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Abstract In most ants, bees, and wasps, the workers are
capable of challenging the reproductive monopoly of the
queen by laying unfertilized, male eggs. An important mech-
anism that can resolve this conflict is policing, whereby the
queen or workers prevent successful worker reproduction by
selectively eating worker-laid eggs or by attacking egg-
laying workers. Egg policing by workers has been shown

to occur in several social wasp species, but the information
used by worker wasps to discriminate between queen-laid
and worker-laid eggs has never been investigated. Our aim,
therefore, was to investigate if hydrocarbons might be used
in egg policing by workers in the common wasp, Vespula
vulgaris, where worker policing previously has been shown
to be effective. Our results show that 51 different hydro-
carbons are present on the surface of newly-laid eggs, and
that there are pronounced quantitative differences in the
hydrocarbon profiles of queen-laid and worker-laid eggs, with
longer-chained alkenes and methylated alkanes (C28–C31) in
particular being more abundant on the surface of queen-laid
eggs. We further show that the hydrocarbon profiles on the
surface of queen-laid and worker-laid eggs resemble those
found on the mother queen’s and workers’ cuticles. Interest-
ingly, longer-chainedmethylated alkanes also weremore abun-
dant on the cuticle of both mother queens and reproductive
workers, suggesting that these compounds are linked to fertil-
ity, as has also been found to be the case in several ant species.

Key Words Hydrocarbons . Reproductive conflict .Worker
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Introduction

Insect societies are among the most highly complex and
well-organized societies known in the animal kingdom, to
the extent that they are often referred to as “super-organisms”
(Hölldobler andWilson, 2009; Queller and Strassmann, 2009;
Strassmann and Queller, 2010). This high level of integration
is surprising, given the fact that social insect colonies are
typically families, and not genetically identical clones and
that, under such circumstances, social conflicts among colony
members might be expected to be rife. Over the last decades,
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however, it has been established that one of the main reasons
for some of these conflicts to be less apparent than expected is
the presence of various evolved mechanisms that reduce con-
flict (reviewed in Ratnieks et al., 2006; Ratnieks and Wensel-
eers, 2008). In most ants, bees and wasps, for example, the
workers are capable of challenging the reproductive monop-
oly of the queen by laying unfertilized, male eggs. However,
an important mechanism that can resolve this conflict is po-
licing, which is the phenomenon whereby the queen or work-
ers prevent successful worker reproduction by selectively
eating worker-laid eggs or by attacking egg-laying workers
(reviewed in Wenseleers and Ratnieks, 2006).

At a proximate level, the fact that the queen or workers are
capable of discriminating eggs laid by queens from those laid
by workers, and between laying and non-laying workers,
implies the presence of accurate recognition mechanisms.
Most researchers believe that these are based on the detection
of differences in the surface chemistry of queen- and worker-
laid eggs, and differences in the chemical profiles of laying
and non-laying workers (reviewed in Monnin, 2006; Le
Conte and Hefetz, 2008; Liebig, 2010). Worker policing by
egg eating was first discovered in the Western honeybee
(Ratnieks and Visscher, 1989), and since then, extensive
studies on egg surface chemistry of queen-laid and worker-
laid eggs in honeybees have been conducted (reviewed in Le
Conte and Hefetz, 2008; Liebig, 2010). Nevertheless, it
remains unclear exactly how honeybee workers discriminate
between queen-laid and worker-laid eggs. Thus far, it has
been established that differences in surface hydrocarbon
profiles do not seem to play a role (Martin et al., 2004).
Instead, discrimination is probably based on the presence of
certain esters derived from the Dufour’s gland, since queens
produce higher levels of esters in their Dufour’s gland than
laying workers (Katzav-Gozansky et al., 1997). Treatment of
worker-laid eggs with Dufour’s gland extracts reduced po-
licing rates (Ratnieks, 1995). Nevertheless, experiments to
directly show the function of the esters in egg discrimination
in the honeybees have failed; artificial applications of queen-
like esters either did not protect the worker-laid eggs at all
(Katzav-Gozansky et al., 2001) or only delayed egg-eating
(Martin et al., 2002).

Aside from honeybees, attempts have been made to iden-
tify pheromones used in worker policing in several ant
species (reviewed in Monnin, 2006; Le Conte and Hefetz,
2008; Liebig, 2010). In Pachycondyla inversa, early results
based on gas chromatography (GC) and electroantennogra-
phy showed that the hydrocarbon, 3,11-dimethylheptaco-
sane, was more abundant on the surface of queen-laid
eggs, and that this compound triggered a specific response
in the antennae of workers (D’Ettorre et al., 2004b), sug-
gesting that it was used as a discrimination pheromone
enabling selective policing of worker-laid eggs (D’Ettorre
et al., 2004a). Nevertheless, later bioassays have been

unable to prove this assertion when field colonies were used
(van Zweden et al., 2009). In the ant Camponotus florida-
nus, queen- and worker-laid eggs exhibit cuticular hydro-
carbon profiles that resemble those of the mother queens and
workers, respectively, and when hydrocarbons from the
queen’s cuticle were transferred onto worker-laid eggs they
were policed at a reduced rate (Endler et al., 2004). In
addition to chemical differences between queen- and
worker-laid eggs, Meunier et al. (2011) showed that the
social origin of queen-laid eggs can influence their accep-
tance by foreign workers. The most direct proof of the
involvement of a cuticular hydrocarbon in worker policing
is in the ant Aphaenogaster cockerelli. In this species, work-
ers that activate their ovaries have more n-pentacosane on
their cuticle, and the transfer of this compound onto the
cuticle of non-reproductive workers induced biting by work-
ers in queenright colonies (Smith et al., 2009). Thus, penta-
cosane is an indicator of fertility and is most likely used by
workers to identify and police nestmates that activate their
ovaries. Consistent quantitative differences in cuticular hy-
drocarbon profiles of laying and non-laying workers also
occur in several other ant species (reviewed in Monnin,
2006; Le Conte and Hefetz, 2008; Liebig, 2010), but their
use in worker policing has not been demonstrated.

The aim of the present study was to investigate if hydro-
carbons might be used in egg policing by workers in the
common wasp, Vespula vulgaris (Vespinae), where worker
policing has evolved independently from ants and bees
(Foster and Ratnieks, 2001). Because workers in this species
selectively eat worker-laid eggs (Foster and Ratnieks, 2001),
our study aimed at quantifying the differences in the surface
hydrocarbon profiles of queen- and worker-laid eggs by
using GC-mass spectrometric (MS) analysis. In addition,
we tested whether egg profiles are closest to either cuticular
or Dufour’s gland profiles of reproductive individuals,
thereby enabling determination of the possible exocrine
source of the hydrocarbons used in egg policing. In addition,
we investigated whether cuticular hydrocarbons provide
information on caste membership, colony membership,
and the reproductive status of queens and workers.

Methods and Materials

Colony Collection In August and September 2007, five
mature colonies of V. vulgaris were collected in the vicinity
of Leuven, Belgium. Nests were found underground or in
attics and contained ca. 400–600 workers, and a single
reproductive mother queen. After collection, the nests were
transferred to 30 cm (wide) × 32 cm (deep) × 40 cm (high)
wooden observation boxes with a 5 cm diameter entrance
hole, which allowed the workers to forage naturally. The
colonies were used to collect queen- and worker-laid eggs
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(N044 and N039, respectively), workers (N0101), virgin
and reproductive queens (N017 and N04, respectively).
Seven nest-searching V. vulgaris queens (referred to as
spring-collected queens hereafter) also were collected in
the surroundings of Kampenhout, Belgium, in April 2007,
as well as nine reproductive queens from colonies which
had been used in another experiment.

Queen-laid and Worker-laid Eggs Queen-laid eggs were
collected from the five queenright nests by removing the
eggs present in the lowest comb, which consists of large
cells used to rear gynes and males. To allow this comb to be
easily taken out and returned to the colony, the comb was
first glued onto a thin iron wire attached to a piece of
modeling clay, and then reinserted into the nest. After
24 hr, the comb was removed, queen-laid eggs were collect-
ed, and visually checked for damage on a glass plate. Only
intact eggs were used for chemical analysis. Most or all of
the eggs collected this way were queen-laid eggs since in
queenright colonies of V. vulgaris only 1.0% of the workers
have functional ovaries, and in a policing trial all 120
worker-laid eggs were removed within 16 hr (Foster and
Ratnieks, 2001). Furthermore, the rate of ovary activation of
V. vulgaris workers in queenright colonies does not differ
significantly between Belgian and British populations (A.
Van Oystaeyen and T. Wenseleers, unpublished results).
Subsequently, the colonies were orphaned, and the repro-
ductive mother queens were frozen at −20°C (except for one
colony from which the mother queen could not be re-
trieved). Approximately 2 weeks after being orphaned,
workers started laying eggs, and these eggs were collected
in the same way as queen-laid eggs.

Surface hydrocarbons from queen- and worker-laid eggs
were extracted by washing each individual egg in 40 μl of
HPLC-grade pentane (Acros Organics, Belgium) for 1 min,
of which the first and last 15 sec involved gentle mixing.
The solvent then was allowed to evaporate at room temper-
ature in a laminar flow hood. Each extract was resuspended
in 10 μl pentane, of which 2 μl were injected splitless in an
Agilent 6850 GC (Agilent Technologies, USA), equipped
with an HP-1 capillary column (30 m × 320 μm × 0.25 μm),
a split–splitless injector, a flame ionization detector (FID),
and a helium carrier gas flow of 1.1 ml/min. After an initial
hold of 1 min at 70°C, the temperature was raised to 150°C
at 20°C/min, then to 320°C at 3.5°C/min, with a final hold at
320°C for 5 min.

Cuticular and Dufour’s Gland Hydrocarbons After having
collected worker-laid eggs, all workers inside the nests, as
well as virgin queens from two colonies, were killed by
freezing at −20°C. Wasps were dissected to measure ovary
development and to obtain the Dufour’s gland. Workers
were classified in three categories based on the size of the

biggest oocyt being smaller than 25%, 25–50%, and greater
than 50% the size of a freshly laid egg, respectively: those
with undeveloped ovaries (UND, N049), partially devel-
oped ovaries (PD, N08), or fully developed ovaries (FD,
N044). The cuticular hydrocarbons of adult wasps were
extracted by immersing head and thorax for 10 min, of
which the first and the last 15 sec involved gentle mixing
in 600 μl or 1 ml of pentane for adult workers and queens,
respectively. We used only the head and thorax since the
abdomen was used to obtain the Dufour’s gland. Solvent
then was allowed to evaporate at room temperature in a
laminar flow hood. Each extract was resuspended in 50 μl
of pentane for workers and 100 μl pentane for queens, of
which 2 μl were analyzed by GC in the splitless mode. The
Dufour’s gland was dissected and placed into a micro-insert
to which 100 μl of pentane were added, and the contents
were crushed with forceps and vortexed for 10 sec. Solvents
were evaporated as above, and each extract was resuspended
in 10, 100, and 200 μl of pentane for workers and repro-
ductive queens, virgin queens and spring-collected queens,
respectively, of which 2 μl were analyzed by GC as above.
Different amounts of pentane were necessary to obtain com-
parable chromatograms (total concentration of compounds)
for the different classes of queens.

Identification of Compounds Compound identities were de-
termined on the basis of their mass spectra from GC-MS
analysis performed using an Agilent 7890A GC, equipped
with a ZB-5HT capillary column (30 m × 320 μm × 25 μm)
coupled to a 5975C Inert XL EI/CI MSD with electron
ionization (70 eV), and a helium carrier gas flow of
1.5 ml/min, using the same temperature program as above,
and by subsequently comparing diagnostic ions of the mass
spectra with published data (e.g., Bonavita-Cougourdan et
al., 1987; Howard et al., 2001).

Analysis of Hydrocarbon Profiles Peak areas of 51 identi-
fied hydrocarbons (or mixtures of several co-eluting hydro-
carbons) found on the surface of queen- and worker-laid
eggs, and the cuticle of workers and queens (Fig. 1, Table
S1), as well as those found in the Dufour’s gland of workers
(UND, N023; PD, N03; FD, N028) and queens (reproduc-
tive queens Q, N013; spring-collected queens, SQ, N07;
virgin queens, VQ, N017) were quantified using the soft-
ware Agilent ChemStation (Rev. A.09.01, Agilent Technol-
ogies) normalized to relative concentrations with a Z-
transformation (Aitchison, 1986). These normalized con-
centrations then were used as variables in a principal com-
ponent analysis (PCA), after which the scores for all
principal components with an eigenvalue greater than 1
were used as independent variables in further discriminant
analyses to determine if variation in hydrocarbons allowed
us to differentiate among worker- and queen-laid eggs, as
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well as among workers from different colonies, and to
determine if hydrocarbon profiles contained information
regarding caste and fertility. We divided the hydrocarbons
into two groups (shorter-chained and longer-chained) based
on their loadings on the PC explaining the most variation.
Differences in the total relative abundances of these particular
classes of compounds (i.e., shorter-chained and longer-
chained alkanes, alkenes, and methylated alkanes) were tested
using independent t-tests. Lastly, the mean City-block
(Manhattan) distances between the surface hydrocarbon pro-
files of queen-laid eggs and the cuticular and Dufour’s gland
compounds of reproductive queens on the one hand, and
between worker-laid eggs and the cuticular and Dufour’s
gland hydrocarbon profiles of reproductive workers on the
other hand, were calculated. These values were used in Wil-
coxon matched pairs tests to determine if the surface hydro-
carbon profiles of eggs were closer to the cuticular than to the
Dufour’s gland hydrocarbon profiles.

To investigate in more detail which compounds could be
used to identify colony identity, we preformed a separate
principal component analysis using only the cuticular hy-
drocarbon profiles of workers with undeveloped ovaries,
after which the scores for all principal components with an
eigenvalue greater than 1 were used as independent varia-
bles in a discriminant analysis. We used this approach
because colony membership information might be masked
by fertility, and because recognizing sterile workers return-
ing from foraging is essential in the context of nestmate
recognition. The program STATISTICA 9.1 (StatSoft Inc.,
USA) was used for all statistical analyses.

Results

Identity of Compounds A total of 51 hydrocarbons were
identified from the surface of queen-laid and worker-laid
eggs, and on the cuticle and in the Dufour’s gland of queens
and workers. The hydrocarbon profiles consisted of linear
alkanes and alkenes, and branched alkanes with a chain
length ranging from C23 to C31 (Fig. 1, Table S1). A PCA
analysis produced six principal components with eigenval-
ues higher than 1, which together explained 84.6% of the
variance in the data (Table S2). Based on the loadings of the
hydrocarbons on the PC explaining the most variation (PC
1) we could divide the hydrocarbons into two groups, shorter-
chained (C23–C27) and longer-chained (C28–C31) hydrocarbons.

Egg Maternity PCA analysis shows that the surface hydro-
carbons of worker-laid eggs were significantly different
from those of queen-laid eggs, and that it was possible to
correctly assign 89.2% of all eggs to the right egg-type
(Table S3; Wilks’ λ00.53, F6,7607.89, P<0.001), with three
PCs being significant for the discrimination according to

egg-type (PC 1, Partial Wilks’ λ00.80, P<0.001; PC 2,
Partial Wilks’ λ00.91, P00.006; PC 5, Partial Wilks’ λ0
0.93, P00.02; Fig. 2). Furthermore, all the variation could
be explained by a single significant discriminant function
(canonical correlation00.72;Wilks’ λ00.48, χ2057.55, df0
6, P<0.001), which was determined principally by PC 1
(standardized coefficient −0.76, correlation −0.65), and
hence by the compounds 3-, 5-, 7-, 9-, 11-MeC23, 5,x-
diMeC23, 3,x-diMeC23, 10-,12-,14-MeC24, 6-MeC24, 4-
MeC24, 11-, 13-, 15-MeC25, 5,x-diMeC25, 3,x-diMeC25,
and 3-MeC29 (absolute value of factor loadings >0.9, Table
S2). Univariate tests on the total relative abundance of
particular classes of compounds (Table S1) show that
queen-laid eggs had a higher proportion of longer-chained
alkenes and methylated alkanes (C28–C31) as well as
shorter-chained n-alkanes (C23–C27) on the surface (three
independent t-test, t9305.24, P<0.001; t9303.67, P<0.001;
t9304.03, P<0.001, respectively), while shorter-chained
methylated alkanes (C23–C27) were more abundant on
worker-laid eggs (independent t-test, t930−5.14, P<0.001).
The relative abundance of shorter-chained alkenes (C23–C27)
and longer-chained n-alkanes (C28–C31), however, did not
differ between the two types of eggs (two independent t-test,
t9300.50, P00.61; t930−1.17, P00.24, respectively).

The surface hydrocarbon profiles of queen-laid eggs were
closer to the cuticular hydrocarbon profiles of queens than to
the queen’s Dufour’s gland hydrocarbon profiles, as mea-
sured by the average City-block (Manhattan) distances (Wil-
coxon matched pairs test, P<0.001). The same was true for
worker-laid eggs i.e., the hydrocarbon profile of a worker-
laid egg resembled the cuticular hydrocarbon profile of a
reproductive worker more than the Dufour’s gland hydro-
carbon profile of a reproductive worker (Wilcoxon matched
pairs test, P<0.001).

Caste Membership and Fertility Reproductive queens,
spring-collected queens, virgin queens, and workers with
undeveloped, partially developed, or fully developed ova-
ries could be discriminated based on their cuticular hydro-
carbon profile (Wilks’ λ00.0059, F30,510044.47, P<0.001).
Of all individuals, 81.2% were assigned correctly, and the
majority of misclassifications occurred between workers
with partially and fully developed ovaries (Table S4). When
workers with partially developed ovaries were excluded
from the analysis, 83.8% of all individuals were correctly
classified (Table S4; Wilks’ λ00.0053, F24,419061.27, P<
0.001) with all PCs being significant but PC 1 and PC 5
having the lowest partial Wilks’ λ (PC 1, Partial Wilks’ λ0
0.15; PC 5, Partial Wilks’ λ00.26; other PCs Partial Wilks’
λ>0.64). Furthermore, all variation could be explained by
four significant discriminant functions (function 1 explain-
ing 61.3%, canonical correlation00.95; Wilks’ λ00.0053,
χ20648.2, df024, P<0.001; function 2 explaining
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Fig. 1 Typical gas chromatogram of the surface hydrocarbon profile
of a a Vespula vulgaris worker-laid egg and b a V. vulgaris queen-laid
egg. The identity of the peaks, as established by GC-MS analysis, is

given in the inset table. For dimethyl alkanes, x represents the position
of the second methyl group (see Table S1)
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26.0%, canonical correlation00.90; Wilks’ λ00.058, χ20
352.4, df015, P<0.001; function 3 explaining 11.9%,
canonical correlation00.81; Wilks’ λ00.30, χ20147.7,
df08, P<0.001; function 4 explaining 0.8%, canonical
correlation00.34; Wilks’ λ00.89, χ2014.89, df03, P0
0.002). The first discrimination function separated the
queens from the workers, the second separated the different
classes of queens, the third separated the reproductive queen
from virgin and spring-collected queens, and the fourth
moderately separated the workers with fully developed and
undeveloped ovaries (Fig. 3).

As for egg maternity, the discrimination function sepa-
rating the cuticular profiles of queens and workers (Fig. 3a)
was determined mostly by PC 1 (standardized coefficient
−1.20, correlation −0.79), and hence by the compounds 3-,
5-, 7-, 9-, 11-MeC23, 5,x-diMeC23, 3,x-diMeC23, 10-,12-
,14-MeC24, 6-MeC24, 4-MeC24, 11-, 13-, 15-MeC25, 5,x-
diMeC25, 3,x-diMeC25, and 3-MeC29 (absolute value of
factor loadings >0.9, Table S2). As with the egg discrimi-
nation results, univariate tests showed that the cuticle of
reproductive queens contained more longer-chained n-alka-
nes, alkenes, and methylated alkanes (C28–C31), as well as
shorter-chained n-alkanes (C23–C27) (four independent t-
tests, t55017.97, P<0.001; t5502.04, P00.046; t5502.96,
P00.005; t55015.37, P<0.001, respectively), while the
cuticle of reproductive workers contained a higher propor-
tion of shorter-chained alkenes and methylated alkanes
(C23–C27) (two independent t-test, t550−7.33, P<0.001;
t550−18.80, P<0.001). The discrimination function separat-
ing the three classes of queens (Fig. 3a) was determined
primarily by PC 5 (standardized coefficient −1.00, correla-
tion −0.97), with 4,x-diMeC28 being the compound with the
highest factor loading on PC 5 (absolute value of factor
loading >0.5, Table S2). The discrimination function sepa-
rating the reproductive queen from virgin and spring-

collected queens (Fig. 3b) was determined mainly by PC 3
(standardized coefficient −0.85, correlation −0.54), and
hence by the compounds 10-, 12-, 14-MeC26, 11-, 13-
MeC27, 5,x-diMeC27, 10-, 12-, 14-, 16-MeC28, 4,x-
diMeC28, and 5,9-diMeC29 (absolute value of factor load-
ings >0.5, Table S2). The discrimination function separating
workers with fully developed ovaries from workers with
undeveloped ovaries (Fig. 3c), was determined principally
by PC 4 (standardized coefficient 0.63, correlation 0.95),
and hence by the compounds C25:1, x1-MeC30 and x,y-
diMeC30 (absolute value of factor loadings >0.5, Table S2).

Since the hydrocarbons found in the Dufour’s gland were
qualitatively identical to the ones found on the cuticle, and
since previous studies have shown the importance of
Dufour’s gland hydrocarbons in signaling fertility in the
paper wasp Ropalidia marginata (Mitra and Gadagkar,
2011; Mitra et al., 2011), the previous discriminant analysis
(excluding workers with partially developed ovaries) could
also be performed using the Dufour’s gland hydrocarbons.
However, the accuracy of the classification using cuticular
hydrocarbon profiles was significantly better (Wilcoxon
matched pairs test on the percentages of correctly classified
classes of individuals, one-sided P00.04).

Colony Membership Cuticular hydrocarbon profiles of
workers from the five colonies studied were significantly
different, and it was possible to correctly assign 64.4% of all
individuals to their colony of origin (Table S5; Wilks’ λ0
0.23, F24,31807.01, P<0.001), with three PCs being signif-
icant for the discrimination (PC 1, Wilks’ λ00.45, Partial
Wilks’ λ00.50, F4,91022.41, P<0.001; PC 3, Wilks’ λ0
0.26, Partial Wilks’ λ00.89, F4,9102.86, P00.03; PC 5,
Wilks’ λ00.28, Partial Wilks’ λ00.83, F4,9104.74, P0
0.002). Two functions, explaining 94% of the variation,
were significant (function 1 explaining 82%, canonical
correlation00.81; Wilks’ λ00.23, χ20139.68, df024, P<
0.001; function 2 explaining 12%, canonical correlation0
0.47; Wilks’ λ00.68, χ2036.70, df015, P00.001) with PC
1 and PC 3 having the most weight on the first and second
discrimination functions, respectively (PC 1, standardized
coefficient −1.09, correlation −0.54; PC 3, standardized
coefficient −0.43, correlation −0.73).

When the analysis of cuticular hydrocarbon profiles was
restricted to that of undeveloped workers, a PCA analysis
produced seven principal components with eigenvalues
higher than 1, which together explained 92.1% of the vari-
ance in the data (Table S6). In a subsequent discriminant
analysis, it was possible to correctly assign 85.7% of all
individuals to their colony of origin (Table S7; Wilks’ λ0
0.017, F28,138010.31, P<0.001), with all PCs but one (PC
6) being significant. All variation could be explained by four
significant functions of which the first two functions
explained 87% of the variation (function 1 explained 62%,
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Fig. 2 Plot of the first two principal components showing the chemical
difference between queen-laid and worker-laid eggs
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canonical correlation00.93; Wilks’ λ00.017, χ20170.64,
df028, P<0.001; function 2 explained 25%, canonical
correlation00.84; Wilks’ λ00.12, χ2089.30, df018,
P<.001). The first and second discrimination function were
determined chiefly by PC 2 (standardized coefficient −1.32,
correlation −0.31) and PC 1 (standardized coefficient 0.88,
correlation 0.63), respectively. Furthermore, PC 2 and PC 1
were mostly determined by shorter-chained and longer-
chained hydrocarbons, respectively. This means that practi-
cally all hydrocarbons are needed to correctly classify the
workers according to their colony of origin. Since the hydro-
carbons found in the Dufour’s gland were qualitatively
identical to the ones found on the cuticle, and since previous
studies on paper wasps have shown that individuals can be
correctly classified according to their colony of origin based
on Dufour’s gland hydrocarbons (Dani et al., 1996; Mitra et
al., 2011), the previous discrimination analysis could also be
done using the Dufour’s gland hydrocarbon profiles of
workers with undeveloped ovaries. This led to a correct
classification of 90.5% of all individuals to their colony of
origin (Wilks’ λ00.069, F21,3202.35, P<0.014), which was
not significantly different from the correct assignment rate
based on the cuticular hydrocarbon profiles, 85.7% (Wil-
coxon matched pairs test on the percentages of correctly
classified classes of individuals, two-sided P00.42). How-
ever, only one function, explaining 54.7% of the variation,
was actually significant (canonical correlation00.85; Wilks’
λ00.069, χ2038.76, df021, P00.01).

Discussion

Our results show that queen-laid and worker-laid eggs can
be discriminated based on their surface hydrocarbon pro-
files, with longer-chained alkenes and methylated alkanes
(C28–C31) being more abundant on the surface of queen-laid
eggs. This means that the hydrocarbons on the surface of
queen- and worker-laid eggs, in principle, contain all the
necessary information for workers to effectively recognize
and police worker-laid eggs. Moreover, the hydrocarbon
profiles on the surface of queen- and worker-laid eggs
resemble those on queens’ and workers’ cuticles, respec-
tively. This is in concordance with previous results found in
other social Hymenoptera (reviewed in Monnin, 2006; Le
Conte and Hefetz, 2008; Liebig, 2010), which suggests that
the hydrocarbons on the cuticle and on the egg surface have
the same exocrine source. In insects, cuticular hydrocarbons

are produced in oenocytes associated with epidermal tissue
or are present in the peripheral fat body, and are transported
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for deposition on the cuticle by lipophorin (reviewed in
Bagnères and Blomquist, 2010). In addition, in the German
cockroach Blattella germanica and the house fly Musca
domestica, it has been shown that lipophorin transports
hydrocarbons to the ovaries (Schal et al., 2001; Fan et al.,
2002). Despite the fact that this pathway has never been
confirmed for social Hymenoptera, several studies provide
indirect evidence that hydrocarbons on the surface of eggs
originate from the same source as cuticular hydrocarbons
(Monnin and Peeters, 1997; D’Ettorre et al., 2004a; Endler
et al., 2004, 2006; Dapporto et al., 2007; Lommelen et al.,
2008). Nevertheless, it should be noted that in this study all
hydrocarbons found on the surface of the eggs were also
found in the wasps’ Dufour’s glands, so it is possible that
this gland also contributes to the hydrocarbon composition
found on the surface of the eggs. Indeed, in contrast to the
situation in ants, the posterior part of the Dufour’s gland
duct in wasps opens in the dorsal vaginal wall, making it
potentially suitable for egg marking (Billen, 1987, 2006). In
addition, Dani et al. (1996) demonstrated that in the paper
wasp, Polistes dominulus, Dufour’s gland of foundresses
contained the same hydrocarbons as those found on the
cuticle, perhaps as a result of the spreading of the secretion
of the Dufour’s gland over the body surface during self-
grooming. Therefore, our results suggest that in Vespula
vulgaris both the oenocytes and Dufour’s gland might con-
tribute to the formation of the specific hydrocarbon profiles
present on the surface of the eggs and cuticle.

In addition to our data that suggested that hydrocarbons on
the cuticle and on the egg surface have the same exocrine
source, specific longer-chained methylated alkanes (C28–C31)
were more abundant on the cuticle of queens relative to work-
ers, as well as on reproductive workers relative to nonrepro-
ductive workers. This suggests that these compounds are
linked to fertility, as has been found in several ant species
(reviewed in Monnin, 2006; Le Conte and Hefetz, 2008;
Liebig, 2010). For example, methylated alkanes C27–C34 were
significantly more abundant on the cuticle of Linepithema
humile reproductive queens compared to the cuticle of virgin
queens (de Biseau et al., 2004), and in Lasius niger specific
long-chained hydrocarbons (3-MeC31, C31:1, and 3-MeC29)
were related to productivity and maturation in queens, and 3-
MeC31 was identified as a sterility-regulating ant queen pher-
omone (Holman et al., 2010a,b). As with the queen phero-
mone in L. niger, the surface of queen-laid eggs and cuticle of
V. vulgaris queens have a higher proportion of a similar
compound (3-MeC29) than doworker-laid eggs and the cuticle
of workers. Therefore, it would be interesting to test if 3-
MeC29 is used as a queen pheromone in V. vulgaris. However,
it is clear that longer-chained methylated alkanes are not
always linked to fertility in social insects, and that these
compounds acquired a fertility signaling role independently
several times in eusocial Hymenoptera. For example, in the

bald-face hornet, Dolichovespula maculata, reproductive
queens did not differ in their longer-chained methylated alka-
nes from workers (Butts et al., 1991), and in the ant Ecta-
tomma tuberculatum, the alkane n-C27 strongly correlated
with fertility (Hora et al., 2008). Nevertheless, our data adds
credence to the idea that ovarian development in social insects
is interwoven with the mechanism of hydrocarbon biosynthe-
sis (e.g., Heinze et al., 2002; Smith et al., 2009). In contrast to
queens, the relative abundance of C25:1, x1-MeC30, and x,y-
diMeC30 mainly determined the discrimination between the
cuticular hydrocarbon profiles of workers with developed and
undeveloped ovaries. The fact that the cuticular hydrocarbon
profiles of reproductive workers differ from those of non-
reproductive ones, could potentially be used to police repro-
ductive workers via aggression. To reiterate, the most direct
proof of the involvement of cuticular hydrocarbons in worker
policing is for the ant Aphaenogaster cockerelli (Smith et al.,
2009). Despite the fact that egg eating is most likely the main
form of worker policing in V. vulgaris, the fact that some
worker policing is done via aggression remains plausible.

In summary, our data show that the hydrocarbons corre-
lated with fertility can be different for different castes in the
same species. This is unique from the situation in the ants
Myrmecia gulosa, Aphaenogaster cockerelli, and Pachycon-
dyla inversa, where reproductive workers resemble the pro-
files of reproductive queens and, hence, the same
hydrocarbons convey information on fertility in both castes
(Heinze et al., 2002; Dietemann et al., 2003; Smith et al.,
2008). Alternately, in the paper wasp, Polistes dominulus,
dominance among foundresses determine the cuticular hy-
drocarbon profiles more than fertility (Dapporto et al., 2007,
but see Bonavita-Cougourdan et al., 1991), suggesting that
in these wasps cuticular hydrocarbon profiles represent so-
cial rather than reproductive status. Our results suggest that
all hydrocarbons are necessary for nestmate recognition,
whereas only a subset of specific hydrocarbons are used to
signal caste and fertility in V. vulgaris.

Although we do not know the proximate mechanism driv-
ing the observed differences in cuticular hydrocarbon profiles
in V. vulgaris, endocrine factors such as juvenile hormone
might be important, as juvenile hormone plays an important
role in determining the division of labor and influences cutic-
ular hydrocarbon profiles in social Hymenoptera (e.g., Huang
et al., 1994; Bloch et al., 2000; Lengyel et al., 2007).

Overall, our results show for the first time in social wasps
that surface hydrocarbon profiles of queen-laid eggs and
worker-laid eggs contain the necessary information for work-
ers to effectively police worker-laid eggs. Bioassays are need-
ed to determine if workers do indeed use these hydrocarbons
for worker policing. Furthermore, our results indicate that it is
possible that the Dufour’s gland contributes, together with the
oenocytes, to the formation of characteristic hydrocarbon
profiles on the egg and body surfaces of vespines.
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Table S1. Hydrocarbon composition (% ± SD) of the surface of queen-laid (Q-laid) and worker-
laid (W-laid) eggs and of the cuticle of reproductive queens (Q), spring-collected queens (SQ), 
virgin queens (VQ), and workers with fully-developed (FD), partially developed (PD), and 
undeveloped ovaries (UND) in Vespula vulgaris. For dimethyl alkanes, x represents the position 
of the second methyl group. For instance, for peak 6, x = 7, 9, 11, and 13 is used to denote that 
peak 6 was composed of a mixture of 5,7-, 5,9-, 5,11-, and 5,13-diMeC23. For peaks 45, 46, and 
48, the positions of the methyl groups were not identifiable. 
 
         

         

Peak 

no. 

Compound Q-laid 

eggs 

(N = 

44) 

W-laid 

eggs 

(N = 39) 

Q 

(N = 

13) 

SQ 

(N = 7) 

VQ 

(N = 17) 

FD 

(N = 44) 

PD 

(N = 8) 

UND 

(N = 49) 

         

1 n-C23 2.88 ± 
1.02 

3.66 ± 
1.01 

0.88 ± 
0.37 

1.29 ± 
0.71 

2.75 ± 
1.41 

2.54 ± 
0.62 

3.02 ± 
0.71 

2.90 ± 
0.74 

2 9-, 11-MeC23 0.44 ± 
0.19 

0.92 ± 
0.30 

0.32 ± 
0.17 

0.13 ± 
0.09 

0.25 ± 
0.10 

1.32 ± 
0.40 

1.26 ± 
0.13 

1.28 ± 
0.40 

3 7-MeC23 0.15 ± 
0.07 

0.32 ± 
0.11 

0.10 ± 
0.05 

0.02 ± 
0.02 

0.10 ± 
0.09 

0.40 ± 
0.14 

0.39 ± 
0.09 

0.38 ± 
0.11 

4 5-MeC23 0.25 ± 
0.12 

0.49 ± 
0.16 

0.17 ± 
0.09 

0.05 ± 
0.04 

0.20 ± 
0.15 

0.74 ± 
0.22 

0.73 ± 
0.12 

0.71 ± 
0.20 

5 3-MeC23 1.16 ± 
0.55 

2.27 ± 
0.73 

0.53 ± 
0.28 

0.33 ± 
0.17 

0.56 ± 
0.23 

2.44 ± 
0.71 

2.37 ± 
0.41 

2.34 ± 
0.61 

6 5,x-diMeC23 (x=7, 
9, 11, 13) 

0.19 ± 
0.13 

0.35 ± 
0.13 

0.13 ± 
0.07 

0.02 ± 
0.02 

0.21 ± 
0.21 

0.43 ± 
0.13 

0.39 ± 
0.10 

0.42 ± 
0.14 

7 n-C24 1.68 ± 
0.54 

1.99 ± 
0.67 

1.05 ± 
0.23 

1.08 ± 
0.48 

0.76 ± 
0.16 

2.07 ± 
0.41 

2.37 ± 
0.34 

2.34 ± 
0.50 

8 3,x-diMeC23  (x=7, 
9, 11, 13) 

0.60 ± 
0.38 

1.09 ± 
0.32 

0.28 ± 
0.13 

0.06 ± 
0.04 

0.41 ± 
0.19 

1.01 ± 
0.30 

0.92 ± 
0.24 

0.99 ± 
0.31 

9 10-,12-,14-MeC24 0.67 ± 
0.31 

1.19 ± 
0.36 

0.43 ± 
0.20 

0.22 ± 
0.16 

0.48 ± 
0.16 

1.71 ± 
0.40 

1.55 ± 
0.27 

1.68 ± 
0.39 

10 6-MeC24 0.18 ± 
0.08 

0.28 ± 
0.07 

0.11 ± 
0.05 

0.04 ± 
0.02 

0.16 ± 
0.15 

0.42 ± 
0.11 

0.54 ± 
0.40 

0.43 ± 
0.13 

11 4-MeC24 0.54 ± 
0.27 

0.84 ± 
0.19 

0.29 ± 
0.13 

0.19 ± 
0.10 

0.39 ± 
0.12 

1.15 ± 
0.24 

1.01 ± 
0.31 

1.20 ± 
0.29 

12 C25:1 (+ isomer) 1.38 ± 
0.77 

1.56 ± 
0.64 

0.48 ± 
0.17 

1.12 ± 
0.81 

0.36 ± 
0.10 

0.96 ± 
0.21 

1.08 ± 
0.23 

1.05 ± 
0.25 

13 4,x-diMeC24  (x=8, 
10, 12) 

0.47 ± 
0.26 

0.68 ± 
0.16 

0.46 ± 
0.76 

0.15 ± 
0.05 

0.40 ± 
0.11 

0.77 ± 
0.19 

0.62 ± 
0.27 

0.76 ± 
0.21 



14 n-C25 16.00 ± 
2.99 

13.11 ± 
3.56 

17.30 ± 
2.32 

18.57 ± 
5.19 

9.28 ± 
2.31 

15.23 ± 
2.68 

17.72 ± 
3.60 

17.17 ± 
3.40 

15 11-, 13-, 15-
MeC25 

4.65 ± 
1.58 

6.92 ± 
1.28 

3.32 ± 
1.17 

3.86 ± 
1.94 

4.99 ± 
1.51 11.12 ± 

1.51 
10.28 ± 

1.41 
10.63 ± 

1.35 

16 7-MeC25  0.72 ± 
0.24 

0.98 ± 
0.24 

0.40 ± 
0.15 

0.30 ± 
0.14 

0.86 ± 
1.34 

1.36 ± 
0.23 

1.32 ± 
0.27 

1.30 ± 
0.22 

17 5-MeC25 1.31 ± 
0.45 

1.88 ± 
0.68 

0.84 ± 
0.30 

0.67 ± 
0.39 

1.32 ± 
0.27 

2.67 ± 
0.28 

2.70 ± 
0.41 

2.59 ± 
0.31 

18 3-MeC25 6.62 ± 
1.80 

6.60 ± 
1.50 

3.02 ± 
1.02 

5.10 ± 
1.12 

3.80 ± 
1.00 

7.77 ± 
0.79 

7.70 ± 
1.03 

7.53 ± 
0.87 

19 5,x-diMeC25 (x=9, 
11, 13, 15) 

1.13 ± 
0.52 

1.69 ± 
0.31 

0.74 ± 
0.27 

0.29 ± 
0.20 

1.63 ± 
1.03 

2.09 ± 
0.42 

1.91 ± 
0.47 

1.98 ± 
0.38 

20 n-C26 2.46 ± 
0.61 

1.82 ± 
0.39 

4.43 ± 
0.62 

2.07 ± 
0.14 

2.05 ± 
0.36 

2.29 ± 
0.52 

2.44 ± 
0.39 

2.39 ± 
0.51 

21 3,x-diMeC25 (x=9, 
11, 13, 15) 

2.07 ± 
1.17 

3.18 ± 
0.61 

1.28 ± 
0.47 

0.48 ± 
0.32 

2.14 ± 
0.42 

3.85 ± 
0.79 

3.46 ± 
0.91 

3.66 ± 
0.75 

22 10-, 12-, 14-
MeC26 

1.05 ± 
0.32 

1.25 ± 
0.23 

0.73 ± 
0.23 

0.84 ± 
0.17 

1.82 ± 
0.46 

2.00 ± 
0.24 

1.83 ± 
0.31 

1.96 ± 
0.28 

23 4-MeC26  0.82 ± 
0.11 

0.80 ± 
0.20 

0.49 ± 
0.09 

0.52 ± 
0.09 

0.83 ± 
0.25 

0.85 ± 
0.12 

0.83 ± 
0.11 

0.88 ± 
0.17 

24 C27:1 (+isomer) 2.21 ± 
1.24 

1.85 ± 
0.88 

1.00 ± 
0.24 

2.06 ± 
1.14 

1.69 ± 
0.50 

1.24 ± 
0.21 

1.32 ± 
0.12 

1.38 ± 
0.32 

25 4,x-diMeC26 (x=8, 
10, 12) 

0.82 ± 
0.35 

1.16 ± 
1.85 

0.39 ± 
0.11 

0.16 ± 
0.04 

0.96 ± 
0.50 

0.86 ± 
0.13 

0.80 ± 
0.12 

0.84 ± 
0.13 

26 n-C27 14.51 ± 
3.73 

11.62 ± 
3.49 

30.01 ± 
3.75 

12.72 ± 
3.25 

12.62 ± 
1.67 

7.59 ± 
2.89 

7.61 ± 
2.58 

7.37 ± 
2.26 

27 11-, 13-MeC27 3.87 ± 
1.35 

4.09 ± 
1.28 

2.50 ± 
0.83 

4.89 ± 
1.50 

6.70 ± 
1.72 

5.13 ± 
0.89 

4.86 ± 
0.58 

4.85 ± 
0.98 

28 7-MeC27 0.55 ± 
0.32 

0.33 ± 
0.10 

0.30 ± 
0.10 

0.34 ± 
0.05 

0.53 ± 
0.11 

0.38 ± 
0.06 

0.39 ± 
0.10 

0.37 ± 
0.08 

29 5-MeC27 1.00 ± 
0.50 

1.32 ± 
1.71 

0.38 ± 
0.12 

0.33 ± 
0.10 

0.57 ± 
0.17 

0.50 ± 
0.15 

0.51 ± 
0.13 

0.48 ± 
0.20 

30 11,15-diMeC27 0.66 ± 
0.20 

0.80 ± 
0.34 

0.74 ± 
1.15 

0.73 ± 
0.33 

0.68 ± 
0.11 

0.72 ± 
0.12 

0.71 ± 
0.20 

0.75 ± 
0.16 

31 3-MeC27 5.90 ± 
1.52 

3.26 ± 
0.73 

4.76 ± 
1.66 

5.83 ± 
1.84 

4.67 ± 
0.49 

3.30 ± 
0.78 

3.24 ± 
0.48 

3.06 ± 
0.75 

32 5,x-diMeC27 0.59 ± 0.71 ± 0.52 ± 0.21 ± 0.98 ± 0.73 ± 0.67 ± 0.69 ± 



(x=11, 13, 15) 0.21 0.18 0.47 0.07 0.24 0.17 0.14 0.17 

33 n-C28 1.09 ± 
0.35 

0.98 ± 
0.30 

2.22 ± 
0.63 

0.89 ± 
0.24 

1.34 ± 
0.35 

0.59 ± 
0.26 

0.89 ± 
1.01 

0.53 ± 
0.16 

34 3,x-diMeC27 
(x=11, 13, 15) 

1.72 ± 
0.73 

2.32 ± 
0.45 

0.89 ± 
0.42 

0.70 ± 
0.21 

2.95 ± 
0.76 

2.63 ± 
0.49 

2.13 ± 
0.99 

2.48 ± 
0.48 

35 10-, 12-, 14-, 16-
MeC28 

0.55 ± 
0.17 

0.50 ± 
0.19 

0.34 ± 
0.11 

0.67 ± 
0.14 

1.26 ± 
0.28 

0.57 ± 
0.11 

0.52 ± 
0.08 

0.56 ± 
0.13 

36 4-MeC28 0.28 ± 
0.12 

0.36 ± 
0.18 

0.24 ± 
0.06 

0.09 ± 
0.05 

0.23 ± 
0.06 

0.10 ± 
0.03 

0.10 ± 
0.02 

0.11 ± 
0.05 

37 C29:1 1.31 ± 
0.70 

0.73 ± 
0.24 

0.82 ± 
0.15 

2.16 ± 
1.35 

1.88 ± 
0.35 

0.73 ± 
0.23 

0.85 ± 
0.13 

0.82 ± 
0.32 

38 4,x-diMeC28 (x=8, 
10, 12) 

0.28 ± 
0.29 

0.31 ± 
0.10 

0.23 ± 
0.04 

0.09 ± 
0.03 

0.54 ± 
0.16 

0.32 ± 
0.08 

0.29 ± 
0.05 

0.31 ± 
0.09 

39 n-C29 7.11 ± 
3.31 

8.04 ± 
3.95 

6.46 ± 
1.53 

5.18 ± 
1.69 

5.13 ± 
1.16 

1.27 ± 
0.58 

1.18 ± 
0.40 

1.20 ± 
0.57 

40 11-, 13-, 15-
MeC29 

1.88 ± 
0.84 

1.48 ± 
0.67 

0.91 ± 
0.26 

3.44 ± 
1.02 

3.31 ± 
0.48 

1.00 ± 
0.25 

0.96 ± 
0.12 

0.93 ± 
0.23 

41 7-MeC29 0.72 ± 
0.34 

0.64 ± 
0.39 

0.32 ± 
0.09 

0.50 ± 
0.17 

0.84 ± 
0.13 

0.24 ± 
0.05 

0.23 ± 
0.05 

0.24 ± 
0.06 

42 3-MeC29 1.58 ± 
0.93 

0.67 ± 
0.15 

3.30 ± 
0.94 

7.36 ± 
2.86 

2.53 ± 
1.92 

0.46 ± 
0.19 

0.44 ± 
0.13 

0.41 ± 
0.15 

43 5,9-diMeC29 0.64 ± 
0.58 

0.43 ± 
0.12 

0.21 ± 
0.06 

0.18 ± 
0.05 

0.62 ± 
0.13 

0.41 ± 
0.10 

0.38 ± 
0.07 

0.39 ± 
0.09 

44 n-C30 0.67 ± 
0.16 

0.75 ± 
0.17 

0.54 ± 
0.09 

0.76 ± 
0.22 

1.25 ± 
0.21 

0.63 ± 
0.11 

0.60 ± 
0.10 

0.59 ± 
0.11 

45 x1-MeC30 0.09 ± 
0.30 

0.19 ± 
0.47 

1.26 ± 
0.43 

2.31 ± 
0.86 

4.11 ± 
0.90 

3.88 ± 
1.55 

3.46 ± 
1.42 

3.49 ± 
1.11 

46 x,y-diMeC30 0.30 ± 
0.14 

0.32 ± 
0.17 

0.19 ± 
0.05 

0.14 ± 
0.04 

0.34 ± 
0.09 

0.01 ± 
0.02 

nd a 0.07 ± 
0.09 

47 C31:1 0.61 ± 
0.32 

0.38 ± 
0.18 

0.54 ± 
0.10 

1.10 ± 
0.67 

1.10 ± 
0.20 

0.43 ± 
0.12 

0.45 ± 
0.08 

0.46 ± 
0.22 

48 x2-MeC30 0.03 ± 
0.06 

0.07 ± 
0.08 

0.08 ± 
0.01 

0.11 ± 
0.03 

0.20 ± 
0.04 

0.12 ± 
0.12 

0.10 ± 
0.02 

0.11 ± 
0.04 

49 n-C31 1.23 ± 
0.67 

1.42 ± 
0.67 

0.70 ± 
0.19 

1.14 ± 
0.42 

0.91 ± 
0.32 

0.24 ± 
0.07 

0.22 ± 
0.06 

0.24 ± 
0.11 

50 11-, 13-, 15-
MeC31 

0.89 ± 
0.57 

0.65 ± 
0.40 

0.40 ± 
0.11 

3.47 ± 
1.60 

2.83 ± 
1.31 

0.32 ± 
0.12 

0.30 ± 
0.05 

0.30 ± 
0.10 



51 11,17-, 13,17-, 
15,19-diMeC31 

1.52 ± 
0.81 

0.78 ± 
0.54 

1.98 ± 
0.43 

5.04 ± 
1.69 

3.46 ± 
2.37 

0.42 <± 
0.26 

0.35 ± 
0.05 

0.38 ± 
0.13 

         

Shorter-chained n-alkanes 
b 

37.53 ± 
6.70 

32.19 ± 
6.19  

53.67 ± 
4.63 

35.72 ± 
3.69 

27.46 ± 
3.14 

29.71 ± 
5.02 

33.16 ± 
7.17 

32.17 ± 
5.63 

Longer-chained n-alkanes 
c 

10.10 ± 
4.21 

11.19 ± 
4.83  

9.92 ± 
2.08 

7.97 ± 
2.38 

8.64 ± 
1.88 

2.73 ± 
0.92 

2.89 ± 
1.14 

2.56 ± 
0.85 

Shorter-chained alkenes b 3.59 ± 
1.97  

3.42 ± 
1.32  

1.48 ± 
0.37 

3.18 ± 
1.92 

2.05 ± 
0.54 

2.20 ± 
0.29 

2.40 ± 
0.33 

2.43 ± 
0.45 

Longer-chained alkenes c 1.92 ± 
0.97 

1.11 ± 
0.39 

1.36 ± 
0.23 

3.26 ± 
2.00 

2.98 ± 
0.33 

1.16 ± 
0.32 

1.30 ± 
0.20 

1.28 ± 
0.52 

Shorter-chained 
methylated alkanes b 

38.12 ± 
7.70 

45.70 ± 
6.59 

24.11 ± 
5.41 

26.47 ± 
4.06 

38.61 ± 
6.09 

56.36 ± 
5.44 

53.11 ± 
6.76 

54.24 ± 
5.47 

Longer-chained 
methylated alkanes c 

8.74 ± 
3.32 

6.39 ± 
2.87 

9.45 ± 
1.54 

23.39 ± 
6.20 

20.27 ± 
4.52 

7.85 ± 
1.77 

7.14 ± 
1.65 

7.31 ± 
1.45 

         

a not detectable 
b shorter-chained: C23-C27 
c longer-chained: C28-C31 



Table S2. Factor loadings of the hydrocarbon compounds on the six PCs with an eigenvalue 
greater than 1. For information on the value of x, see Table S1. 
        

Pe

ak 

no. 

Component PC 1 PC 2 PC 3 PC 4 PC 5 ¨PC 6 

        

1 n-C23 0.36 -0.64 -0.24 0.07 -0.18 -0.28 
2 9-, 11-MeC23 0.96 -0.08 -0.08 -0.04 0.08 -0.08 
3 7-MeC23 0.92 -0.18 -0.12 -0.03 0.03 -0.09 
4 5-MeC23 0.92 -0.14 -0.11 0.03 0.02 -0.13 
5 3-MeC23 0.94 -0.23 -0.10 -0.08 0.04 -0.06 
6 5,x -diMeC23 0.94 0.01 0.03 -0.13 -0.10 -0.09 
7 n-C24 0.53 -0.66 -0.42 0.13 0.07 0.00 
8 3,x-diMeC23 0.94 -0.09 0.04 -0.22 -0.12 -0.09 
9 10-,12-,14-

MeC24 
0.97 -0.03 0.04 -0.05 0.09 -0.06 

10 6-MeC24 0.94 -0.12 -0.04 0.01 0.04 -0.06 
11 4-MeC24 0.94 -0.18 -0.02 -0.01 0.07 0.01 
12 C25:1 (+ isomer) 0.58 -0.21 0.04 -0.53 0.35 -0.21 
13 4,x-diMeC24  0.89 -0.12 0.06 -0.16 -0.11 -0.01 
14 n-C25 0.09 -0.74 -0.44 0.22 0.19 0.07 
15 11-, 13-, 15-

MeC25 
0.92 0.00 0.20 0.07 0.23 -0.04 

16 7-MeC25  0.84 -0.18 0.12 0.04 0.19 -0.10 
17 5-MeC25 0.88 -0.31 0.04 0.20 0.10 0.04 
18 3-MeC25 0.71 -0.40 0.02 -0.18 0.35 0.17 
19 5,x-diMeC25 0.91 -0.01 0.26 -0.05 -0.14 -0.03 
20 n-C26 -0.30 -0.70 -0.41 0.37 0.07 0.14 
21 3,x-diMeC25 0.94 -0.06 0.19 -0.07 -0.11 0.00 
22 10-, 12-, 14-

MeC26 
0.67 0.07 0.58 0.29 0.22 -0.07 

23 4-MeC26  0.23 -0.52 0.22 -0.08 0.38 0.44 
24 C27:1 (+isomer) -0.32 -0.26 0.31 -0.33 0.38 -0.32 
25 4,x-diMeC26 0.66 -0.38 0.22 -0.07 -0.30 -0.07 
26 n-C27 -0.69 -0.58 -0.29 0.22 -0.06 -0.01 
27 11-, 13-MeC27 -0.22 -0.24 0.66 0.44 0.25 -0.06 
28 7-MeC27 -0.55 -0.37 0.27 0.13 0.47 -0.11 
29 5-MeC27 -0.22 -0.67 0.12 -0.14 -0.15 0.20 
30 11,15-diMeC27 0.20 -0.21 0.46 -0.19 0.16 0.59 
31 3-MeC27 -0.75 -0.46 -0.01 0.05 0.28 0.05 
32 5,x-diMeC27 0.46 -0.13 0.67 0.05 -0.24 0.05 
33 n-C28 -0.74 -0.51 -0.22 0.21 -0.15 -0.01 
34 3,x-diMeC27 0.50 -0.25 0.40 0.25 -0.35 -0.02 
35 10-, 12-, 14-, 

16-MeC28 
-0.51 0.10 0.69 0.16 0.05 -0.06 

36 4-MeC28 -0.63 -0.40 0.04 -0.38 -0.29 0.15 
37 C29:1 -0.84 -0.20 0.15 0.13 0.25 -0.19 



38 4,x-diMeC28 0.09 -0.20 0.51 0.35 -0.55 0.02 
39 n-C29 -0.78 -0.50 -0.17 0.04 -0.20 -0.12 
40 11-, 13-, 15-

MeC29 
-0.88 -0.05 0.34 -0.05 0.11 -0.14 

41 7-MeC29 -0.73 0.00 0.40 -0.44 -0.03 0.08 
42 3-MeC29 -0.93 -0.06 -0.05 -0.07 0.16 0.00 
43 5,9-diMeC29 -0.03 -0.41 0.67 0.02 -0.18 -0.09 
44 n-C30 -0.71 -0.42 0.26 0.22 -0.27 0.00 
45 x1-MeC30 0.10 0.72 -0.09 0.56 0.16 0.14 
46 x,y-diMeC30 -0.37 0.16 -0.13 -0.70 -0.22 0.06 
47 C31:1 -0.87 -0.06 0.11 0.11 0.16 -0.17 
48 x2-MeC30 0.13 0.78 -0.15 0.42 -0.01 0.06 
49 n-C31 -0.77 -0.44 -0.14 -0.08 -0.22 -0.11 
50 11-, 13-, 15-

MeC31 
-0.86 0.16 0.25 -0.16 0.09 -0.14 

51 11,17-, 13,17-, 
15,19-diMeC31 

-0.87 0.18 0.15 -0.26 0.13 -0.03 

% of variance 
explained 

49.7 13.2 8.9 5.8 4.6 2.3 

       

 



Table S3. Classification matrix showing the correct classification of queen-laid (Q-laid) and 
worker-laid (W-laid) eggs in Vespula vulgaris based on the cuticular hydrocarbons on the egg 
surface. 
    

 Correct (%) Q-laid eggs W-laid eggs 
Q-laid eggs 84.1 37 7 
W- laid eggs 94.9 2 37 
Total 89.2 39 44 
    

 



Table S4. Classification matrix showing the correct classification of reproductive queens (Q), 
spring-collected queens (SQ), virgin queens (VQ), and workers with fully-developed (FD), 
partially developed (PD), and undeveloped ovaries (UND) in Vespula vulgaris based on their 
cuticular hydrocarbon profiles. 
        

 Correct (%) Q SQ VQ PD UND FD 
        
 

a) including workers with partially developed ovaries 
Q 100.0 13 0 0 0 0 0 
SQ 100.0 0 7 0 0 0 0 
VQ 100.0 0 0 17 0 0 0 
PD 37.5 0 0 0 3 0 5 
UND 71.4 0 0 0 0 35 14 
FD 84.1 0 0 0 1 6 37 
Total 81.2 13 7 17 4 41 56 
        
b) excluding workers with partially developed ovaries 
Q 100.0 13 0 0  0 0 
SQ 100.0 0 7 0  0 0 
VQ 100.0 0 0 17  0 0 
UND 71.4 0 0 0  35 14 
FD 84.1 0 0 0  7 37 
Total 83.8 13 7 17  42 51 
        

 



Table S5. Classification matrix showing the correct classification of workers to their colony of 
origin in Vespula vulgaris based on their cuticular hydrocarbon profiles. 
       

 Correct (%) Colony A Colony B Colony C Colony D Colony E 
Colony A 47.4 9 6 2 1 1 
Colony B 55.0 4 11 2 1 2 
Colony C 85.0 2 1 17 0 0 
Colony D 80.0 0 0 0 16 4 
Colony E 54.5 4 2 0 4 12 
Total 64.4 19 20 21 22 19 
       

 



Table S6. Factor loadings of the hydrocarbon compounds on the seven PCs with an eigenvalue 
greater than 1. For information on the value of x, see Table S1. 
         

Pe

ak 

no. 

Component PC 1 PC 2 PC 3 PC 4 PC 5 ¨PC 6 PC 7 

         

1 n-C23 0.14 0.54 0.45 0.30 -0.21 -0.37 -0.32 
2 9-, 11-MeC23 0.27 0.88 0.03 0.08 -0.27 -0.24 0.07 
3 7-MeC23 0.21 0.86 -0.06 -0.17 -0.36 -0.09 0.13 
4 5-MeC23 0.21 0.92 0.08 0.10 -0.26 -0.03 0.07 
5 3-MeC23 0.06 0.93 0.02 0.08 -0.16 -0.11 -0.14 
6 5,x -diMeC23 0.18 0.91 -0.02 0.27 0.10 0.01 0.05 
7 n-C24 0.25 0.55 0.71 0.03 -0.03 -0.26 0.07 
8 3,x-diMeC23 0.14 0.95 -0.03 0.13 0.09 -0.02 0.05 
9 10-,12-,14-

MeC24 
0.01 0.98 -0.04 0.08 -0.07 -0.05 0.11 

10 6-MeC24 0.09 0.82 -0.18 -0.17 -0.08 0.19 0.35 
11 4-MeC24 -0.03 0.85 -0.06 0.04 0.14 0.27 0.27 
12 C25:1 (+ isomer) -0.15 0.81 -0.20 0.31 -0.21 0.00 0.23 
13 4,x-diMeC24  -0.10 0.91 0.01 0.19 0.28 0.12 0.00 
14 n-C25 -0.06 0.06 0.90 0.32 0.02 -0.20 -0.02 
15 11-, 13-, 15-

MeC25 
-0.46 0.79 0.13 0.16 -0.07 -0.07 -0.10 

16 7-MeC25  -0.47 0.76 0.06 -0.16 -0.22 0.22 0.12 
17 5-MeC25 -0.66 0.59 0.28 -0.08 -0.15 0.17 -0.06 
18 3-MeC25 -0.49 0.59 0.48 0.10 0.24 0.16 -0.10 
19 5,x-diMeC25 -0.37 0.83 0.03 0.21 0.29 0.08 -0.13 
20 n-C26 -0.19 -0.14 0.93 -0.04 0.06 -0.04 0.19 
21 3,x-diMeC25 -0.35 0.84 0.10 0.09 0.33 0.12 -0.08 
22 10-, 12-, 14-

MeC26 
-0.83 0.46 -0.07 -0.09 -0.02 -0.02 -0.07 

23 4-MeC26  -0.64 0.16 0.23 -0.52 0.13 0.13 0.35 
24 C27:1 (+isomer) -0.81 0.02 -0.22 0.38 -0.19 0.08 0.07 
25 4,x-diMeC26 -0.76 0.53 -0.02 -0.21 0.19 0.11 -0.05 
26 n-C27 -0.44 -0.52 0.62 0.32 -0.05 0.01 0.02 
27 11-, 13-MeC27 -0.91 -0.04 0.02 -0.17 -0.27 -0.09 -0.17 
28 7-MeC27 -0.89 -0.07 0.00 -0.17 -0.25 0.17 0.04 
29 5-MeC27 -0.71 -0.30 0.03 -0.51 -0.27 -0.04 0.06 
30 11,15-diMeC27 -0.61 0.13 -0.02 -0.25 0.23 -0.54 0.25 
31 3-MeC27 -0.69 -0.27 0.55 -0.27 0.07 0.15 0.08 
32 5,x-diMeC27 -0.80 0.25 -0.11 -0.43 0.05 -0.09 -0.18 
33 n-C28 -0.47 -0.58 0.55 0.15 -0.02 0.10 0.13 
34 3,x-diMeC27 -0.85 0.33 0.03 -0.32 0.11 0.05 -0.17 
35 10-, 12-, 14-, 

16-MeC28 
-0.91 -0.06 -0.26 -0.18 -0.07 -0.07 0.01 

36 4-MeC28 -0.35 -0.14 -0.33 0.20 0.17 -0.42 0.52 
37 C29:1 -0.72 -0.18 -0.10 0.57 -0.20 -0.01 -0.14 



38 4,x-diMeC28 -0.83 0.02 -0.26 -0.40 0.02 -0.01 -0.06 
39 n-C29 -0.54 -0.53 0.28 0.54 -0.02 0.06 0.00 
40 11-, 13-, 15-

MeC29 
-0.89 -0.24 -0.08 0.15 -0.28 -0.09 -0.12 

41 7-MeC29 -0.74 -0.26 -0.25 0.03 0.06 -0.44 0.24 
42 3-MeC29 -0.64 -0.58 0.34 0.10 0.04 0.12 0.14 
43 5,9-diMeC29 -0.90 0.07 -0.15 -0.24 0.01 -0.08 -0.22 
44 n-C30 -0.97 -0.07 -0.10 -0.03 0.05 0.05 -0.11 
45 x1-MeC30 -0.12 0.24 -0.36 0.68 -0.08 0.02 -0.13 
46 x,y-diMeC30 0.86 -0.43 -0.11 -0.22 0.01 0.04 -0.07 
47 C31:1 -0.59 -0.08 -0.33 0.49 0.17 0.27 0.02 
48 x2-MeC30 -0.36 0.19 -0.17 0.06 0.60 -0.31 -0.19 
49 n-C31 -0.34 -0.50 -0.03 0.54 0.00 0.19 0.31 
50 11-, 13-, 15-

MeC31 
-0.75 -0.38 -0.19 0.34 -0.21 -0.09 0.08 

51 11,17-, 13,17-, 
15,19-diMeC31 

-0.57 -0.26 -0.30 0.59 0.17 -0.06 0.00 

% of variance 
explained 

33.4 30.9 9.6 8.6 3.6 3.2 2.8 

        

 



Table S7. Classification matrix showing the correct classification of workers with undeveloped ovaries to their colony of origin in Vespula 
vulgaris based on their cuticular hydrocarbon profiles. 
       

 Correct (%) Colony A Colony B Colony C Colony D Colony E 
Colony A 100.0 9 0 0 0 0 
Colony B 90.0 0 9 0 0 1 
Colony C 100.0 0 0 10 0 0 
Colony D 90.0 0 1 0 9 0 
Colony E 50.0 3 0 0 2 5 
Total 85.7 12 10 10 11 6 
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