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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 individual-scale 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 non-random 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 combine assessments of the plant macronutrient content and insect energetic budget in an adaptive framework to better understand the nutritional strategies of herbivores.
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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 (Bernays and Minkenberg, 1997; 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 (Pulliam, 1975; Westoby, 1978). However, Fox and Morrow (1981) and Bernays and Minkenberg (1997) 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 (Bernays and Minkenberg, 1997). Indeed, examples of such generalist feeding strategies at the individual scale can be found in mammals (Wiggins et al., 2006; Cui et al., 2018; Takahashi et al., 2021; Windley et al., 2022), birds (Fargallo et al., 2020; Cady et al., 2021; Oortwijn et al., 2022), reptiles (Figueras et al., 2021), and fishes (Yeager et al., 2014; Laske et al., 2018). 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 (Fontaine et al., 2009), only nutritional strategies of bees have been thoroughly studied (Bonoan et al., 2020; 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; Lankau, 2007; Kaplan et al., 2014; 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 (Ojima and Isawa, 1968; Ryder et al., 2021; Paź-Dyderska et al., 2022; Venjakob et al., 2022) and insects’ feeding preferences and performance can vary in response to such variation (Raubenheimer and Simpson, 1997; 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 (Berenbaum, 1995). Thus, the same coevolutionary process as observed with plant defenses might occur with plant macronutrients (Moran and Hamilton, 1980; Lundberg and Astrom, 1990; Augner, 1995; Berenbaum, 1995) 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 (Arrese and Soulages, 2010), and proteins as energy available for a diversity of physiological processes (Gilbert, 1972; Telfer and Kunkel, 1991; Hahn and Denlinger, 2007). 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 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 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 Masuko et al. (2005) and Deans et al. (2018), 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 H2SO4 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 (Masuko et al., 2005) and standard solutions of glucose as references, with 50 μl of sample mixed with 150 μl of H2SO4 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 KH2PO4, 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 (Na2SO4, 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 (Beninger, 1984).



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,” Gabadinho et al., 2011). 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 square-root 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).
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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.




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).
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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.




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].
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FIGURE 3
Host plant positions in the macronutrient space.




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.


[image: image]

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. 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.




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 (χ2 = 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).
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FIGURE 5
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.






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 (Fox and Morrow, 1981; Bernays and Minkenberg, 1997). Indeed, 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 (Barbosa and Krischik, 1987; Bernays and Minkenberg, 1997; Singer, 2001; Bernays and Singer, 2002; 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; Barbosa and Krischik, 1987; Karowe, 1989). 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; Vaudo et al., 2016; 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 (Nicolson, 2011; Donkersley et al., 2017). However, as demonstrated here, host-plant selection by pollen feeders can also be determined by pollen carbohydrates. Overall, this work supports Le Gall et al. (2021, 2022) 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 (Heino and Kaitala, 1999; Tomlinson et al., 2014). 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 (Arrese and Soulages, 2010). 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 and Denlinger, 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 Lefcheck et al. (2013) in a large-scale 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 (Desouhant et al., 2010; Simcock et al., 2014; Hollis and Guillette, 2015), individual personalities (Tremmel and Müller, 2013), ecological reasons such as spatial and temporal variations in resource availability and presence of natural enemies (Rusch et al., 2011; 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; Prokopy and Owens, 1983). 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.
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