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Avant-propos du chapitre 3 

 

Les résultats obtenus dans le chapitre précédent mettent en évidence l’importance de la quantité 

du pollen sur le développement et la survie des abeilles. De plus, ils permettent de confirmer 

les suppositions faites sur un potentiel stress impliqué par les périodes de pénuries observées 

en paysage d’agriculture intensive. Les conséquences directes de ce stress étant une 

perturbation de la physiologie des abeilles nourrices, et une diminution de leur survie. 

Indirectement, cela peut impliquer des perturbations sur l’organisation de la colonie, et un 

déclin de la survie de la colonie. De même, contrairement à Höckerl et al. (2012), nous 

démontrons clairement qu’un mélange de pollen récolté en période de floraison de maïs est de 

valeur nutritionnelle trop faible pour permettre à l’abeille un développement optimum.  La 

qualité du pollen est donc un facteur important à prendre en compte dans l’étude de 

l’alimentation pollinique et des effets qu’elle peut avoir sur la santé de l’abeille. Dans cette 

partie, la diversité ne semble pas apporter de plus-value à l’abeille.  

 

Cette étude nous a permis d’en savoir un peu plus sur l’importance de la quantité, de la qualité, 

et de la diversité pollinique sur le développement et la survie des abeilles domestique en 

conditions réelles. Dans le prochain chapitre, nous sommes allés un peu plus loin dans la 

détermination de l’influence de la qualité et de la diversité pollinique sur la santé de l’abeille. 

Pour cela, nous avons analysé la taille des glandes, et les taux de deux gènes (vitellogénine et 

transferrine) en fonction de la valeur nutritionnelle de pollens monofloraux, ou d’un mélange. 

Mais nous ne tenons compte ici que du stress qu’impliquent des variations dans la disponibilité 

du pollen. Or, de nombreux stress sont présents dans l’environnement, et ont de fortes 

incidences sur la santé de l’abeille et sa survie (Van Engelsdorp et al. 2009). Parmi eux, le 

parasite Nosema ceranae. Ce parasite très présent dans les ruchers apicoles français (Chauzat 

et al., 2007) se développe dans l’intestin des abeilles, provoquant des conséquences multiples 

et variées. Après la germination de la spore et l’introduction de son sporoplasme dans le 

cytoplasme de la cellule hôte, une série d’altérations morphologiques et physiologiques sont 

visibles dans les cellules de l’épithélium de l’intestin (García-Palencia et al., 2010 ; Dussaubat 

et al., 2012). De plus, la microsporidie cause des stress energétiques chez son hôte en capturant 

l’ATP de son environnement cellulaire. La microsporidie ne possédant pas de mitochondrie 

mais un organe réduit dénommé « mitosome » qui au cours de l’évolution a perdu la fonction 

de respiration cellulaire (Williams, 2009), elle doit s’entourer des mitochondries de son hôte 
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pour pouvoir se développer et se multiplier (Higes et al., 2007). En ce qui concerne les effets 

sur la survie des abeilles, les scientifiques n’ont pu trancher sur le degré de virulence de ce 

parasite (Higes et al., 2007 ; Higes et al., 2008a ; Martín-Hernández et al., 2009; Van Egelsdorp 

et al., 2009; Alaux et al., 2010b; Forsgren et Fries, 2010; Chauzat et al., 2010 ; Vidau et al., 

2011). Les mécanismes de défense des abeilles aux pathogènes comprennent deux stratégies 

principales : la résistance et la tolérance. La résistance s’exprime par la construction de barrières 

qui empêchent l’infection ou par l’activation de réponses de défense lorsque l’infection a eu 

lieu, alors que la tolérance vise à compenser le coût énergétique ou le dommage tissulaire 

provoqué par le pathogène ou par l’activation de la réponse immune de l’hôte (Evans et Spivak, 

2010).  

Chez les insectes, les barrières sont la cuticule et les membranes épithéliales qui dans de 

nombreux cas évitent l’adhérence et l’entrée des microbes dans le corps. Ce type de défense a 

déjà fait l’objet d’études (Dussaubat et al., 2012). C’est pourquoi dans un second temps, nous 

avons déterminé dans quelles mesures l’alimentation pollinique peut renforcer la résistance ou 

la tolérance de A. mellifera L. en présence du stresseur, sur l’activité d’enzymes impliquées 

dans l’immunité ou la détoxication de l’abeille, ainsi que sur sa survie.  
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Abstract 

 

Honey bee colonies are highly dependent upon the availability of floral resources from which 

they get the nutrients (notably pollen) necessary to their development and survival. However, 

foraging areas are currently affected by the intensification of agriculture and landscape 

alteration. Bees are therefore confronted to disparities in time and space of floral resource 

abundance, type and diversity, which might provide inadequate nutrition and endanger 

colonies. The beneficial influence of pollen availability on bee health is well-established but 

whether quality and diversity of pollen diets can modify bee health remains largely unknown. 

We therefore tested the influence of pollen diet quality (different monofloral pollens) and 

diversity (polyfloral pollen diet) on the physiology of young nurse bees, which have a distinct 

nutritional physiology (e.g. hypopharyngeal gland development and vitellogenin level), and on 

the tolerance to the microsporidian parasite Nosema ceranae by measuring bee survival and the 

activity of different enzymes potentially involved in bee health and defense response 
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(glutathione-S-transferase (detoxification), phenoloxidase (immunity) and alkaline 

phosphatase (metabolism)). We found that both nurse bee physiology and the tolerance to the 

parasite were affected by pollen quality. Pollen diet diversity had no effect on the nurse bee 

physiology and the survival of healthy bees. However, when parasitized, bees fed with the 

polyfloral blend lived longer than bees fed with monofloral pollens, excepted for the protein-

richest monofloral pollen. Furthermore, the survival was positively correlated to alkaline 

phosphatase activity in healthy bees and to phenoloxydase activities in infected bees. Our 

results support the idea that both the quality and diversity (in a specific context) of pollen can 

shape bee physiology and might help to better understand the influence of agriculture and land-

use intensification on bee nutrition and health.  

 

1- Introduction 

 

By ensuring reproduction of many plants, pollinators, like honey bees, are essential to the 

functioning of natural and agricultural ecosystems (Klein et al., 2007; Gallai et al., 2009; 

Morse, 1911). In turn, pollinators benefit from this pollination service by harvesting the 

nutrients (nectar and pollen) required for their growth and health. For example, in honey bees, 

floral nectar, containing carbohydrates and stored as honey, is the energetic fuel of individuals, 

and pollen provides most of the nutrients required for their physiological development 

(Brodschneider and Crailsheim, 2010). The development and the survival of honey bee colonies 

are therefore intimately associated with the availability of those environmental nutrients 

(Brodschneider and Crailsheim, 2010; Keller et al., 2005; Haydack, 1970), which suggests that 

the alteration of bee foraging areas due to the current intensification of agriculture and 

landscape changes might provide a deficient nutrition and therefore affect honey bee 

populations (Decourtye et al., 2010; Naug, 2009). This is further supported by beekeepers, who 

are ranking poor nutrition and starvation as two of the main reasons for colony losses (Van 

Engelsdorp et al., 2008). Therefore, studying the link between nutrient availability and bee 

health might help to better understand the current bee losses observed throughout the world 

(Neumann and Carrek, 2010). Among those flower nutrients, pollen, which is virtually the main 

source of proteins, amino acids, lipids, starch, sterols, vitamins and minerals (Roulston and 

Buchmann, 2000; Stanley and Linskens, 1974), is a major factor influencing the longevity of 

individuals (Haydack, 1970). Pollen is also important at the colony level, since it enables the 

production of jelly by young workers that is used to feed larvae, the queen, drones and older 
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workers (Crailsheim et al., 1992; Crailsheim, 1992). Therefore, a direct consequence of 

nutritional deficiency (pollen shortage) is a decrease in the colony population (Keller et al., 

2005) and likely a deficient health of individuals, which could also affect the resistance 

threshold of bees to other stress (pathogens or pesticides) (Van Engelsdorp et al., 2008; Le 

conte et al., 2011). Indeed, pollen intake is known for influencing the physiological metabolism 

(Alaux et al., 2011; Ament et al., 2011), immunity (Alaux et al., 2010a), the tolerance to 

pathogens like bacteria (Rinderer et al., 1974), virus (Degrandi-Hoffman et al., 2010) and 

microsporidia (Rinderer et Elliott, 1977)  and reducing the sensitivity to pesticides (Wahl and 

Ulm, 1983). However, honey bees rarely face a total lack of pollen in their environment but are 

rather confronted with variability in time and space of pollen resource abundance, type and 

diversity. In addition, pollens can differ between floral species regarding their nutritional 

contents (Roulston and Cane, 2000; Herbert and Shimanuki, 1978; Odoux et al., 2012) 

suggesting that some are of better quality for bees than others. Therefore, studying the influence 

of pollen intake on bee health requires also taking into account the quality and diversity of 

pollen diets. Despite some studies showed that pollen quality can affect the longevity of bees 

(Schmidt et al., 1987, 1995; Standifer, 1967; Maurizio, 1950) and the hypopharyngeal gland 

development (Standifer, 1967; Pernal and Currie, 2000) and, more recently, that pollen diversity 

might improve some immune functions (Alaux et al., 2010a), our knowledge of the influence 

of quality and diversity of pollen diets on bee health is rather limited. 

To improve our knowledge on this topic, the influence of pollen diet quality and diversity was 

tested on nurse physiology and the tolerance to a parasite. Since pollen is essentially consumed 

by young nurse bees, they have a very specific nutritional physiology with large lipid and 

protein stores (see Amdam and Page, 2010; Ament et al., 2010 for reviews). Notably, pollen 

intake enables the development of their hypopharyngeal glands, where digested pollen nutrients 

are used to produce jelly, a proteinaceous glandular secretion shared with nestmates (Crailsheim 

et al., 1992; Crailsheim, 1992). Nurse bee physiology was thus assessed by determining the 

development of the hypopharyngeal glands but also the gene expression level of vitellogenin, 

which is highly expressed in nurses as compared to foragers (Amdam et al., 2004b), and 

encodes a major protein produced in the fat body and used for jelly production (Amdam et al., 

2003). This gene, that can be nutritionally regulated (Alaux et al., 2011; Ament et al., 2011), 

also slows down aging (Seehus et al., 2006) and is involved in the regulation of cellular immune 

functions (Amdam et al., 2004a). We included the analysis of the gene transferrin, an iron 

transport protein also produced in the fat body, and involved in ovary development 

(Koywiwattrakul et al., 2005 et 2009; Nino et al., 2013) and immune response (Kucharski and 
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Maleszka, 2003), like vitellogenin. However, it is not known whether it is nutritionally 

regulated, which will be tested through this study. Finally, the tolerance to parasitism was tested 

using the highly prevalent microsporidia Nosema ceranae, a gut parasite that might play a role 

in colony losses or honey bee weakening (Fries, 2010; Paxton, 2010; Higes et al., 2010, 2013). 

For that purpose, we assessed the effects of pollen diet and parasite on bee survival and on 

physiology by measuring the activity of glutathione-S-transferase (GST), phenoloxidase (PO) 

and alkaline phosphatase (ALP). GSTs are important in the detoxification of endogenous and 

exogenous compounds (Sies, 1997) and can be induced in insect gut after bacterial infection, 

suggesting a protective role against pathogens (Buchon et al., 2009). In addition, previous 

studies showed a higher GST activity after Nosema infection in bees (Vidau et al., 2011; 

Dussaubat et al., 2012). PO plays an important role in insect immunity by encapsulating 

pathogens (e.g. bacteria and fungi) and repairing tissues via melanogenesis (Gonzales-Santoyo 

and Cordoba-Aguilar, 2012), and ALP, involved in many metabolic processes, is highly 

expressed in insect gut and plays a pivotal role in intestine health in mammals (Lallès, 2010).  

 

2- Materials and methods 

 

Pollen diet composition and nutritional factors 

The effects of pollen quality and diversity were tested by feeding bees with monofloral diets 

that differed regarding their nutritional properties or a polyfloral diet composed of the different 

monofloral pollens. Four blends of wild flower pollens with a respective predominance of 

Cistus, Erica, Castanea and Rubus pollens were purchased fresh from Pollenergie® (France) 

and stored at - 20°C. Pollen pellets were collected from pollen traps at the hive entrance. 

Monofloral pollen diets of Cistus, Erica, Castanea and Rubus were obtained by sorting by color 

the pellets of the predominant pollen from each blend. Palynological tests were then performed 

to validate the genus of each sorted pollen. The polyfloral pollen diet was composed of a 

mixture of the four monofloral pollens (25 % of each according to their weight).  

To assess the nutritional quality of each pollen diet, we analyzed their protein, amino acid, lipid 

and sugar contents, as well as their antioxidant capacities. The protein content was determined 

by microkjeldahl analysis (N × 6.25) using a Vapodest 45 (Gerhardt) and according to the 

procedure ISO 5983-2 (1997). Total lipids were analyzed after the disruption of pollen wall 

using an acid hydrolysis with hydrochloric acid (HCl 6N). Then lipids were extracted with a 
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chloroform/methanol mixture (2:1, v / v) following the method of Folch et al. (1957). The 

protein and lipid contents were expressed as percent of dry matter, which was determined after 

drying the pollen for 24 h at 75°C (Louveaux, 1959). The nature and the concentrations of 

amino acids were determined in 20 mg of pollen with the ion-exchange chromatography 

technique using an automated amino acid analyzer according to the procedure EC 152/2009 

(2009). The Oxygen radical absorbance capacity (ORAC) method with AAPH (2,2’-azobis(2-

amidino-propane) dihydrochloride) as a free-radical generator was used, as described by Ou et 

al. (2001), to measure the antioxidant capacity in 1 g of each pollen. The antioxidant trolox was 

used as a standard and thus the data expressed as trolox equivalent. To qualitatively measure 

sugar contents the pollens were dehydrated for 48 h at 35°C. Thirty mg of pollen were weighed 

and 1000 μl of Ultrahigh-quality water (18.2mΩ) were added. The content was passed with a 

Hamilton syringe through a 0.2 µm filter (Millex LG CI, 0.2 microns; Millipore) and injected 

into HPAEC Dionex ICS- 3000 equipment. Separation of carbohydrates was carried out on a 

CarboPac PA-1 guard column (4 x 50 mm) and a CarboPac PA-1 anion-exchange column (4 x 

250 mm) after two-fold dilution. The quantitative determination of carbohydrates was carried 

out by pulsed amperometric detection (Baude et al., 2011). The presence of pesticide residues 

in the different pollen diets was assessed via gas and liquid chromatography with a limit of 

quantification of 0.01 mg / kg and a limit of detection of 0,005 mg / kg following the AFNOR 

15662 procedure (2009) (List of analyzed pesticides in Table S1).  

 

Bee rearing and feeding 

To control the pollen intake, the experiments were performed on 1-day-old bees (A. mellifera 

L.) reared in cages (10.5 cm x7.5 cm x11.5 cm). Age-matched bees were obtained by placing 

honeycombs containing late-stage pupae into an incubator at 34°C and 50 – 70 % of humidity, 

and collecting bees that emerged within 10 hours. They originated from three colonies and were 

mixed before placing them in cages. The caged bees, kept in an incubator (34°C and 50 – 70 % 

of humidity), were provided ad libitum with candy (Apifond® + powdered sugar) and water. 

Groups of bees were fed with one of the following monofloral pollen diets: Erica, Cistus, Rubus 

or Castanea, a mixture of the four pollens (polyfloral diet) or did not receive any pollen. Pollen 

diets were prepared by mixing pollen with water at the mass ratio of 10 / 1 (pollen / water) and 

were freshly prepared and replaced every day for 7 days. To prevent a potential nutritive 

compensation of bees fed with one of the pollen diet, they were not provided with ad libitum 

pollen but with determined quantity of pollen each day: 4 mg / bee the first two days, 5 mg / 

bee the next two days, 3 mg / bee the fifth day, and 2 mg/bee the last two days. Those quantities 
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were determined through preliminary experiments and represent the minimal consumption of 

all pollens on each day; and as previously found pollen consumption varies with age of the bees 

(increased the first days and then decreased) (Brodschneider and Crailsheim, 2010 ; Pernal and 

Currie, 2000). Using this method, bees were provided with the same quantity of each pollen 

diet and consumed all of it on each day. Since some bees died during the pollen feeding period 

(7 days), the pollen quantities were adjusted each day to the number of surviving bees.  

 

Influence of pollen quality and diversity on bee nurse physiology 

 

Groups of 35 one-day old bees were placed in cages and reared for 7 days with one of the pollen 

diet. On day 8, they were flash frozen in liquid nitrogen and stored at – 80°C for subsequent 

physiological analyses. The experiment was repeated 14 times per pollen diet. 

 

Development of hypopharyngeal glands 

The right and left glands form of five bees per cage were dissected on ice in 100 µl of 

physiological serum (0.9 % NaCl). Both glands were slide-mounted and analyzed under an 

optical microscope coupled to a CF 11 DSP camera (Kappa). The gland development was 

assessed by measuring the maximum diameter of 15 randomly chosen acini per gland (n = 30 

acini per bees) (Crailsheim and Stolberg, 1989) with the Saisam 5.0.1 software (Microvision®).  

 

Abdomen gene expression 

The abdomens of 10 bees per cage were homogenized in 1 ml of Trizol reagent (Invitrogen®) 

with a TissueLyser (Qiagen®) (4x30 s at 30 Hz). The mixture was incubated for 5 min at room 

temperature and after centrifugation (12,000 g for 30 s at 4°C) 500 µl of the supernatant was 

used for RNA extraction. One hundred µl of Chloroform (Sigma®) were added and the solution 

was incubated for 3 min and centrifuged (12,000 g for 15 min at 4°C). The aqueous phase was 

mixed with an equal volume of 70% ethanol (Sigma®) and transferred into a Qiagen RNeasy 

column. RNA extraction was carried out as indicated in the Qiagen RNeasy kit for total RNA 

with on-column DNase I treatment (Qiagen®). For cDNA synthesis, 1,000 ng of RNA per 

sample were reverse-transcribed using the High capacity RNA to cDNA Kit (Applied 

Biosystems). cDNA samples were diluted ten-fold in molecular grade water. 

The expression level of vitellogenin and transferrin was determined by quantitative PCR using 

a StepOne-Plus Real-Time PCR Systems (Applied Biosystems®) and the SYBR green 

detection method including the ROX passive reference dye. Three μl cDNA were mixed to 5 μl 
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SYBR Green PCR Master Mix (Applied Biosystems®), 1 μl of forward primer (10 μmol) and 

1 μl of reverse primer (10 μmol) of candidate genes. Cycle threshold (Ct) values of selected 

genes were normalized to the housekeeping gene Actin using the comparative quantification 

method (delta Ct method). Primer sequences (5’–3’) were: vitellogenin forward: 

TTGACCAAGACAAGCGGAACT, reverse: AAGGTTCGAATTAACGATGAA (Fischer 

and Grozinger, 2008) ; transferrin gene: forward: AGCGGCATACTCCAGGGAC, reverse: 

CGTTGAGCCTGATCCATACGA (Thompson et al., 2007); Actin forward: 

TGCCAACACTGTCCTTTCTG, reverse: AGAATTGACCCACCAATCCA.  

 

Influence of pollen quality and diversity on bee tolerance to Nosema ceranae 

 

For the experiment on bee tolerance to Nosema ceranae, groups of 70 one-day old bees were 

placed in cages and reared for 7 days with one of the pollen diet. For each pollen diet, one group 

was infected with Nosema and one group was Nosema-free, giving 12 treatment groups. On day 

10, 28 bees per cage were flash frozen in liquid nitrogen and stored at - 20°C until analysis of 

glutathione-S-transferase, alkaline phosphatase and phenoloxidase. The other 42 bees were 

used to determine the influence of pollen diet and Nosema ceranae on bee survival. Dead bees 

were counted daily and removed from the cages until half of the bees had died. The experiment 

was repeated 9 times per treatment group (pollen diet, Nosema infection). 

 

Bee infection with Nosema ceranae 

Nosema spores were isolated from infected colonies. Ten abdomens of forager bees were 

crushed in 2 μl of distilled water using an electric grinder (Ultra Turrax ® T18 basic, IKA®). 

Homogenates were then filtered with paper Whatman No. 4, and the filtrate was supplemented 

with 10 ml of distilled water. Solutions were centrifuged three times at 800 g for 6 minutes and 

each time the spore pellet was resuspended in 10 ml of distilled water. Species identification 

was performed as in Alaux et al. (Alaux et al., 2010b) and the spore concentration was 

determined using a haemocytometer. To equally infect bees with a Nosema ceranae inoculum, 

bees were fed individually with 2 µl of freshly prepared 50 % sucrose solution containing 

100,000 spores, which is known to cause an infection in worker bees (Malone and Gatehouse, 

1998, Higes et al., 2007; Forsgren and Fries, 2010). Control bees were fed with a sucrose 

solution. At the end of the experiment, the guts of the bees were analyzed: no spores were found 

in the control bees but the infected bees were heavily parasitized (data not shown). 
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Enzyme analysis           

Enzyme activities were assayed in different bee tissues: GST in the gut and head, ALP in the 

gut and PO in the abdomen devoid of gut. All analyses were performed on 3 pools of 3 bees per 

cage and in triplicate. Samples were homogenized at 4°C with TissueLyser (Qiagen®) (5x10 s 

at 30 Hz) in the extraction buffer (10 mM NaCl, 1 % (w/v) Triton X-100, 40 mM sodium 

phosphate pH 7.4, containing a mixture of 2 mg / ml of antipain, leupeptin and pepstatin A, 25 

units / ml of aprotinin and 0.1 mg/ml of trypsin inhibitor) based on the weight of each pool (10 

% w/v extract). The homogenate was then centrifuged at 4°C for 20 min at 15,000 g. The 

enzymatic activities in supernatant were assayed in microplates with a BioTek Synergy HT100 

spectrophotometer (BioTek Instruments®). GST was assayed in a reaction medium (200 µL 

final volume) containing 10 µl of tissue extract and 1 mM EDTA, 2.5 mM reduced glutathione, 

1 mM 1-chloro-2,4-dinitrobenzene and 100 mM Na / K-phosphate pH 7.4. GST activity was 

followed spectrophotometrically at 340 nm by measuring the conjugation of 1-chloro-2,4-

dinitrobenzene with reduced glutathione for 5 min at 25°C. ALP was assayed in a reaction 

medium (200 µL final volume) containing 10 µl of tissue extract and 20 mM of MgCl2, 2 mM 

of p-nitrophenyl phosphate as a substrate and 100 mM Tris-HCl pH 8.5 (Bounias et al., 1996). 

ALP activity was followed by measuring p-nitrophenyl phosphate hydrolysis at 410 nm for 5 

min at 25°C. PO was assayed in a reaction medium (200 µL final volume) containing 50 µl of 

tissue extract and 200 mM NaCl, 0,4 mg / mL L-Dopa (3,4-Dihydroxy-L-phenylalanine), 100 

mM sodium phosphate pH 7.2). PO activity was followed at 490 nm by measuring the 

conversion of L-Dopa to melanin for 10 min (Alaux et al., 2010b). 

 

Statistical analysis       

The statistical analysis was performed using the statistical software R (2013). Since the data 

were not normally distributed, the influence of pollen quality and diversity on hypopharyngeal 

gland development, vitellogenin and transferrin expressions, and enzymatic activities was 

analysed using Kruskal-Wallis and Dunn’s multiple comparison tests. To analyze survival data 

obtained during the 50 days of experiment, we transformed the data in survival table and the 

remaining bees were considered alive at the day 50. Consequently, we used a Cox proportional 

hazards regression model, with R functions (coxph) and the package [survival] (Cox, 1972) to 

analyze the effect of Nosema, pollen and Nosema x pollen interaction on bee survival. Then, 

the effects of Nosema for each pollen diet and the effect of each pollen in non- and Nosema-

parasitized bees on bee survival were tested. For Nosema-parasitized and non-parasitized bees, 

the influence of pollen diets on enzyme activities was determined using Kruskal-Wallis and 
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Dunn’s multiple comparison tests. For each pollen diet, the effect of Nosema parasitism on 

enzymes activities was analyzed using Mann-Whitney U tests. Finally, in order to better 

understand the underlying mechanisms of bee longevity, we assessed the link between LT50 

(day on which 50 % of the bees had died in each cage based on the raw data) and enzyme 

activities (average value of the 3 analyzed pools per cage) using Spearman correlation for 

healthy and parasitized bees.  

 

3- Results 

 

Pollen diet nutritional factors 

The nutritional value of each pollen was characterized before testing their effects on bees (Table 

1). We did not detect the presence of pesticides in the four pollens that composed the different 

diets (Table S1). Contrary to lipids and sugars, the levels of proteins, amino acids and 

antioxidant capacity varied greatly between pollens. Therefore, pollen diets could be ranked 

according to their protein content as follows (from the poorest to the richest): Cistus, Erica, 

Mix (25% of each pollen), Castanea and Rubus. Exactly the same trend was found when 

looking at amino acids and antioxidants levels. The difference between Cistus and Rubus was 

especially striking with the latter having about twice as many proteins and amino acids, and 

almost five times greater antioxidant capacity. However, the lipid and sugar contents, which 

did not vary as much, followed different patterns. For example, Erica pollen was the richest in 

lipids but the poorest in sugars, and the other way round for Rubus pollen. 

All pollen diets contained the same amino acids including the 10 essential amino acids required 

for the bee adult development  (de Groot, 1953): arginine, histidine, lysine, tryptophan, 

phenylalanine, methionine, threonine, leucine, isoleucine, and valine (Table S2). As for protein 

contents, most amino acids were in lower amounts in the Cistus pollen (notably the 10 essential 

amino acids) and in higher amounts in the Rubus pollen, whereas Erica and Castanea pollens 

had intermediary levels. Only proline was at the highest amount in Cistus pollen. 

Regarding individual sugars, only glucose and fructose were found in all pollens (Table S3). 

Trehalose, a major hemolymph sugar of bees, was present in Cistus and Castanea pollens. 

Finally, erlose was only found in Castanea pollen, which contained all analyzed sugars. 
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Pollen diets Proteins (%) Lipids (%) Sugars (%) Amino acids (g) Antioxidants (µmol) 

Cistus 12 6.9 5.2 11.9 103 

Erica 14.8 7.4 4.8 16.27 196 

Castanea 21.6 6.6 5.0 18.68 399 

Rubus 22 6.4 6.7 19.98 475 

Mix 17.6 6.8 5.4 16.71 293 

 

Table 1: Nutritional factor contents in the different pollen diets. Mix indicates the pollen diet 

composed of 25% of each monofloral pollen. Pollen proteins, lipids and sugars are expressed as percent 

of pollen dry matter. The antioxydant power is expressed in µmol of Trolox equivalent/g of pollen. The 

amino acids are expressed in g / 100g of pollen.  

 

 

Influence of pollen quality and diversity on nurse bee physiology 

 

Pollen feeding modified the hypopharyngeal glands development (Kruskal-Wallis test, H = 

143.84, p < 0.001; Figure 1A), which was reduced in bees reared without pollen but varied 

depending on pollen quality, since acini were more developed in bees fed with Rubus pollen 

compared to bees fed with Cistus and Erica pollen (Figure 1A). The gland development of bees 

fed with the polyfloral blend was not different from bees provided with the monofloral diets 

(139.5 ± 2.3 µm) but was almost equal to the average gland development induced by the four 

diets (137.5 ± 4.1 µm). 

The expression level of vitellogenin and transferrin was significantly affected by the different 

pollen diets (vitellogenin: Kruskal-Wallis test, H = 43.13, p < 0.001, Figure 1B; transferrin: 

Kruskal-Wallis test, H = 42.31, p < 0.001, Figure 1C), with a higher expression in bees fed with 

pollen than in bees that did not receive pollen (Figure 1C). Interestingly, the quality of pollen 

diet also shaped the expression of both genes since Erica and Rubus pollen triggered the highest 

expression of vitellogenin and transferrin (Figure 1B and C). The influence of the polyfloral 

diet was not different from that of the others diets (vitellogenin: 4.8 ± 0.3 and transferrin: 2.4 

± 0.3), and corresponded to the average gene expression level induced by the four monofloral 

diets (vitellogenin: 4.6±0.5 and transferrin: 2.4 ± 0.5). 
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Figure 1: Effects of pollen quality and diversity on nurse physiology. (A) Size of hypopharyngeal          

gland acini, (B) vitellogenin and (C) tansferrin expression levels. Box plots are shown for 5 and 10 

bees/replicate for the glands and each gene, respectively (n=14 replicates giving 70 and 140 bees/pollen 

diet for the glands and each gene, respectively). Different letters indicate significant differences between 

pollen diets (p < 0.05, Kruskal-Wallis and Dunn’s multiple comparison tests). Boxes show 25th and 75th 

percentiles range with line denoting median. Whiskers encompass 90 % of the individuals, beyond 

which each outliers are represented by circles. 
 

 

Influence of pollen quality and diversity on bee tolerance to Nosema ceranae 

 

Nosema parasitism and pollen diets decreased and increased the survival of bees, respectively 

(Cox model, p < 0.001 for each factor, Figure 2). Nosema effect was observed regardless of the 

type of pollen diet (p < 0.001 for each pollen diet, Figure 2) and pollen diets modified the 

survival of bees regardless of exposure to Nosema (Figure 2 and Table 2). However, we found 

a significant interaction between Nosema and pollen diets (p < 0.001, Figure 2). Except for the 

Cistus pollen, the quality and diversity of pollen diet did not influence the survival of healthy 

bees, but it mattered when bees were parasitized (Figure 2 and Table 2). Indeed, we observed a 

significant hierarchical influence of monofloral pollens on the survival of parasitized bees with 

the following order from the least to the most beneficial pollen: Cistus < Castanea < Erica < 

Rubus. In addition, bees fed with the polyfloral pollen blend lived significantly longer than bees 

provided with Cistus, Erica and Castanea pollen but there was no significant difference with 

bees provided with Rubus pollen (Figure 2 and Table 2). 
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Figure 2: Effects of pollen diet and Nosema ceranae infection on bee survival. Data show the 

percentage of survival over 50 days for (A) non-parasitized and (B) Nosema-parasitized bees (9 

replicates / pollen diet). Different letters denote significant differences between pollen diets in non-

parasitized or Nosema-parasitized bees (p < 0.05, Cox proportional hazards regression model). 
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Cistus Erica Castanea Rubus Mix 

A      

No pollen <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Cistus 
 

<0.0001 <0.0001 <0.0001 <0.0001 

Erica  
 

0.47 0.1 0.35 

Castanea   
 

0.36 0.84 

Rubus    
 

0.47 

B      

No pollen <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Cistus  <0.0001 <0.0001 <0.0001 <0.0001 

Erica   <0.0001 0.047 0.007 

Castanea    <0.0001 <0.0001 

Rubus     0.42 

 

Table 2: Comparative effects of pollen diets on the survival of (A) non- and (B) Nosema-parasitized 

bees. P-values from the Cox proportional hazards regression model are reported. 

 

 

When looking at the bee physiology, Nosema did not affect gut GST activity (Figure 3A). 

However, pollen diets did modify GST level in both healthy and parasitized bees (Kruskal-

Wallis test, H=35.73, p<0.001 and Kruskal-Wallis test, H=32.73, p<0.001, respectively, Figure 

3A) and the highest activity was observed with Erica pollen diet (Figure 3A). In the head, GST 

activity was significantly lower in bees infected with Nosema (Fig. 3B) but was higher in bees 

fed with pollen regardless of exposure to Nosema (Kruskal-Wallis test, H=22.06, p<0.001 and 

Kruskal-Wallis test, H=27.28, p<0.001, respectively, Figure 3B). Contrary to what was 

observed in the gut, the type of pollen diet did not affect head GST level.  
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Figure 3: Effects of pollen diet and Nosema ceranae infection on glutathione S-transferase. The 

enzyme activity was assessed in (A) the guts and (B) the heads of bees. Box plots are shown for 3 pools 

of 3 bees / replicate (n = 9 replicates giving 81 bees total / pollen diet). Different letters denote significant 

differences between pollen diets in non-parasitized (white box plots) or Nosema-parasitized bees (grey 

box plots) (p < 0.05, Kruskal-Wallis and Dunn’s multiple comparison tests) and * indicate significant 

differences between parasitized and non-parasitized bees for each pollen diet (p < 0.05, Mann-Whitney 

U tests). Boxes show 25th and 75th percentiles range with line denoting median. Whiskers encompass 

90% of the individuals, beyond which each outliers are represented by circles. 

 

Nosema ceranae caused a decrease in ALP activity whatever the pollen diet (Figure 4). 

However, besides a higher activity induced by Castanea pollen compared to Cistus pollen in 

healthy bees, the quality and the diversity of pollen supply did not affect the ALP activity in 

the bee gut (healthy bees: Kruskal-Wallis test, H = 14.29, p = 0.013 and parasitized bees: 

Kruskal-Wallis test, H = 12.54, p = 0.028, Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Effect of pollen diet and Nosema ceranae infection on gut alkaline phosphatase. Box plots 

are shown boxplots for 3 pools of 3 bees / replicate (n = 9 replicates giving 81 bees total / pollen diet). 

Different letters denote significant differences between pollen diets in non-parasitized (white box plots) 

or Nosema-parasitized bees (grey box plots) (p < 0.05, Kruskal-Wallis and Dunn’s multiple comparison 

tests) and * indicate significant differences between parasitized and non-parasitized bees for each pollen 

diet (p < 0.05, Mann-Whitney U tests). Boxes show 25th and 75th percentiles range with line denoting median. 

Whiskers encompass 90% of the individuals, beyond which each outliers are represented by circles. 
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Nosema ceranae induced a significant increase of PO activity in bees deprived of pollen (Fig. 

5). In infected bees the immune enzyme activity was lower in the presence of pollen, except for 

Erica (Kruskal-Wallis test, H = 49.64, p < 0.001, Figure 5). In healthy bees, pollen intake had 

limited effect on PO activity (Kruskal-Wallis test, H = 19.24, p < 0.001, Figure 5). Only Erica 

pollen elicited a significant higher activity when compared to Castanea and Rubus pollen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Effect of pollen diet and Nosema ceranae infection on phenoloxidase. Box plots are shown 

boxplots for 3 pools of 3 bees/replicate (n = 9 replicates giving 81 bees total / pollen diet). Different 

letters denote significant differences between pollen diets in non-parasitized (white box plots) or 

Nosema-parasitized bees (grey box plots) (p < 0.05, Kruskal-Wallis and Dunn’s multiple comparison 

tests) and * indicate significant differences between parasitized and non-parasitized bees for each pollen 

diet (p < 0.05, Mann-Whitney U tests). Boxes show 25th and 75th percentiles range with line denoting 

median. Whiskers encompass 90 % of the individuals, beyond which each outliers are represented by 

circles. 
 

 

Lastly, we determined whether the LT50 of bees was linked to the activity of the different 

investigated enzymes. In healthy bees longevity was positively correlated with ALP activity 

(i.e., ALP activity explained 50% of bee longevity), but when bees were Nosema-infected, 

longevity was positively linked to PO activity (Figure 6).  
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Figure 6: Correlations between LT50 and enzyme activities in non- and Nosema-parasitized bees. 

r and p-values are shown. LT50: day on which 50 % of the bees had died in each cage. 

 

 

4- Discussion 

 

The results of this study support the idea that the nutritional quality and diversity of pollen 

nutrition can shape bee health. Indeed, we found that both bee physiology and tolerance to a 

parasite varied depending on the type of pollen diet, suggesting that not only does the 

availability but also the quality of environmental resources matter. 

 

The type of pollen provided to the bees had significant effects on the nurse bee physiology. 

Bees fed with the protein-richest pollen (Rubus) presented the most developed acini and the 
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highest expression level of vitellogenin and transferrin. This tends to confirm previous studies 

that showed that the hypopharyngeal gland development is linked to the level of proteins in the 

diet (Standifer, 1967; Pernal and Currie, 2000). However, the other pollen diets did not 

significantly induce different gland developments, which could be explained by a too small 

range of protein and/or other nutritional factors contents. Pollen feeding also increased the 

expressions of vitellogenin and transferrin. Since both genes are expressed in the fat bodies, 

the main site of nutrient storage, and pollen promotes the development of fat bodies (Alaux et 

al., 2010a), it is reasonable to expect an increase in both gene expression levels, as previously 

found for vitellogenin after consumption of proteins (Bitondi and Simoes, 1996). However, the 

expressions of vitellogenin and transferrin in bees fed with Erica pollen were not different from 

bees fed with Rubus pollen, although Erica had a lower amount of proteins. This suggests that 

their expression is not only sensitive to the protein level but also to other nutritional factors. 

When looking at the nutritional factors, we found that Erica pollen had the highest content in 

lipids, which might have promoted the increase of fat bodies and therefore the expression of 

both genes, since fat body tissues are also the primary site of lipid metabolism (e.g. fatty acid 

synthesis and triacylglyceride production) (Hahn and Denlinger, 2011). This potential role of 

lipids in vitellogenin synthesis would further confirm that they are essential to the nurse 

physiology (Toth et al., 2005) and the production of brood (Herbert et al., 1980). In addition, it 

is interesting to note that vitellogenin and transferrin had similar expression patterns according 

to the different pollen diets. This covariation in gene expression was also found in previous 

works studying the potential role of those genes in ovary development (Koywiwattrakul et al., 

2005, 2009).  

 

The quality of pollen also influenced the tolerance of bees to a parasite (Nosema ceranae). As 

expected, infection by Nosema decreased the survival of bees (Dussaubat et al., 2012; Higes et 

al., 2007) and pollen nutrition increased the survival of both healthy and parasitized bees. 

Except for bees fed with the protein-poorest pollen (Cistus), we did not observe a difference in 

survival between the different pollen diets when bees where non-parasitized. However, pollen 

quality had a strong influence when bees were parasitized by the microsporidia; the survival of 

bees was significantly different between the four different monofloral diets (from the least to 

the most beneficial pollen: Cistus < Castanea < Erica < Rubus). This suggests that the quality 

of pollen nutrients might have no or limited consequences on the physiology of bees when they 

are healthy, but it might affect their capacity to tolerate an external stress like parasites. The 

positive influence of Rubus pollen as compared to Cistus pollen has also been proved when 
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looking at the effect of diet quality on larvae weight in bumble bees (Tasei and Aupinel, 2008). 

The extremely high protein and antioxidant levels of Rubus pollen, as compared to Cistus 

pollen, could explain the greater survival of infected bees fed with the former pollen. Notably 

proteins are known to improve bee survival (see Brodschneider and Crailsheim, 2010, for a 

review). High levels of amino acids could play an important role too, since ten of them are 

essential to the bees in specific concentrations (de Groot, 1953). However, the hierarchical 

influence of monofloral diet was not linked to the protein, amino acid or antioxidant levels, e.g. 

bees fed with Erica pollen (14.8% of protein) lived longer than bees fed with Castanea (21.6% 

of protein). Erica pollen had actually the highest lipid content and promoted a higher production 

of vitellogenin than Castanea pollen (Figure 1B). The positive influence of vitellogenin on bee 

lifespan (Seehuus et al., 2006) might then contribute to the increased survival of bees supplied 

with Erica pollen. This suggests that the quality of pollen should not be estimated based on a 

single or few nutritional factors, but by taking all the nutritional factors as a whole. 

 

Regarding the defense mechanism, the general activity of GST (detoxification), ALP and PO 

(immunity) changed too according to the pollen diets, but we did not observe a pattern similar 

to the bee survival. Therefore it was not possible to link the influence of diet quality on bee 

survival to the activity level of those enzymes. Moreover, the patterns of enzymes activity were 

not modified by Nosema infection, but the general level of head GST and ALP was reduced, 

confirming a previous study (Dussaubat et al., 2012). However, an increase of GST activity in 

the gut of Nosema-parasitized bees has been previously reported (Vidau et al., 2011; Dussaubat 

et al., 2012), likely to protect the host from the oxidative stress induced by the parasite (Buchon 

et al., 2009). The lack of GST response in our study could be due to the diet, since we did not 

use a commercial mixture of proteins, amino acids and vitamins as in both previous studies, 

which could have promoted a GST response. Interestingly, the activity profile of GST in the 

gut was very similar to the expression profile of vitellogenin and transferrin according to the 

different diets, with Erica and Rubus pollen giving the highest activity. However, nothing is 

known about the relationship between GST and those two genes. Regarding PO activity, it is 

well-known in other insects that PO level can be influenced by the diet quality (Lee et al., 2006, 

2008; Klemola et al., 2007). Indeed, melanogenesis, regulated by PO through the synthesis of 

melanin (a nitrogen-rich quinone polymer), might be costly in nitrogen (Campana and Moeller, 

1977) and thus sensitive to variations in nitrogen resources. However, it did not vary between 

pollen diets in a previous study (Alaux et al., 2010a) and, in our study, it was only higher with 
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Erica pollen. Therefore, further investigations are needed to better understand the relationship 

between pollen diet and PO activity in bees.  

 

Pollen dietary diversity was not associated with an improvement of nurse physiology, as 

reflected by the measured physiological parameters. The influence of the polyfloral diet actually 

came down to the average of each monofloral pollen influence. This suggests that a high-quality 

monofloral pollen may be better than a mixture of lower nutritional quality as found for brood 

rearing (Campana and Moeller, 1977; Singh and Singh, 1996). However, it is likely that 

different physiological factors in bees are not affected equally by the pollen diet. This has been 

observed in a recent study showing a higher activity of glucose oxidase in bees fed with a 

polyfloral pollen blend as compared to monofloral pollen, but PO activity and hemocyte count 

were not affected by the polyfloral diet (Alaux et al., 2010a). This is further confirmed by our 

study, since the polyfloral blend had a positive influence on the survival of parasitized bees. It 

did not correspond to the average of each pollen effect, but was higher than Cistus, Castanea 

and Erica pollens and to the same level than Rubus pollen. This trend was not observed in 

healthy bees suggesting again that nutritional quality can significantly affect the susceptibility 

of individuals to parasites. It is not known whether the increase in the survival of bees fed with 

the polyfloral blend was due to the combination of the four pollens or the simple presence of 

Rubus pollen, although it contained a quarter of this pollen. Similar results were found by Foley 

et al. (2012), who observed a decreased susceptibility to the fungal parasite Aspergillus of bee 

larvae fed with a specific pollen or with a mixture. 

 

Finally, in order to decipher some of the underlying physiological mechanisms involved in bee 

health, we determined whether the activity of GST, PO and ALP were associated to an increase 

of survival in healthy or parasitized bees. Survival was positively associated to ALP and PO 

activity in healthy and Nosema-infected bees, respectively. In mammals, ALP is involved in 

the regulation of nutrient absorption (notably lipids), detoxification of bacterial 

lipopolysaccharide, intestinal tolerance to commensal bacteria, prevents bacterial invasion and 

reduces intestinal inflammation, playing thus a pivotal role in intestine health (see Lallès, 2010, 

for a review). It is not known whether ALP has similar roles in insects but there are structural 

and functional homologies between insect and mammal ALPs (Eguchi, 1995). In addition, the 

correlation between ALP activity and bee survival suggests that this enzyme might be important 

in insect health. When its activity was decreased by Nosema infection, it was no longer linked 

to bee survival. In that case, the survival rate was associated to PO activity. However, except in 
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the absence of pollen, parasitized bees did not mount a PO immune response, which supports 

the idea that the bee survival was simply linked to a higher basal activity of PO.  

 

In conclusion, pollens are not equal regarding their effects on bee health and a polyfloral blend 

is not necessarily better than a monofloral pollen of good nutritional values (e.g. Rubus pollen). 

However, when bees are infected with Nosema c., the availability of different floral resources 

can cover the limited influence of some pollens and improve the tolerance to the infection to 

the level of a rich pollen. Pollinating areas of bees are currently changing due to intensification 

of agriculture and landscape alteration, and bees are often confronted with decreasing 

availability and diversity of resources in time and space. Global climate change is also expected 

to modify the environmental resources of bees due to changes in plant phenology and 

distribution (Le Conte and Navajas, 2008). Therefore, maintaining and/or developing floral 

resources within agro-ecosystems is needed to prevent the negative impact of human activity 

and sustain the bee population (Decourtye et al., 2010). 

 

 

ACKNOWLEGMENTS 

The authors would like to thank M. Cousin and G. Rodet for their help in the dissection of bees 

and M. Charbonnier for help with the English editing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

85 
 

Annexes du chapitre 3 

1-naphtyl Desmedipham Fuberidazole Picoxystrobine 

2-Phenylphenol Desmetryn Furalaxyl Pinoxadene 

Acephate Diafenthiuron Furathiocarb Piperonyl 

Acetamipride Dialifos 
Halosulfuron-
methyl Pirimicarb 

Aclonifen Diallate HCB Pirimiphos-ethyl 

Acrinathrine Diazinon HCH Pirimiphos-methyl 

Alachlore Dichlobenil HCH Prochloraz 

Aldicarb Dichlofenthion Heptachlore Procymidone 

Ametryn Dichlofluanide Heptenophos Profenophos 

Amitraze Dichlorvos Hexaconazole Prometryn 

Anthraquinone Diclobutrazol Hexazinone Propachlor 

Atrazine Diclofop-methyl Hexythiazox Propamocarb 

Azaconazole Dicofol Hydramethylnon Propanil 

Azimsulfuron Dieldrin Imazalil Propaquizafop 

Azinphos-ethyl Diethofencarb Imazaquin Propargite 

Azinphos-methyl Difenacoum Imidachlopride Propazine 

Azoxystrobine Difenoconazole Indoxacarb Propetamphos 

Benalaxyl Diflufenican Iodofenphos Propham 

Benfluraline Dimetachlor Iprodione Propiconazole 

Benfuracarb Dimethenamid-P Iprovalicarb Propoxur 

Benoxacor Dimethoate Isofenphos-ethyl Propyzamide 

Bensulfuron-methyl Dimethomorphe 
Isofenphos-
methyl Prosulfocarb 

Benthiavalicarb-
isopropyl Diniconazole Isopropaline Prosulfuron 

Bifenazate Diphenylamine Isoprothiolane Prothioconazole 

Bifenox Disulfoton-sulfone Isoproturon Prothiophos 

Bifenthrine Diuron Isoxaflutole Prothoate 

Biphenyl DMST Isoxathion Pyraclostrobine 

Bispyribac-Sodium Dodine Kresoxim-methyl Pyraflufen-ethyl 

Bitertanol Edifenphos Lenacil Pyrazophos 

Boscalide Emamectin Linuron Pyridaben 

Bromacil Endosulfan Lufenuron Pyridaphenthion 

Bromophos-ethyl Endrin Malathion Pyridate 

Bromophos-methyl Epoxyconazole 
Mandipropamid
e Pyrimethanil 

Bromopropylate EPTC Mecarbam Pyriproxyfen 

Bromuconazole Ethidimuron Mepanipyrim Quinalphos 

Bupirimate Ethion Mesosulfuron Quinomethionate 

Buprofezin Ethoprophos Metalaxyl Quinoxyfen 

Butafenacil Ethoxyquin Metamitron Quintozene 

Butoxycarboxim Etoxazole Metazachlor Quizalofop-ethyl 

Butralin Etrimphos Metconazole Rotenone 
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Buturon Famoxadone 
Methabenzthiaz
uron Sebuthylazine 

Cadusaphos Famphur Methamidophos Simazine 

Captafol Fempropathrine Methidathion Spinosad 

Captan Fenamidone 
Methiocarb-
sulfoxide Spirodiclofen 

Carbaryl Fenamiphos Methomyl Spiromesifen 

Carbendazim 
Fenamiphos-
sulfone(+sulfoxide) Methoxychlor Spiroxamine 

Carbetamide Fenarimol 
Methoxyfenozid
e Sulfosulfuron 

Carbofenothion Fenazaquin Metobromuron Sulfotep 

Carbofuran Fenbuconazole Metolachlor TCMTB 

Carbosulfan Fenchlorphos Metoxuron Tebufenozide 

Carboxin Fenitrothion Metrafenone Tebufenpyrad 

Chlorbenside Fenoxaprop-ethyl 
Metsulfuron-
methyl Tebutam 

Chlordane Fenoxycarbe Mevinphos Tecnazene 

Chlorfenson Fenpiroximate Molinate Tefluthrine 

Chlorfenvinphos Fenpropidine Monalide Tepraloxydim 

Chloridazon Fenpropimorphe Monocrotophos terbufos 

Chlorobenzilate Fenson Monolinuron Terbufos-sulfoxide 

Chlorothalonil Fensulfothion-oxon Monuron Terbumeton 

Chloroxuron 
Fenthion 
(+sulfone+sulfoxide) Myclobutanil Terbuthylazine 

Chlorpropham 
(+3Chloroanilin) 

Fenthion-oxon 
(+sulfone+sulfox.) Napropamide Terbutryne 

Chlorpyrifos Fenuron Neburon Tetrachlorvinphos 

Chlorpyrifos-methyl Fenvalerate Nicosulfuron Tetraconazole 

Chlorthal Fenvalerate Nitrofen Tetrahydrophtalimide 

Chlorthiamid Fipronil Norflurazon Tetramethrine 

Chlorthiophos Flazasulfuron Novaluron Thiabendazole 

Chlortoluron Flonicamid Nuarimol Thiachloprid 

Chlozolinate Fluazifop Oxadiazon Thiamethoxam 

Cinosulfuron Fluazinam Oxadixyl Thiophanate-methyl 

Clethodim Fludioxonil Oxamyl Tolclofos-methyl 

Clodinafop Flufenacet Oxasulfuron Tolylfluanid 

Clofentezine Flufenoxuron Oxyfluorfen Transfluthrin 

Clomazone Fluometuron Paclobutrazol Triadimefon 

Cloquintocet Fluoxastrobin Paraoxon-ethyl Triallate 

Coumaphos Fluquinconazole Parathion-ethyl Triazamate 

Cyanazine Flurochloridone 
Parathion-
methyl Triazophos 

Cyazofamide Fluroxypyr-methylhexyl Pencycuron Trichloronat 

Cycloxydime Flurtamone Pendimethaline Tricyclazole 

Cycluron Flusilazole Permethrine Tridemorphe 

Cyfluthrine Fluthiacet-methyl Perthane Trifloxystrobine 

Cyhalofop-butyl Flutriafol Phenmedipham Trifloxysulfuron 
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Table S1: List of pesticides analyzed in the pollen diets. 

 

 Amino-acids Cistus Erica Castanea Rubus 

Aspartic acid 1.65 1.16 1.85 2.76 

Threonine 0.47 0.82 0.87 0.94 

Serine 0.56 0.9 1 1.1 

Glutamic acid 1.1 2.09 2.29 2.35 

Proline 2.25 1.29 2 1.58 

Glycine 0.45 0.8 0.82 0.85 

Alanine 0.6 0.98 1.07 1.17 

Valine 0.54 1.01 1.05 1.14 

Cysteine 0.16 0.23 0.36 0.31 

Methionine 0.32 0.44 0.51 0.54 

Isoleucine 0.45 0.8 0.84 0.91 

Leucine 0.81 1.34 1.36 1.48 

Tyrosine 0.3 0.57 0.58 0.59 

Phenylalanine 0.48 0.9 0.89 0.99 

Lysine 0.77 1.23 1.43 1.5 

Histidine 0.37 0.44 0.47 0.46 

Arginine 0.49 1.1 1.07 1.03 

Tryptophan 0.14 0.21 0.23 0.27 

Table S2: Amino acids present in the different pollens. Their concentration is expressed in g / 100 g 

of pollen.  

 

Sugars Cistus Erica Castanea Rubus 

Trehalose 0.48 nd 3.57 nd 

Glucose 8.8 5.2 9.5 6.6 

Fructose 6x10-4 3.7x10-4 7x10-4 8.5x10-4 

Saccharose nq 2.09 6.2 3.9 

Maltose 1.3x10-5 nd 2.8x10-5 6.2x10-6 

Erlose nd nd 0.47 nd 

Table S3: Sugars present in the different pollens. Their quantity is expressed in mg per g of pollen. 

nd: not detected and nq: present but not quantifiable. 

 

Cyhalothrine Fluvalinate Phenothrine Triflumizole 

Cypermethrine Folpet Phosalone Trifluraline 

Cyprodinil Fomesafen Phosmet Triflusulfuron-methyl 

DDT Fonofos Phosphamidon Triforine 

Deltamethrine Foramsulfuron Phoxim Triticonazole 

Demeton-S Forchlofenuron Phtalimide 
Vinclozoline 
(+3,5dichloroanilin) 

Demeton-S-methyl Formetanate Picolinafen Warfarin 


