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Abstract 19 

 20 

Recent large-scale mortality of honeybee colonies is believed to be caused by multiple 21 

interactions between diseases, parasites, pesticide exposure, and other stress factors. To test 22 

whether a dual challenge has an additive effect in reducing survival, we experimentally 23 

stimulated the immune system of caged Apis mellifera scutellata workers from six colonies by 24 

injecting saline or E. coli lipopolysaccharides (LPS), and additionally fed them the alkaloid 25 

nicotine (0 µM, 3 µM and 300 µM in 0.63 M sucrose). Workers did not increase their sucrose 26 

intake to compensate for the immune system activation, and those injected with E. coli LPS 27 

decreased their intake on the highest nicotine concentration. In the single challenges, injection 28 

and high nicotine doses negatively affected survival. All injected worker groups showed reduced 29 

survival. Without nicotine, survival of the saline and E. coli LPS worker groups was similar, but 30 

survival of E. coli LPS-challenged workers dropped below that of the saline groups when 31 

additionally challenged by nicotine, with bees dying earlier at higher nicotine concentrations. In 32 

the dual challenge of saline injection and dietary nicotine, a reduced effect on survival was 33 

observed, with lower mortality than expected from the summed mortalities due to the single 34 

challenges. However, additive and synergistic effects on survival were observed in workers 35 

simultaneously challenged by E. coli LPS and nicotine, indicating that interactive effects of 36 

simultaneous pathogen exposure and dietary toxin are detrimental to honeybee fitness. 37 

 38 
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1. Introduction 42 

Current pollinator declines are of great concern around the globe (Potts et al., 2010), because an 43 

estimated 87.5% of flowering plants rely on animal pollinators for reproduction (Ollerton et al., 44 

2011). Researching the causes of pollinator declines is essential, as losses of food products and 45 

biodiversity are immediate threats (Biesmeijer et al., 2006; Gallai et al., 2009). Honeybees 46 

provide substantial pollination services to agricultural crops and wild plants (Aebi et al., 2012; 47 

Ellis, 2012; Morse, 1991), and major colony losses in the recent past are of great concern 48 

(vanEngelsdorp et al., 2009, 2011, 2012). Multiple stressors may contribute to this population 49 

decline: bacterial and viral diseases (Forsgren, 2010; Genersch, 2010; Tentcheva et al., 2004), 50 

energetic stress and immune system suppression caused by the parasitic mite Varroa destructor 51 

(Amdam et al., 2004; Yang and Cox-Foster, 2005), insecticide exposure, and nutrient 52 

deficiencies (Brodschneider and Crailsheim, 2010; Mullin et al., 2010; Naug, 2009; Williams et 53 

al., 2010).  54 

Large-scale honeybee colony losses are likely to be caused by integrative effects of 55 

multiple stressors (Aebi and Neumann, 2011; Dainat et al., 2012a; Maini et al., 2010; Potts et al., 56 

2010), and recent studies have begun to examine the impact of different factors acting in concert. 57 

Simultaneous insecticide exposure and Nosema infection had a negative synergistic effect on 58 

honeybee immunity and survival, meaning that the negative effect of the dual challenge was 59 

greater than the additive effect of the two challenges individually (Alaux et al., 2010a; Aufauvre 60 

et al., 2012). Pettis et al. (2012) demonstrated that Nosema-infected workers had an increased 61 

spore count when they originated from colonies exposed to sub-lethal insecticide doses over 62 

several weeks, compared to infected workers from control colonies. Another study, involving 63 

analysis of dead workers collected from colonies, showed that lifespan of winter bees was 64 
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reduced by V. destructor and deformed wing virus, while infections with Nosema ceranae or 65 

acute bee paralysis virus were not linked to survival (Dainat et al., 2012b).  66 

We are interested in whether the additive effect of an immune challenge and dietary toxin 67 

is more detrimental to honeybees than either challenge alone. Insect haemolymph contains 68 

pattern recognition proteins that bind to surface molecules of microbes and induce immune 69 

responses, including phenoloxidase activation and antimicrobial peptide production (Kanost et 70 

al., 2004). An attack by bacteria can be simulated by exposing the insect to nonviable and non-71 

pathogenic bacterial surface molecules, namely lipopolysaccharides (LPS) (Azumi et al., 1991; 72 

Hultmark, 1993; Kato et al., 1994). LPS activate the Jun N-terminal Kinase (JNK) pathway of 73 

the innate immune system, increasing expression levels of the immune response gene Defensin2 74 

in the fat bodies of honeybees (Richard et al., 2008). In adult workers, rupturing the cuticle by 75 

saline injection has been found to cause an immune response, but Escherichia coli LPS injection 76 

causes a much stronger increase in Defensin2 expression (Richard et al., 2008). A recent study 77 

confirmed that antimicrobial peptide synthesis increased following an injection with either 78 

Ringer or LPS, and young workers further had a lower phenoloxidase activity after LPS injection 79 

(Laughton et al., 2011). The immune response is costly: bumblebees (Bombus terrestris) can 80 

tolerate an E. coli LPS challenge when food is available ad libitum, but when additionally 81 

challenged by starvation they show poorer survival than starved control individuals (Moret and 82 

Schmid-Hempel, 2000). 83 

In addition to activation of the immune system, we challenged honeybees by including 84 

nicotine in their diet. Nicotine is a naturally occurring and highly toxic alkaloid (Detzel and 85 

Wink, 1993; Kessler et al., 2010; Yildiz, 2004), that functions as a defence against herbivores 86 

(Steppuhn et al., 2004). Nicotine is also used as insecticide in organic farming (Casanova et al., 87 
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2002; Isman, 2006), although its use declined after introduction of its synthetic analogues 88 

(neonicotinoids) (Matsuda et al., 2001; Tomizawa and Casida, 2005). Nicotine and 89 

neonicotinoids have the same action at the nicotinic acetylcholine receptors (Tomizawa and 90 

Casida, 2005). Naturally occurring nectar nicotine concentrations (≤30 µM) do not have a 91 

negative effect on honeybees, but ingestion of higher nicotine doses (300 µM) reduces the 92 

survival of larvae and workers (Köhler et al., 2012; Singaravelan et al., 2006).   93 

In the present study, caged honeybee worker groups were exposed to an immune 94 

challenge (by injecting saline or E. coli LPS) and fed nicotine-containing diets. Different worker 95 

groups were exposed to either one of the two challenges, while others experienced the dual 96 

challenge of immune system activation and dietary toxin. We predicted that food intake would 97 

not differ between control and nicotine diets, but that injected workers would have a higher 98 

energy intake than untreated individuals to compensate for the immune challenge. In the single 99 

challenges, worker survival was expected to be reduced on the high nicotine concentration, and 100 

also following E. coli LPS injection. In the dual challenges, we expected to find an additive, or 101 

even synergistic, effect on longevity, with workers exposed to E. coli LPS and high nicotine 102 

concentration showing the lowest survival.  103 

 104 

2. Materials and methods 105 

2.1. Experimental procedure 106 

Frames with capped worker brood were removed from six Apis mellifera scutellata colonies at 107 

the University of Pretoria Experimental Farm. Experiments were carried out in winter and spring 108 

(July to September 2011). Workers were collected within 24 h of emergence (N=900 per colony) 109 

and randomly assigned to one of three treatments (total N=1800 per treatment; Fig. 1): 1) No 110 
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injection: workers that were not injected, i.e. a full control; 2) Saline: injection of 3 µl phosphate 111 

buffered saline; and 3) E. coli LPS: injection of 3 µl 0.5 mg/ml E. coli lipopolysaccharides (strain 112 

O128:B12; Ref. L2755, Sigma Aldrich, Munich, Germany). The E. coli LPS concentration was 113 

chosen based on an earlier study, where the injection of 4 µl 0.5 mg/ml E. coli LPS into 7-day 114 

old A. m. carnica workers did not cause mortality within 8 h (Richard et al., 2008). Bees were 115 

injected in the abdominal cavity, between the 3
rd

 and 4
th

 tergite, using a Hamilton microsyringe. 116 

No anaesthesia was required as newly emerged workers do not sting or fly. Workers were caged 117 

in groups of 100 individuals, resulting in a total of 54 cages. Cages (11×8.5×7 cm) contained a 118 

piece of honeycomb (5×5 cm) and were incubated at 34 ± 1˚C and 45% relative humidity in 119 

darkness, to mimic conditions within the hive. Two plastic feeding vials (15 ml) with a cut 120 

feeding hole (1×0.3 cm) were inserted horizontally into the cages, one with water and one with 121 

the experimental diet, both provided fresh daily.  122 

 The three cages of each treatment and each colony were randomly assigned to one of 123 

three experimental diets (Fig. 1), consisting of a 0.63 M sucrose solution with 0 µM, 3 µM and 124 

300 µM (–)-nicotine (Ref. N3876, Sigma Aldrich). Protein was not included in the diet, as caged 125 

A. m. scutellata survive longest on sugar-only diets (Pirk et al., 2010). Experiments lasted for 21 126 

days, with food intake being recorded daily by weighing the feeders (±0.1 mg, Mettler Toledo 127 

AG-64, Microsep Ltd, Johannesburg, South Africa). Survival was assessed by counting and 128 

removing dead bees daily.  129 

 130 

2.2. Data analysis 131 

Food intake was corrected for evaporation (determined from feeders in empty cages), and daily 132 

sucrose intake per bee was calculated to correct for decreasing group size over time. Analysis 133 
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was performed on summed intake of the first seven days, when the majority of workers was alive 134 

in all cages. Intake data were tested for normality (Kolmogorov-Smirnov) and homogeneity of 135 

variance (Levene’s test), and were compared between treatments (no injection, saline, E. coli 136 

LPS) and diets (0, 3, 300 µM nicotine) using one-way and two-way ANOVA. Post-hoc 137 

comparisons were conducted with Tukey’s HSD test. Kaplan-Meier survival regression analyses 138 

were performed to test for differences in survival between treatments and diets, followed by 139 

Gehan’s Wilcoxon pair-wise comparisons. Observed mortality of workers exposed to the dual 140 

challenge was compared to the expected mortality (calculated as sum of the mortalities of 141 

injected workers and uninjected ones fed nicotine) using 2
 tests. Statistical analysis was done in 142 

Statistica
TM

 V. 10. Level of significance was α<0.05; data are presented as means ± SE. 143 

 144 

3. Results 145 

3.1. Effect of immune challenge and nicotine on sucrose intake 146 

Sucrose intake did not differ between the treatments (F2,45=0.68, P=0.51), but differed between 147 

the nicotine concentrations (F2,45=5.62, P<0.01). There was no significant interaction between 148 

treatment and diet (F2,45=0.85, P=0.50). When looking at the treatments separately, sucrose 149 

intake of no injection workers summed over the first seven days did not differ between the 150 

nicotine concentrations (F2,15=0.28, P=0.76), neither did sucrose intake of saline workers 151 

(F2,15=2.67, P=0.10; Fig. 2). However, sucrose intake of E. coli LPS workers was found to differ 152 

between diets (F2,15=3.81, P=0.05), being lower on the 300 µM nicotine diet than on the no 153 

nicotine and 3 µM nicotine diets (P=0.05; Fig. 2). 154 

 155 

 156 
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3.2. Effect of immune challenge and nicotine on worker survival 157 

Workers from the no injection groups survived significantly better than either saline or E. coli 158 

LPS workers, irrespective of dietary nicotine (Z≥13.59, P<0.001; Fig. 3). On average, 26 ± 2% of 159 

the workers died within 24 h of being injected. Survival of saline and E. coli LPS workers was 160 

similar on the no nicotine diet (Z=0.11, P=0.91), but survival of E. coli LPS workers was poorer 161 

than that of saline workers on both nicotine diets (Z≥3.24, P<0.01; Fig. 3). On the 3 µM nicotine 162 

diet, survival of saline and E. coli LPS workers was similar in the first seven days, after which 163 

survival of E. coli LPS workers fell below that of saline workers. On the high nicotine 164 

concentration (300 µM), survival of E. coli LPS workers was lower than that of saline workers 165 

from Day 2 onwards (Fig. 3). Comparing worker longevity between the three diets within a 166 

treatment, it was found that survival of no injection workers differed between the nicotine 167 

concentrations (2
=55.57, P<0.001), with workers living longer on the no nicotine and 3 µM 168 

nicotine diets than on 300 µM nicotine (Z≥4.02, P<0.001). Survival of E. coli LPS workers also 169 

differed between the diets (2
=38.62, P<0.001), but these workers showed lower survival on 170 

both nicotine diets than on the no nicotine diet (Z≥4.23, P<0.001). Interestingly, survival of 171 

saline workers did not differ significantly between diets (2
=4.79, P=0.09). 172 

 As can be seen in Table 1, mortality was more than twice as high in E. coli LPS and 173 

saline workers as in no injection workers when they were fed the highest nicotine concentration. 174 

Thus, a single injection had a stronger effect on survival than chronic ingestion of the nectar 175 

alkaloid. In the dual challenge of saline injection and dietary nicotine, the interactive effect on 176 

worker survival was lower than expected from the added mortalities of the two individual 177 

challenges (Table 1). For example, saline injection reduced survival by 54.7% compared to no 178 

injection, and 300 µM nicotine reduced survival by 20.6%. An additive effect of both challenges 179 
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combined would give a decrease in survival of 75.3%, but a reduced effect on survival was 180 

observed (2
≥95.23, df=5, P<0.001; Table 1), with the mortality of workers exposed to the dual 181 

challenge being similar to that due to the saline injection alone. In workers simultaneously 182 

challenged by E. coli LPS and nicotine, on the other hand, an additive effect on longevity was 183 

observed on the 300 µM nicotine diet (2
=0.00, df=5, P=1.00). On the low nicotine 184 

concentration, mortality was even higher than predicted from an additive effect, i.e. a synergistic 185 

effect was observed (2
=1256.74, df=5, P<0.001; Table 1).   186 

  187 

4. Discussion 188 

We have provided experimental evidence of an immune challenge and chronic toxin ingestion 189 

interactively affecting honeybee longevity. Workers that were both injected with E. coli LPS and 190 

fed nicotine showed the highest mortality. Looking at the challenges individually, the once-off 191 

immune system activation with either saline or E. coli LPS had a larger effect on honeybee 192 

survival than the ingestion of the nectar alkaloid nicotine throughout the experiment. Below we 193 

discuss behavioural and physiological consequences of the challenges; and possible fitness 194 

effects of multiple stressors acting in concert.  195 

 196 

4.1. Effects of the immune challenge 197 

We observed a high mortality rate of saline and E. coli LPS workers within 24 h after injection. 198 

The stress of handling and injecting and the wound itself may have caused the deaths of the 199 

young workers. Mortality of honeybees following injection with control buffers was similarly 200 

high (20% after 48 h) in an earlier study (Picard-Nizou et al., 1997) and has been attributed to the 201 
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trauma associated with injection. Many studies do not report the mortality of injected honeybees 202 

and bumblebees and just work with the survivors. Mealworms (Tenebrio molitor) and starved 203 

bumblebees also showed reduced survival following injection with non-infectious substances 204 

(Moret and Schmid-Hempel, 2000; Pursall and Rolff, 2011). Handling of insects during injection 205 

induces a stress response and the resulting tissue damage further poses a risk of secondary 206 

infection (Kucharski and Maleszka, 2003). The behaviour of honeybees is also altered following 207 

handling stress: workers handled without anaesthesia showed lower sucrose responsiveness 30 208 

min after handling than anaesthetized individuals (Pankiw and Page, 2003). E. coli LPS-injected 209 

honeybees were further found to have a lower ability to associate an odour with a food reward 210 

than control bees, suggesting that the immune response interferes with learning or memory 211 

formation (Mallon et al., 2003). A delayed onset of feeding of injected workers in our 212 

experiment may have contributed to the reduced weekly sucrose intake (Fig. 2), and the energy 213 

deficit may have increased mortality.  214 

An immune response has significant energetic costs in insects (DiAngelo et al., 2009; 215 

Freitak et al., 2003), and is likely to result in a compensatory increase in food intake. However, 216 

honeybees in our study did not increase their food intake following saline or E. coli LPS 217 

injections. A recent study also found no difference in cumulative sucrose consumption over three 218 

weeks between workers challenged sequentially or simultaneously with Nosema ceranae and 219 

fipronil at different ages (Aufauvre et al., 2012). Contrary to this, honeybees infected with N. 220 

apis and N. ceranae consumed more sucrose than uninfected individuals (Alaux et al., 2010a), 221 

and bumblebees increased their energy intake when their immune system was activated with LPS 222 

injections (Tyler et al., 2006). While individuals in these two studies were fed pollen in addition 223 

to sugar solution, workers in our study were not provided with protein, which is likely to affect 224 
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the immune response. Pathogen resistance and immune function of insects is improved when 225 

their diet is supplemented with protein (Alaux et al., 2010b; DeGrandi-Hoffman et al., 2010; Lee 226 

et al., 2006 and 2008). Following an immune challenge, caterpillars select higher dietary protein 227 

to carbohydrate ratios (Lee et al., 2006; Povey et al., 2009). Future studies should investigate 228 

whether honeybees live longer after injection and LPS exposure when protein is included in their 229 

diet, and whether they choose protein-rich diets following an immune challenge. 230 

 231 

4.2. Effects of dietary nicotine 232 

Uninjected workers tolerated even the high nicotine concentration and defended their sucrose 233 

intake on all diets. This confirms our earlier finding in caged workers, despite free-flying 234 

foragers being repelled by 300 µM nicotine when given a choice between multiple feeders 235 

containing 0 – 1000 µM of the alkaloid in 0.63 M sucrose (Köhler et al., 2012). Honeybees can 236 

taste bitter substances in nectar (Wright et al., 2010), and post-ingestive detection of nicotine has 237 

also been shown in insects (Glendinning, 1996). Despite being able to detect the alkaloid, 238 

uninjected honeybee workers maintained their nectar intake under no-choice conditions, thus 239 

defending a constant energy intake.  240 

In the no injection groups, the low nicotine concentration did not affect worker longevity, 241 

while 300 µM nicotine reduced survival, which is in agreement with our earlier study examining 242 

the effect of dietary nicotine on worker survival (Köhler et al., 2012). Nicotine affects various 243 

biological functions through its action on acetylcholine receptors in the nervous system 244 

(Kleinsasser et al., 2005; Thany and Gauthier, 2005; Yildiz, 2004). In insects, nicotine affects 245 

sucrose perception and olfactory memory (Thany and Gauthier, 2005), reduces nutrient 246 

assimilation efficiency (Bentz and Barbosa, 1990), and its detoxification imposes metabolic and 247 
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fitness costs (Cresswell et al., 1992). Digestive interference and additional energetic costs may 248 

have contributed to the increased mortality of our honeybee workers. Negative effects of nicotine 249 

on insect performance and survival have been shown in multiple studies (Harvey et al., 2007; 250 

Krug and Proksch, 1993; Singaravelan et al., 2006). 251 

 252 

4.3. Interactive effects of immune challenge and dietary nicotine 253 

Nicotine ingestion affected survival of saline and E. coli LPS worker groups differently. Saline 254 

workers maintained their food intake on the nicotine diets, as did untreated controls. However, 255 

while uninjected workers showed reduced survival on the highest nicotine concentration, 256 

survival of saline workers did not differ between diets. Contrary to our prediction, the interactive 257 

effect of saline and nicotine ingestion was lower than expected from the mortality caused by 258 

either challenge individually, i.e. a positive synergistic effect on survival was observed. Negative 259 

effects of nicotine ingestion may have been offset by its antimicrobial properties, lowering the 260 

risk of infection at the injection site. Nicotine has been shown to inhibit the growth of various 261 

bacterial and fungal pathogens (Pavia et al., 2000), and also inhibits viral replication (Yamashina 262 

et al., 2008). Manduca sexta caterpillars infected with Bacillus thuringiensis survived better 263 

when nicotine was included in their diet (Krischik et al., 1988). We noticed in our earlier study 264 

that honeybee workers from certain colonies showed lower survival on sucrose-only diets 265 

compared to the majority of workers, and these potentially diseased honeybees survived better 266 

when nicotine was added to their diet, possibly as a result of  antimicrobial benefits (Köhler et 267 

al., 2012). 268 

In contrast to saline workers, E. coli LPS workers reduced their food intake on the 269 

highest nicotine concentration, thus ingesting less toxin but also less energy. These workers 270 
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showed reduced survival on both nicotine concentrations, compared to the no nicotine diet. 271 

Nicotine is known to affect adaptive and innate immune responses in mammals, inhibiting the 272 

antibody-forming cell response, T-cell proliferation and fever response (Kalra et al., 2004; 273 

Razani-Boroujerdi et al., 2011). In mice injected with live E. coli, nicotine ingestion suppresses 274 

the immune response and inflammation, leading to increased bacterial counts in tissues and 275 

reduced survival (van Westerloo et al., 2005). Mammalian studies further show that activating 276 

the cholinergic anti-inflammatory pathway with nicotine inhibits LPS-induced excessive 277 

inflammation and prevents long-term physiological and behavioural distortions, thus accelerating 278 

recovery from the sick state (Kojima et al., 2011; Wittebole et al., 2007). To our knowledge, no 279 

studies to date have simultaneously exposed insects to LPS and nicotine. In contrast to the 280 

findings in mammals, we did not find evidence for nicotine being beneficial to E. coli LPS-281 

challenged honeybees. As predicted from earlier studies on simultaneous stressors, we found 282 

additive, and even synergistic, effects on worker survival, with workers challenged by E. coli 283 

LPS and nicotine having the shortest lifespan. 284 

Comparing saline and E. coli LPS worker survival, no difference was found when the 285 

honeybees were fed the no nicotine diet. However, when they were also exposed to nicotine, 286 

survival of E. coli LPS workers dropped below that of saline workers. Similarly, bumblebees 287 

treated with LPS and fed ad libitum survived as well as individuals injected with Ringer, but 288 

when additionally stressed by starvation, they showed poorer survival than the starved controls 289 

(Moret and Schmid-Hempel, 2000). Nicotine also enhances negative effects in insects stressed 290 

by parasitism, compared to non-parasitized individuals (Bentz and Barbosa, 1990; Gunasena et 291 

al., 1990). As an example of a dual challenge in honeybees, the interaction between insecticide 292 
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exposure and Nosema infection weakened bees much more than individual challenges (Alaux et 293 

al., 2010a; Aufauvre et al., 2012; Pettis et al., 2012).  294 

Our study adds to the scant but urgently needed evidence for interactive effects of 295 

simultaneous stressors on pollinator fitness (Potts et al., 2010). We found that simultaneous 296 

exposure to E. coli LPS and nicotine reduces honeybee longevity as much as, or more than, 297 

expected from an additive effect of the two challenges individually. An immune challenge and 298 

toxin exposure acting in concert can potentially weaken honeybee colonies, while the cost of 299 

either challenge alone may go unnoticed if honeybees are not exposed to further stressors. There 300 

is clearly a need to investigate the interactive effects of multiple stressors, such as parasites, 301 

diseases, pesticides and dietary quality, on honeybee colony fitness. A better understanding of 302 

multi-challenge consequences for fitness parameters like foraging behaviour, survival and 303 

reproductive success is crucial to explain and mitigate population declines of honeybees and 304 

other pollinators. 305 

 306 

Acknowledgements 307 

Funding was provided by the Biotechnology and Biological Sciences Research Council, UK 308 

(BBI000968/1), the South African National Research Foundation (73671), the University of 309 

Pretoria, and the Claude Leon Foundation. We thank Kendall Crous for assistance with 310 

experiments. 311 

 312 

 313 

 314 

 315 



15 
 

References 316 

Aebi, A., Neumann, P., 2011. Endosymbionts and honey bee colony losses? Trends in Ecology 317 

and Evolution 26, 494. 318 

Aebi, A., Vaissiere, B.E., vanEngelsdorp, D., Delaplane, K.S., Roubik, D.W., Neumann, P., 319 

2012. Back to the future: Apis versus non-Apis pollination. Trends in Ecology and 320 

Evolution 27, 142-143. 321 

Alaux, C., Brunet, J.-L., Dussaubat, C., Mondet, F., Tchamitchan, S., Cousin, M., Brillard, J., 322 

Baldy, A., Belzunces, L.P., Le Conte, Y., 2010a. Interactions between Nosema 323 

microspores and a neonicotinoid weaken honeybees (Apis mellifera). Environmental 324 

Microbiology 12, 774-782. 325 

Alaux, C., Ducloz, F., Crauser, D., Conte, Y.L., 2010b. Diet effects on honeybee 326 

immunocompetence. Biology Letters 6, 562-565. 327 

Amdam, G.V., Hartfelder, K., Norberg, K., Hagen, A., Omholt, S.W., 2004. Altered physiology 328 

in worker honey bees (Hymenoptera: Apidae) infested with the mite Varroa destructor 329 

(Acari: Varroidae): A factor in colony loss during overwintering? Journal of Economic 330 

Entomology 97, 741-747. 331 

Aufauvre, J., Biron, D.G., Vidau, C., Fontbonne, R., Roudel, M., Diogon, M., Viguès, B., 332 

Belzunces, L.P., Delbac, F., Blot, N., 2012. Parasite-insecticide interactions: a case study 333 

of Nosema ceranae and fipronil synergy on honeybee. Scientific Reports 2, 236. 334 

Azumi, K., Ozeki, S., Yokosawa, H., Ishii, S., 1991. A novel lipopolysaccharide-binding 335 

hemagglutinin isolated from hemocytes of the solitary ascidian, Halocynthia roretzi: it 336 

can agglutinate bacteria. Developmental and Comparative Immunology 15, 9-16. 337 



16 
 

Bentz, J.-A., Barbosa, P., 1990. Effects of dietary nicotine (0.1%) and parasitism by Cotesia 338 

congregata on the growth and food consumption and utilization of the tobacco 339 

hornworm, Manduca sexta. Entomologia Experimentalis et Applicata 57, 1-8. 340 

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemüller, R., Edwards, M., Peeters, T., 341 

Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E., 2006. 342 

Parallel declines in pollinators and insect-pollinated plants in Britain and the Netherlands. 343 

Science 313, 351-354. 344 

Brodschneider, R., Crailsheim, K., 2010. Nutrition and health in honey bees. Apidologie 41, 278-345 

294. 346 

Casanova, H., Ortiz, C., Peláez, C., Vallejo, A., Moreno, M.E., Acevedo, M., 2002. Insecticide 347 

formulations based on nicotine oleate stabilized by sodium caseinate. Journal of 348 

Agricultural and Food Chemistry 50, 6389-6394. 349 

Cresswell, J.E., Merritt, S.Z., Martin, M.M., 1992. The effect of dietary nicotine on the 350 

allocation of assimilated food to energy metabolism and growth in fourth-instar larvae of 351 

the southern armyworm, Spodoptera eridania (Lepidoptera: Noctuidae). Oecologia 89, 352 

449-453. 353 

Dainat, B., Evans, J.D., Chen, Y.P., Gauthier, L., Neumann, P., 2012a. Predictive markers of 354 

honey bee colony collapse. PLoS ONE 7, e32151. 355 

Dainat, B., Evans, J.D., Chen, Y.P., Gauthier, L., Neumann, P., 2012b. Dead or alive: deformed 356 

wing virus and Varroa destructor reduce the life span of winter honeybees. Applied and 357 

Environmental Microbiology 78, 981-987.  358 



17 
 

DeGrandi-Hoffman, G., Chen, Y., Huang, E., Huang, M.H., 2010. The effect of diet on protein 359 

concentration, hypopharyngeal gland development and virus load in worker honey bees 360 

(Apis mellifera L.). Journal of Insect Physiology 56, 1184-1191. 361 

Detzel, A., Wink, M., 1993. Attraction, deterrence or intoxication of bees (Apis mellifera) by 362 

plant allochemicals. Chemoecology 4, 8-18. 363 

DiAngelo, J.R., Bland, M.L., Bambina, S., Cherry, S., Birnbaum, M.J., 2009. The immune 364 

response attenuates growth and nutrient storage in Drosophila by reducing insulin 365 

signaling. Proceedings of the National Academy of Sciences 106, 20853-20858. 366 

Ellis, J., 2012. The honey bee crisis. Outlooks on Pest Management 23, 35-40. 367 

Forsgren, E., 2010. European foulbrood in honey bees. Journal of Invertebrate Pathology 103, 368 

S5-S9. 369 

Freitak, D., Ots, I., Vanatoa, A., Hõrak, P., 2003. Immune response is energetically costly in 370 

white cabbage butterfly pupae. Proceedings of the Royal Society B 270, S220-S222. 371 

Gallai, N., Salles, J.-M., Settele, J., Vaissière, B.E., 2009. Economic valuation of the 372 

vulnerability of world agriculture confronted with pollinator decline. Ecological 373 

Economics 68, 810-821. 374 

Genersch, E., 2010. American Foulbrood in honeybees and its causative agent, Paenibacillus 375 

larvae. Journal of Invertebrate Pathology 103, S10-S19. 376 

Glendinning, J.I., 1996. Is chemosensory input essential for the rapid rejection of toxic foods? 377 

Journal of Experimental Biology 199, 1523-1534. 378 

Gunasena, G.H., Vinson, S.B., Williams, H.J., 1990. Effects of nicotine on growth, development, 379 

and survival of the tobacco budworm (Lepidoptera: Noctuidae) and the parasitoid 380 

http://www.ingentaconnect.com/content/resinf/opm


18 
 

Campoletis sonorensis (Hymenoptera: Ichneumonidae). Journal of Economic 381 

Entomology 83, 1777-1782. 382 

Harvey, J.A., van Dam, N.M., Witjes, L.M.A., Soler, R., Gols, R., 2007. Effects of dietary 383 

nicotine on the development of an insect herbivore, its parasitoid and secondary 384 

hyperparasitoid over four trophic levels. Ecological Entomology 32, 15-23. 385 

Hultmark, D., 1993. Immune reactions in Drosophila and other insects: a model for innate 386 

immunity. Trends in Genetics 9, 178-183. 387 

Isman, M.B., 2006. Botanical insecticides, deterrents, and repellents in modern agriculture and 388 

an increasingly regulated world. Annual Review of Entomology 51, 45-66. 389 

Kalra, R., Singh, S.P., Pena-Philippides, J.C., Langley, R.J., Razani-Boroujerdi, S., Sopori, M.L., 390 

2004. Immunosuppressive and anti-inflammatory effects of nicotine administered by 391 

patch in an animal model. Clinical and Diagnostic Laboratory Immunology 11, 563-568. 392 

Kanost, M.R., Jiang, H., Yu, X.-Q., 2004. Innate immune responses of a lepidopteran insect, 393 

Manduca sexta. Immunological Reviews 198, 97-105. 394 

Kato, Y., Motoi, Y., Taniai, K., Kadono-Okuda, K., Yamamoto, M., Higashino, Y., 395 

Shimabukuro, M., Chowdhury, S., Xu, J., Sugiyama, M., Hiramatsu, M., Yamakawa, M., 396 

1994. Lipopolysaccharide-lipophorin complex formation in insect hemolymph: a 397 

common pathway of lipopolysaccharide detoxification both in insects and in mammals. 398 

Insect Biochemistry and Molecular Biology 24, 547-555. 399 

Kessler, D., Diezel, C., Baldwin, I.T., 2010. Changing pollinators as a means of escaping 400 

herbivores. Current Biology 20, 237-242. 401 



19 
 

Kleinsasser, N.H., Sassen, A.W., Semmler, M.P., Harréus, U.A., Licht, A.-K., Richter, E., 2005. 402 

The tobacco alkaloid nicotine demonstrates genotoxicity in human tonsillar tissue and 403 

lymphocytes. Toxicological Sciences 86, 309-317. 404 

Köhler, A., Pirk, C.W.W., Nicolson, S.W., 2012. Honeybees and nectar nicotine: deterrence and 405 

reduced survival versus potential health benefits. Journal of Insect Physiology 58, 286–406 

292. 407 

Kojima, H., Ito, K., Tsubone, H., Kuwahara, M., 2011. Nicotine treatment reduces LPS-induced 408 

sickness responses in telemetry monitoring rats. Journal of Neuroimmunology 234, 55-409 

62. 410 

Krischik, V.A., Barbosa, P., Reichelderfer, C.F., 1988. Three trophic level interactions: 411 

allelochemicals, Manduca sexta (L.), and Bacillus thuringiensis var kurstaki Berliner. 412 

Environmental Entomology 17, 476-482. 413 

Krug, E., Proksch, P., 1993. Influence of dietary alkaloids on survival and growth of Spodoptera 414 

littoralis. Biochemical Systematics and Ecology 21, 749-756. 415 

Kucharski, R., Maleszka, R., 2003. Transcriptional profiling reveals multifunctional roles for 416 

transferrin in the honeybee, Apis mellifera. Journal of Insect Science 3, 1-8. 417 

Laughton, A.M., Boots, M., Siva-Jothy, M.T., 2011. The ontogeny of immunity in the honey 418 

bee, Apis mellifera L. following an immune challenge. Journal of Insect Physiology 57, 419 

1023-1032. 420 

Lee, K.P., Cory, J.S., Wilson, K., Raubenheimer, D., Simpson, S.J., 2006. Flexible diet choice 421 

offsets protein costs of pathogen resistance in a caterpillar. Proceedings of the Royal 422 

Society B 273, 823-829. 423 



20 
 

Lee, K.P., Simpson, S.J., Wilson, K., 2008. Dietary protein-quality influences melanization and 424 

immune function in an insect. Functional Ecology 22, 1052-1061. 425 

Maini, S., Medrzycki, P., Porrini, C., 2010. The puzzle of honey bee losses: a brief review. 426 

Bulletin of Insectology 63, 153-160. 427 

Mallon, E.B., Brockmann, A., Schmid-Hempel, P., 2003. Immune response inhibits associative 428 

learning in insects. Proceedings of the Royal Society B 270, 2471-2473. 429 

Matsuda, K., Buckingham, S.D., Kleier, D., Rauh, J.J., Grauso, M., Sattelle, D.B., 2001. 430 

Neonicotinoids: insecticides acting on insect nicotinic acetylcholine receptors. Trends in 431 

Pharmacological Sciences 22, 573-580. 432 

Moret, Y., Schmid-Hempel, P., 2000. Survival for immunity: the price of immune system 433 

activation for bumblebee workers. Science 290, 1166-1168. 434 

Morse, R.A., 1991. Honeybees forever. Trends in Ecology and Evolution 6, 337-338. 435 

Mullin, C.A., Frazier, M., Frazier, J.L., Ashcraft, S., Simonds, R., vanEngelsdorp, D., Pettis, J.S., 436 

2010. High levels of miticides and agrochemicals in North American apiaries: 437 

implications for honey bee health. PLoS ONE 5, e9754. 438 

Naug, D., 2009. Nutritional stress due to habitat loss may explain recent honeybee colony 439 

collapses. Biological Conservation 142, 2369-2372. 440 

Ollerton, J., Winfree, R., Tarrant, S., 2011. How many flowering plants are pollinated by 441 

animals? Oikos 120, 321-326. 442 

Pankiw, T., Page, R.E., 2003. Effect of pheromones, hormones, and handling on sucrose 443 

response thresholds of honey bees (Apis mellifera L.). Journal of Comparative 444 

Physiology A 189, 675-684. 445 



21 
 

Pavia, C.S., Pierre, A., Nowakowski, J., 2000. Antimicrobial activity of nicotine against a 446 

spectrum of bacterial and fungal pathogens. Journal of Medical Microbiology 49, 674-447 

675. 448 

Pettis, J.S., vanEngelsdorp, D., Johnson, J., Dively, G., 2012. Pesticide exposure in honey bees 449 

results in increased levels of the gut pathogen Nosema. Naturwissenschaften 99, 153-158. 450 

Picard-Nizou, A.L., Grison, R., Olsen, L., Pioche, C., Arnold, G., Pham-Delègue, M.H., 1997. 451 

Impact of proteins used in plant genetic engineering: toxicity and behavioral study in the 452 

honeybee. Journal of Economic Entomology 90, 1710-1716. 453 

Pirk, C.W.W., Boodhoo, C., Human, H., Nicolson, S.W., 2010. The importance of protein type 454 

and protein to carbohydrate ratio for survival and ovarian activation of caged honeybees 455 

(Apis mellifera scutellata). Apidologie 41, 62-72. 456 

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010. 457 

Global pollinator declines: trends, impacts and drivers. Trends in Ecology and Evolution 458 

25, 345-353. 459 

Povey, S., Cotter, S.C., Simpson, S.J., Lee, K.P., Wilson, K., 2009. Can the protein costs of 460 

bacterial resistance be offset by altered feeding behaviour? Journal of Animal Ecology 461 

78, 437-446. 462 

Pursall, E.R., Rolff, J., 2011. Immune responses accelerate ageing: proof-of-principle in an insect 463 

model. PLoS ONE 6, e19972. 464 

Razani-Boroujerdi, S., Langley, R.J., Singh, S.P., Pena-Philippides, J.C., Rir-sima-ah, J., 465 

Gundavarapu, S., Mishra, N.C., Sopori, M.L., 2011. The role of IL-1β in nicotine-466 

induced immunosuppression and neuroimmune communication. Journal of Neuroimmune 467 

Pharmacology 6, 585-596. 468 



22 
 

Richard, F.-J., Aubert, A., Grozinger, C.M., 2008. Modulation of social interactions by immune 469 

stimulation in honey bee, Apis mellifera, workers. BMC Biology 6, 50. 470 

Singaravelan, N., Inbar, M., Ne'eman, G., Distl, M., Wink, M., Izhaki, I., 2006. The effects of 471 

nectar-nicotine on colony fitness of caged honeybees. Journal of Chemical Ecology 32, 472 

49-58. 473 

Steppuhn, A., Gase, K., Krock, B., Halitschke, R., Baldwin, I.T., 2004. Nicotine's defensive 474 

function in nature. PLoS Biology 2, e217. 475 

Tentcheva, D., Gauthier, L., Zappulla, N., Dainat, B., Cousserans, F., Colin, M.E., Bergoin, M., 476 

2004. Prevalence and seasonal variations of six bee viruses in Apis mellifera L. and 477 

Varroa destructor mite populations in France. Applied and Environmental Microbiology 478 

70, 7185-7191. 479 

Thany, S.H., Gauthier, M., 2005. Nicotine injected into the antennal lobes induces a rapid 480 

modulation of sucrose threshold and improves short-term memory in the honeybee. Brain 481 

Research 1039, 216-219. 482 

Tomizawa, M., Casida, J.E., 2005. Neonicotinoid insecticide toxicology: Mechanisms of 483 

selective action. Annual Review of Pharmacology and Toxicology 45, 247-268. 484 

Tyler, E.R., Adams, S., Mallon, E.B., 2006. An immune response in the bumblebee, Bombus 485 

terrestris, leads to increased food consumption. BMC Biology 6, 6. 486 

van Westerloo, D.J., Giebelen, I.A.J., Florquin, S., Daalhuisen, J., Bruno, M.J., de Vos, A.F., 487 

Tracey, K.J., van der Poll, T., 2005. The cholinergic anti-inflammatory pathway regulates 488 

the host response during septic peritonitis. The Journal of Infectious Diseases 191, 2138-489 

2148. 490 



23 
 

vanEngelsdorp, D., Caron, D., Hayes, J., Underwood, R.M., Henson, M., Rennich, K., Spleen, 491 

A., Andree, M., Snyder, R., Lee, K., Roccasecca, K., Wilson, M., Wilkes, J., Lengerich, 492 

E., Pettis, J., 2012. A national survey of managed honey bee 2010-11 winter colony 493 

losses in the USA: results from the Bee Informed Partnership. Journal of Apicultural 494 

Research 51, 115-124. 495 

vanEngelsdorp, D., Evans, J.D., Saegerman, C., Mullin, C., Haubruge, E., Nguyen, B.K., Frazier, 496 

M., Frazier, J., Cox-Foster, D., Chen, Y., Underwood, R., Tarpy, D.R., Pettis, J.S., 2009. 497 

Colony Collapse Disorder: a descriptive study. PLoS ONE 4, e6481. 498 

vanEngelsdorp, D., Hayes, J., Underwood, R.M., Caron, D., Pettis, J., 2011. A survey of 499 

managed honey bee colony losses in the USA, fall 2009 to winter 2010. Journal of 500 

Apicultural Research 50, 1-10. 501 

Williams, N.M., Crone, E.E., Roulston, T.H., Minckley, R.L., Packer, L., Potts, S.G., 2010. 502 

Ecological and life-history traits predict bee species responses to environmental 503 

disturbances. Biological Conservation 143, 2280-2291. 504 

Wittebole, X., Hahm, S., Coyle, S.M., Kumar, A., Calvano, S.E., Lowry, S.F., 2007. Nicotine 505 

exposure alters in vivo human responses to endotoxin. Clinical and Exerimental 506 

Immunology 147, 28-34. 507 

Wright, G.A., Mustard, J.A., Simcock, N.K., Ross-Taylor, A.A.R., McNicholas, L.D., Popescu, 508 

A., Marion-Poll, F., 2010. Parallel reinforcement pathways for conditioned food 509 

aversions in the honeybee. Current Biology 20, 2234-2240. 510 

Yamashina, S., Mizui, T., Kon, K., Ikejima, K., Kitamura, T., Takei, Y., Watanabe, S., 2008. 511 

Effect of nicotine on innate antiviral pathways and HCV replication. Gastroenterology 512 

134, A786-A787. 513 



24 
 

Yang, X., Cox-Foster, D.L., 2005. Impact of an ectoparasite on the immunity and pathology of 514 

an invertebrate: Evidence for host immunosuppression and viral amplification. 515 

Proceedings of the National Academy of Sciences 102, 7470-7475. 516 

Yildiz, D., 2004. Nicotine, its metabolism and an overview of its biological effects. Toxicon 43, 517 

619-632. 518 

  519 



25 
 

Table 1. Day-to-day survival of A. m. scutellata workers subjected to saline or E. coli LPS 520 

injection, and/or fed one of two nicotine concentrations (3 µM = low N; 300 µM = high N) in 521 

0.63 M sucrose for 21 days. Day-to-day survival is expressed as percentage difference from the 522 

absolute control (no injection + no nicotine diet), averaged over the 21-day experiment (N=600 523 

workers from six colonies per diet per treatment; mean ± SE). Observed survival on the dual 524 

challenges was compared to survival expected from an additive effect (sum of mortalities on the 525 

two individual challenges) using 2
 tests. 526 

 527 

 

Challenge 
 

 

Observed survival 
(% difference to 

control) 

 

Expected 
survival  

(additive effect) 

 
Obs. vs. exp. 

 
Observed effect 

 

Saline 

E. coli LPS 

 

– 54.7 ± 4.9 

– 49.2 ± 2.7 

 

 

 

  

 

 

low N 

high N 

 

Saline + low N 

Saline + high N 

E. coli LPS + low N 

E. coli LPS + high N  

 – 7.9 ± 2.5 

– 20.6 ± 3.6 

 

– 55.8 ± 3.2 

– 55.4 ± 4.4 

– 70.9 ± 5.1 

– 65.8 ± 4.8 

 

 

 

– 62.6 

– 75.3 

– 57.1 

– 69.8 

 

 

 

*** 

*** 

*** 

n.s. 

 

 

 

Synergistic (positive) 

Synergistic (positive) 

Synergistic (negative)  

Additive 

 528 

 529 
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Figure legends 531 

 532 

Figure 1. Experimental design. Apis mellifera scutellata workers from six colonies were 533 

subjected to three treatments (no injection; saline; E. coli lipopolysaccharides), and were fed one 534 

of three experimental diets differing in nicotine content. 535 

 536 

Figure 2. Sucrose intake of A. m. scutellata workers over the first seven days of the experiment 537 

(N=600 workers from six colonies per diet per treatment; mean + SE). Workers were subjected 538 

to three treatments (no injection; saline; E. coli LPS), and were fed one of three experimental 539 

diets (0.63 M sucrose with 0 µM, 3 µM and 300 µM nicotine). E. coli LPS workers decreased 540 

their sucrose intake on the high nicotine concentration (Tukey HSD following one-way 541 

ANOVA: *P=0.05). 542 

 543 

Figure 3. Cumulative survival of A. m. scutellata workers over the 21-day experiment (N=600 544 

workers from six colonies per diet per treatment; mean ± SE; SE partly omitted for clarity). 545 

Workers were subjected to three treatments (no injection; saline; E. coli LPS), and fed one of 546 

three experimental diets (0.63 M sucrose with 0 µM (top), 3 µM (middle) and 300 µM (bottom) 547 

nicotine). Statistical differences between data series derive from Gehan’s Wilcoxon pair-wise 548 

comparisons and are indicated by different letters. 549 
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Figure 1. 553 
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