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Abstract 18 

Secondary metabolites produced by plants for herbivore defence are often found in floral nectar, 19 

but their effect on the foraging behaviour and physiological performance of pollinators is largely 20 

unknown. Nicotine is highly toxic to most herbivores, and nicotine-based insecticides may 21 

contribute to current pollinator declines. We examined the effects of nectar nicotine on honeybee 22 

foraging choices and worker longevity. Free-flying honeybee (Apis mellifera scutellata) workers 23 

from six colonies were given a choice between multiple nicotine concentrations (0–1000 µM) in 24 

artificial nectar (0.15–0.63 M sucrose). The dose-dependent deterrent effect of nicotine was 25 

stronger in lower sugar concentrations, but even the highest nicotine concentrations did not 26 

completely repel honeybees, i.e. bees did not stop feeding on these diets.  Nicotine in nectar acts 27 

as a partial repellent, which may keep pollinators moving between plants and enhance cross-28 

pollination. In the second part of the study, newly emerged workers from 12 colonies were caged 29 

and fed one of four nicotine concentrations (0–300 µM) in 0.63 M sucrose for 21 days. Moderate 30 

(≤30 µM) nicotine concentrations had no significant detrimental effect, but high nicotine 31 

concentrations reduced the survival of caged workers and their nectar storage in the honey comb. 32 

In contrast, worker groups that survived poorly on sugar-only diets demonstrated increased 33 

survival on all nicotine diets. In the absence of alternative nectar sources, honeybees tolerate 34 

naturally occurring nectar nicotine concentrations; and low concentrations can even be beneficial 35 

to honeybees. However, high nicotine concentrations may have a detrimental effect on colony 36 

fitness. 37 

 38 

Key-words: secondary metabolite, sucrose concentration, feeding preference, deterrence, nectar 39 

storage, Apis mellifera scutellata 40 

2 
 



Introduction 41 

 42 

The presence of secondary metabolites (SM) in floral nectar seems paradoxical, considering the 43 

reward function of nectar, and little is known of their role in mediating interactions between 44 

plants and pollinators. Secondary compounds that have evolved as defences against herbivory 45 

may occur in nectar as an inevitable consequence of their presence in vegetative tissues and 46 

transport in phloem, but adaptive functions of nectar SM have also been proposed (Adler, 2000). 47 

Nectar SM may prevent microbial degradation of nectar (Herrera et al., 2010), act as a filter of 48 

flower visitors by deterring nectar robbers (Johnson et al., 2006), and encourage pollinators to 49 

move more quickly between flowers, thus possibly enhancing cross-pollination (Adler, 2000; 50 

Kessler and Baldwin, 2006). 51 

 52 

Most nectar SM studied so far repel pollinators (Adler and Irwin, 2005; Detzel and Wink, 53 

1993; Tadmor-Melamed et al., 2004). The feeding response to nectar SM is dose-dependent: low 54 

concentrations of some phenolics and alkaloids are preferred by honeybees to sugar-only 55 

controls, while high concentrations inhibit ingestion (Hagler and Buchmann, 1993; Singaravelan 56 

et al., 2005). The attractive or deterrent effect of SM may depend not only on the concentration 57 

of the compound in question but also on the sugar concentration of the nectar. Deterrence of 58 

bumblebees by natural levels of the alkaloid gelsemine in artificial nectar is offset by increasing 59 

the sugar concentration from 0.99 to 1.80 M (Gegear et al., 2007), and honeybee responses to 60 

phenolics also appear to depend on sugar concentration (Liu et al., 2007). Tests of pollinator 61 

responses to varying SM concentration in artificial nectar have commonly used a single sugar 62 
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concentration (often 0.63 M sucrose) (Adler and Irwin, 2005; Detzel and Wink, 1993; Hagler 63 

and Buchmann, 1993; Singaravelan et al., 2005; Tadmor-Melamed et al., 2004). 64 

 65 

Whether SM-containing nectar is acceptable to pollinators also depends on the presence 66 

or absence of alternative nectar sources. Dilute or SM-containing nectars become more 67 

acceptable to honeybees in the absence of alternatives (London-Shafir et al., 2003; Nicolson and 68 

Human, 2008). During winter months, workers of the Asian or Eastern honeybee (Apis cerana) 69 

may forage heavily on the toxic nectar of Tripterygium hypoglaucum, containing the diterpenoid 70 

triptolide, or on the phenolic-containing nectar of Elsholtzia rugulosa (Liu and Fu, 2004). While 71 

nectar SM may be harmless when honeybees can forage on a variety of plants, detrimental 72 

effects are observed when the choice of flowering plant species is limited. Post-ingestive effects 73 

of nectar SM on honeybees include negative effects on foraging behaviour (Liu and Liu, 2010), 74 

interference with social communication (Barron et al., 2009; Gao et al., 2010), and an increase in 75 

mortality (Liu and Fu, 2004; Reinhard et al., 2009; Tan et al., 2007). However, the consumption 76 

of SM may also be beneficial, as it has been shown to reduce the pathogen and parasitoid load of 77 

tobacco hornworms, fall armyworms and bumble bees (Barbosa et al., 1986; Manson et al., 78 

2010).  79 

 80 

Several recent studies on nectar SM have involved alkaloids, well known as feeding 81 

deterrents due to their bitter taste (Gurevitch et al., 2006). Nicotine is a naturally occurring 82 

alkaloid which is widely distributed in the plant kingdom, but best known from the family 83 

Solanaceae, which includes many agricultural crops and 33Ttobacco33T (Leete, 1983; Siegmund et al., 84 

1999). Nicotine is highly toxic to most herbivores through its action on acetylcholine receptors, 85 
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thus affecting various biological functions (Kleinsasser et al., 2005; Thany and Gauthier, 2005; 86 

Yildiz, 2004). Pollinators may encounter nicotine in both nectar and pollen (Detzel and Wink, 87 

1993). Nectar nicotine concentrations of 3 and 31 µM have been measured in Nicotiana glauca 88 

and N. attenuata respectively (Kessler et al., 2010; Tadmor-Melamed et al., 2004). Nicotine in 89 

artificial nectar repels pollinating moths and hummingbirds of N. attenuata (Kessler and 90 

Baldwin, 2006). In an earlier study of honeybees in nucleus hives, nectar nicotine at naturally 91 

occurring concentrations did not affect hatching success and larval survival, but higher nicotine 92 

concentrations (300 µM) reduced larval survival and the foraging activity of workers 93 

(Singaravelan et al., 2006). In addition to its occurrence in plants, nicotine is used as a natural 94 

insecticide in organic farming (Casanova et al., 2002; Isman, 2006). Synthetic analogues of 95 

nicotine, namely neonicotinoids, are used worldwide as insecticides due to their high affinity for 96 

insect nicotinic acetylcholine receptors (Matsuda et al., 2001; Tomizawa and Casida, 2005), and 97 

have been suggested as contributing to the observed pollinator declines that are currently of great 98 

concern internationally (Maini et al., 2010; vanEngelsdorp and Meixner, 2010).  99 

 100 

In the present study, we investigated the feeding response of honeybees to nectar 101 

nicotine, and the effect of dietary nicotine on survival of adult workers. Firstly, free-flying 102 

honeybees were given a choice between multiple feeders containing different nicotine 103 

concentrations in sucrose solution. We hypothesized that honeybee workers would be 104 

increasingly deterred by nicotine as nicotine concentration increased and sugar concentration 105 

decreased. Secondly, caged adult workers were fed different nicotine concentrations in sucrose 106 

solution for 21 days, and food uptake and survival were recorded. We predicted that honeybees 107 
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would not be affected by low and moderate nicotine concentrations (≤30 µM), while higher 108 

nicotine concentrations were expected to reduce survival.  109 

 110 

 111 

Materials and methods 112 

 113 

Nicotine preference test with free-flying honeybees 114 

Honeybee (Apis mellifera scutellata) colonies used in the experiments were wild caught colonies 115 

situated at the University of Pretoria Experimental Farm; queens were naturally mated and no 116 

disease treatments were applied. Six colonies were trained to feed from gravity feeders (250 ml 117 

plastic jars inverted over Petri dishes), which allowed >50 workers to feed simultaneously. 118 

Experiments were carried out in late summer (February and March 2010), on sunny days with 119 

ambient temperatures above 25˚C. Each colony (placed >2 m apart) was presented with eight 120 

randomly positioned feeders placed in a circle, and feeder positions were switched every 15 min. 121 

Feeders were positioned 1 m from the hive entrance and all colonies were tested simultaneously 122 

to prevent honeybees from visiting feeders of other colonies. During preliminary trials it was 123 

observed that workers defended their nectar supply when it was placed this close to the hive 124 

entrance, chasing away visiting bees from neighbouring hives. After each hive in close proximity 125 

received its own feeding station, workers exiting the hives were seen to land on the feeding 126 

platform closest to the entrance, and no in-flight competition between workers from different 127 

hives was noted. On each feeding station, one feeder contained water; the others sucrose 128 

solutions with nicotine ((–)-nicotine, Ref. N3876, Sigma Aldrich, Munich, Germany) at 129 

concentrations of 0, 3, 6, 15, 30, 60 and 300 µM. Three sucrose concentrations (0.15, 0.32 and 130 
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0.63 M) were tested on separate days, and all feeders were weighed before and after each 2 h test 131 

period from 10h00–12h00 (Scout ProP

TM
P SPU402, 0.01 g, Ohaus Cooperation, Pine Brook, NJ, 132 

USA). Small reductions in the mass of water feeders were caused by evaporation (honeybees 133 

were absent from these feeders), and uptake from the remaining feeders was corrected 134 

accordingly. Because workers were not fully deterred by the highest nicotine concentration in 135 

0.63 M sucrose, this trial was repeated with three additional concentrations (150, 500 and 1000 136 

µM), giving a choice between 11 feeders. 137 

 138 

Effect of nicotine on sucrose and water uptake and survival of caged workers 139 

One frame with capped worker brood was removed from each of 12 colonies at the University of 140 

Pretoria Experimental Farm. Experiments were carried out in winter and spring (June until 141 

October 2010). Frames were placed in an incubator and newly emerged workers were collected 142 

daily (a total of 400 workers per frame). Four hoarding cages with 100 freshly emerged (<24 h) 143 

honeybees each were prepared for each colony. The cages consisted of a wooden frame 144 

(11×8.5×7 cm) with a wire mesh bottom for ventilation and glass slides at the front and back for 145 

observation. Each cage contained a piece of honey comb (5×5 cm). Cages were kept in an 146 

incubator (34 ± 1˚C, 45% relative humidity (Back, 1956)) in darkness, to mimic conditions 147 

within the hive. Plastic feeding vials (15 ml) with a cut feeding hole (1×0.5 cm) were inserted 148 

horizontally into the cages, one with water and one with the experimental diet, both provided 149 

fresh daily.  150 

 151 

 The four experimental diets consisted of a 0.63 M sucrose solution without nicotine 152 

(control) and with low, moderate and high nicotine concentrations (3, 30 and 300 µM). No 153 
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protein was provided, as caged A. m. scutellata have recently been shown to survive longest on 154 

sugar-only diets (Pirk et al., 2010). The four cages of each colony were randomly assigned to one 155 

of the four diets and fed this diet for 21 days (i.e. 1200 workers per experimental diet; total of 156 

4800 workers used in the experiment). Food and water uptake were recorded by weighing the 157 

vials (±0.1 mg, Mettler Toledo AG-64, Microsep Ltd, Johannesburg, South Africa) before and 158 

after 24 h of feeding time. Simultaneously, storage of the artificial nectar in the comb was 159 

quantified on a scale of 1 (no storage) to 5 (full comb), and dead bees were counted and removed 160 

from the cages. Food and water uptake were corrected for evaporation, determined by 161 

sporadically measuring the sucrose concentration of test diets before and after the 24 h 162 

experimental period using a refractometer (Eclipse Optical Hand Held Refractometer 45-81, 163 

Bellingham & Stanley Ltd, UK). Sucrose and free water uptake per bee were calculated, thus 164 

correcting for decreasing group size over time. Note that sucrose uptake from the feeders was not 165 

equivalent to sucrose consumption because the workers stored some of the diet removed from the 166 

feeders in the honey comb, and also consumed stored sucrose from the comb. 167 

 168 

Data analysis 169 

Data were tested for normality and homogeneity of variance. For the preference test, we used 170 

repeated measures (RM) ANOVA to compare food uptake between nicotine concentrations (N=7 171 

or 10) in relation to sucrose concentration. To compare food uptake between sucrose 172 

concentrations, slopes of linear regressions between log nicotine concentrations and food uptake 173 

(for each colony and each sucrose concentration separately) were compared using RM-ANOVA. 174 

Sucrose uptake and nectar storage were compared between nicotine treatments (N=4) and test 175 

days (N=21) using RM-ANOVA. Sucrose uptake in the first 10 days (when the number of live 176 
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workers was similar in all cages) was compared between the worker groups from the 12 colonies 177 

for each treatment separately using one-way ANOVA. Post-hoc comparisons were conducted 178 

with Tukey’s HSD test. Linear regression analysis was used to test for a relationship between 179 

supplementary water uptake and nicotine concentration. Kaplan-Meier survival regression 180 

analyses were performed to test for differences in survival between nicotine diets, followed by 181 

Gehan’s Wilcoxon pair-wise comparisons. Level of significance was α<0.05; data are presented 182 

as means ± SE. 183 

 184 

 185 

Results 186 

 187 

Nicotine preference test with free-flying honeybees 188 

On all three sugar concentrations, food uptake differed significantly between nicotine 189 

concentrations (FR6,30R≥15.61, P<0.001), with honeybees decreasing their uptake with increasing 190 

nicotine content of the food source (FR1,4R≥7.84, P≤0.05; RP

2
P≥0.66) (Fig. 1). Food uptake was not 191 

significantly different on the control diet and low nicotine concentrations (0–15 µM: P≥0.13). 192 

Higher nicotine concentrations repelled honeybees, but higher sugar concentrations prolonged 193 

the onset of the adverse effects: deterrence started at 30 µM nicotine on the dilute diet (0.15 M; 194 

P≤0.02), but only at 150 µM nicotine on the highest sugar concentration (0.63 M; P≤0.01). 195 

Indeed, linear regression slopes (nicotine concentration vs. uptake) differed between sugar 196 

concentrations (FR2,10R=15.13, P<0.001), being steeper on the dilute diet than on more 197 

concentrated diets (P<0.01; 0.15 M: slope m= -12.4 ± 1.4, RP

2
P=0.92; 0.32 M: m= -6.3 ± 0.7, 198 

RP

2
P=0.89; 0.63 M: m= -4.9 ± 0.5, RP

2
P=0.92). Total food uptake per colony during the 2 h test 199 
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period increased with sugar concentration, averaging 154.5 ± 44.2 ml on the 0.15 M diet and 200 

500.1 ± 67.0 ml on the 0.63 M diet. Consequently, nicotine uptake also increased with sugar 201 

concentration (0.15 M: 0.63 ± 0.21 mg; 0.63 M: 8.01 ± 1.15 mg).  202 

 203 

Effect of nicotine on sucrose and water uptake by caged workers  204 

In this no-choice experiment, dietary nicotine did not significantly affect sucrose uptake from the 205 

feeder by caged honeybees (FR3,33R=2.26, P=0.10). On all diets, sucrose uptake per bee increased 206 

towards the end of the experiment (FR20,220R=16.61, P<0.001), as the number of individuals per 207 

cage decreased (Fig. 2A). Sucrose uptake was compared between the worker groups from the 12 208 

colonies for the first 10 days of the experiment, where >80% of the workers were alive in each 209 

treatment (we did not compare uptake during the second half of the experiment as sucrose uptake 210 

per bee appeared to depend on the number of individuals per cage; and survival differed between 211 

groups – see below). Sucrose uptake did not differ between the 12 worker groups on the control 212 

and 3 µM diets (FR11,84R≤1.77, P≥0.07), but differed on the higher nicotine concentrations 213 

(FR11,84R≥2.78, P<0.01). Uptake of supplementary water (range 3.5–14.6 mg beeP

-1
P dayP

-1
P) was not 214 

related to dietary nicotine concentration (FR1,46R=0.41, P=0.53; RP

2
P=0.01). 215 

 216 

Effect of nicotine on nectar storage 217 

Nicotine affected nectar storage by caged workers in the honey combs (FR3,33R=15.23, P<0.001), 218 

with storage being lower on the highest nicotine concentration (300 µM) than on control and 219 

lower nicotine concentrations (P<0.001; Fig. 2B). The comb was filled to a maximum of two 220 

thirds and then workers consumed the stored nectar from Day 6 onwards (which coincides with a 221 

decrease in sucrose uptake from the feeder; Fig. 2A). Thus, the amount of nectar stored differed 222 
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between days (FR20,220R=14.15, P<0.001). All combs except one on the control diet were empty at 223 

the end of the experiment. 224 

 225 

Effect of nicotine on worker survival 226 

Survival was generally high, with 59.1 ± 5.1% of workers from nine groups surviving until Day 227 

21 on the control treatment (Fig. 3A). However, the survival of groups originating from three 228 

colonies dropped below 50% before the last third of the experiment, and only 7.7% were alive at 229 

the end of the experiment (Fig. 3B). Cages from the different colonies are hereafter referred to as 230 

“strong” groups (N=9) and “weak” groups (N=3). Interestingly, dietary nicotine had a different 231 

effect on strong than on weak groups, and groups were therefore analyzed separately. In strong 232 

groups, survival was similar on control and low and moderate nicotine concentrations (Z≤-1.36, 233 

P≥0.17), but was significantly reduced on the highest nicotine concentration, compared to all 234 

other treatments (Z≥5.41, P≤0.001; Fig. 3A). In contrast to this, dietary nicotine drastically 235 

improved the survival of weak groups, with workers on all three nicotine concentrations 236 

surviving 56.6 ± 8.5% longer than their sugar-only diet counterparts (Z≥7.35, P≤0.001; Fig. 3B). 237 

Survival was higher on the low than on the moderate and high nicotine concentrations (Z≥-3.15, 238 

P≤0.01).  239 

 240 

 241 

Discussion 242 

 243 

Using preference tests on free-flying honeybees, we have shown that nectar nicotine is deterrent 244 

in high concentrations, but the workers are more tolerant of this alkaloid when the sugar 245 
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concentration is higher. Under no-choice conditions in the laboratory, adult workers tolerate 246 

naturally occurring nectar nicotine concentrations, but nectar storage in the honey comb and 247 

worker survival decrease on high dietary nicotine. Interestingly, weak worker groups that survive 248 

poorly on sugar-only diets demonstrate increased survival on nicotine diets. Below we discuss 249 

the effects of this secondary metabolite in nectar on the foraging choices and survival of this 250 

major pollinator, and possible implications for plant-pollinator interactions. 251 

 252 

Feeding response to nectar nicotine 253 

Honeybees decreased their uptake of artificial nectar as its nicotine concentration increased, 254 

indicating that they were deterred by the presence of nicotine. Nicotine gives nectar a bitter taste, 255 

but honeybees have been assumed to have poor taste perception, as they possess only ten 256 

gustatory receptors, compared to more than 60 gustatory receptors identified in other insects 257 

(Robertson and Wanner, 2006). Accumulating evidence, however, suggests that honeybees are 258 

indeed able to detect secondary metabolites (Liu et al., 2007; Liu et al., 2004; Singaravelan et al., 259 

2005; Wright et al., 2010), and their taste perception is likely to be more complex than assumed 260 

from the number of gustatory receptors (de Brito Sanchez et al., 2007). While 261 

electrophysiological recordings did not detect antennal receptor cells for bitter substances (de 262 

Brito Sanchez et al., 2005), Wright et al. (2010) have recently shown that gustatory receptors on 263 

the proboscis do respond to such substances. Honeybees are less likely to drink sucrose-quinine 264 

solutions presented to the proboscis as the toxin concentration increases (Wright et al., 2010). 265 

Quinine, when added to a sucrose solution, was also found to inhibit the response of sugar 266 

receptors, indicating that bitter substances may interfere with sweetness perception (de Brito 267 

Sanchez et al., 2005).  268 
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 Honeybees were remarkably tolerant to nectar nicotine, ingesting relatively large 269 

quantities of sugar solutions containing nicotine at much higher concentrations than those 270 

recorded in nectar to date (Kessler et al., 2010; Tadmor-Melamed et al., 2004). Nicotine, when 271 

injected in low concentrations (10 µM) into the antennal lobes of honeybees, did not interfere 272 

with olfactory learning, and even improved short-term memory (Thany and Gauthier, 2005). 273 

Injections of 100 and 1000 µM nicotine increased sucrose sensitivity within minutes after 274 

administration (Thany and Gauthier, 2005). Increased sucrose sensitivity may counterbalance 275 

possible effects of bitterness on sweetness perception, and may have caused the ingestion of 276 

fairly high nicotine concentrations in our study. It is, however, not known how quickly nicotine 277 

affects the honeybee brain after oral ingestion. 278 

 279 

 A rapid response to plant SM does not necessarily mean that the response is purely taste-280 

mediated. When Manduca sexta caterpillars were fed a nicotine-containing diet, they initially fed 281 

rapidly but stopped feeding after 24–30 s (Glendinning, 1996). The authors concluded that this 282 

was a post-ingestive response, as nicotine failed to stimulate the caterpillars’ gustatory receptors, 283 

and taste-mediated aversive responses would have been faster in this species (Glendinning, 284 

1996). In honeybees, in addition to gustatory responses to toxins, a post-ingestive mechanism 285 

involving serotonin has been identified as playing a role in conditioned food aversions (Wright et 286 

al., 2010). It is therefore possible that honeybees may have used post-ingestive mechanisms to 287 

detect the nectar nicotine in our study. We used naїve workers and there was no indication that 288 

the response to nicotine depended on the sequence of tests. Longer-term nicotine effects, both 289 

positive and negative, are therefore unlikely, as bees would have either increased their nicotine 290 
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intake over time (if it was in any way beneficial or addictive after this short-term exposure), or 291 

would have been increasingly deterred (if nicotine had caused toxicity symptoms). 292 

   293 

The acceptability of nicotine depended on the sugar concentration of the artificial nectar, 294 

with honeybees being more tolerant of nicotine when the sugar concentration was higher. The 295 

dose-response curve shifted to the left and became steeper with decreasing sugar concentration. 296 

Sweetness may likewise mask the bitter taste of alkaloids in caterpillars, in which simple 297 

carbohydrates such as myo-inositol can interfere with the response to caffeine (Glendinning, 298 

2002), and the deterrent effect of a given quinine concentration on feeding in blowflies depends 299 

on the sucrose concentration in the mixture (Moss and Dethier, 1983). We observed an increase 300 

in uptake of concentrated sugar diets, which is expected for honeybees as these diets are more 301 

profitable (Roubik and Buchmann, 1984). 302 

 303 

Even very high concentrations of nicotine in artificial nectars did not completely repel 304 

honeybees. This is a common finding in studies of the response of pollinators to nectar SM 305 

(Singaravelan et al., 2005; Tadmor-Melamed et al., 2004; Tan et al., 2007); and Singaravelan and 306 

colleagues (2005) found that low concentrations of nicotine and caffeine elicited a significant 307 

feeding preference in honeybees. Partial repellence by SM has implications for plant fitness: 308 

moth and hummingbird pollinators removed more nectar from nicotine-silenced N. attenuata 309 

plants than from control plants with nicotine-containing nectar (Kessler and Baldwin, 2006). 310 

Thus, nectar SM maximize the number of flower visits per unit nectar produced and keep 311 

pollinators moving between flowers, which may enhance outcrossing (Kessler and Baldwin, 312 

2006). 313 
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Effect of nectar nicotine on honeybee survival 314 

We were interested in the effect of longer-term exposure to dietary nicotine on the longevity of 315 

honeybees. Similar amounts of the artificial nectar were consumed on all treatments, indicating 316 

that the sucrose intake is defended irrespective of nectar nicotine concentration. Although 317 

honeybees were provided with water ad libitum, there was no indication that workers attempted 318 

to dilute the nicotine by drinking more water on the nicotine diets.  319 

 320 

Differences in the quantity of artificial nectar stored in the honey comb were observed 321 

between treatments. While similar amounts were stored on the control and lower nicotine 322 

concentrations, storage was reduced on the highest nicotine concentration (300 µM), suggesting 323 

that high SM concentrations and a lack of alternative nectar sources may reduce honey 324 

production (see also Liu et al., 2004). Caged honeybees consumed the stored nectar after a few 325 

days, which coincided with increased activity (A. Köhler, pers. observation) and the 326 

development of endothermic ability (Stabentheiner et al., 2010). The evaporation of nectar in the 327 

cells led to a more concentrated sugar solution, which might have resulted in workers preferring 328 

it over the more dilute nectar provided ad libitum in the feeder. The preference for concentrated 329 

nectar might have been a result of the active heating tasks performed by workers, since these 330 

workers normally get “refilled” from the honey store (Basile et al., 2008). In addition, the 331 

consumption of smaller volumes of concentrated nectar reduces the amount of water that 332 

workers have to evaporate (workers do not defecate inside the hive).  333 

 334 

Nicotine in sucrose solution is toxic to adult honeybees, tested 48 h after the start of oral 335 

exposure, at an LDR50R concentration of 12 mM (Detzel and Wink, 1993). This is a much higher 336 
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concentration than honeybees would encounter under natural conditions. In our study, naturally 337 

occurring nicotine concentrations (31 µM in nectar of N. attenuata; Kessler et al., 2010; Tadmor-338 

Melamed et al., 2004) did not affect the survival of caged workers from the strong groups (61% 339 

survived until Day 21), but mortality increased on the 300 µM nicotine treatment (47% alive on 340 

Day 21; Fig. 3A). This contradicts previous findings on workers that showed no increase in 341 

mortality after receiving the same nicotine concentration for 15 days (Singaravelan et al., 2006). 342 

The increased mortality on the highest nicotine concentration may have been caused by an 343 

interference of the alkaloid with food utilization. Dietary nicotine has been shown to reduce the 344 

efficiency of food conversion in tobacco hornworms (Bentz and Barbosa, 1990). 345 

 346 

 Surprisingly, 25% of the groups tested in our study showed lower survival in captivity, 347 

with less than 8% of the bees surviving until Day 21 on the sugar-only diet. The sucrose uptake 348 

on the control diet did not differ between weak and strong groups, so the high mortality was not 349 

caused by a deficit in sugar intake. Varroa mites, known to transmit various viral diseases 350 

(Tentcheva et al., 2004), were found in the test colonies. Workers from the three weak groups 351 

could have been infected with a viral disease transmitted by Varroa, or could have been 352 

weakened from excessive feeding of the mites during early honeybee development, but no 353 

noticeable anomalies, e.g. deformed wings (de Miranda and Genersch, 2010), were observed in 354 

freshly emerged workers. Varroa mites have also been shown to suppress honeybee immunity 355 

(Yang and Cox-Foster, 2005), which could have affected longevity in our experiment. Brood 356 

samples of the three colonies that produced weak groups showed characteristics of a bacterial 357 

brood disease, possibly European foulbrood, which is widespread in South Africa (Human and 358 

Pirk, 2010); whereas brood of the remaining colonies appeared healthy (the inspection was done 359 
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double-blind). We extracted the DNA of honeybee workers from our experiment (NucleoSpinP

®
P 360 

Tissue kit, Machery-Nagel GmbH & Co. KG, Düren, Germany) and tested for Nosema apis (a 361 

gut pathogen) and Melissococcus plutonius (the causal agent of European foulbrood) using PCR 362 

with primer sequences as in Chen et al. (2008) and Roetschi et al. (2008). Both bacterial diseases 363 

had earlier been found in our apiary (U. Strauss, unpublished data), but were not present in 364 

workers from the survival experiment and therefore did not cause the lower survival of the weak 365 

groups. However, other bacterial or viral diseases or excessive mite infestation could possibly 366 

have affected the physical condition of adult workers, thus might have caused the shorter 367 

lifespan (Kovac and Crailsheim, 1988).  368 

 369 

Interestingly, nicotine increased the survival in these weak colonies. In contrast to the 370 

strong colonies, where survival was reduced on the 300 µM nicotine diet, survival of the weak 371 

colonies was higher on this highest nicotine concentration compared to the sugar-only control, 372 

suggesting that dietary nicotine may provide health benefits. Nicotine causes dose-dependent 373 

inhibition of the growth of various bacterial and fungal pathogens (Pavia et al., 2000), and has 374 

been shown to kill parasitoids in two caterpillar species (Barbosa et al., 1986). Nicotine also has 375 

antiviral effects, as shown for the hepatitis C virus, where the alkaloid inhibits viral replication 376 

(Yamashina et al., 2008). In a recent study, another nectar alkaloid, gelsemine, reduced infection 377 

by a protozoan pathogen (Crithidia bombi) in bumble bees (Manson et al., 2010). If survival of 378 

workers from the weak groups were drastically reduced by a pathogen, and dietary nicotine 379 

adversely affected this pathogen, then it is possible that the otherwise observed negative effect of 380 

ingesting high nicotine concentrations was offset. 381 

 382 
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Many plant SM have antimicrobial properties (Cowan, 1999), and animals exploit 383 

therapeutic SM to mitigate costs of parasitism, infection and other homeostatic challenges 384 

(Forbey et al., 2009). Such self-medication has also been demonstrated in various insects 385 

(Castella et al., 2008; Lefèvre et al., 2010; Singer et al., 2009); honeybees provide a further 386 

example, through their collection and use of propolis, a resin with high anti-pathogen properties 387 

(Simone-Finstrom and Spivak, 2010). There was no indication in our study, however, that 388 

workers from weak groups ingested more nicotine than those from strong groups. Preference 389 

experiments with multiple nicotine concentrations are needed to investigate whether challenged 390 

honeybees would actively seek nectar nicotine. Studies on foraging behaviour have often 391 

demonstrated how diet selection is influenced by avoidance of plant SM. A possible exploitation 392 

of nectar SM for therapeutic purposes would provide a different perspective on the feeding 393 

choices of nectarivorous animals, and may further help to explain the role of nectar SM in 394 

mediating interactions between plants and their pollinators.  395 

 396 
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Figure legends 572 

 573 

Figure 1. Feeding preferences with nicotine-containing nectar. Uptake of artificial nectar 574 

(0.15–0.63 M sucrose) differing in nicotine concentration (0–1000 µM) by six honeybee (Apis 575 

mellifera scutellata) colonies (mean ± SE; SE partly omitted for clarity). Nicotine concentrations 576 

are plotted as log(x+1). Note the shift and change in slope of the dose-response curves with 577 

increasing sugar concentration. Different letters indicate significant differences between data 578 

series. 579 

 580 

Figure 2. Sucrose uptake and nectar storage on nicotine diets. Sucrose uptake from the feeder 581 

(A) and artificial nectar storage in the honey comb (B) by caged workers (A. m. scutellata) on 582 

0.63 M sucrose solutions without nicotine (control) and with three nicotine concentrations (N=12 583 

groups from 12 colonies; mean ± SE; SE partly omitted for clarity). Sucrose uptake from the 584 

feeder was similar on all diets, but differed between test days. Nectar storage was quantified 585 

daily on a scale of 1 (no storage) to 5 (full comb). Nectar was stored during the first days of the 586 

experiment, but then consumed as the bees became more active. Different letters indicate 587 

significant differences between data series. 588 

 589 

Figure 3. Survival on nicotine diets. Cumulative survival of honeybees (A. m. scutellata) on 590 

0.63 M sucrose solutions without nicotine (control) and with three nicotine concentrations. (A) 591 

Survival of strong groups (N=9; mean ± SE; SE partly omitted for clarity) was significantly 592 

reduced on the highest nicotine concentration. (B) Survival of weak groups (N=3; mean) was 593 
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significantly improved by dietary nicotine. Different letters indicate significant differences 594 

between data series. 595 
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