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Abstract.  In social insects, the integrity of a colony is maintained by recognising and 50 

removing aliens. Nest-mates use chemical cues on the cuticle of the individual they 51 

encounter to determine whether or not it is part of the colony. Parasites have evolved to 52 

take advantage of this recognition system by mimicking these chemical cues to gain entry to 53 

the colony and therefore avoid being attacked by the host during their stay. Some of these 54 

parasites imitate the odour of a particular sub-group of colony members, such as pupae, 55 

which makes it more likely that they are accepted into the colony, whereas others mimic the 56 

adult colony odour. The ectoparasitic mite Varroa destructor uses chemical mimicry to 57 

access and remain undetected inside colonies of its honey bee host, Apis mellifera. It 58 

remains, however, to be tested whether the chemical profile of V. destructor mirrors 59 

colony-specific cues of the host’s chemistry that allows con-specific nest-mate 60 

discrimination to occur in honey bees. Here we show that colony-specific differences in the 61 

chemical profile of four A. mellifera colonies were based on differences in the n-62 

alkane:alkene ratio. These colony-specific differences in chemical profile were mirrored by 63 

V. destructor mites collected from the same four colonies, even though overall chemical 64 

mimicry was imperfect.  65 
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Introduction  76 

In social insects, a colony provides a safe place to store food and rear brood within a stable 77 

micro-climate. For many predators and parasites, however, such colonies are a 78 

concentrated source of food, as well as a perfect environment to rear their own offspring. 79 

To protect the colony from being exploited social insects have evolved an intricate system 80 

for recognising strangers inside the colony and along its borders (Hölldobler and Wilson 81 

1990). Nest-mates constantly compare the odour of other individuals around them to their 82 

own to detect strangers. Should the odours differ beyond a certain threshold, the individual 83 

is attacked and removed from the colony.  84 

To overcome this system of defence, parasites have evolved a number of chemical 85 

strategies to invade and permanently live in social insect colonies (reviewed in: Dettner and 86 

Liepert 1994; Lenoir et al. 2001; Bagnères and Lorenzi 2010). Many social parasites mimic 87 

host odour by synthesising host-specific compounds (true chemical mimicry) or by acquiring 88 

compounds from the host itself (chemical camouflage), e.g. by repeatedly grooming the 89 

host. Other parasites reduce their own odour to minute levels, either to mimic the host 90 

brood or evade detection altogether (chemical insignificance).  91 

Cuticular hydrocarbons (CHC) have repeatedly been shown to play an important role 92 

in the nest-mate recognition behaviour of social insects (reviewed in: Howard and Blomquist 93 

2005). In many insects, CHC are expressed as part of the insect’s cuticular lipid layer and 94 

differences in the concentration of CHC have been shown to serve as signal of colony-origin 95 
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in many species of ants (Wagner et al. 2000; Greene and Gordon 2007; Martin et al. 2013), 96 

bees (Arnold et al. 2000; Buchwald and Breed 2005), hornets (Butts et al. 1995; Ruther et al. 97 

1998), termites (Bagnères et al. 1991; Kaib et al. 2004) and wasps (Dani et al. 2004; 98 

Dapporto et al. 2006). CHC mimicry has also been shown to be important in the integration 99 

of parasites into the host colony (Cini et al. 2011) and there is increasing evidence that a 100 

number of parasites mimic the colony-specific fraction of the host odour to be accepted into 101 

the colony as a nest-mate (e.g. Guillem et al 2014; Martin and Bayfield 2014). For example, 102 

the butterfly Maculinea rebeli biosynthesises host-specific compounds before invading the 103 

nest of its ant host, Myrmica schenki, and, once inside the colony, fine tunes its chemistry to 104 

the colony odour by acquiring compounds from the host, possibly through trophollaxis 105 

(Akino et al. 1999). The myrmecophilous spider Cosmophasis bitaeniata mimics the colony 106 

odour and task odour of its ant host’s minor workers (Oecophylla smaragdina) to avoid 107 

aggression (Elgar and Allan 2004, 2006). This social parasite is also able to distinguish 108 

between workers of its host colony and those of alien colonies, and chooses the company of 109 

the former. This behaviour is extremely important due to O. smaragdina’s highly aggressive 110 

behaviour, especially that of the major workers.  111 

The mite Varroa destructor is an ectoparasite of the European honey bee Apis 112 

mellifera. The mite uses chemical mimicry to blend in with the host’s CHC chemistry whilst 113 

sitting on the bee (Nation et al. 1992). This way, the body chemistry of the V. destructor and 114 

the bee are so similar that the mite evades being detected by the host despite the close 115 

contact. In addition to that, mites often hide in between the bee’s 3rd and 4th ventro-lateral 116 

tergites of the abdomen (Boecking and Spivak 1999), where they are difficult to reach by the 117 

host. Female mites move around and between host colonies by hitching a ride on adult bees. 118 

By switching hosts V. destructor gains access to a particular area of the colony, for example, 119 



 5 

by moving from a foraging bee onto nurse bee it gains access to the brood area (Kraus et al. 120 

1986). Evidence presented in Nation et al. (1992) suggests that the mite’s CHC profile 121 

changes as it moves onto a new host, since bees of different ages differ in their CHC profile 122 

(Nation et al. 1992; Arnold et al. 2000; Aumeier et al. 2002; Kather et al. 2011). 123 

Nevertheless, it remains to be tested whether the cuticular chemistry of V. destructor also 124 

matches colony-specific differences in host odour. Therefore, we investigate whether V. 125 

destructor mites collected from different A. mellifera colonies have adjusted their chemical 126 

mimicry to match the small colony-specific differences in CHC of their host colony.  127 

Methods and Materials 128 

Sample Collection and Chemical Analysis  129 

Samples were collected from two apiaries (Sheffield and York; 100km apart) and from two 130 

Varroa-infested hives per apiary. Within each apiary, hives were 1m apart. For each hive, at 131 

least 10 bees were scooped off a brood frame into a vial and frozen for analysis. A Varroa 132 

board was placed underneath the hive and frames containing adult honey bees were covered 133 

in icing sugar. After 15-20 min., mites (60 per hive) were collected straight from the Varroa 134 

board using a fine, moist brush that was cleaned and dried after each mite. Mites were gently 135 

wiped with water once or twice to remove excess sugar and placed in Eppendorf tubes. All 136 

samples were frozen at -20ºC until extraction.  137 

For the extraction, mites were pooled into groups of six mites per sample whereas 138 

bees due to their size were extracted individually. Samples were immersed in high-139 

performance liquid chromatography-grade hexane (bees: 0.5 ml; mites: 300μl) containing a 140 

C20 standard (1mg/100ml HPLC grade hexane). Samples were left at room temperature for 15 141 

min. before transferring 30 μl of extract to a glass insert, which was then left to evaporate to 142 

dryness before being stored at-20ºC until analysis. Immediately before analysis, samples were 143 

re-suspended in 30μl hexane and analysed on an HP6890-GC (equipped with an HP-5MS 144 
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column; length: 30m; ID: 0.25mm; film thickness: 0.25μm) connected to an HP5973-MSD 145 

(quadrupole mass spectrometer with 70-eV electron impact ionization). Samples were 146 

injected in the splitless mode. The oven was programmed from 70ºC to 200ºC at 40ºC/min 147 

and then from 200ºC to 320ºC at 25ºC/min and, finally, held for 5 min at 350ºC. The carrier 148 

gas helium was used at a constant flow rate of 1.0ml min-1. Compounds were identified 149 

using standard MS databases, diagnostic ions and Kovats indices. 150 

 151 

Statistical Analysis  152 

A number of chromatograms (17.5%) had to be discarded due to poor quality, leaving an 153 

average of nine A. mellifera chromatograms and eight V. destructor chromatograms per 154 

colony for statistical analysis. The peak area of each compound was determined by manual 155 

integration of each total ion chromatogram (TIC) and compound concentration (mg/ml HPCL 156 

grade hexane) was calculated using the standard C20 peak. The profiles of A. mellifera 157 

consisted of several homologue series of odd-chained n-alkanes (C23 - C31); alkenes (C23 - 158 

C33); dienes (C31 - C33) and 9-, 11-, 13-mono-methylalkanes (C25 - C31), which is in 159 

agreement with previous reports (Dani et al. 2004, Blomquist et al. 1980). The pooled V. 160 

destructor samples contained the same compounds listed above. Compounds which on 161 

average contributed less than 1% to the overall chemical profile (i.e. n-alkanes + alkenes + 162 

methylalkanes) were excluded from the analysis.  163 

Samples were standardised by transforming CHC concentrations into relative 164 

proportions based on the total CHC concentration. To provide a metric of colony separation 165 

based on CHC profiles, three Fisher canonical discriminant analyses (DA) were conducted. 166 

For this, the proportion of each compound (relative to the total compound abundance of that 167 
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chemical class per individual) was transformed before the multi-variate analysis according to 168 

the formula; 169 

 Ζ = ln[Ap/g(Ap)]  170 

to avoid complications arising from analysing compositional data (Aitchison 1986). 171 

Ap is the proportion of the compound and g(Ap) is the geometric mean of all compounds to 172 

be included in the multi-variate analysis. The first two DAs were used to examine colony 173 

separation within the V. destructor mites and A. mellifera workers, while the final DA 174 

combined CHC profiles of the two species to test how closely parasites cluster to their host 175 

colony. For the final DA, each of the eight host-parasite groups (four parasite groups and four 176 

host groups) were treated as a separate group to investigate the relative separation of parasites 177 

and hosts according to their colony origin. As a cross-validation technique, a jack-knife 178 

(leave-one-out) sampling scheme was employed, in which each case was classified by the 179 

functions derived from all cases other than the case itself. A priori probabilities of assignment 180 

were calculated based on group sizes. All DAs were run in the statistical software R (v 181 

2.81).For each of the three DAs described above, we also ran an ordination analysis 182 

(detrended correspondence analysis, DCA) followed by a goodness of fit test on the 183 

transformed data to test whether the group separation observed was indeed significantly 184 

associated with colony origin. All ordination analyses were conducted in R (v. 2.81) as part 185 

of the statistical package ‘vegan’ (Oksanen 2013).  186 

To investigate whether parasite and host profiles were similar in the relative 187 

proportions of their CHC, CHC proportions were divided into the three main chemical classes 188 

that make up the host CHC profile: n-alkanes, methylalkanes and alkenes (alkenes + 189 

alkadienes). An ANOVA with post-hoc Tukey’s test was run separately for each chemical 190 

class on the arcsine-transformed proportions. All significance tests were conducted using the 191 

statistical software R (v 2.81).  192 
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 193 

 194 

Results  195 

There was significant colony separation amongst A. mellifera workers based on their CHC 196 

profiles (Goodness of fit; R2=0.63, p < 0.001) (Fig. 1a). In the DA, 88% of bees were 197 

correctly assigned to their colony. There was some overlap in the CHC profile of workers in 198 

colonies 1 and 2, which led to the miss-assignment of three bees (two individuals in colony 1 199 

and one individual in colony 2. All bees in colonies 3 and 4 grouped with their respective 200 

colony.  201 

A similar pattern of separation was found amongst V. destructor mites. Mites were 202 

clearly separated according to their host colony (Goodness of fit; R2=0.63, p < 0.001) (Fig. 203 

1b). Based on the DA, 67% of mites were ‘correctly’ assigned their colony and, as was the 204 

case with A. mellifera workers, there was overlap between colonies 1 and 2. In this case, five 205 

individuals of colony 1 were mis-assigned to colony 2 and four individuals of colony 2 were 206 

mis-assigned to colony 1. All mites of colony 4 clustered together and only one individual of 207 

colony 3 grouped with colony 1.  208 

When combining host and parasite profiles, A. mellifera bees and V. destructor mites 209 

still grouped according to colony (Goodness of fit; R2=0.72, p < 0.001) but this time mites 210 

also grouped closely to bees of the same colony (Fig. 1c). Overall, colonies 1 and 2 clustered 211 

separately from colonies 3 and 4, as had been observed previously when host and parasite 212 

profiles were run separately. Based on the DA, mites of colony 1 not only grouped with mites 213 

of colony 2 (as described above), but 33% also grouped with bees of colony 1. Furthermore, 214 

9% of mites from colony 2 grouped with bees from colony 2, whereas 14% of mites from 215 

colony 3 clustered with bees from colony 3. There was no mis-assignment of mites from 216 
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colony 4 with bees from colony 4, but the mites still clustered more closely to bees of colony 217 

4 on the DA than to bees of colonies 1 and 2. There were no cases where mites had been mis-218 

assigned to bees of a different colony.  219 

This divide in chemical profiles between the colonies was also found when looking at 220 

the relative proportions of alkene, methylalkane and n-alkane in A. mellifera and V. 221 

destructor individuals. The A. mellifera colonies varied in the relative proportion of alkene 222 

(ANOVA: F = 15.8, d.f. = 7, 59, p < 0.001) and n-alkane (ANOVA: F = 23.64, d.f. = 7, 59, p 223 

< 0.001) (Fig. 2a). Colonies 3 and 4 were more ‘n-alkane rich’, whereas colonies 1 and 2 had 224 

higher levels of alkenes. As observed in the DCA (Fig. 1a), colonies 1 and 2 were very 225 

similar in their CHC profile. In comparison, V. destructor mites had similar relative 226 

proportions of alkene to n-alkane compared to host individuals of the same colony (Tukey’s 227 

test: p > 0.1), with the exception of mites from colony 4, whose alkene proportions were 228 

significantly higher compared to their host (post-hoc Tukey’s test: p < 0.0001) (Fig. 2a, b). 229 

Overall, methylalkane proportions were higher in the parasite compared to the host (post-hoc 230 

Tukey’s test: p < 0.001).  231 

 232 

Discussion  233 

The CHC profiles of V. destructor mites varied according to host colony. This phenomenon 234 

has also been shown in Braula flies, another honey bee parasite (Martin and Bayfield 2014) 235 

and  in a number of other social insect parasites (Akino et al. 1999; Sledge et al. 2001; Elgar 236 

and Allan 2004, 2006; Guillem et al 2014). On the whole, A. mellifera workers and V. 237 

destructor mites from different colonies were clearly distinguishable based solely on their 238 

cuticular chemistry, both when compared on their own and in combination.  239 

Each A. mellifera colony varied in the relative proportion of alkene and n-alkane, with 240 

colonies 1 and 2 having significantly higher levels of alkenes compared to colonies 3 and 4. 241 
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Colonies 1 and 2 were indeed extremely similar in CHC profile, as were colonies 3 and 4. 242 

This chemical similarity could be due to close relatedness because the former two colonies 243 

were from the Sheffield apiary, whereas the latter two belonged to the York apiary. This 244 

similarity in CHC was also reflected in the CHC profiles of their respective mites, with mites 245 

from colonies 1 and 2 clustering closely together in the DCA/DA as did mites from colonies 246 

3 and 4.  247 

When hosts and parasites were analysed together, mites still formed the same groups 248 

as described above but this time mites from colonies 1 and 2 clustered closely to bees from 249 

colonies 1 and 2, whereas mites from colonies 3 and 4 clustered closely to bees from colonies 250 

3 and 4. Even though there was some overlap between mites and bees of the same colony, 251 

mites and bees of the same colony did not form a distinct cluster. This could be because the 252 

relative proportions of alkene and n-alkane observed in the mites mirrored but were not a 253 

perfect replicate of those observed in the CHC profile of bees belonging to the same colony. 254 

Especially, mites from colony 4 had significantly lower levels of alkene compare to their host 255 

colony, which explained why, according to the DA, there were no mis-assignments of 256 

individuals between these two groups. This result suggests that V. destructor mites mirror the 257 

colony-specific shifts in n-alkane:alkene ratios of their host colony; although not perfectly. 258 

Alkenes in particular have been linked to nest mate recognition in A. mellifera (Breed 1998; 259 

Dani et al. 2005) and behavioural evidence suggests that the bees are particularly susceptible 260 

to this particular hydrocarbon class (Châline et al. 2005). Compared to their bee host, mites 261 

had relatively high amounts of methyalkane. This could be explained by the fact that V. 262 

destructor spends part of its reproductive cycle on the developing brood that have high 263 

methyalkane levels (Nation et al., 1992).  Throughout its life, V. destructor switches between 264 

sitting on adult bees and sitting on the brood. The CHC profile of adult bees is very low in 265 

methylalkane relative to the brood. Therefore, it is likely that the majority of study mites that 266 
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have just left a brood cell and moved onto an adult bee to hitch a ride to the next suitable 267 

brood cell, since the experiment was conducted during the summer when the mites are 268 

actively reproducing.   269 

This constant switching from mimicking adult bees to mimicking brood, and vice 270 

versa, could explain the imperfect alkene:n-alkane ratios described above. As A. mellifera 271 

brood only has minute quantities of alkene in their CHC profile (Blomquist et al. 1980; 272 

Kather et al. 2011),  the mites  need to change from an alkene-rich and methylalkane-poor 273 

‘adult bee’ profile to an alkene-poor and methylalkane-rich ‘brood’ profile and vice versa.  274 

So, during this switching period  the mite’s chemical mimicry may be imperfect as time is 275 

required to alter its profile between the two extremes.  276 

The difference in methylalkane levels between host and parasite are greater than the 277 

difference in the alkene:n-alkane ratio. As alkenes play a key role in nestmate recognition of 278 

honey bees (Breed 1998; Dani et al. 2005) there will be greater pressure on mites to closely 279 

mimic the alkene:n-alkane ratio of the host, rather than levels of methylalkanes, since these 280 

may allow bees to distinguish brood or newly emerged adults from adult bees. Consequently, 281 

adult bees will be more sensitive to differences in alkene:n-alkane ratios and hence flag up 282 

potential invaders than to differences in methylalkane levels. Furthermore, if differences in 283 

methylalkane levels do function as a ‘brood’ signal then there is no advantage to the mite to 284 

remove all traces of methylalkanes, or it could that methylalkanes have a high (40°C and 285 

higher) melting temperature (Gibbs, 2002), meaning that it takes longer for the methylalkanes 286 

to ‘wear off’, than the alkanes and alkenes.  287 

 Whatever the reason for the imperfect mimicry it appears to not exceed the 288 

discriminant threshold of the honey bee (Hölldobler and Carlin 1987), since V. destructor is 289 

generally ignored by the host indicating that the parasite’s chemical mimicry of a colony is 290 

within the accepted threshold of its A. mellifera host. How this mimicry is achieved, for 291 
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example by synthesising host cues (Howard et al. 1990), actively grooming or licking the 292 

host or trophollaxis (e.g., Lenoir et al., 1997) or by passively adsorbing the host CHCs profile 293 

(Vander Meer and Wojcik, 1982), remains unknown. The close and constant contact between 294 

host and parasite in this system would make transfer of CHCs between the two very likely. 295 

However, there is no evidence that V. destructor licks or grooms A. mellifera and the mite’s 296 

legs are too short to potentially spread host compounds across its body, so biosynthesis 297 

cannot be ruled out. Whatever, the mechanism the ability of V. destructor to mimic its host's 298 

colony odor helps explains why despite years trying to eradicate it or selecting for hygienic 299 

bees to detect it, the mite remains the beekeepers 'number one enemy'.  300 

 301 

Acknowledgements We thank Roger Butlin of Sheffield University for comments on the 302 

script and the National Bee Unit at the Food and Environment Research Agency for access to 303 

their hives. Thanks also go to Rüdiger Riesch for advice on the DA methodology. This 304 

research was funded by BBSRC (BB/G017077/1), NERC (NE/F018355/1) and the East 305 

Anglian Beekeepers (EARS).  306 

References  307 

Aitchison, J. 1986. The statistical analysis of compositional data. London, Chapman and Hall.  308 

Akino, T., Knapp,  J.J., Thomas, J.A. and  Elmes, G.W. 1999. Chemical mimicry and host 309 

specificity in the butterfly Maculinea rebeli, a social parasite of Myrmica ant colonies. 310 

Proceedings of the Royal Society of London Series B-Biological Sciences 266: 1419–1426.  311 

Arnold, G. Quenet, B. and Masson, C. 2000. Influence of Social Environment on Genetically 312 

Based Subfamily Signature in the Honeybee. Journal of Chemical Ecology 26:2321–2333.  313 

Aumeier, P. Rosenkranz, P. and Francke, W. 2002. Cuticular volatiles, attractivity of worker 314 

larvae and invasion of brood cells by Varroa mites. A comparison of Africanized and 315 

European honey bees. Chemoecology 12:65–75.  316 



 13 

Bagnères, A-G. , Killian A, Clément J-L, and Lange C. 1991. Interspecific recognition among 317 

termites of the genus Reticulitermes: Evidence for a role for the cuticular hydrocarbons. 318 

Journal of Chemical Ecology 17:2397–2420.  319 

Bagnères, A-G. and Lorenzi, M.C. 2010. Chemical deception/mimicry using cuticular 320 

hydrocarbons. In: G.J. Blomquist and A.-G. Bagnères (Eds.) Insect Hydrocarbons: Biology, 321 

Biochemistry, and Chemical Ecology. Cambridge, University Press. pp. 282-324.  322 

Blomquist, G.J., Howard, R.W., McDaniel, C.A., Remaley, S., Dwyer, L.A., and Nelson, 323 

D.R. 1980. Application of methoxymercuration-demercuration followed by mass-324 

spectrometry as a convenient microanalytical technique for double-bond location in insect-325 

derived alkenes. Journal of Chemical Ecology 6: 257-269.  326 

Boecking, O. and Spivak, M. 1999. Behavioral defenses of honey bees against Varroa 327 

jacobsoni Oud. Apidologie 30:141–158.  328 

Breed, M.D. 1998. Recognition pheromones of the honey bee. Bioscience 48: 463–470.  329 

Buchwald, R. and Breed, M.D. 2005. Nestmate recognition cues in a stingless bee, Trigona 330 

fulviventris. Animal Behaviour 70: 1331–1337. 78  331 

Butts, D.P., Camann, M.A., and Espelie, K.E. 1995. Workers and queens of the European 332 

hornet Vespa crabro L. have colony-specific cuticular hydrocarbon profiles (Hymenoptera, 333 

Vespidae). Insectes Sociaux 42: 45–55.  334 

Châline, N., Sandoz, J. C., Martin, S. J., Ratnieks, F. L. W. and Jones, G. R. 2005.  Learning 335 

and discrimination of individual cuticular hydrocarbons by honey bees (Apis mellifera). 336 

Chemical Senses 30:327-333  337 

 338 

Cini, A., Bruschini, C., Signorotti, L., Pontieri, L., Turillazzi, S. and Cervo, R. 2011. The 339 

chemical basis of host nest detection and chemical integration in a cuckoo paper wasp. The 340 

Journal of experimental biology 214: 3698–3703.  341 

Dani, F.R., Foster KR, Zacchi F, Seppa P, and Massolo A, et al. 2004. Can cuticular lipids 342 

provide sufficient information for within-colony nepotism in wasps? Proceedings of the 343 

Royal Society of London Series B-Biological Sciences 271, pp. 745–753.  344 



 14 

Dani, F.R., Jones, G.R., Corsi, S., Beard. R., Pradella, D. and Turillazi, S. 2005. Nest mate 345 

recognition cues in the honey bee: Differential importance of cuticular alkanes and alkenes. 346 

Chem Senses 30: 477–489. 347 

 348 

Dapporto, L.,  Fondelli, L. and Turillazzi, S. 2006. Nestmate recognition and identification of 349 

cuticular hydrocarbons composition in the swarm founding paper wasp Ropalidia opifex. 350 

Biochemical Systematics and Ecology 34: 617–625.  351 

Dettner, K. and Liepert, C. 1994. Chemical Mimicry and Camouflage. Annual Review of 352 

Entomology 39: 129–154.  353 

Elgar, M.A. and Allan, R.A. 2004. Predatory spider mimics acquire colony-specific cuticular 354 

hydrocarbons from their ant model prey. Naturwissenschaften 91: 143–147.  355 

Elgar, M.A. and Allan, R.A. 2006. Chemical mimicry of the ant Oecophylla smaragdina by 356 

the myrmecophilous spider Cosmophasis bitaeniata: Is it colony-specific? Journal of 357 

Ethology 24: 239–246.  358 

Gibbs, A. 2002. Lipid melting and cuticular permeability: new insights into an old problem. 359 

Journal of Insect Physiology 48: 391-400.  360 

Greene, M.J. and Gordon, D.M. 2007. Structural complexity of chemical recognition cues 361 

affects the perception of group membership in the ants Linephithema humile and 362 

Aphaenogaster cockerelli. The Journal of experimental biology 210: 897–905.  363 

Guillem, R.M., Drijfhout, F. and Martin, S.J, 2014. Chemical deception among ant social 364 

parasites. Journal of Current Zoology 60:62-75. 365 

Hölldobler, B. and Carlin, N.F. 1987. Anonymity and specificity in the chemical 366 

communication signals of social insects. Journal of Comparative Physiology a-Sensory 367 

Neural and Behavioral Physiology 161: 567–581.  368 

Hölldobler, B. and Wilson, E.O. 1990. The Ants. Cambridge, Harvard University Press.  369 

Howard, R.W., Stanley-Samuelson, D.W. and Akre, R. D. 1990. Biosynthesis and Chemical 370 

Mimicry of Cuticular Hydrocarbons from the Obligate Predator, Microdon albicomatus 371 

Novak (Diptera: Syrphidae) and Its Ant Prey, Myrmica incompleta Provancher 372 

(Hymenoptera: Formicidae). Journal of the Kansas Entomological Society 63: 437-443.  373 



 15 

Howard, R.W. et al. 1980. Chemical Mimicry as an Integrating Mechanism: Cuticular 374 

Hydrocarbons of a Termitophile and Its Host. Science 210: 431–433.  375 

Howard, R.W., McDaniel, C. A., Nelson, D. J., Blomquist, G. J.,  Gelbaum, L. L. and 376 

Zalkow, L. H. 1982. Cuticular hydrocarbons of Reticulitermes virginicus (Banks) (Isoptera, 377 

Rhinotermitidae) and their role as potential species-recognition and caste-recognition cues. 378 

Journal of Chemical Ecology 8: 1227–1239.  379 

Howard, R.W. and Blomquist, G.J. 2005. Ecological, behavioral, andbiochemical aspects of 380 

insect hydrocarbons. Annual Review of Entomology 50: 371–393.  381 

Kaib, M., Jmhasly, P., Wilfert, L., Durka, W., Franke, S., Francke, W., et al. 2004. Cuticular 382 

hydrocarbons and aggression in the termite Macrotermes subhyalinus. Journal of chemical 383 

ecology 30: 365–385.  384 

Kather, R., Drijfhout, F. P.and Martin, S.J. 2011. Task group differences in cuticular  385 

lipids in the honey bee Apis mellifera. J Chem Ecol 37:205-212. 386 

 387 

Kraus, B., Koeniger, N. and Fuchs, S. 1986. Unterscheidung zwischen Bienen verschiedenen 388 

Alters durch Varroa jacobsoni Oud. und Bevorzugung von Ammenbienenvolk. Apidologie 389 

17: 257–266.  390 

Lenoir A., Malosse, C. and Yamaoka, R. 1997.  Chemical mimicry between parasitic ants of 391 

the genus Formicoxenus and their host Myrmica (Hymenoptera, Formicidae). Biochemical 392 

Systematics and Ecology 25: 379–389.  393 

Lenoir, A., D’ettorre, P. and Errard, C. 2001. Chemical ecology and social parasitism in ants. 394 

Annual Review of Entomology 46: 573–599.  395 

Martin, S.J. and Bayfield, J. 2014. Is the bee louse Braula coeca (Diptera) using chemical 396 

camouflage to survive within honeybee colonies? Chemoecology DOI: 10.1007/s00049-014-397 

0158-1 398 

Martin, S.J., Vitikainen, E., Shemilt, S., Drijfhout, F.P. and Sundstrom, L. 2013. Sources of 399 

variation in cuticular hydrocarbons in the ant Formica exsecta? Journal Chemical Ecology 39: 400 

1415-1423.  401 



 16 

Nation, J.L., Sanford, and M. T., Milne, K. 1992. Cuticular hydrocarbons from Varroa 402 

jacobsoni. Experimental and Applied Acarology 16: 331–344.  403 

Oksanen, J. 2013. Package ‘vegan’. R version 2.0-10.  404 

Ruther, J., Sieben, S. and Schricker, S. 1998. Role of cuticular lipids in nestmate recognition 405 

of the European hornet Vespa crabro L. (Hymenoptera, Vespidae). Insectes Sociaux 45: 169–406 

179.  407 

Sledge, M.F., Boscaro, F. and Turillazzi, S. 2001. Cuticular hydrocarbons and reproductive 408 

status in the social wasp Polistes dominulus. Behavioral Ecology and Sociobiology 49: 401–409 

409.  410 

Vander Meer, R.K. and Wojcik, D.P. 1982. Chemical Mimicry in the Myrmecophilous Beetle 411 

Myrmecaphodius excavaticollis. Science 218: 806–808.  412 

Wagner, D., Jones, J. B. and Gordon, D. M. 2000. Harvester Ants Utilize Cuticular 413 

Hydrocarbons in Nestmate Recognition. Journal of Chemical Ecology 26: 2245–2257. 414 

 415 

 416 

Fig.1 Colony separation based on the CHC profiles of a) A. mellifera workers, b) V. 417 

destructor mites and c) the two species combined. The ellipses correspond to the 95% 418 

confidence limit for each group. 419 

 420 

 421 

Fig.2. Relative proportions (percentages) of the main chemical families that make up the 422 

CHC profile of a) A. mellifera workers from different colonies and how these compare to b) 423 

their respective V. destructor parasites. Significance levels were calculated within chemical 424 

families and bars with different letters are significantly different from one another within 425 

their chemical family.  426 

 427 
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Fig. 2 437 

 438 


