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Summary 32 

 33 

Bees visit flowers to collect nectar and pollen that contain nutrients and simultaneously 34 

facilitate plant sexual reproduction.  Paradoxically, nectar produced to attract pollinators 35 

often contains deterrent or toxic plant compounds associated with herbivore defence.  The 36 

functional significance of these nectar toxins is not fully understood, but they may have a 37 

negative impact on pollinator behaviour and health, and ultimately plant pollination.   38 

This study investigates whether a generalist bumblebee, Bombus terrestris, can detect 39 

naturally occurring concentrations of nectar toxins.  Using paired-choice experiments, we 40 

identified deterrence thresholds for five compounds found in the nectar of bee-pollinated 41 

plants: quinine, caffeine, nicotine, amygdalin, and grayanotoxin.  The deterrence threshold 42 

was determined when bumblebees significantly preferred a sucrose solution over a sucrose 43 

solution containing the compound.  Bumblebees had the lowest deterrence threshold for the 44 

alkaloid quinine (0.01 mM); all other compounds had higher deterrence thresholds, above the 45 

natural concentration range in floral nectar.  Our data combined with previous work using 46 

honeybees suggest that generalist bee species have poor acuity for the detection of nectar 47 

toxins.  The fact that bees do not avoid nectar relevant concentrations of these compounds is 48 

likely to indicate that it is difficult for them to learn to associate floral traits with the presence 49 

of toxins, thus, maintaining this trait in plant populations.   50 

 51 

Key words: Pollinator, Bombus terrestris, nectar toxin, grayanotoxin, behaviour, deterrence 52 

threshold 53 

54 
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Introduction 55 

 56 

Pollination is a key ecosystem service provided by flower-visiting animals.  It is estimated 57 

that the fitness of over 87% of the world’s angiosperm species are animal pollinated and thus 58 

potentially influenced by pollinator foraging behaviour (Ollerton et al., 2011) because patterns of 59 

floral visitation by nectar- and pollen-collecting animals influence the quantity and quality of 60 

pollination events (Aizen and Lawrence, 2007).  In order to attract vital pollinators many 61 

plants produce sugar-rich nectar, the primary function of which is to reward animals for 62 

visiting flowers (Heil, 2011).  Nectar is the principle source of carbohydrates for most flower-63 

visiting insects (Michener, 1974; Nicolson, 2011), however this reward can paradoxically 64 

contain low concentrations of potentially deterrent or toxic plant compounds.  These 65 

secondary compounds, such as alkaloids, phenolics, and non-protein amino acids, are 66 

produced in plant tissues as a means of chemical defence against herbivores (Adler, 2000; 67 

Baker and Baker, 1975; Baker, 1977).  Expression of toxins in nectar can be affected by 68 

herbivorous attack, and so the naturally occurring concentrations to which pollinators are 69 

exposed can fluctuate (Adler et al., 2006).  Many adaptive functions have been proposed to 70 

explain the presence of these compounds in nectar, including deterring nectar robbers (Baker 71 

et al., 1978; Janzen, 1977), altering pollinator behaviour (Baker and Baker, 1975; Ehlers and 72 

Olesen, 1997; Rhoades and Bergdahl, 1981; Wright et al., 2013), and providing antimicrobial 73 

properties that can benefit both the plant (by preserving the nectar quality for pollinators 74 

(Hagler and Buchmann, 1993; Adler, 2000)) and the pollinators (by medicating against 75 

harmful pathogens and parasites (Manson et al., 2010)).   The functional significance of 76 

toxins in nectar is likely to depend on the ecological context and the nature of the toxin, but 77 

we still know relatively little about their influence on pollinators. 78 

 79 

Understanding the significance that nectar toxins have on plant-pollinator interactions 80 

requires knowledge of how pollinators alter their behaviour in response to consumption of 81 

these compounds.  For example, pollinators may avoid toxin-contaminated nectar: honeybees 82 

reject nectar containing nicotine, and several wild bee species avoid foraging on plants 83 

containing high concentrations of the alkaloid gelsemine (Adler and Irwin, 2005; Detzel and 84 

Wink, 1993; Hagler and Buchmann, 1993).  Occasionally the opposite has been 85 

demonstrated: for example, free flying honeybees prefer solutions containing low 86 

concentrations of the alkaloid caffeine, and were even found to increase visitation rates 87 

(Hagler and Buchmann, 1993) or learn floral traits faster when it was present (Wright et al., 88 
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2013).  Most plant secondary compounds are toxic to animals however, (Rosenthal and 89 

Berenbaum, 1992) and their ingestion could represent a significant form of physiological 90 

stress that would require energy or resources to metabolise or cope with the toxin (Despres et 91 

al., 2007; Schuler, 2011).  If consuming such plant compounds is costly, one would predict 92 

that when nectar-feeders can detect toxins, they should learn to avoid plant species offering 93 

toxic nectar (Adler and Irwin, 2005; Detzel and Wink, 1993; Glendinning, 2002; Hagler and 94 

Buchmann, 1993).  It remains unclear however, whether or not most pollinators can detect or 95 

are deterred by naturally occurring concentrations of secondary compounds in nectar.  If 96 

these compounds do not deter pollinators, any benefit to the plant of their presence (e.g. the 97 

deterrence of nectar robbers (Janzen, 1977), or suppression of nectar quality-altering 98 

microbes (Adler, 2000)) would allow the trait to be maintained in the plant population.   99 

 100 

Bumblebees such as the widespread species Bombus terrestris, are ecologically and 101 

economically important pollinators.  They are generalists that visit many plant species 102 

including those containing nectar toxins (Detzel and Wink, 1993; Kretschmar and Baumann, 103 

1999; London-Shafir I., 2003; Stout et al., 2006).  Several studies have shown that when 104 

bumblebees and honeybees detect toxins such as the bitter-tasting alkaloid, quinine, they will 105 

learn to avoid floral traits associated with the compound’s presence in sucrose rewards 106 

(Chittka et al., 2003; Mustard et al., 2012; Wright et al., 2010).  However many of these 107 

studies use concentrations of toxins several orders of magnitude beyond their concentration in 108 

nectar.  Whether or not bumblebees can detect the same compounds at concentrations 109 

encountered in floral nectar remains unknown.   110 

 111 

Here, we performed a series of experiments to test whether B. terrestris was deterred by 112 

naturally occurring concentrations of nectar toxins in sucrose solutions.  This study is the first 113 

to determine the deterrence thresholds of nectar toxins for a Bombus species.  We discuss the 114 

resultant implications concerning bee gustatory acuity and bee health, as well as how our 115 

results add to the growing body of literature concerning the functional significance of toxins 116 

in nectar. 117 

  118 
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Results 119 

 120 

3.1. Bumblebees are not deterred by naturally occurring concentrations of nectar toxins 121 

Bumblebees failed to be deterred by any of the compounds tested (nicotine, amygdalin, 122 

caffeine and grayanotoxin (GTX)) at naturally occurring concentrations in nectar (Fig. 1). In 123 

contrast, the alkaloid quinine was readily avoided even at doses as low as 0.01 mM (Fig. 1a, 124 

GLM, χ3
2 = 59.2 p < 0.001).  The pairwise comparison illustrated that bumblebees preferred 125 

the pure sucrose solution (the internal control) over a quinine concentration of 0.01 mM (p < 126 

0.001), and continued to exhibit this preference for the two highest quinine concentrations 127 

(Fig. 1a).   128 

 129 

By contrast, bumblebees had higher deterrence thresholds for the other alkaloids.  While 130 

nicotine was deterrent at 0.1 mM (Fig. 1b, GLM, χ3
2 = 20.2 p < 0.001), in tobacco flower 131 

nectar it has been found at concentrations of 0.015 mM (Tadmor-Melamed et al., 2004), 132 

nearly seven times lower than the deterrence threshold of B. terrestris.  The preference of the 133 

bumblebees for the pure sucrose solution continued for the 1 mM nicotine concentration, but 134 

surprisingly individuals fed the highest concentration of nicotine, 10 mM, did not show a 135 

preference for either solution (p = 0.974).  They did however consume less total food than 136 

individuals fed any of the four lower concentrations (Fig. 1b, F = 3.44 p = 0.010).  The 137 

deterrence threshold for another nectar alkaloid, caffeine, was 10 mM and was the highest of 138 

all the compounds we tested (Fig. 1d, GLM, χ3
2 = 10.0 p < 0.01).  This value is 20x higher 139 

than the highest caffeine concentration found in floral nectar, 0.5 mM, (Kretschmar and 140 

Baumann, 1999) and three orders of magnitude higher than the deterrence threshold for the 141 

alkaloid quinine.   142 

 143 

The bumblebees’ deterrence threshold for the cyanogenic glycoside, amygdalin, was 1 mM 144 

(Fig. 1c, GLM, χ3
2 =3.8 p < 0.05) - more than 60x greater than the highest concentration of 145 

amygdalin found in floral nectar (0.015 mM) (London-Shafir I., 2003).  Finally, bumblebees 146 

could not detect GTX in any of the concentrations we tested (Fig. 1e, GLM, χ3
2 = 0.604 p < 147 

0.739).   148 

 149 

 150 

 151 
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3.2. Compensative feeding does not occur for all nectar toxins  152 

The total amount of food consumed (sucrose solution + sucrose solution containing toxic 153 

compounds) by bumblebees differed significantly depending upon which toxin was 154 

consumed (Fig. 2a, GLM, χ3
2 =70.3, p < 0.001).  The total consumption of individuals fed 155 

solutions containing caffeine, nicotine and grayanotoxins was significantly lower than that of 156 

the control bumblebees (p < 0.001, p = 0.002, and p < 0.001 respectively).  By contrast, the 157 

total consumption of bumblebees fed quinine and amygdalin did not differ from control 158 

bumblebees (p = 0.244, p = 0.803 respectively).  The analysis of total food consumption was 159 

undertaken for the lowest concentration of toxin tested, 0.001 mM, because bumblebees 160 

could not detect any of the toxins at this level.  The same pattern was found, however when 161 

all concentrations for which the design was fully factorial across all toxins were analyzed, 162 

(0.001 mM, 0.01 mM, and 0.1 mM): bumblebees fed caffeine, nicotine, and GTX consumed 163 

significantly less total food than controls (GLM, χ3
2 =30.3 p < 0.001).   164 

 165 

The toxins also had a significant effect on bumblebee mortality (GLM, χ3
2 = 15.9 p = 0.007).  166 

Bumblebees fed amygdalin and caffeine had significantly higher mortality rates than 167 

individuals fed any of the other compounds or control bumblebees (Fig. 2b, p = 0.027 and p = 168 

0.045 respectively).  Survival of the bees fed GTX, nicotine, or quinine did not differ from 169 

the control bumblebees.170 
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Discussion 171 

 172 

Our experiments show that bumblebees are not deterred by a variety of naturally occurring 173 

levels of nectar toxins.  This finding has important implications for bumblebee health and for 174 

plant-pollinator interactions among Bombus- pollinated plants that produce toxins in their 175 

nectar, such as rhododendron (containing GTX) (Stout et al., 2006) and almond tree species 176 

(containing amygdalin) (Thomson and Goodell, 2002).  Because the compounds we tested 177 

did not have repellent effects on bumblebees at nectar relevant concentrations, these 178 

pollinators are unlikely to alter their behaviour to avoid flowers with such compounds.   179 

 180 

4.1 Bees have poor acuity for toxins in nectar 181 

Our data, combined with previous studies using honeybees, demonstrate that generalist bees 182 

have relatively low sensitivity for plant toxins in sucrose solutions.  Previous work has 183 

determined honeybee deterrence thresholds for caffeine, quinine, and amygdalin.  This work 184 

has consistently found that honeybees do not respond to levels of these compounds less than 185 

10 mM (Mustard et al., 2012; Wright et al., 2010).  For caffeine, the deterrence threshold 186 

concentrations for honeybees and bumblebees are similar; however, bumblebees were more 187 

sensitive to amygdalin and quinine in our assays (deterrence threshold 1 mM and 0.01 mM 188 

respectively).  Other insect taxa have greater gustatory acuity for these compounds; fruit flies 189 

for example have deterrence thresholds for caffeine and quinine that are 10-100 times lower 190 

than bees (Sellier et al., 2011).  Similarly, gypsy moth larvae (Lymantria dispar (L)) are 191 

deterred by caffeine at levels 100 times lower than bees (Sheilds et al., 2008).   192 

 193 

Generalist bee species may have poor acuity for the detection of toxins in nectar because they 194 

have few gustatory receptors (Grs) that can detect these compounds. For example, the 195 

honeybee genome encodes only 10 orthologous genes for g-protein coupled Grs (Robertson 196 

and Wanner, 2006). This is in contrast to Dipteran species such as fruit flies and the 197 

mosquito, Anopheles gambiae, that have many more genes for Grs (flies: 68, A. gambiae, 76) 198 

(Dunipace et al., 2001; Hill C.A., 2002; Robertson et al., 2003; Scott K., 2001). The greater 199 

relative diversity of Grs in flies and other insects probably reflects stronger selection for the 200 

detection of toxins in food in these species (Robertson and Wanner, 2006).   201 

 202 

It is possible that natural selection for the ability to detect plant toxins has not been strong 203 

enough to force diversification of eusocial bee’s Grs to improve gustatory acuity for these 204 
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chemicals.  This may be a consequence of eusociality, where individual bees are the 205 

consumers, but selection pressures act on the colony as the reproductive unit.  In solitary 206 

animals, the individual bears the fitness cost of toxin consumption.  In eusocial honey and 207 

bumble bees, foragers collect food for the entire colony.  If a forager ate nectar contaminated 208 

with toxins that it could not detect, it might die, but with little impact on the fitness of the 209 

colony (though more impact on bumblebees as compared to honeybees, because of their 210 

relatively small colonies (Khoury et al., 2011).)  Selection for the ability to detect toxins 211 

would only occur when the queen and therefore the fitness of the colony was affected by 212 

toxins in nectar.   213 

 214 

Our results indicate that out of the classes of toxic compounds tested, individuals of the 215 

species B. terrestris are relatively good at detecting and avoiding alkaloids.  Even within this 216 

specific class of compounds however, the deterrence thresholds varied across four orders of 217 

magnitude for different chemicals (i.e. caffeine, nicotine, quinine).  Alkaloids are one of the 218 

most common and chemically diverse groups of plant compounds, with more than 12,000 219 

structures described (Wink, 1993).  The common frequency with which alkaloids are found in 220 

higher plants and their toxicity has led insects to develop the ability to detect and reject these 221 

chemicals in their food.  The diverse chemical structures within alkaloids, however, makes 222 

some easier to detect than others.   223 

 224 

 225 

4.2 Total consumption of solutions is affected by toxins in nectar 226 

Our results indicate that when bumblebees consume low, nectar relevant doses of caffeine, 227 

nicotine, and grayanotoxins, their total intake of food was depressed, regardless of if they 228 

could readily distinguish the two solutions.  A study on Drosophila found the same 229 

phenomenon: flies ate less total sucrose solution when the alkaloids lobeline, nicotine, and 230 

strychnine were present (Sellier et al., 2011).  This reduction in intake of all solutions after 231 

toxin consumption may be due to post-ingestive detection of the toxins that is modulating 232 

appetite (Wright et al., 2010).  In addition, in our study bumblebees fed the 10 mM nicotine 233 

solution consumed equal, but very small amounts of both solutions, even though their 234 

deterrence threshold was at a lower concentration (0.1 mM, Fig. 1b).  Consumption of this 235 

concentration of nicotine could have damaged chemosensory sensilla or gustatory receptor 236 

neurons of individuals, preventing them from detecting nicotine even though they were 237 

capable of doing so at lower concentrations (0.1 mM) (Sellier et al., 2011).   238 
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 239 

Bumblebee colonies must reach a minimum size in order to produce new queens and males 240 

(Muller and Schmid-Hempel, 1992).  If consumption of toxins in floral nectar causes appetite 241 

suppression in foraging workers, colonies may not reach this critical point as early in the 242 

season or at all.  This could result in a decrease in queen and male production, and because 243 

bumblebees have an annual life cycle could have a substantial population-level effect (Gill et 244 

al., 2012; Henry et al., 2012; Whitehorn et al., 2012).   245 

 246 

 247 

4.3 Functional significance of nectar toxins  248 

Bumblebees are generalist pollinators, and based on the large percentage of plants that have 249 

toxins in their nectar (Baker and Baker, 1975; Baker et al., 1978) it is likely that bumblebees 250 

encounter these kinds of toxins often (Adler and Irwin, 2005; Stephenson, 1982; Stout et al., 251 

2006).  It is possible that legitimate pollinators such as bumblebees have therefore selected 252 

for concentrations of toxins in floral nectar that remain below their deterrence level (Wright 253 

et al., 2013).  For example, if a honeybee learns to associate floral traits with bad-tasting 254 

nectar, it will avoid flowers with these traits (Wright et al., 2010) and will potentially 255 

communicate the poor quality of the nectar to other colony members or not recruit them to 256 

this food source (Tan et al., 2012).  In this way, individual bees could drive natural selection 257 

towards concentrations of these compounds in nectar that are below their deterrence threshold 258 

(Wright et al., 2013; Wright et al., 2010).   259 

 260 

Our data suggest that in the field, low levels of toxic compounds in nectar do not affect 261 

bumblebee foraging behaviour.  These findings are in contrast to similar studies investigating 262 

the gustatory responses of bumblebees in response to different sugars, where nectar relevant 263 

concentrations and sugar identity were shown to impact bumblebee preference (Mommaerts 264 

et al., 2013).  Bumblebee-pollinated plants containing toxic compounds in their nectar would 265 

not suffer from reduced pollination, thus allowing this plant trait to be maintained if it 266 

conferred any fitness benefit to the plant.  Selection for the production of toxins in nectar is 267 

likely to be the result of other factors affecting nectar secretion and production, such as nectar 268 

robbery, damage from herbivores, or reduction of nectar quality due to microorganisms.  For 269 

example, nectar toxins could be toxic or deterrent to nectar thieves but not deter legitimate 270 

pollinators; thus they act in a similarly selective manner to morphological characters such as 271 

sticky peduncles or narrow corolla tubes (Janzen, 1977; Stephenson, 1982).   272 
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 273 

This is the first assay to report that the deterrence thresholds of bumblebees are well above 274 

nectar relevant concentrations of toxic compounds in Bombus-pollinated plants.  Our data are 275 

also the first to provide concentrations that inhibit feeding of the bumblebee for some 276 

chemicals commonly found in floral nectar, and to indicate that the acuity of this generalist 277 

bumblebee for nectar toxins is poor in comparison to other insect species.  This work adds to 278 

the growing body of research on the functional significance of nectar toxins on plant-279 

pollinator interactions and the impacts of these chemicals on bee health.   280 

 281 

  282 
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Materials and methods 284 

 285 

2.1. Subjects 286 

Bombus terrestris dalmatinus (Linnaeus 1758) workers from four colonies (from Agralan 287 

Ltd, © Swindon) were used for each secondary compound assay (total twelve colonies).  Prior 288 

to use, colonies were maintained at 25-30°С and 24 h darkness and fed ad libitum 289 

commercial pollen and, Biogluc® (Agralan) bee food.   290 

 291 

 292 

2.2. Secondary compounds  293 

Five compounds were investigated: quinine, caffeine, nicotine, amygdalin, and grayanotoxins 294 

(GTX) (see Table 1).  With the exception of the compound quinine, and to large extent 295 

nicotine, compounds are known to naturally occur in floral nectar of plant species foraged on 296 

by bees (London-Shafir I., 2003; Raguso et al., 2003; Roubik, 2002; Singaravelan et al., 297 

2006; Stout et al., 2006; Tadmor-Melamed et al., 2004; Thomson and Goodell, 2002).  All of 298 

the compounds except for GTX 1 were supplied by Sigma-Aldrich (Dorset, UK).  GTX (a 299 

mixture of GTX 1 and 3) was isolated from flowers of Rhododendron ponticum L. from the 300 

UK using prep-HPLC.  Flowers of R. ponticum were harvested from the Isle of Cumrae, 301 

Millport, Scotland and air dried.  Dried flowers (100 g) were extracted into 1 L methanol at 302 

room temperature for 24 h.  The extract was evaporated to dryness and redissolved in 500 ml 303 

water and partitioned with hexane (500 ml) twice.  The water fraction was further partitioned 304 

with 300 ml chloroform four times and the chloroform partition evaporated under reduced 305 

pressure to dryness, redissolved in 10 ml methanol and filtered through a 0.45um acrodisc.  A 306 

10 μl sample was diluted into 990 μL methanol and a 10 μl aliquot of this diluted sample 307 

injected directly onto the LC-MS.  LC–MS analysis was carried out using a Waters Alliance 308 

LC solvent delivery system with a ZQ MS detector on a Phenomenex Luna C18(2) column 309 

(150 X 4.0 mm i.d., 5 μm particle size) operating under gradient conditions, with A = MeOH, 310 

B = H2O, C = 1% HCO2H in MeCN; A = 0%, B = 90% at t = 0 min; A = 90%, B = 0% at t = 311 

20 min; A = 90%, B = 0% at t = 30 min; A = 0%, B = 90% at t = 31 min; column temperature 312 

30˚C and flow rate of 0.5 ml min-1.  Grayanotoxin 3 was purchased commercially (Sigma-313 

Aldrich, Dorset, UK) and used as a chromatographic standard to generate a calibration curve 314 

for this compound by quantification of the [M-H+formate]- molecular ion in negative mode 315 
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with m/z = 415.3 and eluting at 6.71 min.  A second more abundant [M-H]- ion with m/z 316 

411.1 corresponded to the molecular weight of GTX 1 and eluted at 8.1 min.  Using this 317 

method, the two GTXs were separated by over 1 min so they could be purified from the 318 

fraction by HPLC by collecting fractions by time.  HPLC was carried out using a semi-319 

preparative Phenomenex Luna C18(2) column (150 X 10.0 mm i.d., 5μm particle size) 320 

operating under the same elution programme as described above but with an increased flow 321 

of 5ml min-1 on a Waters Alliance LC system and a Waters fraction collector.  Aliquots of 322 

100 uL were injected directly onto the column and the eluent collected in 30 s batches and 323 

each collection analysed directly by LC-MS as described above to determine the content. 324 

Grayanotoxins are diterpenoids with no chromophore so they cannot be detected by their UV 325 

absorbance.  Isolation of 4 ml of the methanol soluble partition yielded 20 mg of the main 326 

compound (1) and 1 mg GTX 3 identified earlier by comparison with an authentic standard.  327 

The major compound was evaporated to dryness and subjected to Nuclear Magnetic 328 

Resonance spectroscopy (NMR).  NMR spectra were acquired in MeOH-d4 at 30ºC on a 329 

Bruker Avance 400 MHz instrument.  Standard pulse sequences and parameters were used to 330 

obtain 1D 1H and 1D 13C spectra.  Chemical shift referencing was carried out with respect to 331 

internal TMS at 0.00 ppm and verified as GTX 1 by comparison to published data (Burke and 332 

Doskotch, 1990).   333 

 334 

Nectar was collected from R. ponticum on the Isle of Cumrae, Millport, Scotland. A 20 μL 335 

aliquot was diluted to 200 μL and injected directly on the LC-MS as described above, and the 336 

concentration of compounds present in samples from nectar were quantified in this nectar 337 

sample against calibration curves of authentic samples for both GTX 1 isolated here and 338 

commercial GTX 3.   339 

 340 

Quinine has not been reported in floral nectar, but it is widely used in behavioural studies of 341 

honey and bumblebees as an aversive stimulus (Chittka et al., 2003; Mustard et al., 2012), 342 

and is known to be repellent.  We used it as a positive control.  The concentrations at which 343 

the remaining secondary compounds occur in floral nectar has been previously determined 344 

(see Table 1), except for GTX, whose nectar concentration was determined in this study.  345 

 346 

 347 

 348 
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 349 

2.3. Experimental protocol 350 

We determined the deterrence threshold for each secondary compound using a paired choice 351 

assay in which bumblebees were offered two sucrose solutions, one with and one without the 352 

compound at a variety of concentrations.  Sucrose solutions (0.5 M, within the range found in 353 

the nectar of bee-pollinated flowers (Baker, 1975)) were made by mixing grade II sucrose 354 

(Sigma Aldrich, Dorset, UK) with deionised water.  Serial dilutions were performed to obtain 355 

different concentrations of each secondary compound (range of 0.001 mM-10 mM, 356 

encompassing the naturally occurring concentrations of the compounds in floral nectar 357 

(Detzel and Wink, 1993; Kretschmar and Baumann, 1999; London-Shafir I., 2003; Tadmor-358 

Melamed et al., 2004; Wright et al., 2013)), depending on the toxicity and availability of each 359 

compound.   360 

 361 

Worker bumblebees from each colony were removed and placed into individual plastic 362 

containers.  Nest bumblebees (spending most of their time caring for brood inside the nest, 363 

never foraging) were avoided by refraining from using the smallest workers (Goulson et al., 364 

(2002).  Bees were chilled on ice for approximately 3 min or until movement slowed, 365 

measured (body length, thorax and abdomen width) and weighed, and randomly allocated to 366 

a toxin concentration.  Each bee remained in separate container and was allowed to acclimate 367 

for at least 1 h.  Forty bumblebees, ten from each of four colonies, were allocated to each of 368 

the concentrations of each compound.   369 

 370 

Assays were conducted in 650 ml plastic containers (160x110x45 mm) with lids containing 1 371 

mm diameter ventilation holes.  The containers had three additional 10 mm diameter holes on 372 

three of the four sides where feeding tubes could be inserted horizontally.  Feeding tubes 373 

were 3 ml centrifuge tubes with four 2 mm holes: bees could alight on the tubes and feed 374 

from the openings.  Bees were given a choice between two solutions: a 0.5 M sucrose 375 

solution (internal control), and an identical 0.5 M sucrose solution containing the toxin.  Bees 376 

were also supplied with a third tube containing deionised water.  Tubes were weighed prior to 377 

being inserted into the container and the bee was left to feed for 24 h in growth cabinets at 378 

28°С, 60% relative humidity, and 24 h darkness, mimicking nest conditions (Heinrich, 2004).  379 

Feeding tubes were then reweighed and the amount of food consumed from each calculated.  380 

Identical setups containing no bees were used daily to control for the change in tube weight 381 

due to evaporation (external controls) and the consumption per bee (g) was adjusted 382 
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accordingly.  At least eight of these control setups were run for each concentration of each 383 

compound.  Data from individual bumblebees were only used in the analysis if bees were still 384 

alive at the end of the 24 h test period.   385 

 386 

Forty control bumblebees were fed 0.5 M sucrose in both tubes (ten from each of four 387 

colonies) for comparison to bees fed toxins.   388 

 389 

 390 

2.4. Data Analysis 391 

Consumption data for each of the six compounds were analysed using generalised linear 392 

modelling (GLM) with repeated measures.  Concentration and solution type 393 

(presence/absence of the toxin) were included in the model as main effects and a significant 394 

interaction between the two indicated the presence of a deterrence threshold for a given 395 

compound.  A least significant difference (LSD) post hoc comparison was used for all 396 

pairwise comparisons.  Total consumption (cumulative consumption by each bumblebee, 397 

both the internal control and the solution containing the toxin) was compared between 398 

secondary compounds using concentrations for which the design was fully factorial (the three 399 

lowest concentrations tested, 0.001 mM, 0.01 mM and 0.1 mM) using GLMs.  Logistic 400 

regression was utilized to determine if there was a significant effect of toxin on mortality.  401 

All analyses were carried out using the statistical package SPSS Statistics©, version 20 402 

(IBM).   403 

  404 
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List of Symbols and Abbreviations 405 

GTX: grayanotoxin 406 

GLM: generalised linear modelling 407 

Grs: gustatory receptors 408 
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Table/Figure legends 568 

 569 

Table 1.  Naturally occurring concentrations of nectar toxins and documented sensitivity of 570 

honeybees to these compounds 571 

1 This is not a comprehensive list of plant species containing these compounds; it includes 572 

only plants species used to determine the concentration of compounds in nectar/pollen in the 573 

references listed.  2 The nectar of plants containing quinine in other tissues (bark, leaves, 574 

roots) has not been analyzed for the presence of secondary compounds.  3 LD50 results from 575 

oral acute toxicity tests.   576 

 577 

Figure 1.  Mean (± s.e.m.) consumption (grams), controlled for evaporation by Bombus 578 

terrestris of 0.5 M sucrose solution, with (light grey bars) or without (dark grey bars) 579 

one of five nectar toxins.  Where bars are missing, assays were not completed due to limited 580 

availability of compounds.  Asterisks indicate significant differences between consumption of 581 

two solutions at a given concentration according to (LSD) post-hoc comparisons (* = p < 582 

0.05,  ** = p <0.01,  *** = p < 0.001).  Black arrows represent naturally occurring 583 

concentrations of the compound in floral nectar.   584 

 585 

Figure 2.  Mean (± s.e.m.) a. total consumption (grams), controlled for evaporation of 586 

solutions at lowest concentration (0.001 mM) for each nectar toxin, and b. mortality of 587 

Bombus terrestris fed five different nectar toxins.  Control bumblebees were fed 0.5 M 588 

sucrose in both solutions so had no exposure to any toxin.  N= 40 bees/toxin/concentration.  589 

Lower case letters represent significant (p<0.05) differences in total consumption between 590 

compounds according to least significant difference (LSD) post hoc comparison.   591 
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Table 1. 592 

Secondary 
compound 

Compound 
class 

Naturally occurring 
concentration in nectar (mM) 

Plant species 
containing 
compound1 

Deterrence threshold 
exhibited by 

honeybees (mM) 

Honeybee LD50
3  

Quinine alkaloid 
 

Unknown2 unknown 10 mM (in 1.0 M 
sucrose) 

(Wright et al., 2010) 
 

LD50=0.62 mM  
(Toxicity of quinidine, a 
stereoisomer of quinine) 
(Detzel and Wink, 1993) 

 
 

Caffeine alkaloid 0.003 mM-.253 mM 
(Wright et al., 2013) 

 
 

Coffea canephora, 
Coffea Arabica, 
Coffea liberica, 
Citris paradisi 
Citrus maxima 
Citrus sinensis, 
Citrus reticulate 

 

10 mM (in 1.0 M 
sucrose) 

(Mustard et al., 2012) 

LD50=102 mM 
(Detzel and Wink, 1993) 

 

Nicotine alkaloid 
 

0-0.015 mM (0-2.5 ppm) 
(Detzel and Wink, 1993; 
Tadmor-Melamed et al., 

2004) 
 

Nicotiana tabacum 
Nicotinia glauca 

NA LD50=12.3 mM  
(Detzel and Wink, 1993) 

 
 

Amygdalin cyanogenic 
glycoside 

0.009-0.015 mM (4-7 ppm) 
(London-Shafir I., 2003) 

Amygdalus 
communis 

 

10 mM (in 1.0 M 
sucrose) 

(Wright et al., 2010) 
 

LD50=0.066 mM  
(Detzel and Wink, 1993) 

 

Grayanotoxin 
I&III 

diterpene 
 

                 0.07 mM  
 

Rhododendron 
ponticum 

NA NA 

      
593 
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