression of deleterious genes that could reduce yield and are not involved in resistance. Upcoming are new QTL analyses that will be performed on populations with higher segregation rates (Nagata et al., 2015), which should increase the power and precision of the detection of QTLs and ease breeding programs aiming to introgress the resistance expressed in S. alba in elite B. napus cultivars. Additionally, transcriptomic analyses will be performed to identify genes that are differentially expressed between the parental lines, aiming to narrow down the number of candidate resistance genes that will finally have to be characterized both structurally and functionally (Santos et al., 2018;Zhang et al., 2021;Zhu & Zhao, 2007). In the end, functional validation of the effect of these genes will confirm those that really confer resistance to the pollen beetle. This will be crucial to subsequently launch research programs on the molecular mechanisms of resistance in this plant species.

General discussion

General discussion

Summary of the results

The objective of this PhD was to combine nutritional and chemical ecology with quantitative genetics to understand the mechanisms of host plant selection in the pollen beetle. Using complementary approaches coming from these different research fields, we were able to identify some of the drivers of the pollen beetle nutritional strategy at different plant scales (Figure 1).

Strikingly, since the work of Hervé et al. (2014) showing a strong positive correlation between the feeding intensity of pollen beetles and the concentration of sucrose and two free amino acids (i.e., proline and serine) in oilseed rape perianths, no study has examined the influence of primary metabolites or macronutrients on the pollen beetle feeding behavior. Given that pollen beetles feed on anthers from flowers of Brassica napus for almost all their life cycle, Paper 6

[Chapter 3] used the well-known preference for open flowers over flower buds to decipher the drivers of the feeding behavior and showed that pollen beetles maximize their macronutrient intake per unit of time. Paper 1 [Chapter 1] confirmed these results with evidence that pollen beetles prefer to feed on macronutrient-rich pollen (especially carbohydrates) when given a choice between plants from different families, and that this preference is adaptive. Using physiological approaches, Paper 1 [Chapter 1] bridged the gap between the plant macronutrient content and the insect performance, and showed that feeding on carbohydrate-rich resources results in the accumulation of higher glycogen and total energy amounts. Interestingly, the importance of macronutrients as a driver of pollen beetle nutritional strategy was observed at two extreme scales -i.e., when choosing between plants of different families and when choosing between organs of different maturity stages within the same plant -and at two different periods -i.e., just before diapause and during the post-diapause reproductive period.

Thus, it could be hypothesized that maximizing nutrient intake, especially carbohydrates, is the overall nutritional strategy of the pollen beetle throughout its life cycle and not just a mean to survive diapause in winter or to produce eggs the next spring. Despite its highly generalist diet breadth, the pollen beetle seems to have the ability to detect fine variations in the nutrient content of its food, and to adjust its behavior accordingly. This appears in line with studies on other generalist phytophagous insects (reviewed in Behmer et al., 2002).

in this PhD may then be an ecological and evolutionary consequence of the close relationship between pollen beetles and B. napus. The variability in macronutrient composition of all foods an organism will consume can be represented by a polygon. Here, the macronutrient specialist (blue circle) can either be a 'food composition specialist' (yellow area) or a 'food composition generalist' (green area). The different types of food an animal is capable to exploit can also be represented: here, the green hexagon, the blue square and the red diamond are nutritionally very similar but can have different non-nutritional properties (e.g., specialized metabolites, structural characteristics); an insect capable of exploiting all three would be considered an 'exploitation generalist' whereas another one being restricting to one of them would be considered an 'exploitation specialist'. c) Two-dimensional representation of the multilevel diet breadth of the pollen beetle, as emerging from this PhD. The macronutrient range (blue oval), the food composition range tested (green area) and the diversity of non-nutritional properties encountered are indicated (cf. Figure 7).

The pollen beetle then appears at the interface between generalism and specialism when seen through the lens of macronutrients. What is striking is that this interface is also reflected in the behavioral responses to plant defenses. Indeed, given their generalist feeding behavior, pollen beetles should be affected by specific compounds, especially specialized metabolites. However, Hervé et al. (2014) and Austel et al. (2021) showed that great variations in the glucosinolate content of B. napus do not affect their feeding behavior. This contrasts with the welldemonstrated deterrent effect of glucosinolates on many other generalist herbivores (Hopkins et al., 2009). have adapted to feed on these resources. However, whether pollen beetles have evolved counteradaptations (e.g., detoxification, sequestration, excretion [START_REF] Després | The evolutionary ecology of insect resistance to plant chemicals[END_REF]Heckel, 2014)) to cope with glucosinolates and feed on open flowers of B. napus remains to be investigated. In addition, it cannot be excluded that the artificial selection that increased the productivity of B. napus, which sometimes happens at the expense of defenses (Chen et al., 2015;Whitehead et al., 2017), has led to a decrease in glucosinolate levels that became insufficient to deter pollen beetles from feeding. Assessing the influence of the glucosinolate While not feasible for now given the large number of genes identified in Paper 8 [Chapter 4],

the refinement of QTLs and the associated reduction of the number of genes below could be complemented by expression analyses. This would allow identifying candidate genes that are expressed differentially between our contrasted parents. Functional and structural analyses of these candidate genes should then permit the characterization of the true genetic determinants of the resistance of S. alba to the pollen beetle. Heterogenous inbred lines (HIF), i.e., isogenic lines at most loci but segregating for the target QTL [START_REF] Tuinstra | Heterogeneous inbred family (HIF) analysis: A method for developing near-isogenic lines that differ at quantitative trait loci[END_REF]) may be a powerful approach to perform such functional validation. The introgression of the final QTLs into elite B. napus cultivars could then, finally, be considered. Although this introgression will certainly be challenging given the difficulty to produce interspecific hybrids and the many backcrosses that will be required to ensure a stable introgression of resistance genes, previous studies already showed that is feasible. Indeed, using embryo rescue [START_REF] Brown | Intergeneric hybridization between Sinapis alba and Brassica napus[END_REF] produced S. alba x B. napus hybrids and, after several years of research, some B. napus progeny showed both resistance to the cabbage seed weevil and yields close to common elite cultivars [START_REF] Dosdall | Introgression of resistance to cabbage seedpod weevil to canola from yellow mustard[END_REF][START_REF] Mccaffrey | Resistance of canola-quality cultivars of yellow mustard, Sinapis alba L., to the cabbage seedpod weevil, Ceutorhynchus obstrictus (Marsham)[END_REF]Shaw et al., 2009). The same authors also succeeded in introducing the resistance to the cabbage root fly (Delia radicum), identified in S. alba too, into an elite B. napus cultivar [START_REF] Dosdall | Identification and evaluation of root maggot (Delia spp.) (Diptera: Anthomyiidae) resistance within Brassicaceae[END_REF]. 

French summary