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Abstract - Social insect colonies provide a stable and safe environment for their
members. Despite colonies been heavily guarded, parasites have evolved numerous
strategies to invade and inhabit these hostile places. Two common strategies are chemical
mimicry via biosynthesis of the hosts' odour or chemical camouflage were compounds
are acquired straight from the host. The ectoparasitic mite Varroa destructor feeds on the
heamolymph of its honeybee host Apis mellifera and uses chemical mimicry to remain
undetected as it lives on the adult host during its phoretic phase or while reproducing on
the honeybee brood.. During the mite life cycle it switches between host adults and
brood, which requires it to adjust its profile to mimic the very different odours of
honeybee brood and adults. In a series of transfer experiments using adult bees and
pupae, we tested whether V. destructor does this by synthesising compounds or using
chemical camouflage. We show that V. destructor required direct access to the host
cuticle to mimic its odour and was unable to synthesise host-specific compounds itself.
Mites use chemical camouflage to mimic the host odour, even when dead, indicating a
passive physico-chemical mechanism of the parasite cuticle. The chemical profile of V.
destructor was adjusted within three to nine hours after switching hosts, demonstrating
that passive camouflage is a highly efficient, fast and flexible way for the mite’s to adapt

to a new host's profile when moving between different host life stages, or host colonies.
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INTRODUCTION

Colonies of social insects are a popular target of parasites, as they represent a stable
micro-climate, as well as, a concentrated source of food and other resources (Wilson
1971; Holldobler and Wilson 1990). The main challenge for these parasites is to
overcome the intricate system of defence that social insects have evolved to defend their
colonies against such invaders. The parasite needs to enter the colony unscathed and
remain unharmed whilst trying to exploit its resources. Cuticular hydrocarbons (CHCs),
excreted as part of the insect’s cuticular lipid layer, are used by many insects to recognise
and identify individuals around them (Howard and Blomquist 2005). In social insects
CHC:s are species- (Martin and Drijfhout 2009) and colony-specific (Martin et al. 2013),
and colony members compare their own CHC profiles to those around them to detect
potential nest invaders; the first line of colony defence.

Many social parasites have evolved strategies to evade this chemical recognition
system (Dettner and Liepert 1994; Lenoir et al. 2001; Bagneres and Lorenzi 2010) either
through biosynthesis of host CHCs (chemical mimicry sensu stricto: Akino et al. 1999;
Howard et al. 1982, 1990; Lenoir et al. 1997; Lenoir et al., 2001), or by reducing their
own CHC profile to undetectable levels (chemical insignificance: wasps: Lorenzi and
Bagnéres 2002; parasitoids: Kroiss et al. 2009), using a combination of both (Jeral et al.
1997; Uboni et al. 2012) or acquiring compounds straight from the host (chemical
camouflage: beetles: Vander Meer and Wojcik 1982; parasitoid: Akino et al. 1999;
spiders: von Beeren and Witte 2012). Cini et al. (2011) showed that it is CHCs in
particular rather than other, co-occurring compounds that are important in the detection of
the parasite by the host.

Many parasites interact with their host inside the nest and use chemical mimicry
to be perceived and treated as if they were a member of the colony (Lenoir et al. 2001).
Some parasites mimic a particular caste (Akino and Yamaoka 1998) or gender (Hojo et
al. 2009) of their host to increase acceptance and trick the host into feeding them.
Nevertheless, very little is known about the chemical strategies used by parasites that
exclusively feed and reproduce on their hosts. The ectoparasitic mite Varroa destructor is
a major pest of the European honey bee Apis mellifera and has a very close relationship

with its host. This mite uses ‘drifting’ bees to infest new colonies and, once inside the
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colony, it switches to nurse bees to increase its likelihood of reaching the brood area,
where it reproduces (Kraus et al. 1986). To reproduce the mite moves from the adult
nurse bee onto a final staged larva. Once the brood cell has been sealed the mite emerges
from beneath the larva and starts its reproductive cycle feeding on the developing pupa.
When the pupae emerges from the brood cell as adult bee, the foundress mite and her
mature offspring are also released. The males soon perish but the females enter their
phoretic phase, feeding on the haemolymph of the adults (Rosenkranz et al., 2010). There
are no behavioural interactions between the mite and its host, but instead V. destructor
blends in with the bee’s body chemistry to become chemically invisible to the host as the
mite is carried around the colony (Nation et al. 1992). Honeybee CHC profiles vary
depending on the age and gender of the bee (Nation et al. 1992, Arnold 2000, Aumeier et
al. 2002, Kather et al. 2010) and results published by Nation et al. (1992) and Martin et
al. (2001) suggest that V. destructor adjusts its mimicry to match these differences as it
switches hosts, which indicates that the mite does not use chemical insignificance to
remain undetected in the host colony.

Here we investigated the mechanism through which V. destructor is able to mimic
the CHC profile of its host and tested whether the mite uses chemical camouflage or
biosynthesis to achieve its chemical mimicry. Because of the high death rate of bees
associated with radio labelling of CHCs in A. mellifera (Gary Blomquist and Falko
Drijfhout, pers. comm.), we used the speed at which V. destructor adjusts its mimicry to a
new host as an indicator for whether any changes in CHC profile were due to
biosynthesis of compounds (true chemical mimicry) or the mite transferring compounds
straight from the host (chemical camouflage). Studies have shown that once biosynthesis
of new compounds has started it takes one to several days for these compounds to reach
the cuticle (de Renobales et al. 1988, Ichinose and Lenoir 2009). Therefore, we assumed
that if V. destructor synthesised compounds itself it would take at least one day to detect
any significant change in the mite’s CHC profile. However, if the mite transferred host
compounds onto its own cuticle, we can expect to see changes in the mite’s CHC profile
within a few hours of exposing it to the new host. Fortunately, the CHC profiles of adult
bees are rich in alkenes whereas pupae profiles are rich in methylalkanes, thus allowing

easy quantification of changes in the mite’s cuticular chemistry when mites are moved
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between these two honeybee life stages. We therefore, measured the speed at which the
mite was able to adjust its profile to that of its new host.

In addition, we predicted that if V. destructor used chemical camouflage, it would
need direct physical contact with the host's cuticular lipid layer to be able to transfer it
onto its own cuticle. However, if mites synthesised their CHC, they may be able to adjust
their profiles without direct cuticular contact with the host or access to host's hemolymph.
Therefore, we conducted a series of additional experiments where we again moved mites
from adult bees onto pupae, but this time we restricted their access to the host cuticular
lipid layer or the host hemolymph or both to test if this affected the ability of the mites to
adjust their profile.

Finally if V. destructor uses chemical camouflage to mimic its host, how is this
achieved given that several other parasites actively groom their host to transfer
compounds but such behaviour is not seen in V. destructor. To investigate this we
transferred dead mites that had their own CHC profile removed chemically onto bee and

fly pupae and observed if mites could still acquire the pupa's CHC profile.

METHODS
Sample Collection - For all experiments, mites were collected from adult bees (i.e. nurse
bees) by removing brood frames from a hive and covering the bees on the frame with
icing sugar. Brood frames were returned to the hive and a Varroa board was inserted at
the bottom of the hive to catch the fallen mites. These were removed from the board
using a fine moist brush, which was cleaned with water and dried after each mite. Mites
were gently wiped to remove excess sugar and placed in Eppendorf tubes. As expected,
mites collected this way had a CHC profile very similar to that of adult (nurse) bees (Fig.
1) and were used as a starting point for all treatment groups.

Adult bees and pupae of the same hive were collected prior to sugaring to allow
for mite-bee comparison later on. The pupae collected were of the white-eye stage i.e. 3-4
days after the cell had been sealed. All treatment groups were kept at 34°C and 70%
humidity. During experiments, mites were kept in 0.6ml microcentrifuge tubes that had
been prepped with a wet cotton ball at the bottom to maximise humidity inside the vial

and a hole was created in the lid to allow for oxygen exchange. Each treatment group
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contained eight mites per replicate and ten replicates per group. At the end of the
experiment, mites were stored at -20°C for chemical analysis later. Only mites that were
still alive at the end of the experiment were used for chemical analysis (refer to Table 1
for the total number of mites per treatment group that were used for chemical analysis).
The CHC profiles of bee pupae were also quantified to control for any changes in mite

CHC chemistry caused by inter-pupae differences rather than due to a treatment effect.

Speed of host CHC acquisition - The first experiment investigated the speed at which V.
destructor is able to adjust its chemical mimicry to that of a new host. Mites were
transferred from adult bees (alkene rich) onto pupae (methylalkanes rich), and kept on the
pupae for 20 mins, 1 hr, 3 hrs, 9 hrs or 27 hrs to measure the speed at which V. destructor
acquires a new host profile. A total of 460 mites were collected, of which 60 were frozen
straight away to serve as starting point (0 hrs control). The remaining 400 mites were
transferred to microcentrifuge tubes for the various time periods, with one pupa added to

each tube.

Limited access to host cuticular lipid layer - The second experiment tested whether V.
destructor needs access to the host cuticular lipid layer or access to the host hemolymph
to adjust its mimicry. Mites were moved from adult bees to pupae and limited in their
access to either a) the host’s lipid layer or b) the host’s hemolymph and lipid layer. A
total of 400 mites were transferred to adult bees kept in bee cages and allowed to feed for
24 hrs to control for any effects of starvation during the experiment. After 24 hrs, the
mites were transferred to microcentrifuge tubes which had been prepped with four rows
of holes along the sides of the tube. This allowed mites to perceive the smell of any pupae
placed immediately around the vial without allowing direct access to these pupae. The
tubes were then placed in a petri dish, with 2-3 tubes per dish.

Four treatment groups were created: 1) Mites were kept on one pupa per tube to
imitate a natural situation (control group), where mites have access to the host’s cuticular
lipid layer and its hemolymph. 2) Mites were able to smell the host but were denied
access to its hemolymph and cuticular lipid layer. In this group, pupae were placed

around the (perforated) tubes which prevented the mites touching the pupae. 3) Mites had
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access to host hemolymph but not the host cuticular lipid layer. To achieve this, the mites
were kept on a pupa that had been stripped off its cuticular lipid layer by washing the
pupae in high-performance liquid chromatography (HPLC) grade hexane for 3 min. and
leaving it to dry on a clean glass plate for 30 min. We had already confirmed by GC-MS
that all CHCs had successfully been removed. Because the washed pupae were now
odourless, unwashed pupae were placed around the microcentrifuge tubes containing the
washed pupae and mites to ensure that the pupaa odour was present. In the tubes the
mites still fed on the washed pupa and there were no obvious differences in mite
behaviour between this treatment group and the control group. 4) The final mite group
was kept in full isolation with no pupae added to or placed around the tube, to serve as
negative control (full isolation from the host). All treatment groups were left for 18 hours
before mites and pupae were retrieved and frozen prior to chemical analysis.

There was clear behavioural evidence that mites were able to perceive the odour
of the pupae placed around the tubes, as mites started to accumulate around the holes
along the tube wall, as soon as pupae were placed in the petri dish. This behaviour was
not observed in the isolated mite group, where no pupae were placed around the tube.

Limited access to host hemolymph - To create a scenario in which mites had access to the
host’s cuticular lipid layer but could not feed on the host hemolymph, we maintained V.
destructor on mature fly pupae (Calliphora vomitoria) that had been stripped off their
own CHCs (washed in HPLC grade hexane for 3 min.) and then spiked the fly pupae with
the odour of a bee pupae. Each fly pupa was covered with the extract of one bee pupa
(washed in HPLC grade hexane for 15 min.) by gradually dripping the extract onto the
fly’s cuticle and leaving it to dry over a 30 min. period. (Fig. 1b). The cuticle of a mature
fly pupae is too thick for the mite to penetrate; hence mites can only access the artificial
lipid layer but not the hemolymph. For this experiment a total of 220 mites were
collected, of which 60 were frozen straight away to serve as starting points. 80 mites were
kept on fly pupae and the remaining 80 were kept on bee pupae (positive control) in
microcentrifuge tubes prepped with a wet cotton ball and one hole in the lid as described
above. All treatment groups were left for 18 hours before mites and pupae were retrieved

and frozen prior to chemical analysis.
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Active versus passive transfer of host CHCs — To investigate whether V. destructor uses
passive CHC transfer as an alternative strategy to actively grooming the host, we tested
whether dead mites were still able to mimic a host odour. Mites were killed by freezing at
-20°C for 1 hr. They were then defrosted for 10 mins, then stripped of their CHCs by
immersing them in HPLC grade hexane for 3 min. and leaving them to dry for 30 min. 80
of these dead mites were transferred to petri dishes containing white-eye pupae. The dead
mites were placed onto pupae with their legs touching the host cuticle to imitate the
natural position of the mite on the host. As positive control, 80 live mites were transferred
to petri dishes containing white-eye pupae. Mites were again left for 18 hrs and frozen for
chemical analysis. A sub-set of washed mites tested by GC-MS confirmed that all CHCs
had been successfully removed from the dead mites prior to the transfer onto the host.

Chemical and Statistical Analysis - Samples were extracted in HPLC hexane containing a
Cyo standard (1mg/100ml hexane). Each bee sample was extracted in 0.5 ml hexane, and
mite samples were extracted in pools of six mites in 300ul hexane per sample. Samples
were left at room temperature for 15 min., before transferring 30 pl of extract to a glass
insert and left to evaporate overnight.

Samples were re-suspended in 30pul hexane and analysed on an HP6890GC
(equipped with an HP-5MS column; length: 30m; ID: 0.25mm; film thickness: 0.25um)
connected to an HP5973 MSD (quadrupole mass spectrometer with 70-eV electron
impact ionization). Samples were injected in the splitless mode. The oven was
programmed from 70°C to 200°C at 40°C/min and then from 200°C to 320°C at 25°C/min
and, finally, held for 5 min at 350°C. The carrier gas helium was used at a constant flow
rate of 1.0ml min-1. Compounds were identified using standard MS databases, diagnostic
ions and Kovats indices.

The peak area of each compound was determined by manual integration of each
total ion chromatogram (TIC), which was then translated into actual concentration
(mg/ml hexane) using the peak of the C,, standard. Compounds which on average

contributed less than 1% to the overall chemical profile (i.e. n-alkanes + alkenes +
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methylalkanes) were excluded from the analysis. Compounds were grouped into three
main chemical classes: n-alkanes, alkenes and methylalkanes.

Because the CHC profiles of adult bees and bee pupae mainly differ in their
alkene:methylalkane ratio, we focused our analysis on these two CHC families and
excluded the n-alkanes. For the speed of host CHC acquisition, a regression analysis was
conducted to investigate whether the alkene:methylalkane ratio changed significantly
during the 27- hour-period after the mite had been placed onto the new host. For all other
experiments, one-way ANOVA’s and post-hoc Tukey tests were carried out to test for
significant changes in the alkene:methylalkane ratio between treatment groups. The
assumptions associated with doing an ANOVA test were checked prior to doing the

analysis. All tests were performed using the statistical software R (v 2.81).

RESULTS

Speed of host CHC acquisition - As expected, the CHC profiles of honey bee pupae had a
high methylalkane: alkene ratio that was reversed in the adult bees (Fig. 2a). Hence, mites
collected from adult bees, at the beginning of the experiment, had high concentrations of
alkenes but low levels of methylalkane. When mites were then transferred onto a pupa,
their methylalkane levels increased followed by a drop in alkene concentration over the
27 hrs during which mites were exposed to the new host. This led to a significant drop in
the alkene: methylalkane ratio (Fig. 2b) over time, which levelled off after 9 hours of
exposure to the host (Polynomial Regression: y=1.5 - 3.795 x + 3.265 x2, F=26, d.f. = 2,
52, p < 0.0001). A significant increase in mite methylalkane concentration was already
visible after the first 20 min. of being on the new host (ANOVA, F=4, d.f.=5,49,
p<0.001), which was followed by a second increase after 3 hrs (ANOVA, F=4, d.f.=5,49,
p<0.004) (Fig.2b). Alkene concentration remained constant for the first 3 hours and then
dropped significantly (ANOVA, F=10, d.f.=5,49, p<0.001).

Limited access to host cuticular lipid layer - The treatment groups of the second

experiment differed significantly in their alkene: methyalkane ratio (ANOVA, F=30.31,
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d.f.=4,43, p < 0.001) (Fig. 3a). As expected, mites that were kept on (unwashed) bee
pupae, and hence had access to both host hemolymph and the host’s cuticular lipid layer,
had significantly higher levels of methylalkane compared to mites kept on adult bees
(post-hoc Tukey test: p < 0.001). The second mite group (Odour), which was able to
smell the host through the perforated tube but had no direct physical access to host
hemolymph or cuticle, was unable to increase their methylalkane levels so their alkene:
methylalkane ratio remained the same as mites kept in full isolation (post-hoc Tukey test:
p = 0.92). When mites only had access to host hemolymph by keeping them on washed
pupae (Pupa + Odour — CHCs), these were also unable to increase their methylalkane
concentration to match the CHC profile of the host. Instead their alkene: methylalkane
ratio was again the same as mites kept in full isolation (post-hoc Tukey test: p = 0.27)
(Fig 3a). When mites were isolated from the host pupae the concentration of all CHCs
decreased (Fig. 3a). Therefore, access to host odour or host hemolymph alone was

insufficient for mites to mimic their new host profile.

Limited access to host hemolymph - Mites were able to increase their methylalkane levels
when given an artificial lipid layer (fly pupa spiked with the CHC profile of one bee
pupa) even though access to host hemolymph was denied. Their alkene:methylalkane
ratio was the same as that of mites kept on bee pupae (ANOVA, F=86.15, d.f.=2,22, p <
0.001; post-hoc Tukey test: p = 0.31) and significantly different from that of mites kept
on adult bees (post-hoc Tukey test: p < 0.001) (Fig. 3b). This indicates that mites are able
to adjust their chemical profile as long as they have direct access to the host’s cuticular

lipid layer, even if host hemolymph cannot be accessed.

Active versus passive transfer of host CHCs - Dead (washed) mites were still able to
increase their methylalkane levels to the degree that they were significantly different in
their alkene:methylalkane ratio compared to mites kept on adult bees (ANOVA, F=52.01,
d.f.=2,22, p < 0.001; post-hoc Tukey test: p < 0.001) (Fig. 3c). Even though dead mites
were similar in methylalkane concentration to live control mites (ANOVA, F=2.33,
d.f.=1,16, p = 0.15), they had significantly higher levels of alkene, which led to a

significant difference in alkene:methylalkane ratio in these two groups (post-hoc Tukey

10
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test: p < 0.001). This disproportionate increase in alkene levels was not due to alkene
residues left after washing mites, because washed mites that were analysed straight away
(Control Mites) had no CHCs left on their cuticle after washing. The fact that dead mites
were still able to adsorb host CHCs indicates that at least the uptake of host CHCs is a

passive process.

DISCUSSION
The results indicate that V. destructor uses chemical camouflage to mimic the odour of its
bee host. Without access to the host’s cuticular lipid layer the mite was unable to adjust
its mimicry to a new host, even when access to host hemolymph was provided. This
finding suggests that V. destructor is unable to synthesize host-specific CHCs but instead
there is a transfer of host CHCs from the host’s cuticle to that of the mite; this even
occurs when the mite is dead. This is further supported that changes in the mites profile
was observed after just 20 mins. The rapid adsorption of a host's CHCs has been observed
in a number of parasites and can be facilitated by an active process such as grooming the
host (ants: Lenoir et al. 1997; Franks et al. 1990; spiders: von Beeren and Witte 2012;
silverfish: von Beeren et al. 2011), in addition to any simple passive processes were close
contact with the host cuticle is required (cockroaches: Everaerts et al. 1997; termites:
Vauchot et al. 1998; beetles: Vander Meer and Wojcik 1982). For example, the
myrmecophile ‘shampoo’ ant Formicoxenus provancheri grooms its host, Myrmica
alaskensis, around 45% of its time inside the nest (Lenoir et al. 2001), while the
myrmecophile beetle Myrmecaphodius excavaticollis passively adsorbs host CHCs
without any obvious grooming behaviour (Vander Meer and Wojcik 1982). Further
evidence for the passive transfer of CHCs has come from using artificially mixed
colonies of Reticulitermes termites, where R. santonensis and R. lucifugus grassei
acquired each other’s CHCs without any allogrooming taking place (Vauchot et al. 1998).
In both studies, M. excavaticollis, R. santonensis and R. lucifugus grassei are all able to
take up host compounds even if dead individuals were used, thus excluding the
possibility of biosynthesis or behavioural acquisition as relevant factors.

Our findings suggest that V. destructor also uses passive transfer (i.e., transfer of

host CHCs without the parasite actively grooming or in any way interacting with the

11
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host) of host CHCs to camouflage itself on the host, because dead mites were still able to
adsorb compounds when placed on the host. The mite’s legs are too short to spread host
CHCs across its cuticle via grooming and, hence, passive CHC transfer is an efficient
strategy to facilitate the mite’s chemical mimicry. When switching host stages, passive
chemical camouflage allows the mite CHC profile to rapidly adjust within a few hours to
match the chemical profile of its new host. So, when moving from an adult bee to a bee
pupa, the mite quickly adopts the profile of its new host. This process is aided by the fact
that the mite naturally seems to lose compounds when these are not provided through
contact with the host cuticular lipid layer, as was apparent when mites were kept in full
isolation. This was also observed in the myrmecophile beetle Myrmecaphodius
excavaticollis (Vander Meer and Wojcik 1982), as the termites Reticulitermes
santonensis and R. lucifugus grassei (Vauchot et al. 1998), were CHC transfer could
already be observed after just two hours of cohabitation, but acquired CHCs started to
decrease in concentration as soon as individuals were isolated from their host.

It was surprising that dead V. destructor mites preferentially adsorb alkenes
compared to live mites. Alkenes have a lower melting temperature in comparison to
methylalkanes (Gibbs 2002) and, thus, it is possible that these transfer more readily than
methylalkanes. If it was easier for mites to adsorb alkenes compared to methylalkanes,
this would have also been observed in the live mites unless the adjustment of the exact
alkene:methyalkane ratio is actively regulated by the mite. This result certainly requires
further investigation.

There is some evidence to suggest that the ability to passively adsorb CHCs may
be species-specific in arthropods. When Reticulitermes santonensis and R. I. grassei are
kept in (artificial) mixed colonies, the latter takes up more compounds of the former than
vice versa (Vauchot et al. 1998). A similar case was reported by Vienne et al. (1990 cited
in Vauchot et al., 1998), whereas Formica selysi acquired more allospecific CHC than
Myrmica rubida when these two ant species lived as a mixed colony. The fact that there
seems to be a species-specific ability of taking up CHCs indicates that there may be
differences in cuticular physiology or chemistry that allow some species to take up CHCs
more readily than others. If this occurs in non-parasitic arthropods, it is not surprising that

a range of parasitic arthropods have evolved the ability to soak up enough host CHCs to

12
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achieve chemical camouflage. The physico-chemical mechanism that allows them to do
this however remains elusive.

Our results confirmed the findings reported in Nation et al. (1992) that the
chemical mimicry of V. destructor changes as the parasite switches hosts. The mite V.
destructor is the first case known to us where a parasite frequently switches its
camouflage as it moves between host stages. Because groups of individuals within an A.
mellifera colony can vary significantly in their CHC profile, due to task (Kather et al.
2011) or life stage, a passive chemical camouflage is likely to be the best strategy to
facilitate a quick adjustment in the parasite’s camouflage to match the new host with
minimal energetic cost. The mite also has a number of appendages such as suckers, hairs
and its crab-like carapace (Rosenkranz et al., 2010) that allow it to hold on to the host
during the transition time and, this way, these appendages buy the mite time until it is
fully blended in with the host’s CHC profile, which only takes a few hours. This study
helps explain why V. destructor has become one of the most widespread and successful

ecto-parasitic pests of honey bees.

ACKNOWLEDGEMENTS - We thank the Kings Lynn, Sheffield and Barnsley
Beekeepers for providing mites and Roger Butlin of Sheffield University for comments
on the manuscript. This research was funded by funding from BBSRC (BB/G017077/1),
the East Anglian Beekeepers (EARS) and NERC (NE/F018355/1).

13



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

REFERENCES

AKINO, T. and YAMAOKA, R. 1998. Chemical mimicry in the root aphid parasitoid
Paralipsis eikoae Yasumatsu (Hymenoptera: Aphidiidae) of the aphid-attending ant
Lasius sakagamii Yamauchi & Hayashida (Hymenoptera: Formicidae). Chemoecology
8:153-161.

AKINO, T., KNAPP, J.J., THOMAS, J.A. and ELMES, G.W. 1999. Chemical mimicry and
host specificity in the butterfly Maculinea rebeli, a social parasite of Myrmica ant
colonies. Proc. Roy. Soc. B 266:1419-1426.

ARNOLD, G., QUENET, B. and MAssoN, C. 2000. Influence of Social Environment on
Genetically Based Subfamily Signature in the Honeybee. J. Chem. Ecol. 26: 2321-2333.

AUMEIER, P., ROSENKRANZ, P. and FRANCKE, W. 2002. Cuticular volatiles, attractivity of
worker larvae and invasion of brood cells by Varroa mites. A comparison of Africanized
and European honey bees. Chemoecology 12: 65-75.

BAGNERES, A-G. and LoreNzI, M.C. 2010. Chemical deception/mimicry using cuticular
hydrocarbons. In: G.J. Blomquist and A-G. Bagnéres (Eds.) Insect Hydrocarbons:
Biology, Biochemistry, and Chemical Ecology. Cambridge, University Press. pp. 282-
324,

CINI, A., BRUSCHINI, C., SIGNOROTTI, L., PONTIERI, L., TURILLAZZI, S. and CERVO, R.
2011. The chemical basis of host nest detection and chemical integration in a cuckoo

paper wasp. J. Experimental Biol. 214: 3698-3703.

DETTNER, K. and LIEPERT, C. 1994. Chemical mimicry and camouflage. Ann. Rev.
Entomol. 39: 129-154.

EVERAERTS, C., FARINE, J. P. and BROSSUT, R. 1997. Changes of species specific

cuticular hydrocarbon profiles in the cockroaches Nauphoeta cinerea and Leucophaea

14



435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463

maderae reared in heterospecific groups. Entomologia Experimentalis et Applicata 85:
145-150.

FRANKS, N., BLum, M. S., SMITH, R. and ALLIES, A. B. 1990. Behavior and chemical
disguise of cuckoo ant Leptothorax kutteri in relation to its host Leptothorax acervorum.
J. Chem. Ecol. 16: 1431-1444.

GiBBs, A. 2002. Lipid melting and cuticular permeability: new insights into an old
problem. J. Insect Physiol. 48: 391-400.

Hoio, M. K., WADA-KATSUMATA, A., AKINO, T., YAMAGUCHI, S., OzAKI, M. and
YAMAOKA, R. 2009. Chemical disguise as particular caste of host ants in the ant inquiline

parasite Niphanda fusca (Lepidoptera: Lycaenidae). Proc. Roy. Soc. B 276: 551-558.

HOLLDOBLER, B. and WILSON, E.O. 1990. The Ants. Cambridge, Harvard University
Press.

HowARD, R.W., MCDANIEL, C. A. and BLOMQUIST, G. J. 1982. Chemical mimicry as an
integrating mechanism for three termitophiles associated with Reticulitermes virginicus
(Banks). Psyche 89: 157-167.

HowARD, R.W., STANLEY-SAMUELSON, D.W. and AKRE, R. D. 1990. Biosynthesis and
Chemical Mimicry of Cuticular Hydrocarbons from the Obligate Predator, Microdon
albicomatus Novak (Diptera: Syrphidae) and Its Ant Prey, Myrmica incompleta

Provancher (Hymenoptera: Formicidae). J. Kansas Entomol. Soc. 63: 437-443.

HowARD, R.W. and BLomQuisT, G.J. 2005. Ecological, behavioral, and biochemical
aspects of insect hydrocarbons. Ann. Rev. Entomol. 50: 371-393.

15



464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

ICHINOSE, K and LENOIR, A. 2009. Ontogeny of hyrdrocarbon profiles in the ant
Aphanogaster senilis and effects of social isolation. Comptes Rendues Biologies 332:
697-703.

JERAL, J.M., BREED, M.D. and HIBBARD, B. E. 1997. Thief ants have reduced quantities
of cuticular compounds in a ponerine ant, Ectatomma ruidum. Physiol. Entomol. 22: 207—
211.

KATHER, R., DRISFHOUT, F. P. and MARTIN, S. J. 2011. Task group differences in

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

KRAUS, B. KOENIGER, N. and FucHs, S. 1986. Unterscheidung zwischen Bienen
verschiedenen Alters durch Varroa jacobsoni Oud. und Bevorzugung von
Ammenbienenvolk. Apidologie 17: 257-266.

KROISS, J., SCHMITT, T. and STROHM, E. 2009. Low level of cuticular hydrocarbons in a
parasitoid of a solitary digger wasp and its potential for concealment. Entomol. Sci. 12:
9-16.

LENOIR, A., MALOSSE, C. and YAMAOKA, R. 1997. Chemical mimicry between parasitic
ants of the genus Formicoxenus and their host Myrmica (Hymenoptera, Formicidae).
Biochem. Systematics Ecol. 25: 379-389.

LENOIR, A., D’ETTORRE, P., ERRARD, C. and HEFETZ, A. 2001. Chemical ecology and

social parasitism in ants. Ann. Rev. Entomol. 46: 573-599.
LORENzI, M.C. and BAGNERES, A.G. 2002. Concealing identity and mimicking hosts: a

dual chemical strategy for a single social parasite? (Polistes atrimandibularis,

Hymenoptera: Vespidae). Parasitology 125: 507-512.

16



494
495
496
497

498
499

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

MARTIN, C. SALVY, M., PROVOST, E.M., BAGNERES, A.G., Roux, M., CRAUSER, D.,
CLEMENT, J.L. and LE CONTE, Y. 2001. Variations in chemical mimicry by the
ectoparasitic mite Varroa jacobsoni according to the developmental stage of the host
honey-bee Apis mellifera. Insect Biochem. Mol. Biol. 31:365-379.

MARTIN, S. J., and DRIJFHOUT, F. P. 2009. A review of ant cuticular hydrocarbons J.
Chem. Ecol. 35:1151-1161.

MARTIN, S. J., VITIKAINEN, E., SHEMILT, S., DRIJFHOUT, F. P. and SUNDSTROM, L. 2013.
Sources of variation in cuticular hydrocarbons in the ant Formica exsecta? J. Chem. Ecol.
39: 1415-1423.

NATION, J.L. SANFOR, M.T. and MILNE, K. 1992. Cuticular hydrocarbons from Varroa

jacobsoni. Experimental Appl. Acarol. 16: 331-344.

DE RENOBALES, M., NELSON, D. R., MACKAY, M. E., ZAMBONI, A. C. and BLOMQUIST. G.
J. 1988. Dynamics of hydrocarbon biosynthesis and transport to the cuticle during pupal
and early adult development in the cabbage looper Trichoplusia ni (Lepidoptera:
Noctuidae). Insect Biochem. 18: 607-613.

ROSENKRANZ, P., AUMEIER, P. and ZIEGELMANN, B. 2010. Biology and control of Varroa
destructor. J. Invert. Pathol. 103: S96-S1109.

UBONI, A., BAGNERES, A-G., CHRISTIDES, J-P. and LORENZIET, M. G. 2012.
Cleptoparasites, social parasites and a common host: Chemical insignificance for visiting

host nests, chemical mimicry for living in. J. Insect Physiol. 58: 1259-1264.

VANDER MEER, R.K. and WoJclIk, D.P. 1982. Chemical Mimicry in the Myrmecophilous

Beetle Myrmecaphodius excavaticollis. Science 218: 806-808.

17



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553

VAUCHOT, B., PROVOST, E., BAGNERES, A-G., RIVIERE, G., Roux, M. and CLEMENT, J-L.
1998. Differential Adsorption of Allospecific Hydrocarbons by the cuticles of Two
Termite Species, Reticulitermes santonensis and R. lucifugus grassei, Living in a Mixed
Colony. J. Insect Physiol. 44: 59-66.

VON BEEREN, C., SCHULZ, S. HASHIM, R. and WITTE, V. 2011. Acquisition of chemical

recognition cues facilitates integration into ant societies. BMC Ecol. 11:30.
VON BEEREN, C., HASHIM, R. and WITTE, V. 2012. The social integration of a
myrmecophilous spider does not depend exclusively on chemical mimicry. J. Chem.

Ecol. 38: 262-271.

WILSON, E.O. 1971. The Insect Societies. Harvard, Belknap Press.

18



554
555
556
557
558

559
560
561
562
563
564
565

Table 1 Total number of mite samples (n) per treatment group across all experiments. For

each mite sample, a pool of six mites were extracted and treated as one sample in the data

analysis.

Experiment Treatment Group
Experiment 1 n
(Speed of host CHC acquisition)
0 hrs 10
20 min. 8
1hr 10
3hrs 8
9 hrs 10
27 hrs 9
Experiment 2
(Limited access to host cuticular lipid layer)
Mites (Adult Bee) 10
Mites (Bee Pupa) 8
Mites (Pupa + Odour — CHCs) 10
Mites (Odour) 6
Full Isolation 10
Experiment 3
(Limited access to host hemolymph)
Mites (Adult Bee) 6
Mites (Fly Pupa + Bee Pupa 10
CHCs)
Mites (Bee Pupa) 9
Experiment 4
(Active vs. passive transfer)
Mites (Adult Bee) 10
Dead Mites (Bee Pupa) 8
Live Mites (Bee Pupa) 10
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Fig. 1 CHC profiles of a) a honey bee pupa and b) a washed fly pupa spiked with the
CHC extract of one bee pupa. The main CHCs are: 1) n-Cys, 2) Czs:1, 3) n-Cys, 4) 9-, 11-,
13-meCys, 5) Cy7:1, 6) N-Cy7, 7) 9-, 11-, 13-meCy7, 8) Cyo:1, 9) N-Cyy, 10) 9-, 11-, 13-
meCyg, 11) Cs1.1, 12) n-Csq, 13) 9-, 11-, 13-meCayy, 14) Csz.1.

Fig. 2 Speed of chemical mimicry. Mites were collected from adult bees (time: Ohrs) and
kept on pupae for different time intervals. Bee profiles are shown in panel a) and mite
profiles in panel b). Mites acquired pupa-specific methylalkanes and lost adult-specific
alkenes within 3-9 hours of exposure to the new host, leading to a drop in alkene-
methylalkane ratio. Error bars show one standard deviation and sample sizes are given in
Table 1.

Fig. 3 Alkene and methylalkane concentrations of mite CHC profiles across experiments
2 to 4. In each panel 'Adult bees' represents the starting CHC profile of mites i.e. kept on
adult bees, and 'Bee pupae' is the positive control i.e. mites kept on untreated pupae. a)
experiment 2; mites have access to the host cuticular layer. Pupa + Odour - CHC - are
mites on washed bee pupae i.e. CHC removed but surrounded by unwashed pupae to
provide host odour; Odour- are mites only exposed to pupae odour, and Full Isolation- is
the negative control since mites were isolated from the host. b) experiment 3; excludes
access to host haemolymph; Fly Pupa + Bee Pupa CHCs - are mites kept on fly pupae
spiked with a bee pupa CHC profile. ¢) experiment 4; transfer of host CHCs was active or
passive; Dead mites- their CHC profile removed and placed on living pupa, Live mites
also had their CHC removed but not killed, while control mites had their CHC removed
and were isolated from pupa and showed that chemical washing removed all the mites
CHC. For each experiment, treatment groups differed in their alkene:methylalkane ratio if
they have different letters, whereas groups with the same letter were similar in their
alkene:methylalkane ratio. Error bars show the standard error and samples sizes are given
in Table 1.
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