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Introduction

Since the 1930s, cuticular hydrocarbons (CHCs) have
been increasingly recognized as important to insects
(Blomquist & Bagnéres, 2010). These compounds were
found to serve primarily protective functions (Gibbs,
1998); however, multifaceted roles in recognition pro-
cesses have also been detected (Singer, 1998). Impor-
tantly for this study, they can mediate or affect mate
choice (Ferveur, 2005; Beibl et al., 2007; Hughes et al.,
2011). Particularly in social insects (bees, wasps and
ants), CHCs play additional important roles (Hölldobler,
1995; Vander Meer & Morel, 1998; Howard & Blomquist,
2005). Specifically, they serve the purpose of maintain-
ing colony integrity through agonistic behaviour towards

intruders (Vander Meer & Morel, 1998), allowing work-
ers to identify cheaters in the colony (Smith et al., 2009),
minimizing parasitic exploitation (Lenoir et al., 2001),
yielding information about fertility status (Denis et al.,
2006) and preventing maladaptive hybridization (Carlin,
1988). As a result, altering this chemical signal has large
ramifications for individuals in eusocial societies.

There are various influences that may affect the
expression of CHC profiles both over ecological and
evolutionary time spans. Although CHCs may be influ-
enced by abiotic environmental parameters and by diet
(Liang & Silverman, 2000; Rundle et al., 2005), they
clearly also have a genetic component (Van Zweden
et al., 2009). With regard to mate choice, it is conse-
quently probable that changes in CHC profiles of repro-
ductive individuals represent important steps in
speciation. CHCs can be a primary target for sexual
selection in insects, for example in beetles (Ali & Tallamy,
2010). However, sexual selection and natural selection
may also act in combination, as was shown in Drosophila
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Abstract

Cuticular hydrocarbons (CHCs) are increasingly recognized as important to
insects and are used for constructing taxonomies. However, multiple
parameters affect the expression of CHCs besides a genetic component. We
propose that selection may act differently on the expression of CHCs,
depending on the evolutionary context. To explore the influence of selection,
the CHCs of two closely related ant species, Lasius niger and Lasius platythorax,
were studied in a multidisciplinary approach. We characterized (i) CHCs and
(ii) niches (through baiting, activity observations and foraging analysis). The
species were distinct in both measures, although to a varying degree. Although
they showed moderate niche partitioning along diet and environmental
preferences, chemical differences were unexpectedly pronounced. This may
be explained by divergent selection on mate recognition cues or by other
influences on CHCs. Such striking chemical differences among closely related
species may not be the rule and suggest that taxonomies based on CHCs
should be interpreted cautiously; though, they remain useful tools for
differentiating among cryptic species.
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(Blows, 2002). Furthermore, natural selection may not
act directly on CHCs, but rather chemical changes might
be a consequence of other adaptations, e.g. dietary
preferences (Liang & Silverman, 2000; Rundle et al.,
2005; Van Zweden et al., 2009).

Due to the genetic component of insect CHC profiles,
they have been employed in constructing phylogenies in
various insects (Bartelt et al., 1986; Lockey, 1991; Martin
et al., 2008; Bagnères & Wicker-Thomas, 2010). CHCs
were shown to be species-specific and stable over large
geographical distances, suggesting that they might be a
useful taxonomic tool. However, some closely related or
cryptic species were found to differ considerably in their
CHC profiles (Akino et al., 2002; Lucas et al., 2002),
which is at odds with any phylogenetic reconstruction
or taxonomic classification with the underlying assump-
tion that more closely related species resemble each other
to a greater extent than do distantly related species.
In fact, a taxonomic tree constructed from CHC data of
numerous ant species bore little resemblance with a
phylogenetic tree of ant subfamilies (Martin & Drijfhout,
2009a). Because of the uncertainty as to when CHCs
might provide a reliable taxonomic signal, it is important
to take into account the specific evolutionary forces that
are at work in given populations.

Given that CHCs are subject to both natural and sexual
selection, we suggest that varying evolutionary scenarios
can result in a spectrum of different developments in
CHC profiles among closely related species. If sexuals
recognize each other through CHCs, and if hybridization
is maladaptive (Noor, 1999; Servedio & Noor, 2003),
divergent sexual selection must be expected to favour
chemical differences in sympatry (perhaps accompanied
by natural selection). Under other circumstances, natural
selection alone may be sufficient to create pronounced
chemical differences in allopatry. In ants, if the expres-
sion of CHC profiles of reproductives and workers is
genetically connected (see section ‘Caste Identity’ in the
Discussion), selection on queens would also result in
pronounced interspecific differences of worker CHC
profiles. Workers and queens may develop from the
same genetic background (Anderson et al., 2008a) by
differential gene expression due to external factors (e.g.
diet) in social insects. If, however, species are reproduc-
tively isolated by mechanisms other than chemical
recognition, such as differential timing of nuptial flights
or allopatric distribution, sexual selection on CHC pro-
files should be low or absent. It should be noted in this
latter case that it is possible for natural selection to be
strong, affecting CHC expression either directly or indi-
rectly through adaptations to a different environment.
An example of the former case are ants from the genus
Leptothorax, which mate at different times of the year in
the same general habitat, making the species effectively
isolated from each other and precluding hybridization
(Buschinger, 1975). In ants, another special selective
regime may occur if species exploit each other, such as in

(temporary) social parasites. In this case, stabilizing
selection may favour chemical similarities through
coevolutionary arms races to facilitate social exploitation.
However, there is no evidence for social parasitism
among the species we studied.

This study was conducted on two closely related
species from the ant genus Lasius, which are widespread
and ecologically important in many ecosystems. The
species L. niger and L. platythorax were distinguished from
each other in 1991 based on slight morphological
differences (Seifert, 1991; Radchenko et al., 1998).
Observations suggest that the species occupy different
niches, with L. niger being xerothermophilous, occurring
in sunny, dry, open habitats, and L. platythorax being
hygrophilous and found in shady, more humid, forested
habitats (Seifert, 2007). In our study area, both species
occupy the same habitat, hence the reason to study the
degree of their chemical and ecological differentiation.

In this study, we characterized the extent of variation
in cuticular hydrocarbons using gas chromatography
coupled with mass spectrometry between the two sym-
patric species, L. niger and L. platythorax, using both
sexuals and workers. Comparisons were performed
between two populations separated by several kilome-
tres, both within and across species. Due to their
common origin and genetic background, we expected
the species to exhibit similar chemical properties, pro-
vided strong divergent selection was lacking in their
evolutionary past. We further analysed this chemical
variation in the light of ecological niche differentiation
between the two species, examining preferences in diet,
humidity, temperature and sun exposure, in addition to
other ecological measures.

Materials and methods

Observational sites and specimen collection

There were two sampling sites (A and B) and one
ecological observational site (A), both located in the
district of Planegg-Martinsried, Germany. The sites
consisted equally of transitional spruce forest and grass
meadows and located 4.16 km apart (Site A: 48!6¢3.39¢¢N,
11!27¢27.50¢¢E and Site B: 48!7¢5.43¢¢N, 11!24¢26.17¢¢E)
at an elevation of 550 m. Although it is impossible to rule
out dispersal between these two sites based on available
information, they were chosen based on a likely distance
and location that would hinder gene flow between the
two populations. Genetic structure can arise beginning at
distances of just a few hundred metres in formicine ant
populations (Sundström et al., 2005). A town and agri-
cultural area separated the sites, providing another likely
inhibitor to dispersal; however, low amounts of dispersal
may still be present. Our preliminary genetic analysis
indicated that the sites were well separated (Fig. S7,
Table S2). Within each site, the geographical distances
between the nests of each species were measured to two
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neighbouring nests. This was entered into a vector
graphics program (Zoner Draw 3.0, Zoner Software, Brno,
Czech Republic), and a matrix of the geographical data was
created. There was an average distance (± 95% Conf.) of
11.7 ± 2.1, 28.1 ± 5.5, 67.5 ± 13.4 and 12.5 ± 1.92 m
between nests of L. niger for site A, L. platythorax for site
A, L. niger for site B and L. platythorax for site B, respec-
tively. The average overall geographical distance between
colonies within a given site was 30 ± 25.6 m.

At each site, ten workers of Lasius platythorax and
L. niger were collected from ten different nests for each
species, for a total of 400 individuals of both species from
40 total nests. These individuals were subjected to
chemical analysis of recognition cues. Specimens from
site A were collected in July 2008, those from site B in
April 2009. In addition, sexuals were collected to eval-
uate how their cuticular chemistry compared with that of
workers, as only reproductives are concerned with mate
choice and for which species discrimination plays a
defining role. In July 2009, 60 reproductives (30 males
and 30 unmated queens) plus 30 workers from three
colonies of L. niger were collected from site A, and six
unmated queens from one colony as well as 38 workers
from four colonies of L. platythorax (sexuals were found
in one colony only). Once specimens had been collected
in the field, they were brought back to the laboratory and
stored at )80 !C until chemical analysis.

Analysis of recognition cues

Cuticular hydrocarbons of 400 individual workers were
extracted, with 100 workers of each species from each
site. Another 134 samples from site A were extracted to
compare the CHCs of workers and sexuals for both
species. Each ant was placed in 200 lL of hexane and
shaken for 10 min at 50 !C in a Haep Labor Consult
HTML-133 shaker (Bovenden, Germany) to elute the
hydrocarbons from the cuticle. Ants were removed, and
the extracted solution was allowed to evaporate and then
resuspended in 20 lL of hexane.

Subsequently, these extracts were run in an Agilent
6890N gas chromatograph (GC) equipped with a Restek
Rxi 5MS column (30 m length, 250 lm diameter and
0.25 lm film thickness), coupled to an Agilent 5975 mass
spectrometer (MS). About 1.0 lL of sample was injected
at 280 !C in splitless mode under an increased pressure
pulse of 20 psi over 30 s, followed by automatic flow
control of 1 mL min)1 of helium. The GC oven pro-
gramme started with an initial temperature of 120 !C and
was ramped up to 280 !C at 20 !C per minute. Another
ramp followed with 3 !C per minute to a maximum
temperature of 325 !C and held there for 5 min. After a
solvent delay of 3.80 min., a mass range of 50.0–500.0
amu was scanned in the MS.

Information on chemical peak area was extracted using
the Automated Mass Spectral Deconvolution and Identi-
fication System (AMDISAMDIS, v.2.65). A target library of

compounds was created based on those compounds
found in the samples with an amount ‡ 0.1% of the
total ion count, with a purity ‡ 70%, and which occurred
in at least 30% of the samples of a given caste and a given
colony. The use of AMDIS has the advantage of having
the target compounds be detected with high reliability
according to their mass spectra even in low quantities.
The target library was used for all analyses on the
samples from workers and sexuals. To control for samples
of different concentrations, only peaks contributing at
least 5% of the area of a sample’s largest peak were
evaluated. Chemical peak area was log-transformed
to reduce the impact of outliers in the data and
to emphasize the compounds of lower quantity. Using
PRIMERRIMER v.6.1.13 (Primer E Ltd, Ivybridge, UK), the peak
areas were averaged for the workers of each nest or for
the castes of each nest, respectively, in the comparison
between workers and sexuals. The average nestwise
areas were standardized by expressing every compound
as a percentage of the maximum value. This was
performed because members of a colony correlate highly
with one another, and as a result, nests were used as the
basic unit for analysis. Bray–Curtis similarities were
calculated between the different nests, and multidimen-
sional scaling (MDS) was used to visualize chemical
distances. Analysis of similarity (ANOSIMANOSIM) was performed
to statistically test for differences between the species,
populations and castes (9999 permutations) using
PRIMERRIMER 6.

Ecological analysis

Niche was characterized in several different ways. We
studied the foraging activities of the two species in a long-
term baiting experiment over a 69-day period from April
through June 2009. Three parallel transects of 60 m
length were used, with 30 baits at 2-m intervals. The
transects were separated from each other on average by
5 m. They were located in an area with shady (more
moist) and sunny (drier) areas as it has been reported
that L. niger has a preference for warm and dry areas, and
L. platythorax for moist areas (Seifert, 1991). Transect 2
differed significantly in the exposure to direct sunlight
(see Figs S5 and S6 for characterization of the transects).
Bait stations were filled rotating on a daily basis with
either 4.0 ± 0.1 g of honey or 4.0 ± 0.1 g tuna and were
checked hourly for six consecutive hours. At each round,
the number of ants at the baits was assessed, and 1–2
representative specimens were placed in 70% ethanol for
later identification in the laboratory. This was performed
three times during the week, with only one transect used
per day, and alternating transects and the type of bait
used each subsequent experimental day.

To relate foraging activities to environmental parame-
ters, a datalogger was placed in the field at a shady site,
which measured humidity and temperature once every
hour. In addition, an index for the level of sunlight
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reaching the ground (0%, 25%, 50%, 75% and 100%)
was applied to each bait repeatedly at every observation
event, with 0% indicating full shade, and 100% full light.
Another approach was used to characterize dietary
specialization. Three foraging columns were followed
out from a nest to their final destination, and the
exploited resources were recorded. This was performed
for five different nests of each species, once per day for
3 days during a week.

To visualize the ecological data from the field baiting
experiment, the measured parameters of all baits at
which either species occurred were accumulated in a
data table and from this, a resemblance matrix calculated.
In contrast to the chemical analysis, the extended
Gower’s coefficient was used for ecological differences
because it is applicable to a combination of metric and
ordinal variables (Podani, 1999). As before, data were
visualized via MDS and group differences were tested by
ANOSIMANOSIM, using the program PRIMERRIMER 6. Besides testing for
differences in multivariate space, ANOSIMANOSIM also reports
R-values, which represent a direct measure of similar-
ity ⁄ dissimilarity, ranging from 0 (identical) to )1 or 1
(completely different). In this way, R-values can serve as
useful comparisons between different analyses (Ander-
son et al., 2008b), in our case between chemical and
ecological approaches. To test hypotheses, a nonpara-
metric, distance-based, permutational analysis of
variance (PERMANOVAPERMANOVA) was applied (implemented as an
add-in in PRIMERRIMER 6). Euclidean distances were calculated
from the numbers of the two species at baits (as a
bivariate outcome). Explanatory variables were bait type
(fixed), transect (fixed; and only part of the model if all
transects were included), day (random, nested in tran-
sect), time (random, nested in day) and insolation
(fixed). The resemblance matrices (geographical, chemi-
cal and ecological) were explored for correlations using
the RELATERELATE analysis with 9999 permutations in PRIMERRIMER 6,
which is equivalent to the Mantel test. This was
performed separately for each species.

Results

Differentiation in recognition cues

Comparisons between workers
Lasius niger and L. platythorax differed significantly in the
composition of their cuticular hydrocarbons (Table 1,
Fig. 1; ANOSIMANOSIM: P < 0.001). With an R value of one,
interspecific recognition cues reached the largest possible
difference. Such pronounced differences are surprising
because the two species shared 17 compounds in total
(26.6% of the L. niger CHCs and 34.0% of the L. platy-
thorax CHCs). However, a more detailed analysis revealed
that the species still differed significantly even when only
the shared compounds were included (Fig. S1). This is
because the species differ strongly in terms of relative
proportions of these chemicals. For this reason, the

species’ CHC amount, including all shared compounds
(vectors ‘Ln (27% Lp)’ and ‘Lp (34% Ln)’ in Fig. 1),
explained interspecific differences almost as much as the
species’ CHCs without shared compounds (vectors ‘only
Ln’ and ‘only Lp’). The total amount of all CHCs over
both shared and unique compounds, in contrast, only
marginally explained separation between the species
(visible by the short and vertical ‘Total CHC’ vector in

Table 1 Distances between species and sites expressed as ANOSIMANOSIM

R-values. Differences in chemical recognition cues (cuticular

hydrocarbons) and in ecological parameters (location, diet,

temperature, humidity and insolation level) are reported. Chemical

comparisons are between nests (ten workers each), and the

ecological parameters are derived from the occurrences of species at

baits in a 69-day field experiment. Larger values indicate larger

differences with zero being identical and 1 being completely

different. All R-values are significant with P < 0.002.

Species

(across

sites)

Species

(within

sites)

Sites

(across

species)

Sites

Lasius

niger

Sites

Lasius

platythorax

Chemical

recognition cues

1.000 1.000 0.390 0.361 0.418

Ecological

parameters

n.a. 0.205 n.a. n.a. n.a.

2D Stress < 0.01

Only Ln CHCs

Only Lp CHCs

Lp CHCs (34% Ln)

Ln CHCs (27% Lp) Total CHCs

Species & Site
Ln A
Ln B

Lp A
Lp B
Lp A

Fig. 1 Multidimensional scaling (MDS) scatterplot of chemical

differences in recognition cues derived from nestwise averaged

cuticular hydrocarbon (CHC) content (ten workers from each nest,

identical to those in the microsatellite analysis). Ln = Lasius niger,

Lp = Lasius platythorax, A = subpopulation A, B = subpopulation B.

Contributions of CHC amounts to group separation are shown by

vectors: ‘Total CHCs’ = amount of all CHCs, ‘Ln CHCs’ and ‘Lp

CHCs’ = species-specific CHCs including the shared compounds (the

percentage of shared compounds is indicated); ‘Only Ln CHCs’ and

‘Only Lp CHCs’ = species-specific CHCs excluding shared com-

pounds. Dotted rectangular inserts show close-ups of the two

species. Stress is a measure of quality in MDS, and smaller values

indicate a better fit.
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Fig. 1). Furthermore, subpopulations were significantly
different for both species (ANOSIMANOSIM: P < 0.002).

Comparisons between sexuals and workers
Sexuals and workers of each species clustered closely
together in MDS and were each well separated from the
other species (Fig. 2). Although the differences between
species resulted mainly from qualitative differences of the
chemical profiles (axis 1 in Fig. 2), the small differences
between workers and sexuals were due in large part from
different quantities of CHCs (visible in the length and
direction of the ‘Total CHC’ vector in Fig. 2, the direction
of which corresponds with axis 2). Qualitative differences
between species are illustrated further in CHC total ion
chromatograms (Fig. S2), and quantitative differences
between castes (Fig. S3). Chemical cues correlated with
regard to geography in both species, but more strongly in
L. platythorax (R = 0.522, P < 0.001) than in L. niger
(R = 0.197, P < 0.016).

Ecological differentiation

Results from the baiting experiment suggest that nest
density was overall high in the area of the baiting
experiment, because 78 of the 90 baits were visited by at
least one species, indicating that they were in the range
of at least one colony. Overall, L. niger and L. platythorax
tended to be ecologically differentiated, but not to the
extent witnessed in terms of their CHC profiles (Fig. 3,
Table 1; ANOSIMANOSIM: NLP = 900, NLN = 420, R = 0.205,
P < 0.001). Although temperature and humidity both

had a strong effect on the activity of the two ant
species at baits, they did not contribute to interspecific
differences (PERMANOVAPERMANOVA: phumidity = 0.161, ptemperature =
0.592, N = 1146, visible by the length and vertical
orientation of the vectors in Fig. 3). Some differentiation
between species (represented by the horizontal axis in
Fig. 3) occurred with the choice of baits (PERMANOVAPERMANOVA:
pbait type = 0.007, N = 1146). Lasius niger occurred with
equal frequencies and in equal numbers at both bait
types. A mean ± 95% confidence interval of 19 ± 3
workers was found at 213 honey baits and a mean of
20 ± 3 workers at 212 tuna baits. Lasius platythorax, in
contrast, preferentially exploited tuna baits. A mean of
9 ± 1 workers appeared at 356 honey baits, and a mean
of 18 ± 2 workers at 562 tuna baits. Dietary differences
became increasingly evident from checking foraging
trail destinations (N = 15 per species), however with a
different outcome for L. platythorax than the baiting
experiment. Lasius niger trails ended eight times at prey
items and seven times at trophobiosis sites, whereas
L. platythorax trails ended twice at prey, seven times at
trophobiosis sites and six times at conifer plant sap sites
(chi-square test: d.f. = 2, v2 = 9.6, P = 0.01).

In addition to dietary differentiation, the two species
differed markedly in their preferences or tolerance of
sunlight exposure (PERMANOVAPERMANOVA: pinsolation < 0.001,
N = 1146, vector insolation in Fig. 3). Although L. niger
occurred more frequently at baits that received higher
levels of insolation, L. platythorax preferred intermediate
insolation levels (Fig. S4). Differences in the frequencies
of occurrence at different light levels were significant
(chi-square test: d.f. = 4, v2 = 257.591, P < 0.001).

Species & Caste
Ln M
Ln Q
Ln W

Lp Q
Lp W 2D Stress: 0.01

Total CHCs 

Fig. 2 Multidimensional scaling (MDS) scatterplot for comparison of

chemical differences between workers and sexuals derived from

nestwise averaged cuticular hydrocarbon content (Lasius niger:

N = 10 for each caste, each from three nests; Lasius platythorax: ten

workers from four nests, six virgin queens from one nest).

Ln = L. niger, Lp = L. platythorax, M = male, Q = virgin queen,

W = worker. The contribution of the total amount of cuticular

hydrocarbons (CHCs) to the separation of groups is shown by the

vector ‘Total CHCs’. Dotted rectangular inserts show close-ups of the

two species. Stress is a measure of quality in MDS, and smaller

values indicate a better fit.

Species
Lp
Ln

Bait type
(tuna)

Transect

Insolation

Temperature

Humidity

2D Stress: 0.18

Fig. 3 Multidimensional scaling (MDS) scatterplot of ecological

differences between Lasius niger (Ln) and Lasius platythorax (Lp)

derived from the occurrences at baits in a 69-day field experiment.

The contributions of location (transect), diet (bait type, with the

direction pointing towards tuna) and physical parameters (temper-

ature, humidity and insolation level) to the separation of groups are

shown as vectors. Stress is a measure of quality in MDS, and smaller

values indicate a better fit.
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The occurrence of L. niger and L. platythorax on the three
transects was significantly different in terms of abun-
dance (PERMANOVAPERMANOVA: ptransect < 0.001, N = 1146) and
presence or absence (chi-square test: d.f. = 2,
v2 = 1118.084, P < 0.001, Table S1). Although separated
by a mere few metres, L. niger was found only along
transect 2, which was most exposed to direct sunlight,
whereas L. platythorax predominately occurred at the
more shady transects in a habitat of mixed coniferous
and deciduous trees (see Figs S5 and S6 for a character-
ization of the transects). As much of the variation in the
species’ occurrence resulted from the different transects,
we analysed transect 2 separately, along which
both species occurred at 46% of the baits. In this
transect, exposure to sunlight still had a significant effect
(PERMANOVAPERMANOVA: Pinsolation = 0.023, N = 909).

Discussion

Overall, we found interspecific differentiation between
L. niger and L. platythorax in both analyses: the chemical
analysis of the recognition cues and the ecological
analysis from field observations. However, the observed
differences were of varying degree. Although an inter-
pretation of ecological differences is relatively straight-
forward, chemical patterns are more difficult to
understand because CHC profiles can be influenced by
various parameters. For these reasons, we first discuss the
ecological differentiation, then the implications for
the cuticular chemistry in the light of the scenarios first
expounded on in the introduction. Lastly, we draw
conclusions based on both measurements regarding the
effect of selection on closely related species of ants and
the implications for its use in chemotaxonomy.

Ecological differentiation

The two species differ in at least two important niche
dimensions: dietary preference and tolerance to sun
exposure. The latter is typically associated with environ-
mental moisture levels so that our findings are in accord
with previous reports on the preferences of both species
(Seifert, 2007). Thus, the pronounced spatial separation
among the three transects was not surprising. This
corresponded to markedly different exposure to sunlight.
Consequently, a large proportion of the overall separa-
tion at baits could be explained by preferred nesting
locations of the species. However, in the analysis of
transect 2, the effect of sun exposure remained, indicat-
ing the existence of preferences at small scales within the
foraging ranges of colonies. We therefore presume that
preferences for more or less sunny (and moist) micro-
habitats of the two species led to the observed fine scale
spatial separation, although causes and consequences are
not that clear. Nevertheless, whether the reason was
nesting preferences, foraging preferences, competitive
exclusion or all these mentioned here, the ecological

differentiation was probably due to the level of insola-
tion, with its attendant changes in temperatures and
moisture.

Aside from the issue of insolation, dietary preferences
of the two species clearly differed in both approaches
(baiting experiment and foraging trail analysis), however
in different ways. This apparent inconsistency could be
explained by several reasons: (i) dietary preferences may
have shifted differently for both species over the course
of the season, (ii) environmental conditions and local
resource limitation of the species may have differed on a
fine scale between the two experimental areas, which
were separated by approximately 100 m distance, and ⁄ or
(iii) experimental conditions likely deviated significantly
from natural conditions. Large amounts of protein (4 g
tuna) represent a rather unnatural or rare resource.
Possibly, L. platythorax is better at exploiting large
resources whereas L. niger is more specialized on small,
spatially scattered items (dead or easily catchable inver-
tebrates), which are commonly available under natural
conditions. Consequently, L. platythorax could have been
more limited in protein supply. Regardless of the specific
reason, the two species differed during given times in
given areas when studied under identical conditions,
indicating some degree of dietary niche differentiation.

Chemical differentiation

The most remarkable finding of our study is that the
chemical recognition cues were extremely different
between the two focal species. However, before drawing
conclusions about evolutionary implications, it is impor-
tant to discuss the parameters that potentially influence
CHC profiles. It is known that chemical cuticular profiles
are influenced by genetic and environmental factors as
well as by caste identity or fertility status (Howard &
Blomquist, 2005; Hefetz, 2007; Martin & Drijfhout,
2009b). As this complicates an interpretation of results,
we aim to identify the most relevant parameters.

Genetic influences
Studies on various insects have suggested that CHC
profiles largely depend on the genetic background (Beye
et al., 1997, 1998; Martin & Drijfhout, 2009b; Van
Zweden et al., 2009). Consequently, cuticular chemistry
has previously been related to phylogeny to evaluate the
chemotaxonomic value of CHCs. In ants of the genus
Formica, CHC compositions of 11 species matched a
genetic phylogeny rather well, proving stable between
geographical regions and between sampling times, and
only two species deviated (Martin et al., 2008). Closely
related species predominately differ by their relative
proportions of CHCs. Evolutionary transitions between
species clusters include the presence or absence of double
bonds (at a particular position) or methyl-branched
alkanes. Very similar patterns have been reported from
Drosophila flies (Bartelt et al., 1986) and from teneobrid
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beetles (Lockey, 1991). Despite these general patterns,
some exceptions do occur, especially when closely
related or cryptic species differ considerably in their
CHC profiles (Akino et al., 2002; Lucas et al., 2002). Some
authors have shown that beginning at the genus or
subfamily taxonomic level, CHCs apparently do not
correspond well with the genetic phylogeny (Martin &
Drijfhout, 2009a). We will come back to such exceptions
in our conclusions later.

Environmental influences
Environmental parameters have the potential to influ-
ence the cuticular chemistry of social insects, i.e. CHC
profiles can be altered by physical influences such as
temperature or humidity (Wagner et al., 2001) and by diet
(Liang & Silverman, 2000). In most cases, the changes
remain small or moderate, mainly affecting the relative
proportions of compounds or the presence or absence of
subsets of constituents. In our study, there are two levels
of differences in CHCs to explain, namely (i) small
intraspecific dissimilarities between the two studied
populations and (ii) large interspecific dissimilarities,
independent from the study site. Although the rather
small intraspecific dissimilarities between populations at
different sites can possibly result from ecological differ-
ences, the pronounced interspecific dissimilarities cer-
tainly do not. If the main influencing parameters on CHCs
were environmental, the two species would consequently
be more similar within sites, where they share the same
environment. This argument also remains valid when
ecological specialization between the species is consid-
ered, because there was moderate to considerable overlap
in niche dimensions between L. niger and L. platythorax.

In addition to passive mechanisms, adaptations to
species-specific niches could be a putative reason for the
pronounced chemical differences between L. niger and
L. platythorax. Niche partitioning between the two species
along an environmental gradient became obvious from
the ecological analysis, and if CHCs serve mainly protec-
tive functions, selection could drive the species’ profiles
apart. However, if adaptations to abiotic parameters were
the driving force for chemical differentiation, one would
expect longer chained hydrocarbons in the case of the
more thermo- and xerophilic species, L. niger, because
these better protect against desiccation (Gibbs, 1998).
According to the retention times measured (Fig. S1), the
opposite was the case. L. platythorax was characterized by
longer chained hydrocarbons.

Caste identity
It is known in social insects that castes differ in their CHC
profiles (Singer, 1998; Howard & Blomquist, 2005). Yet,
differences are relatively small and manifested mainly in
the relative abundances or total amounts of all com-
pounds (Oettler et al., 2008). Virgin queens exhibit
profiles similar to workers, and chemical differences arise
with ovary activation and developing fertility (e.g.

Hannonen et al., 2002; Heinze et al., 2002; Dietemann
et al., 2003). This pattern is consistent with our findings
where differences between virgin queens and workers
were largely quantitative. The apparent similarities
between workers and sexuals suggest that the chemical
signatures of reproductive and nonreproductive castes
are linked and that they depend mainly on fertility status
(Liebig, 2010). Consequently, evolutionary transitions
are likely mirrored equally in different castes. Despite the
low number of sexuals obtained for L. platythorax, the
workers revealed similar patterns as virgin queens,
showing that the large number of workers collected are
a reliable surrogate for the chemical profile of virgin
queens in our analysis.

Conclusions

The ecological measures between L. niger and L. platytho-
rax corresponded mainly to moderate interspecific
differentiation. Combined with extreme differences in
the chemical recognition cues, the situation found here
fits best with a scenario in which divergent selection acts
on recognition cues, perhaps driven by periods of
sympatry between the two species, or by otherwise living
in close association so that maladaptive hybridization of
dispersing reproductives could have been a problem.
Such extreme differences are unlikely a result of neutral
evolution, i.e. random accumulation of mutations over
time and genetic drift (Futuyma, 1998), particularly
considering the high relatedness of the two species as
indicated by their morphological and genetic resem-
blance (Figs S7 and S8, Table S2). Selection can work
divergently on species-specific recognition cues if hybrids
have reduced fitness (Servedio & Noor, 2003). A study on
the generalist Laupala cricket species complex in Hawaii
showed that even among very closely related species that
are in the process of quickly radiating, there can be
dramatic qualitative differences in CHC profiles that are
potentially linked to mate preference at short range
(Mullen et al., 2007). The role of cuticular hydrocarbons
in mate choice is known from many species of insects,
including Hymenopterans (Ayasse et al., 2001) and it is
also assumed for ants (Beibl et al., 2007). However,
divergent selection can only act on reproductive individ-
uals and not directly on the sterile worker caste of social
insects. Nevertheless, if the chemical profiles of sexuals
and workers are physiologically linked, as discussed
previously, the result of divergent selection would be
visible in both castes. We therefore conclude that
much of the chemical differences between L. niger and
L. platythorax resulted from divergent selection. Our
results further demonstrate that chemical differentiation
between species results both from variation in the
relative amounts of shared compounds and from the pres-
ence of unique compounds. Consequently, species may
show considerable differences despite partially possessing
the same biosynthetic pathways. We propose that similar
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mechanisms involving a prezygotic reproductive barrier
due to sexual selection may also apply to other known
exceptions to the overall pattern of chemical similarity
among closely related species (Akino et al., 2002; Lucas
et al., 2002). If the mechanisms by which selection
influences cuticular hydrocarbon patterns to the extent
witnessed here are not just rare abnormalities, then
chemotaxonomies based on these chemicals become less
reliable, starting at the genus level (for example: Martin
& Drijfhout, 2009a). However, CHCs may still be useful
to discriminate cryptic species, which are sometimes
hardly distinguishable with other methods. Conse-
quently, a combined approach using several methods
appears most reliable (Seifert, 2009). We suggest that
phylogenetic reconstructions based on cuticular hydro-
carbons should be interpreted cautiously due to the often
unknown historical evolutionary pressures on given
species.
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Blomquist, G.J. & Bagnéres, A.G. 2010. Introduction: history

and overview of insect hydrocarbons. In: Insect Hydrocarbons:

Biology, Biochemistry, and Chemical Ecology (G.J. Blomquist &

A.-G. Bagnères, eds), pp. 3–18. Cambridge University Press,
Cambridge, UK.

Blows, M.W. 2002. Interaction between natural and sexual

selection during the evolution of mate recognition. Proc. Biol.

Sci. 269: 1113.
Buschinger, A. 1975. Sexual pheromones in ants. International

Union for the Study of Social Insects. Symposium on Phero-

mones and Defensive Secretions in Social Insects. Imprimerie
University, Dijon; 225–233.

Carlin, N.F. 1988. Species, kin and other forms of recognition in

the brood discrimination behavior of ants. In: Advances in

Myrmecology (J.C. Trager & E.C. Brill, eds), pp. 267–295.
Leiden, New York, NY.

Denis, D., Blatrix, R. & Fresneau, D. 2006. How an ant manages

to display individual and colonial signals by using the same

channel. J. Chem. Ecol. 32: 1647–1661.
Dietemann, V., Peeters, C., Liebig, J., Thivet, V. & Hölldobler, B.

2003. Cuticular hydrocarbons mediate discrimination of

reproductives and nonreproductives in the ant Myrmecia
gulosa. Proc. Natl Acad. Sci. USA 100: 10341.

Ferveur, J.F. 2005. Cuticular hydrocarbons: their evolution and

roles in Drosophila pheromonal communication. Behav. Genet.

35: 279–295.
Futuyma, D.J. 1998. Evolutionary Biology. Sinauer Associates,

Sunderland, MA, USA.

Gibbs, A.G. 1998. Water-proofing properties of cuticular lipids.

Integr. Comp. Biol. 38: 471.
Hannonen, M., Sledge, M.F., Turillazzi, S. & Sundström, L. 2002.

Queen reproduction, chemical signalling and worker behav-

iour in polygyne colonies of the ant Formica fusca. Anim. Behav.
64: 477–485.

Hefetz, A. 2007. The evolution of hydrocarbon pheromone

parsimony in ants (Hymenoptera: Formicidae)—interplay of

colony odor uniformity and odor idiosyncrasy. Myrmecol. News
10: 59–68.

Heinze, J., Stengl, B. & Sledge, M.F. 2002. Worker rank,

reproductive status and cuticular hydrocarbon signature in

the ant, Pachycondyla cf. inversa. Behav. Ecol. Sociobiol. 52:
59–65.

Hölldobler, B. 1995. The chemistry of social regulation: multi-

component signals in ant societies. Proc. Natl Acad. Sci. USA 92:

19.
Howard, R.W. & Blomquist, G.J. 2005. Ecological, behavioral,

and biochemical aspects of insect hydrocarbons. Annu. Rev.

Entomol. 50: 371.
Hughes, G.P., Spikes, A.E., Holland, J.D. & Ginzel, M.D. 2011.

Evidence for the stratification of hydrocarbons in the epicu-

ticular wax layer of female Megacyllene robiniae (Coleoptera:

Cerambycidae). Chemoecology 21: 99–105.

2396 W. R. MORRISON I I I AND V. WITTE

ª 2 0 1 1 T H E A U T H O R S . J . E V O L . B I O L . 2 4 ( 2 0 1 1 ) 2 3 8 9 – 2 3 9 7
J O U R N A L O F E V O L U T I O N A R Y B I O L O G Y ª 2 0 1 1 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



Lenoir, A., d’Ettorre, P., Errard, C. & Hefetz, A. 2001. Chemical

ecology and social parasitism in ants. Annu. Rev. Entomol. 46:

573–599.
Liang, D. & Silverman, J. 2000. ‘‘You are what you eat’’: diet

modifies cuticular hydrocarbons and nestmate recognition in

the Argentine ant, Linepithema humile. Naturwissenschaften
87: 412–416.

Liebig, J. 2010. Hydrocarbon profiles indicate fertility and

dominance status in ant, bee, and wasp colonies. In: Insect

Hydrocarbons: Biology, Biochemistry and Chemical Ecology (G.J.
Blomquist & A.-G. Bagnères, eds), pp. 254–281. Cambridge

University Press, Cambridge, Massachusetts.

Lockey, K.H. 1991. Insect hydrocarbon classes: implications for

chemotaxonomy. Insect Biochem. 21: 91–97.
Lucas, C., Fresneau, D., Kolmer, K., Heinze, J., Delabie, J.H.C. &

Pho, D.B. 2002. A multidisciplinary approach to discriminat-

ing different taxa in the species complex Pachycondyla villosa

(Formicidae). Biol. J. Linn. Soc. 75: 249–259.
Martin, S.J. & Drijfhout, F. 2009a. A review of ant cuticular

hydrocarbons. J. Chem. Ecol. 35: 1151–1161.

Martin, S.J. & Drijfhout, F.P. 2009b. Nestmate and task cues are
influenced and encoded differently within ant cuticular

hydrocarbon profiles. J. Chem. Ecol. 35: 368–374.
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