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Queen pheromones, which signal the presence of a fertile queen and induce
workers to remain sterile, play a key role in regulating reproductive division
of labour in insect societies. In the honeybee, volatiles produced by
the queen’s mandibular glands have been argued to act as the primary
sterility-inducing pheromones. This contrasts with evidence from other
groups of social insects, where specific queen-characteristic hydrocarbons pre-
sent on the cuticle act as conserved queen signals. This led us to hypothesize
that honeybee queens might also employ cuticular pheromones to stop workers
from reproducing. Here, we support this hypothesis with the results of
bioassays with synthetic blends of queen-characteristic alkenes, esters and car-
boxylic acids. We show that all these compound classes suppress worker ovary
development, and that one of the blends of esters that we used was as effective
as the queen mandibular pheromone (QMP) mix. Furthermore, we demonstrate
that the two main QMP compounds 9-ODA and 9-HDA tested individually
were as effective as the blend of all four major QMP compounds, suggesting
considerable signal redundancy. Possible adaptive reasons for the observed
complexity of the honeybee queen signal mix are discussed.

1. Introduction

Social insects are characterized by a division of labour in which the brood of fertile
queens is cared for by largely sterile daughter workers. To maintain this reproduc-
tive division of labour, the queen emits specific pheromones, which induce the
workers to remain sterile in her presence [1-5]. Originally, such queen pheromones
were thought to be controlling agents that chemically suppress the workers’ repro-
duction against their own reproductive interests [6—8]. More recent evidence,
however, has largely discredited this ‘queen control” hypothesis and instead inter-
prets queen pheromones as honest signals for the presence of a fertile queen, to
which the workers merely respond in their own best evolutionary interests
[3,9-12]. Under this ‘queen signal” hypothesis, queen pheromones induce worker
sterility whenever the sociogenetic structure of the colony is such that the inclusive
fitness costs of worker reproduction outweigh the potential direct fitness benefits
[12-15]. For example, in many species, worker reproduction is made unprofitable
by large costs to colony productivity [14-16] and/or by the fact that workers
selectively detect and remove eggs laid by other workers—a process known as
‘worker policing” [12,13,16—19]. In these cases, worker sterility ceases to be an
evolutionary paradox, and instead ends up serving the workers’ long-term genetic
interests [3,12,20].

Although evidence suggests that most social insect lineages with specialized
reproductive castes possess queen pheromones, few such pheromones have been
identified to date. The first queen pheromones were identified in honeybees in
the 1950s [21,22], and were found to be derived from the queen’s mandibular
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glands, containing a blend of five major compounds: the semi-
volatile carboxylic acids (2E)-9-oxo-dec-2-enoic acid (9-ODA)
and both enantiomers of (2E)-9-hydroxydec-2-enoic acid
(9-HDA), along with two aromatics, methyl 4-hydroxybenzoate
(HOB) and 4-hydroxy-3-methoxyphenylethanol (homovanillyl
alcohol, HVA) [23] (table 1). Subsequent research showed that
these queen mandibular pheromones (QMP) serve diverse func-
tions—not only inhibiting worker ovary activation [24,25] and
queen cell production [26] but also mediating worker retinue
formation around the queen [5,23,27] and acting as a sex attrac-
tant [28]. It took another 50 years, however, before experiments
with synthetic pheromones succeeded in identifying queen
pheromones in other lineages of social insects, including ants,
wasps and bumblebees [2-4,29-34]. These studies showed
that the queen pheromones in other social insects were from
entirely different chemical classes than QMP constituents, con-
sisting of long-chain hydrocarbons that were much more
abundant in queens than in workers. Furthermore, queens of
different species were often found to employ the same com-
pounds as queen pheromones [2,3,32-35]. In particular,
multiple species of ants, wasps and bumblebees were shown
to share specific cuticular hydrocarbons as queen pheromones,
including linear alkanes, 3-methylalkanes and alkenes [24].
Likewise, non-polar cuticular extracts from queens of a stingless
bee species were shown to inhibit worker reproduction, and sev-
eral linear and methyl-branched alkanes in the extracts induced
electroantennographic responses from antennae of workers [36].

The important role of cuticular queen pheromones in
ants, wasps and several species of corbiculate bees contrasts
starkly with what is known of the honeybee, where most
studies to date have focused on the queen’s mandibular
pheromones [1,5], despite comparative phylogenetic and
empirical evidence suggesting that some cuticular com-
pounds might also act as queen pheromones [3,37,38]. For
example, queens from which the mandibular glands were
removed were found to inhibit worker reproduction as effec-
tively as intact queens [37,39,40], and extracts of the tergal
glands, which produce specific esters, fatty acids and alkenes
on the queen’s dorsal cuticle [41,42], inhibit worker ovary
development [43] and induce worker retinue behaviour
[44]. However, it is still not known which classes of cuticular
compounds actually induce honeybee sterility.

The aim of the present study, therefore, was to directly
address this question by bioassaying defined blends of honeybee
cuticular and tergal gland components and testing whether they
suppressed the activation of the workers’ ovaries. To this end, we
first carried out a comprehensive gas chromatography—mass
spectrometry (GC—-MS) analysis of the cuticular profiles of
Apis mellifera queens and workers. Subsequently, we bioassayed
synthetic blends of queen-characteristic alkenes, esters and car-
boxylic acids to test the extent to which they inhibited worker
ovary activation when compared with both the known QMP
blend and each of the major QMP compounds individually.
With the exception of 9-ODA [2545,46] and 9-HDA [25], the
extent to which the individual QMP compounds might suppress
honeybee worker reproduction is unknown [34].

2. Material and methods

(a) Identification of queen-characteristic compounds

To shortlist putative honeybee queen pheromones, we first
compared the cuticular profiles of European honeybee egg-laying

queens, virgin queens and workers using GC-MS analysis, as no
single published study has presented a comprehensive analysis
of total cuticular extracts of female honeybee castes (but see [42]
for data on alkene isomers specific to European honeybee queens
and [4748] for analyses of virgin honeybee queens). These data
were then combined with previously published data on queen
and worker profiles of African subspecies A. mellifera scutellata
cuticular tergal glands [41], located underneath the dorsal part of
the queen’s cuticle. These glands were previously shown to release
pheromones that stop workers from reproducing [43] and induce
worker retinue behaviour [44]. Following the protocol used in
Van Oystaeyen et al. [2], putative queen pheromones were short-
listed on the basis of the compounds’ relative abundance
(keeping only compounds with a relative peak area greater than
1%) and the extent to which they were characteristic for queens,
which was quantified using the standardized difference in relative
peak area in queens versus workers (Cohen’s d values, cf. table 1).
Subsequently, synthetic blends of these compounds grouped by
structural class and source (cuticular or tergal gland) were tested
in bioassays to examine the extent to which they inhibit worker
ovary activation. Profiles of the abdominal Dufour’s gland,
which is also suspected to release queen or fertility signals
[49-51], were not analysed separately, given that the compounds
produced by this gland are also present on the cuticle, including
most of the previously reported fertility-associated long-chain
wax esters [49,50].

For the GC-MS analysis of the overall cuticular profiles of
European mixed race honeybee castes, we first collected mated,
egg-laying queens (1 =11) and workers (1 = 20) in the spring
and summer of 2014 from a randomly selected set of colonies.
In addition, we sampled virgin queens (n = 18), which were
reared from 1-day-old larvae derived from a random set of
donor colonies. Individuals were then extracted in 1ml of
pentane (HPLC, Sigma-Aldrich) for 10 min, after which the
samples were evaporated at room temperature to dryness.
After resuspending these samples in 200 pl of hexane, we
injected 2 pl of each sample into a Shimadzu QP2010Ultra
coupled gas chromatograph/mass spectrometer, using a DB-
5ms capillary column (30m x 0.25mm x 0.25 um) and a
temperature programme as described in [38], with an initial
temperature profile consisting of 1 min at 70°C, two temperature
ramps from 70°C to 150°C at 20°C min ' and from 150°C to
320°C at 3°C min ', after which the final temperature of 320°C
was held for 15 min. Helium was used as a carrier gas at a
flow rate of 1 ml min !, a splitless injection and an inlet tempera-
ture of 280°C, with a final pressure of 75 kPa. The ion source
temperature was set to 300°C. Peaks in the total ion chromato-
gram were integrated using the Shimadzu GCMS Solutions
software. A heptane to tetracontane alkane ladder external stan-
dard (0.01 mgml ') was run to be able to infer cubic spline
interpolated retention indices for all compounds (cf. [38], elec-
tronic supplementary material, table S1). Compounds were
identified based on their mass spectra (expected fragmentation
patterns and similarity to spectra in the NIST2014 mass spectral
library) and retention indices (similarity to values given in the
NIST2014 retention index library or in the literature). Alkene
and alkadiene double bond positions were determined using
DMDS derivatisation where possible [52]. Absolute amounts of
the shortlisted queen pheromones that were present on a single
egg-laying queen (‘queen equivalents’, table 1) were determined
from measured peak areas, taking into account response factors
relative to the closest eluting linear alkane of the pure synthetic
compounds (measured from a separate set of n =20 three-
week-old, laying queens, table 1). Log;o transformed relative
peak areas of all compounds were statistically compared
among egg-laying queens, virgin queens and workers using
robust linear model (rlm) analysis, using R’s MASS package
and post hoc tests coupled with FDR p-value adjustment to
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correct for multiple testing (electronic supplementary material,
table S1). A heatmap of the relative differences in the profiles
was produced using the R pheatmap package combined with
UPGMA hierarchical row and column clustering, using one
minus the Pearson correlation as distance metric (figure 1). In
order to make the scaling of the different compounds compar-
able in the heatmap, we used row z-scores (standardized
differences compared to the row average) calculated on logyo
transformed relative peak areas.

To shortlist possible bioactive queen pheromones derived from
the tergal glands we focused our attention on the queen—worker
differences reported in A. mellifera scutellata by Wossler & Crewe
[41], and retained the top seven most queen characteristic com-
pounds based on the Cohen’s d effect size [2] (table 1). Absolute
quantities of the shortlisted compounds present in the tergal
glands were based on the relative peak areas reported by Wossler
& Crewe [41], using the measured amount of stearic acid present
in extracts of the tergal glands of European honeybee queens as a
baseline, as this was the most prominent acid in our samples, and
taking into account measured response factors for all the com-
pounds. To quantify the amount of stearic acid present in single
queens, we dissected the tergites of four queens obtained from
our hives in July 2018. The tergites were ground in 250 wl of
hexane and the remaining pieces were taken out after 40 min. Sub-
sequently, the solvent was evaporated to dryness, 100 ml of hexane
was added after which the solution was vortexed for 15 s and 1 ml
was injected into the GC-MS.

Finally, a blend of the major QMP compounds and each
of the individual major compounds (9-ODA, two isomers of
9-HDA, HOB and HVA) were included as treatments and the
typical amount present in single queens was provided by the

supplier (Intko Supply Ltd, Vancouver, Canada) (table 1).

(b) Bioassays to identify novel honeybee queen
pheromones

To determine the bioactivity of the shortlisted cuticular and tergal
gland queen pheromones, we performed bioassays to test the
extent to which synthetic versions of each class of compounds
inhibited worker ovary activation. For the different treatments,
the cuticular and tergal gland compounds were grouped by struc-
tural class and source into different mixes in acetone solvent:
(1) cuticular esters, (2) cuticular alkenes, (3) tergal gland esters
and (4) tergal gland acids. Each mix contained the different com-
pounds in the ratios and amounts in which they occurred
naturally in honeybee queens, listed in table 1. We also included
a negative acetone solvent control plus QMP as a positive control,
as well as its major individual components, resulting in a total of
10 treatments (table 1). Our hypothesis was that administering a
bioactive queen pheromone would mimic the presence of a live
queen and induce worker ovary inhibition. Among the shortlisted
putative queen pheromones, most could be commercially obtained
in synthetic form (table 1). Myristyl palmitoleate, palmityl palmi-
toleate and four queen-specific N-15 alkenes [42], were not
commercially available and hence were synthesized (described in
the electronic supplementary material).

For the bioassays, performed in July 2018, we pipetted a daily
dose of 0.5 queen equivalents of the synthetic pheromone com-
pounds (table 1) in 150 pl of acetone onto a microscope slide that
was put on top of an empty piece of honeybee comb placed upright
inside a 17 x 7 x 12 cm wooden box. Control slides were treated
only with acetone. The acetone was allowed to evaporate before pla-
cing the slide into the nest box. The boxes each contained a random
mix of 50 newly emerged worker bees, that had emerged in an incu-
bator overnight, derived from four European mixed race source
colonies housed in our apiary in Leuven. The boxes were set up
in a climate-controlled room (28°C and 14L:10D day-night
cycle) with a glass wall on one side and a mesh wall on the other.

Inside the boxes, the workers were provided ad libitum with
water, sugar water (50 : 50), and freshly collected beebread. After
three weeks of treatments, the bees were frozen at —20°C before
the workers were dissected under a Leica MSV266 stereo micro-
scope to assess their ovary development. The ovary stages were
scored according to the scale of Velthuis [53], and as in [53], ovaries
of classes 2 or 3 were considered as developed. Each treatment was
replicated five times, and each replicate of 10 treatments was set up
in blocks on successive days. The significance of the treatments on
the proportion of workers with developed ovaries was determined
using a binomial generalized linear mixed model (GLMM) using R
package Ime4 v.1.1 [54]. In this model, ‘replicate’ and ‘nest box” were
added as random intercepts. Post hoc tests against the negative con-
trol were performed using the emmeans package v.1.3.1. Because all
treatments were a priori expected to inhibit worker ovary develop-
ment and none of the queen pheromone treatments described in
literature ever yielded significant enhancement of worker ovary
development [4], one-sided p-values were used for these tests, but
all p-values were FDR adjusted to correct for multiple testing. The
synergistic effects between 9-ODA and 9-HDA were tested using
the same model and adding the interaction factor.

3. Results

(a) Identification of queen-characteristic cuticular
compounds

GC-MS analysis of total cuticular extracts of European
honeybee egg-laying queens, virgin queens, and workers
resulted in the identification of a total of 120 compounds, of
which 105 were hydrocarbons (25 linear alkanes, 21 methylalk-
anes, 27 dimethylalkanes, 29 alkenes and three alkadienes),
11 were wax esters, two alcohols, one was an aldehyde and
one a terpenoid. Significantly, each class of individuals featured
characteristic sets of compounds (figure 1; electronic sup-
plementary material, table S1), with 22 and 26 compounds
each being significantly and more than twice as abundant on
the cuticle of egg-laying queens and virgin queens respectively,
when compared with workers (more than a twofold difference
in relative peak area and FDR corrected p-value < 0.05, cf. elec-
tronic supplementary material, table S1). Wax esters and long-
chain linear alkenes with chain lengths between 29 and
39 carbons were most characteristic of egg-laying queens. By
contrast, some medium-length linear alkanes, monomethyl-
branched long-chain alkanes and shorter-chain alkenes were
most characteristic of virgin queens (see electronic supplemen-
tary material, table S1 for FDR corrected p-values). Based on
these results, we shortlisted seven wax esters and four alkenes
as putative queen pheromones, as they each had an average
relative peak area in queens greater than 1% and a standardized
difference in relative peak abundance in queens versus workers
(Cohen’s d) greater than 2.5 (cf. [2], table 1). In addition, we also
selected four tergal gland wax esters and three carboxylic acids
as being putative honeybee queen pheromones, based on ear-
lier data from African A. mellifera scutellata bees [41] (Cohen’s
d > 0.77) (cf. Material and methods).

Interestingly, some of the compounds that we shortlisted
were previously suggested to be caste- or fertility-linked,
including a series of queen-specific alkene isomers with a
double bond in the N-15 position first reported from honey-
bee tergal gland extracts [42] (compounds included in our
‘cuticular alkenes” mix in table 1) and a series of wax esters
reported in honeybee queen Dufour’s glands [49,50,55] (all
compounds included in our ‘cuticular esters” mix).
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area in queens greater than 1%, cf. table 1 and electronic supplementary material, table S1 and figure S1) and were tested as synthetic blends for queen pheromone

bioactivity in our bioassays. (Online version in colour.)
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Figure 2. Bioassays reveal a large panel of novel bioactive honeybee queen pheromones. The synthetic blends of queen-characteristic cuticular esters and alkenes
(cf. Figure 1; electronic supplementary material, figure S1) as well as tergal gland esters and carboxylic acids (table 1) all significantly inhibit worker ovary devel-
opment in queenless worker groups compared to the solvent-only control. The tergal gland compounds were as effective at inhibiting worker ovary development as
the total queen mandibular pheromone mix QMP and its two major constituents 9-ODA and 9-HDA, while the cuticular esters, cuticular alkenes and tergal gland
acids were as effective as the two other major components of the total QMP mix, HOB and HVA. The columns and whiskers show the marginal predicted means of a
binomial GLMM plus the 95% confidence bounds. Significances are indicated by asterisks (n = total number of workers dissected across each of the five replicate
groups per treatment, see electronic supplementary material, table S2 for details). (Online version in colour.)

(b) Bioassays to identify novel honeybee queen
pheromones

All synthetic blends of putative queen pheromones that we
tested proved to significantly inhibit worker ovary activa-
tion relative to the solvent-only control (figure 2). The tergal
gland ester mix had the strongest effect (binomial GLMM, p =
0.00008) and inhibited worker ovary development to a similar
extent as the known QMP blend and its two major components,
9-ODA and 9-HDA, reducing the proportion of workers with
developed ovaries from 32.0% in the solvent control to 6.3% in
the tergal gland ester treatment (figure 2), a sevenfold reduction
in ovary activation when compared with the control (electronic
supplementary material, table S2). The cuticular esters, cuticular
alkenes and tergal gland acids inhibited worker ovary develop-
ment to a more limited extent, resulting in proportions of
workers with developed ovaries of 17.1%, 17.1% and 15.8%,
respectively, reflecting ca twofold decreases in ovary activation
when compared with the control (all p <0.05, figure 2;
electronic supplementary material, table S2).

The two major constituents of the QMP, 9-ODA and 9-HDA,
when administered individually, inhibited worker ovary
development to a similar extent as a blend of all four major
QMP components, with 6.7% and 5.4% of the workers having
developed ovaries in the 9-ODA and 9-HDA treatments respect-
ively versus 8.0% in the QMP treatment (figure 2). Although
each of these treatments significantly inhibited worker ovary
development compared to the control (all p < 0.0001, electronic
supplementary material, table S2), there were no significant
differences in the effectiveness of the individual components
compared to the full blend of QMP components. This suggests
that there is no synergy among the individual components,
but rather that there is considerable signal redundancy.

The levels of worker ovary inhibition induced by HVA and
HOB, which until now had not been tested individually [34],
were analogous to those observed for the cuticular ester, cuticu-
lar alkene and tergal gland acid queen pheromone blends (HVA:
p =0.008, odds ratio = 2.3; HOB: p = 0.035, odds ratio = 3.2,
figure 2; electronic supplementary material, table S2).

4. Discussion

Overall, our results demonstrate that honeybee pheromones
inducing worker sterility are not restricted to the widely
studied QMP [1,5], but also include a variety of cuticular and
tergal gland compounds. Specifically, synthetic mixes of
queen-characteristic wax esters, linear alkenes and carboxylic
acids (table 1) all inhibited worker ovary development in
bioassays (figure 2). This provides experimental support
that low volatility cuticular compounds also act as
honeybee queen pheromones, as previously hypothesized
[3,4,37,38,42,43,56,57]. In addition, our study is the first to
determine the extent to which the individual major QMP com-
pounds inhibit worker reproduction in European honeybees
[4]. Surprisingly, we found no evidence for synergy among
the QMP compounds in suppressing worker ovary activation,
with 9-ODA and 9-HDA being as active as the full blend
(figure 2). Likewise, the queen tergal gland esters inhibited
worker ovary development as strongly as the full QMP mix
(figure 2). These results show that there is substantial functional
redundancy in the pheromones involved in queen signalling,
with several individual compounds or blends being equally
effective in inhibiting worker ovary development [37]. This
seems to contrast with the positive synergistic effects reported
for the pheromones that induce retinue behaviour [23,27]. On
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the other hand, we did also find differing effectiveness between
some of the blends and QMP compounds and together with the
fact that we did not test all the queen-characteristic compounds
individually, this also points to the likely presence of queen
pheromone compounds that act additively or synergistically.

Several studies had already suggested that additional phero-
mones besides QMP could play a role in inducing worker
sterility in honeybees, but none succeeded in identifying the bio-
active compounds or compound classes [37,39,40,43,50,57,58].
For example, it was shown that queens from which the mandib-
ular glands were removed inhibited worker reproduction
as effectively as intact queens [37,39,40]. Our experiments
showed that queen-specific cuticular alkenes and wax esters as
well as tergal gland acids and esters all induced significant
worker ovary inhibition (figure 2; electronic supplementary
material, table S2).

For cuticular alkenes, a likely function as queen pheromone
components was suggested by a phylogenetic analysis of
queen-characteristic compounds across the clade of corbiculate
bees and their direct ancestors [38], and—more generally—was
expected from the proof for hydrocarbons playing a conserved
role as queen and fertility signals across other clades of social
insects [2-4,29-34,59—-61]. Our cuticular ester blend coincides
with compounds reported from the queen’s Dufour’s gland,
and their observed bioactivity is in line with earlier inconclusive
evidence for them acting as a worker sterility-inducing queen
signal [50,57,58]. In addition, earlier results showed that these
queen’s Dufour’s gland esters also induce worker retinue be-
haviour [50]. Finally, for the tergal gland compounds, our
bioassays are in agreement with tergal gland extracts inhibiting
worker ovary development and inducing worker retinue be-
haviour in African honeybees [43,44], and further establish
that the esters most strongly inhibited worker reproduction,
even though the tergal gland acids were also bioactive
(figure 1). Interestingly, the tergal gland ester mix also included
two compounds—methyl palmitate and methyl oleate—that
have been reported to be part of the sterility-inducing brood
pheromone esters [62-65]. These brood pheromones encou-
rage the workers to care for the brood and signal that they
should rear female larvae into replacement queens before
starting to reproduce themselves.

Altogether, our results show that honeybees have evolved a
many-layered system to maintain an effective reproductive div-
ision of labour, with the multicomponent queen pheromone
blend likely comprising both redundant and synergistically
acting signalling molecules. This raises the question what the
selective advantages were for honeybees to develop such a
complex signalling system. Several hypotheses have been
suggested. For example, multiple redundant ‘backup” signals
could make the queen signal more effective and reliable, and
would both ensure that the message was perceived and correct
for possible errors of signal detection and identification, which
are likely given the complex chemical background in which the
pheromonal signals are perceived [59,66]. It could also be adap-
tive to produce multiple non-redundant queen signals in the
form of the different QMP, tergal gland and Dufour’s gland
compounds that synergistically induce retinue formation
[23,27,44,50], because the combination of compounds could
increase the information content of the signal [66] or cause it
to act over broader spatial scales due to the differing volatility
of the components [23,27,44,50]. Likewise, a complex queen
pheromone bouquet could be required for workers to correctly
infer the colony’s reproductive state, which is partly signalled

by the queen (reviewed in [67]). For example, in the swarming

season, only the combination of both queen mandibular gland
and tarsal gland pheromones could decrease queen cell rearing,
whereas neither pheromone by itself elicited this effect [68].
Hence, the many purposes of queen pheromones in a honeybee
colony might explain their observed complexity.

Another set of hypotheses have proposed that the complex-
ity of the honeybee queen pheromone is linked with queen—
worker arms races over reproduction. The original idea was
formulated in the context of the ‘queen control” hypothesis,
and was suggested to be the result of the queen releasing chemi-
cals that manipulate the workers to remain sterile, which would
induce workers to evolve tolerance to these chemicals, after
which the queen in turn would evolve novel compounds as a
counter-defence to remain in control [3,58,69]. This idea is dis-
proved here since all individual QMP components were
bioactive queen pheromones. The fact that the QMP component
HVA appears to directly bind to dopamine receptors in the
brain of honeybee workers to induce worker sterility, thereby
bypassing the sensory systems, is sometimes cited in support
of the ‘queen control” hypothesis [69-71]. Nevertheless, from
the perspective of the ‘queen signal’ hypothesis, this could
equally be interpreted as the queen signals merely having
evolved through the exploitation of a pre-existing physiological
bias, which is one of the common routes by which signals
evolve in general [72].

Another way in which arms races could play a role in the
evolution of honeybee queen signals is based on the idea that
individual workers could benefit from mimicking the queen’s
signals, thus enabling them to successfully reproduce [19]. A
redundant queen signal would facilitate such cheating, as
mimicking any one of the individual compounds would be suffi-
cient to achieve an almost full effect, whereas additively or
synergistically acting signals would be more resistant to such
cheating. In honeybee colonies, workers attempting reproduction
are aggressed by other workers and their eggs are destroyed
[17,19]. If rare workers inside the colony are able to mimic the
queen’s signals and become insensitive to them, this would
allow them to activate their ovaries without interference and
lay eggs that can evade policing [19]. Multiple lines of evidence
suggest that individual workers can indeed cheat by mimicking
one or several queen pheromone compounds, including several
that were confirmed to be bioactive in our study [73-79].

Our results show that honeybee queen pheromones are
complex, and comprise several distinct signalling compounds
that might work in synergy but also appear to be partly redun-
dant [37]. Further comparative studies in which a greater
variety of compounds and compound classes are tested for
queen pheromone activity may be desirable to test how
queen pheromone signal complexity evolved across a wider
variety of clades of social insects.

All datasets from this study and R scripts that were
used to analyse the data are available via the Dryad Repository
https://doi.org/10.5061/dryad.s31v04d. [80]
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