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Abstract
The Western honey bee (Apis mellifera) subspecies exhibit local adaptive traits that evolved in response to the 
different environments that characterize their native distribution ranges. An important trait is the cuticular 
hydrocarbon (CHC) profile, which helps to prevent desiccation and mediate communication. We compared 
the CHC profiles of six European subspecies (A. m. mellifera, A. m. carnica, A. m. ligustica, A. m. macedonica, A. 
m. iberiensis, and A. m. ruttneri) and investigated potential factors shaping their composition. We did not find 
evidence of adaptation of the CHC profiles of the subspecies to the climatic conditions in their distribution 
range. Subspecies-specific differences in CHC composition might be explained by phylogenetic constraints or 
genetic drift. The CHC profiles of foragers were more subspecies-specific than those of nurse bees, while the latter 
showed more variation in their CHC profiles, likely due to the lower desiccation stress exerted by the controlled 
environment inside the hive. The strongest profile differences appeared between nurse bees and foragers among 
all subspecies, suggesting an adaptation to social task and a role in communication. Foragers also showed an 
increase in the relative amount of alkanes in their profiles compared to nurses, indicating adaptation to climatic 
conditions.
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Background
Subspecies are populations of organisms that show signs 
of local adaptation and can be discriminated by morpho-
logical, behavioral, and molecular characteristics [1]. The 
Western honey bee (Apis mellifera) is an excellent model 
to investigate adaptation to local climate because it has 
evolved into 31 subspecies [2–6]. Although A. mellifera 
is currently distributed worldwide due to anthropogenic 
dispersion [2, 7–9], its native range comprises Africa and 
large parts of Eurasia [2, 7, 8, 10, 11]. Throughout this 
environmentally diverse range, A. mellifera expresses a 
remarkable genetic and phenotypic variation, which was 
earlier grouped into four evolutionary lineages based on 
morphological traits [2] and has recently expanded into 
seven, based on whole genome data [2, 6, 8, 10, 12–14]. 
Europe harbors an important component of the A. mel-
lifera diversity, which is represented by 10 subspecies. 
This diversity clusters into three divergent morphological 
lineages, including the Northern and Western European 
lineage (M), the Central Mediterranean and Southeastern 
European lineage (C), and the African lineage (A) [2, 4]. 
Lineage M extends from Southern Iberia, where the sum-
mers are very warm and dry, to southern Scandinavia, 
where the winters are very long and cold. Lineage C com-
prises the Apennine and Balkan Peninsulas, where the 
climate ranges from continental (in the north and east) 
to Mediterranean (in the coastal areas). Finally, lineage A 
occupies the entire African continent but has historically 
expanded into Europe, where it is present in Malta and 
Sicily but also in southeastern Iberia, where the mito-
chondrial, but not the nuclear DNA, is mostly of African 
ancestry [2, 15–17].

In this wide geographical area, A. mellifera evolved 
local adaptive traits to thrive across diverse climatic 
selective pressures [2, 7]. An example of such a trait is the 
lower thermal tolerance of the European C-lineage A. m. 
ligustica and A. m. carnica compared to the Oriental lin-
eage A. m. jemenitica, which thrives in the extremely arid 
habitats of the Arabian Peninsula [18, 19]. Differences 
in climatic adaptations of honey bee subspecies are par-
ticularly important under the current climate change sce-
nario, because they can affect the distribution range and/
or drive new competitive relationships between honey 
bee subspecies or wild bee species [20].

Cuticular hydrocarbons (CHCs) represent an impor-
tant adaptive trait to climate because they form a semi-
liquid coating preventing desiccation. In addition, 
they offer a physical barrier against microorganisms, 
and mediate intra- and interspecific communication 
[21–28]. The desiccation barrier of the CHCs depends 
on the aggregation of the molecules, which, in turn, is 
determined by the composition of the CHC layer. Tight 
aggregations are formed by long chain-length hydrocar-
bons and saturated, non-methyl-branched hydrocarbons 

(alkanes). The waterproof barrier induced by those 
hydrocarbons is more efficient than that of shorter chain-
length, unsaturated, or methyl-branched hydrocarbons. 
The latter, however, are known to act as recognition cues 
for sex, age, nestmate, cast, and task performance [25, 
29–40]. The trade-off between water-loss prevention and 
communication necessities might therefore constrain the 
variation in CHC compositional profiles [23, 29, 41, 42].

The CHC profiles of honey bee workers display stereo-
typic qualitative and quantitative variations correlating 
with age and task performance [31, 37, 43]. These task 
specific profiles are assumedly an adaptive response of 
worker bees to contrasting environments (i.e., tempera-
ture and humidity) [31].

Workers performing tasks inside the hive (brood care) 
are naturally exposed to a more controlled environment 
compared to foraging honey bees, which leave the hive 
to collect resources and are exposed to a harsher envi-
ronment. Not surprisingly, foragers have a more water-
proof CHC profile than nurse bees [31, 39]. Considering 
that honey bees can discriminate between different CHC 
profiles, those differences might serve as recognition 
cues for task performance among worker bees [31, 43, 
44]. Whether the CHC profile compositions exhibited 
by different A. mellifera subspecies is subspecies-specific 
and adapted to different climatic conditions is an open 
question.

In the present study, we analyzed the CHC profiles 
of nurse bees and foragers of six European A. mellifera 
subspecies (A. m. mellifera and A. m. iberiensis of M-lin-
eage ancestry, A. m. carnica, A. m. ligustica, and A. m. 
macedonica of C-lineage ancestry, and A. m. ruttneri of 
A-lineage ancestry) raised under the same environmen-
tal conditions. We chose a common-garden experiment 
to exclude the impact of the local environment on the 
expression of the potential subspecies-specific CHC pro-
files. We investigated whether (1) honey bee workers of 
different subspecies display different CHC profiles under 
the same environmental conditions as a consequence of 
their innate differences; and (2) whether the subspecies-
specific differences of the CHC profiles can be inter-
preted as an adaptation to the environmental conditions 
of their geographic origin. We hypothesized that forag-
ers should have a more distinct subspecies-specific CHC 
profile than nurse bees because they are exposed to 
harsher environmental conditions outside the hive.

Materials and methods
Experimental set-up
We performed a common garden experiment, by keep-
ing queen-right colonies of six different honey bee sub-
species (A. m. carnica, A. m. iberiensis, A. m. ligustica, A. 
m. macedonica, A. m. mellifera, and A. m. ruttneri) in the 
departmental apiary of the University of Würzburg from 
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April to September 2018. By doing so, we ensure that the 
colonies experience the same environmental conditions, 
thus the differences in their CHC composition mainly 
respond to their genetic differences.

The mated queens came from research apiaries located 
within the current distribution range of each respective 
subspecies, namely: Würzburg, Germany: A. m. carnica; 
Bragança, Portugal: A. m. iberiensis; Reggio Emilia, Italy: 
A. m. ligustica; Neo Moudania, Greece: A. m. macedon-
ica; Malta, Malta: A. m. ruttneri. Finally, A. m. mellifera 
queens originated from a protected population in Chi-
may, Belgium, to avoid analyzing admixed individuals, 
as this subspecies genetic integrity is threatened in large 
tracts of its native range by C-derived gene flow [45].

The queens were introduced in queen-less A. m. car-
nica hives for the initial set-up. To avoid drifting of forag-
ers, the hives were placed in pairs of the same subspecies 
on hive stands, facing the opposite direction, and the hive 
stands were grouped by subspecies. Furthermore, the 
hive boxes were sorted in different color combinations, 
helping the returning foragers to locate their own hive. 
Thus, intending to reduce the drifting risk within and 
between the groups of hives [9].

To assure complete turnover in the A. m. carnica recip-
ient hives, workers were collected from each colony after 
a minimum of two months from queen introduction. The 
workers were immediately killed by immersing them in 
liquid nitrogen and stored in labeled Eppendorf tubes 
at -20  °C until hexane extraction. Five workers per task 
(nursing and foraging) were collected from two different 
hives of each subspecies, for a total of 20 worker bees per 
subspecies. Samplings took place between 7:00 a.m. and 
12:00 p.m. between July and September 2018. Individual 
workers inside the hive who poked their heads into an 
open brood cell for at least 10 s were identified as nurse 
bees. Returning pollen foragers were identified by a con-
siderable pollen load in the corbiculae of their hind legs.

Extraction of CHCs and chemical analysis
After defrosting, honey bees were immersed in hexane 
for 10  min in 1.5  ml glass vials to extract their CHCs. 
Subsequently, the solvent was evaporated using a gentle 
stream of CO2, until the total volume was 100 µl to trans-
fer it into a 300 µl glass insert. The insert was placed in 
a 1.5 ml glass vial. 1 µl of each extract was injected into 
an Agilent 7890  A Series Gas Chromatography System 
(GC) coupled to an Agilent 5975 C Mass Selective Detec-
tor (MS) (Agilent Technologies, Waldbronn, Germany). 
The GC was equipped with a J & W, DB-5 fused silica 
capillary column (30 m x 0.25 mm ID; df = 0.25 μm; J & 
W, Folsom, CA, USA). The GC temperature was pro-
grammed from 60 to 300 °C with a 5 °C/min heating rate 
and held for 10 min at 300 °C. Helium was used as carrier 
gas with a constant flow of 1 ml/min. The injection was 

carried out at 300 °C in the split-less mode for 1 min with 
an automatic injector. The electron impact mass spectra 
(EI-MS) were recorded at 70 eV and with a source tem-
perature of 230 °C.

The chromatograms were analyzed using the data anal-
ysis software package ‘MSD ChemStation F.01.00.1903’ 
for Windows (Agilent Technologies, Waldbronn, Ger-
many). The area of each peak was determined by inte-
gration and the initial threshold of the integration 
parameters was set on 15. Initial area reject was set on 1, 
initial peak width was set on 0.02 and shoulder detection 
was off. The compounds were identified by their retention 
indices and diagnostic ions of their mass spectra. Double 
bond positions of monounsaturated hydrocarbons were 
identified by dimethyl disulfide derivatization [46]. Com-
pounds that represented less than 0.01% of the total ion 
count of a sample and compounds in less than 50% of 
the extracts in a group were excluded from the analysis 
to exclude concentration effects and to compare group-
specific profiles. The abundances of the compounds were 
quantified, for each sample, as the proportion (%) that 
the area of the corresponding peaks represented from the 
sum of the area of all the peaks included in the analysis.

Additionally, we calculated the relative abundance of 
the different hydrocarbon classes (i.e. n-alkanes, alkenes, 
alkadienes, and methyl-branched alkanes), as well as 
the mean chain length, in the CHC profile of each bee, 
and compared them between subspecies, for the nurses 
and the foragers separately. The relative abundances 
of the different hydrocarbon classes were calculated as 
the sum of the relative abundances of all the individual 
compounds of a corresponding class that were found in 
the CHCs extract of a bee. The mean chain length cor-
responds to the weighted mean of the chain length of all 
the compounds found in the CHC profile of each bee, 
using the relative abundance of the compounds as their 
weights.

Climate data
Climatic conditions were characterized by calculating 
the average temperature (°C) and precipitation (mm) 
for the countries of origin of the mated queens of each 
subspecies, using the WorldClim 2.1 [47] downscaled 
CRU-TS 4.06 data set [48]. Subsequently, we correlated 
these parameters with the CHC compositions of the 
subspecies.

Statistical analysis
The chemical similarity between task and subspecies 
was visualized via hierarchical cluster analyies, using the 
mean abundance of each compound for each group, the 
Bray-Curtis dissimilarity index, and the Wards’ grouping 
method.
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A bi-dimensional non-metric multidimensional scal-
ing (NMDS) was used to visualize the CHC composition 
differences separately for nurse bees and foragers, using 
the Bray-Curtis dissimilarity index to estimate the inter-
individual chemical dissimilarity.

The difference in the CHC composition between sub-
species was tested via a one-way PERMANOVA. The 
permutations were restricted to the same task-perfor-
mance groups (i.e. comparing nurses or foragers between 
subspecies). Additionally, pairwise comparisons with 
FDR Benjamini & Hochberg adjustments were per-
formed to test the significance of the differences between 
subspecies, for the nurses and foragers separately.

The difference in CHC composition variability between 
nurses and foragers was tested via a one-way permuta-
tional test of multivariate homogeneity, with the permu-
tations restricted to the subspecies (i.e. contrasting the 
variance in the CHC profiles between nurses and forag-
ers of the same subspecies).

The relative abundance of the different substance 
classes of hydrocarbons between subspecies was tested, 
for nurse and forager bees separately, with Kruskal Wal-
lis tests, followed by Dunn’s tests with FDR Benjamini & 
Hochberg adjustment. The relative abundance of each 
hydrocarbon substance class was calculated by summing 
up the relative abundances of all the compounds of differ-
ent classes in the CHC profile of each honey bee worker.

Likewise, the weighted mean chain length was calcu-
lated for every individual CHC profile, and its difference 
was tested between subspecies, for nurse and forager 
bees separately, with Kruskal Wallis tests, followed by 
Dunn’s tests with FDR Benjamini & Hochberg adjust-
ment. The weighted mean chain length was calculated 
using the relative abundance of the compounds as the 
weights for averaging their chain length.

The correlation of the average temperature (°C) and 
precipitation (mm) for the countries of origin of each 
subspecies with the ratio of olefins (unsaturated hydro-
carbons) to n-alkanes, and with the mean chain length of 
the hydrocarbons, in the CHC profile of the honey bee 
workers was tested via Spearman’s correlation tests. The 
olefins to n-alkanes ratio was calculated by summing the 
relative abundance of the alkenes and alkadienes in the 
CHC profiles of every bee and dividing it by the respec-
tive relative abundance of n-alkanes.

Statistics were performed using R 4.4.0 [49], with the 
IDE RStudio v2024.4.1.748 [50], and the packages vegan 
v2.6.6.1 [51], dunn.test v1.3.6 [52], ggdendro v0.2.0 [53], 
raster v3.6.26 [54], geodata v0.6.2 [55], and tidyverse 
v2.0.0 [56].

Results
The average composition of the CHC profiles of the 
honey bee subspecies differs between nurse bees and 
foragers, except for A. m. iberiensis foragers, which are 
placed in the same cluster with A. m. iberiensis and A. 
m. mellifera nurses (Fig. 1) meaning that the CHC com-
position of A. m. iberiensis foragers is more similar to 
their and A. m. mellifera nurse bees than to foragers of 
the other subspecies. The characterization of the CHC 
profiles revealed that, when they are different among A. 
mellifera subspecies, they differ mainly in the relative 
abundance of their compounds, although, each subspe-
cies displayed one or a few compounds that were not 
present in the other subspecies (see Supplementary 
tables S1 and S2). The relative abundance of each sub-
stance class differed among subspecies in the CHC pro-
files of the workers (p-value < 0.05; Kruskal-Wallis test; 
Table  1), except for the alkenes (p-value > 0.05) in both 
nurse bees and foragers (Fig. 2).

Regarding the foragers, most subspecies differed sig-
nificantly in their CHC profiles (p-value < 0.05; Fig.  3; 
Tables  2 and 3). Only A. m. macedonica, A. m. car-
nica and A. m. ligustica did not differ from each other. 
Although all other subspecies have a specific CHC pro-
files, the strongest differences appear between A. m. car-
nica and A. m. iberiensis, with the former having a higher 
relative amount of alkanes and the latter having higher 
relative amounts of methyl-branched hydrocarbons and 
alkadienes (Fig. 2). Interestingly, there was no difference 
in the weighted mean chain length between the foragers 
of the studied subspecies (p-value > 0.05; Fig. 4; Table 4).

As expected, there were fewer differences in the CHC 
profiles among subspecies in nurse bees than in forag-
ers (p-value < 0.05; Fig. 3; Tables 2 and 3). Regarding the 
nurse bees A. m. mellifera and A. m. iberiensis were not 
different from each other, but they were different from all 
the other subspecies. There were no differences among 
A. m. macedonica, A. m. carnica, A. m. ligustica, and A. 
m. mellifera. Of all subspecies, A. m. macedonica has 
the lowest relative amounts of alkanes in favor of higher 
amounts of methyl-branched alkanes and alkadienes. In 
contrast, A. m. carnica shows relatively low amounts of 
methyl-branched alkanes and alkadienes (Fig. 2).

There was more variation in the weighted mean chain 
length of CHC profiles in nurse bees than foragers with 
the highest weighted mean chain length in A. m. mace-
donica and the lowest weighted mean chain length in A. 
m. mellifera and A. m. iberiensis nurse bees (Fig.  4). In 
addition, the CHC profile of nurse bees occupied a sig-
nificantly larger chemical space than that of the foragers 
(p-value < 0.05; Fig. 3; Supplementary Table S3).

The average temperature for the country of origin of 
the subspecies correlated positively with the ratio of 
unsaturated hydrocarbons to n-alkanes only in the nurse 
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bees, while no correlation was observed for the foragers. 
In contrast, the average temperature correlated nega-
tively with the weighted mean chain length of the CHC 
profiles in the foragers, but they did not correlate for the 
case of the nurse bees (Supplementary Figure S1).

The average precipitation for the country of origin 
of the subspecies correlated negatively with the ratio 
of unsaturated hydrocarbons to n-alkanes in the nurse 
bees and with the weighted mean chain length in the 
foragers (Supplementary Figure S2). No correlation was 
observed for the mean precipitation and the unsaturated 

to n-alkanes ratio in the foragers, nor with the weighted 
mean chain length of the nurse bees. The correlations 
with the climate parameters and the CHC profiles fol-
lowed the prediction of adapting to drought stress only 
in nurse bees but not in foragers. Overall, the correlation 
coefficients were low (R < 0.4, Spearman’s test).

Discussion
In the present study, we investigated (1) whether honey 
bee subspecies exhibit a differentiated CHC profile, and 
(2) whether potential CHC differences between subspe-
cies can be explained by adaptation to climatic condi-
tions. We show that the composition of CHC profiles of 
honey bee workers differ moderately between subspecies 
with more pronounced differences between foragers than 
nurses. Keeping the subspecies under the same environ-
mental conditions suggests that the subspecies’ differ-
ences in CHC profiles have a genetic basis. The cluster 
analysis reveals similarities among honey bee subspe-
cies belonging to the same evolutionary lineage. In nurse 
bees, the members of the lineage M, A. m. mellifera and 
A. m. iberiensis, and the members of the lineage C, A. m. 
carnica, A. m. ligustica, and A. m. macedonica, are more 
similar among each other than between the different lin-
eages [6, 7, 57, 58]. This indicates the influence of phy-
logenetic constraint or genetic drift on the CHC profiles 

Table 1 Kruskal-Wallis results for subspecific differences in 
abundance of hydrocarbon classes in the CHC profile of honey 
bee workers. Chi2 - χ 2 ; DF- degrees of freedom

Chi2 Df p-value
Foragers

Alkanes 16.260 5 0.006
Alkenes 8.377 5 0.137
Alkadienes 29.250 5 < 0.001
Methyl alkanes 40.565 5 < 0.001

Nurses
Alkanes 14.658 5 0.012
Alkenes 7.759 5 0.17
Alkadienes 31.233 5 < 0.001
Methyl alkanes 13.154 5 0.022

Fig. 1 Dendrogram of the CHC profiles hierarchical cluster analysis of A. mellifera subspecies worker bees
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Fig. 2 Box plot of the relative abundance of each compound class in the CHC profile of worker bees of different A. mellifera subspecies. The figure is 
divided regarding the task of the worker bees (foragers and nurse bees). Subspecies with significantly different abundance of a hydrocarbon class (p-
value < 0.050) are labeled with different letters, within the plot of the corresponding compound class. Significance of pair-wise comparisons was obtained 
with Dunn’s tests and a FDR Benjamini & Hochberg adjustment, after a Kruskal Wallis tests
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of the subspecies. The only exception is the A-lineage 
A. m. ruttneri, which clusters with the members of the 
lineage C, but this subspecies is highly admixed with 
C-derived A. m. ligustica bees [6, 57, 58]. This contrasts 

to CHC profiles in ants, which have been shown to evolve 
independently from phylogeny, allowing them to rap-
idly adapt their CHC profiles to environmental selection 
pressures [59]. In foragers, the members of the lineages 

Table 2 One-way PERMANOVA contrasting the CHC composition between subspecies. The permutations (n = 1000) were restricted to 
the task-performance group. Df - degrees of freedom; SS - sum of squares; R2 - R squared; F - F-value; SES - standard effect size

Df SS R2 F SES p-value
Subspecies 5 2.185 0.203 5.795 25.803 0.001
Residual 114 8.596 0.797
Total 119 10.781 1.000

Fig. 3 Bi-dimensional Non-metric Multidimensional Scaling analysis on a dissimilarity matrix of the CHC profile of honey bee workers. Stress value: 0.140. 
The figure is divided in two sections regarding the task of the worker bees (Foragers on the top, and nurse bees at the bottom). Both sections show the 
same NMDS plot, but only the points representing bees of the corresponding task are colored, while the others are shown in grey
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SS R2 F(1, 18) SES p-value adjusted p-value
Foragers

A. m. carnica vs. A. m. iberiensis 0.384 0.398 11.892 11.463 0.001 0.015
0.581 0.602

A. m. carnica vs. A. m. ligustica 0.062 0.124 2.536 1.650 0.076 1.000
0.443 0.876

A. m. carnica vs. A. m. macedonica 0.107 0.152 3.234 2.273 0.042 0.629
0.597 0.848

A. m. carnica vs. A. m. mellifera 0.278 0.354 9.869 11.516 0.001 0.015
0.508 0.646

A. m. carnica vs. A. m. ruttneri 0.357 0.344 9.450 11.338 0.001 0.015
0.679 0.656

A. m. iberiensis vs. A. m. ligustica 0.344 0.454 14.952 17.274 0.001 0.015
0.414 0.546

A. m. iberiensis vs. A. m. macedonica 0.320 0.361 10.160 12.495 0.001 0.015
0.567 0.639

A. m. iberiensis vs. A. m. mellifera 0.292 0.379 10.964 12.841 0.001 0.015
0.479 0.621

A. m. iberiensis vs. A. m. ruttneri 0.473 0.421 13.103 15.411 0.001 0.015
0.650 0.579

A. m. ligustica vs. A. m. macedonica 0.084 0.164 3.519 3.453 0.011 0.165
0.430 0.836

A. m. ligustica vs. A. m. mellifera 0.210 0.381 11.088 14.649 0.001 0.015
0.341 0.619

A. m. ligustica vs. A. m. ruttneri 0.286 0.358 10.053 12.364 0.001 0.015
0.513 0.642

A. m. macedonica vs. A. m. mellifera 0.210 0.298 7.659 11.106 0.001 0.015
0.494 0.702

A. m. macedonica vs. A. m. ruttneri 0.217 0.246 5.859 7.859 0.001 0.015
0.666 0.754

A. m. mellifera vs. A. m. ruttneri 0.166 0.223 5.160 7.754 0.001 0.015
0.577 0.777

Nurses

Table 3 Pairwise PERMANOVA results contrasting the CHC composition between honey bee subspecies for the nurses and foragers 
separately. SS - sum of squares; R2 - R squared; F - F-value, SES - standard effect size. In the case of the SS and R2 the value for each 
comparison is displayed over that of the corresponding residuals. The adjusted p-values result from a FDR Benjamini & Hochberg 
adjustment. p-values < 0.05 are marked in bold
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do not cluster together with the exception of lineage C, 
suggesting an impact of environmental factors on their 
CHC profiles.

In contrast to our expectations, we did not find a strong 
adaptation of the subspecies CHC profiles to their cli-
matic conditions. We had expected that particularly 
foragers from environments with more drought stress 
(e.g. A. m. iberiensis) would harden their CHC profile 
by increasing the ratio of unsaturated hydrocarbons to 
n-alkanes and the weighted mean chain length. However, 
the correlation of these CHC profile parameters with 
temperature and precipitation supported the adaptation 
hypothesis only in the nurse bees but not in foragers and, 
in addition, was very weak. Thus, we suggest that the 
evolution of A. mellifera subspecies-specific CHC pro-
files has been under a stronger influence of phylogenetic 
constraint and/or genetic drift than climatic conditions. 
However, we cannot discriminate between the effect of 
phylogenetic constraint and genetic drift due to the lack 
of sequence data for the honey bee subspecies under 
analysis.

By performing a common garden experiment with all 
investigated subspecies, we ensured that all colonies were 
kept under the same environmental conditions. Thus, 
the differences in the CHC composition among subspe-
cies should be due to genetic differences. Although, there 
were no consistent signs of adaptation in the CHC pro-
files of the subspecies to the climatic conditions in their 
country of origin, we found less variation in the CHC 
profiles between individual foragers within a subspecies 
compared to nurse bees of the same subspecies among all 
investigated honey bee subspecies. This might be due to 
an overall stronger desiccation stress on foragers, inde-
pendent of their local environment. Foragers might be 
restricted from occupying a large chemical space, as we 
see in nurse bees, because their CHC profile is already 
adapted to a harsher environment outside the hive. Alter-
natively, the smaller chemical space found in foragers is 
an adaptation to nestmate recognition helping the guard 
bees to better discriminate between nestmates and non-
nestmates. To test this hypothesis, a future study should 
compare foragers and nurse bees from different honey 
bee colonies.

SS R2 F(1, 18) SES p-value adjusted p-value
A. m. carnica vs. A. m. iberiensis 0.417 0.240 5.690 5.017 0.005 0.075

1.320 0.760
A. m. carnica vs. A. m. ligustica 0.128 0.109 2.208 1.123 0.115 1.000

1.044 0.891
A. m. carnica vs. A. m. macedonica 0.295 0.177 3.876 3.010 0.027 0.405

1.370 0.823
A. m. carnica vs. A. m. mellifera 0.414 0.276 6.865 5.396 0.006 0.090

1.085 0.724
A. m. carnica vs. A. m. ruttneri 0.190 0.111 2.250 1.194 0.095 1.000

1.522 0.889
A. m. iberiensis vs. A. m. ligustica 0.518 0.390 11.514 13.306 0.001 0.015

0.811 0.610
A. m. iberiensis vs. A. m. macedonica 0.747 0.397 11.842 10.586 0.001 0.015

1.136 0.603
A. m. iberiensis vs. A. m. mellifera 0.201 0.191 4.245 4.330 0.006 0.090

0.851 0.809
A. m. iberiensis vs. A. m. ruttneri 0.462 0.264 6.461 6.105 0.002 0.030

1.288 0.736
A. m. ligustica vs. A. m. macedonica 0.106 0.110 2.222 1.194 0.129 1.000

0.860 0.890
A. m. ligustica vs. A. m. mellifera 0.472 0.451 14.769 12.138 0.001 0.015

0.575 0.549
A. m. ligustica vs. A. m. ruttneri 0.113 0.100 2.001 1.036 0.135 1.000

1.012 0.900
A. m. macedonica vs. A. m. mellifera 0.721 0.445 14.414 12.417 0.001 0.015

0.901 0.555
A. m. macedonica vs. A. m. ruttneri 0.157 0.105 2.106 0.774 0.137 1.000

1.338 0.895
A. m. mellifera vs. A. m. ruttneri 0.451 0.300 7.715 7.230 0.001 0.015

1.053 0.700

Table 3 (continued) 
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Honey bee workers perform several tasks inside and 
outside the nest during their lifetime. The task perfor-
mance of each worker is influenced by its age, sucrose 
responsiveness, genotype, environmental conditions, 
and previous experience [60–66]. The most pronounced 
differences in behaviour and physiology occur between 
nurse bees and foragers. While nurse bees provide brood 
and queen with food, the foragers leave the hive to col-
lect pollen, nectar, water or propolis [67]. We find that 
these differences between nurse bees and foragers corre-
late with differential CHC profiles across subspecies. This 
could be a result of their different environments. While 
nurse bees normally do not leave the hive, foragers leave 

the colony daily for up to several hours. Our findings 
directly support data from other social insects perform-
ing tasks outside and inside the colony [38, 39]. Gener-
ally, it has been hypothesized that the differences in the 
CHC composition of foragers compared to nurse bees 
could be a response to the harsher environment that for-
agers face outside the hive [31]. This is supported by the 
fact that foragers display a higher abundance of alkanes 
and a lower abundance of alkenes than nurse bees. This 
shift in alkane-to-alkene ratio makes the CHC profile 
of the foragers more waterproof than that of nurse bees 
[23, 24, 41, 42, 68]. In contrast, foragers display hydro-
carbons with shorter mean chain lengths than nurses. 
Although a shorter mean chain length should weaken the 
waterproofing of the foragers CHC profile, the effect of 
the reduced alkane-to-alkene ratio is likely to be stron-
ger [23, 41, 69–71]. However, the observed mean chain 
length shift suggest that other factors, such as intraspe-
cific chemical signaling using hydrocarbons, might influ-
ence the CHC profiles of honey bees [29]. Part of the 

Table 4 Kruskal-Wallis results for subspecific difference in mean 
chain length of hydrocarbons in the CHC profile of honey bee 
workers. Chi2 - χ 2 ; DF- degrees of freedom

Chi2 Df p-value
Foragers 12.955 5 0.024
Nurses 19.965 5 0.001

Fig. 4 Box plot of the weighted mean chain length of hydrocarbons in the CHC profile of worker bees of different A. mellifera subspecies. The figure is 
divided regarding the task of the worker bees (foragers and nurse bees). Subspecies that significantly differ (p-value < 0.050) are labeled with different 
letters. Significance of pair-wise comparisons was obtained with Dunn’s tests and a FDR Benjamini & Hochberg adjustment, after a Kruskal Wallis tests
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variation in the CHC profile across nurses and foragers 
might allow an individual worker to assess the task of an 
encountered individual in the nest.

Conclusions
Overall, some Apis mellifera subspecies show a specific 
CHC profile when comparing the nurse and forager pro-
files separately from each other. In addition, our study 
reveals a very strong shift in the CHC profiles from 
nurses to foragers in all investigated subspecies. We 
hypothesize that these CHC differences between sub-
species evolved in parallel to morphological traits within 
these populations due to allopatry. Although there were 
no signs of adaptation of subspecific CHC profiles to 
their native climatic conditions, the adaptation of forager 
CHC profiles of all subspecies compared to the nurse bee 
profiles was evident. Thus, we hypothesize that the more 
restricted chemical space of forager CHC profiles com-
pared to the chemical space of nurse bees is an adapta-
tion to harsher climatic conditions outside of the hive in 
all subspecies.
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