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Universitätsstraße 30, Bayreuth, 95477, Germany

*Address correspondence to Florian Menzel. E-mail: menzelf@uni-mainz.de.

**These authors contributed equally to this work.
§Present address: Senckenberg Research Institute, Senckenberganlage 25, 60325 Frankfurt am Main, Germany

Handling editor: Alessandro Cini

Received on 18 September 2020; accepted on 6 February 2021

Abstract

Insect cuticular hydrocarbons (CHCs) serve as communication signals and protect against desicca-

tion. They form complex blends of up to 150 different compounds. Due to differences in molecular

packing, CHC classes differ in melting point. Communication is especially important in social

insects like ants, which use CHCs to communicate within the colony and to recognize nestmates.

Nestmate recognition models often assume a homogenous colony odor, where CHCs are collected,

mixed, and redistributed in the postpharyngeal gland (PPG). Via diffusion, recognition cues should

evenly spread over the body surface. Hence, CHC composition should be similar across body parts

and in the PPG. To test this, we compared CHC composition among whole-body extracts, PPG,

legs, thorax, and gaster, across 17 ant species from 3 genera. Quantitative CHC composition dif-

fered between body parts, with consistent patterns across species and CHC classes. Early-melting

CHC classes were most abundant in the PPG. In contrast, whole body, gaster, thorax, and legs had

increasing proportions of CHC classes with higher melting points. Intraindividual CHC variation

was highest for rather solid, late-melting CHC classes, suggesting that CHCs differ in their diffusion

rates across the body surface. Our results show that body parts strongly differ in CHC composition,

either being rich in rather solid, late-melting, or rather liquid, early-melting CHCs. This implies that

recognition cues are not homogenously present across the insect body. However, the unequal

diffusion of different CHCs represents a biophysical mechanism that enables caste differences

despite continuous CHC exchange among colony members.
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Cuticular hydrocarbons (CHCs) cover the body surface of nearly all

insects (Blomquist and Bagnères 2010), which is the most diverse

and abundant animal group on earth. The CHC layer protects

against desiccation and carries communication signals. In many

solitary insects, CHCs serve as contact sex pheromone and can be

under sexual selection (Steiger et al. 2013; Steiger and Stökl 2014).

Especially in ants and other social insects, communication via CHCs

is vital for the organization of social life, which is reflected in their
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highly diverse CHC profiles (Martin and Drijfhout 2009a;

Helmkampf et al. 2015; Sprenger and Menzel 2020). In ants, CHCs

are vital not only to communicate task, fertility, and reproductive

status within the colony (Greene and Gordon 2003; Holman et al.

2010; Liebig 2010; Leonhardt et al. 2016), but also to distinguish

nestmates from non-nestmates (van Zweden and d’Ettorre 2010).

Nestmate recognition is thought to be based on a homogenous

colony odor that may or may not encompass all hydrocarbons.

According to the Gestalt model, this uniform odor (Gestalt odor) is

achieved by continuous CHC exchange among workers. This ex-

change happens via allogrooming, that is, licking and trophallaxis,

that is, exchange of fluids (LeBoeuf et al. 2016). Here, the postphar-

yngeal gland (PPG) plays a vital role in ants. Being located close to

the mouthparts, individual ants use it to store hydrocarbons not

only from themselves (obtained via self-grooming), but also those

from CHC exchange among nestmates (Soroker et al. 1994; Boulay

et al. 2000; LeBoeuf et al. 2016). The resulting mixture is then redis-

tributed on the body surface during self- and allogrooming (Soroker

et al. 1995; Lahav et al. 1999; Soroker and Hefetz 2000), which is

supposed to homogenize interindividual differences and create a uni-

form colony odor. When 2 social insects meet, they perceive each

other’s profile via their antennae and compare it to neuronal tem-

plates to distinguish nestmates from non-nestmates (van Zweden

and d’Ettorre 2010). Note that the PPG does not produce CHCs,

but serves as an intermittent organ for CHC storage and mixing in

ants. CHCs are produced in oenocytes, which are associated either

to epidermal cells or to the fat body. From there, they are trans-

ported to the cuticle via lipophorins (Schal et al. 1998b; Fan et al.

2004; Bagnères and Blomquist 2010), where they can be perceived

or taken up by other individuals. In other social insects, CHCs are

homogenized in different ways: in bees and wasps, CHC homogen-

ization is probably achieved via contact to nest paper or comb wax

(van Zweden and d’Ettorre 2010), whereas mechanisms of CHC ex-

change are largely unknown in termites (Bagnères and Hanus 2015).

According to the Gestalt model, all recognition cues applied via allog-

rooming or from other sources should evenly spread over the body

surface via diffusion and, thus, be similar across the body surface and

in the PPG. This tacitly assumes that all hydrocarbons are uniformly

spread over an individual’s body surface, and also requires that all

hydrocarbons can be taken up via grooming equally well.

However, CHC profiles are complex blends of up to 150 hydro-

carbons that differ in melting point and phase behavior, and form a

heterogenous mixture of solid and liquid phases on the body surface

(Gibbs 2002; Menzel et al. 2019). The main hydrocarbon classes in

insects include n-alkanes, monomethyl alkanes, dimethyl alkanes,

alkenes, and alkadienes (Sprenger and Menzel 2020; Figure 1A).

Generally, melting temperature (Tm) is highest in n-alkanes, which

pack most tightly due to strong van der Waals forces (Figure 1B).

The presence of methyl branches and double bonds in the molecule

drastically lowers Tm because molecular packing is less tight. This

effect is much stronger than the increase of Tm with chain length

(Gibbs 1995; Gibbs and Pomonis 1995; Gibbs and Rajpurohit

2010). The reduction in melting temperature also depends on

number and position of methyl branches and unsaturations (Gibbs

and Pomonis 1995; Gibbs 1998): Methyl-branched hydrocarbons

with rather terminal methyl groups (e.g., 3- or 5-methyl alkanes)

can still aggregate with large parts of their carbon backbones and

thus usually have a higher Tm than internally-branched hydrocar-

bons (such as 13-, 15-methyl alkanes), which consequently melt ear-

lier than terminally branched ones (Gibbs and Pomonis 1995). The

different melting ranges of CHC classes affect waterproofing ability,

as earlier studies related cuticular water loss to CHC melting

(Rourke and Gibbs 1999). Moreover, they translate to differences in

viscosity and diffusion rate across the insect body (Sprenger et al.

2018; Menzel et al. 2019), which may lead to different CHC com-

position among body parts. Indeed, recent studies provided evidence

for such body part-specific CHC differences: melting temperatures

differed between body parts in Drosophila melanogaster adults and

other insects (Wang et al. 2016b, 2017; but also see Gibbs and

Crowe 1991), which suggests differences in CHC composition. In

social insects, CHC differences between body parts were found in

the meat ant Iridomyrmex purpureus (Wang et al. 2016a, 2019). To

our knowledge, these 2 studies on I. purpureus are the only ones

testing differences of CHC profiles between body parts in ants.

Here, we investigated whether CHC composition differs among

body parts (including the PPG), which might influence the biological

functions of the CHC layer. Since the diffusion of CHCs may de-

pend on their composition (i.e., on their phase behavior), we add-

itionally compared the degree of CHC variation across ant species

with varying composition. In particular, we asked 2 questions: 1)

How do CHCs differ between body parts, and are these differences

species-specific or consistent across species? 2) Do these differences

depend on the biophysical properties, that is, the fluidity, of the

CHC layer? We hypothesized that more viscous or solid CHCs (i.e.,

n-alkanes and terminally branched monomethyl alkanes), which

have better waterproofing capacities (Figure 1B), should be present

in higher proportions on body parts like legs which have high

surface-to-volume ratios and thus are more prone to desiccation.

Furthermore, more liquid CHCs important for the chemical commu-

nication (e.g., dimethyl alkanes, alkenes, and alkadienes; Gibbs

2002) can be shared easier between nestmates and thus should be

present in higher proportions in the PPG. We first analyzed body

part differentiation in one ant species, Myrmica rubra, and then

compared it across 16 further ant species.

Materials and Methods

Study species
We examined the CHC profiles of 17 Central European ant species

of the genera Formica, Myrmica, and Lasius. Specimen was col-

lected at the Botanical Gardens of the University of Bayreuth

(Germany), in Mainz (Germany), Darmstadt (Germany), or Eupen

(Belgium) (Supplementary Table S1) and identified according to

Seifert (2007). Workers of all species were freeze-killed at �20�C

and kept at this temperature until further processing.

Dissection of body parts and CHC extraction
First, we analyzed intraindividual CHC differences in 22 individuals

of M. rubra which originated from 10 independent colonies. CHCs

were extracted from 4 different body parts of the same individuals:

the PPG, gaster (G), thorax (T), and legs (L) (N¼22�4 body

parts). The PPGs were removed from the ants’ heads through the

mouth using micro tweezers and afterward put in glass vials filled

with n-hexane. After dissection of the PPG, the gasters, thoraces,

and legs were separated and extracted in n-hexane for 10 min.

Subsequently, we concentrated the extracts under a gentle stream of

nitrogen. We cannot exclude that samples might have been contami-

nated with extruding hemolymph or gland extract. However, this

bias should be minor because, in most cases, we did not observe any

extruding hemolymph (except for PPGs). Moreover, we dissected

under water; hemolymph is an aqueous solution and hence quickly

532 Current Zoology, 2021, Vol. 67, No. 5

https://academic.oup.com/cz/article-lookup/doi/10.1093/cz/zoab012#supplementary-data


dilute in the water. We took care to remove any water before placing

body parts or PPGs into hexane.

Second, for an interspecific comparison of 16 ant species, the

CHCs were either extracted from the whole body (N¼42) or from

the 4 different body parts (N¼54 individuals � 4 body parts) as

described above (Supplementary Table S1). We had to omit 12 sam-

ples due to very low CHC concentration, resulting in a total of

N¼246 samples (Supplementary Table S1).

GC-MS analysis
The CHC extracts were analyzed with gas chromatography-mass

spectrometry (GC-MS). The GC (7890A, Agilent Technologies,

Santa Clara, CA, USA) was equipped with a Zebron Inferno ZB5-

HT column (Phenomenex Ltd., Aschaffenburg, Germany). Helium

was used as carrier gas at a flow rate of 1.2 mL/min. We injected

2mL of each sample in splitless mode at 60�C. Temperature was

held constant for 2 min, then increased with 60�C/min to 200�C and

afterward with 4�C/min until the maximum temperature of 320�C.

This temperature was again held constant for another 10 min.

Hydrocarbon molecules were then transferred to a mass selective de-

tector (5975 C, Agilent Technologies) and fragmented with an ion-

ization voltage of 70 eV. Fragments in the range of 40–550 m/z were

detected and subsequently used for substance identification. To

identify the CHCs, we used retention indices and diagnostic ions

(Carlson et al. 1998).

For quantification, all chromatogram peaks were integrated

manually in MSD ChemStation (E.02.02.1431, Agilent Technologies).

Relative proportions were calculated in Microsoft Excel. Trace
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Figure 1. CHC composition of the ant species in this study (A) and physical properties of CHCs (B). (A) Each bar plot shows the average substance class compos-

ition of the 17 species studied here. The data are based on whole-body extracts. While quantitative composition can vary among conspecifics, the qualitative

composition is highly species-specific (Sprenger and Menzel 2020). (B) Overview of molecular packing and the resulting melting temperatures for different CHC

classes, as well as the melting temperatures within monomethyl alkanes of the same chain length and the CHC distribution on body parts. Photos of M. rubra

(legs, thorax, gaster) by P. Sprenger, photo of the PPG by L. Gerbes.
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substances below 0.5% of the total profile and nonhydrocarbons were

removed from the dataset. Afterward, the profiles were standardized

to 100%.

Statistical analyses dataset 1: Body part differentiation

in M. rubra
To compare the CHC profiles between body parts in M. rubra, we

first ordinated the samples using nonmetric multidimensional scaling

(NMDS) based on Bray–Curtis dissimilarities (R command metaMDS,

R package vegan; Oksanen et al. 2019). Furthermore, we calculated

95% confidence intervals around the centroids of each body part (R

command ordiellipse, R package ellipse; Murdoch and Chow 2020).

To compare the overall CHC profile between body parts, we used a

permutational ANOVA (PERMANOVA; (software PRIMER 6

v6.1.14 and PERMANOVAþ v1.0.4; Primer-E Ltd.) with body part

as fixed factor and colony and individual (nested in colony) as random

factors.

Afterward, we analyzed the differences between body parts in

different substance classes (n-alkanes, mono-, di-, and trimethyl

alkanes and alkenes; alkadienes and tetramethyl alkanes do not

occur in M. rubra) and homologous series of mono- and dimethyl

alkanes (3-methyl, 5-methyl, and internally-branched methyl alka-

nes) using linear mixed effects models (R command lme, R package

nlme; Pinheiro et al. 2016). Internally-branched alkanes (methyl

group at position 8 or higher) are hardly separable using gas chro-

matography. For a given chain length, melting temperature

decreases with methyl group position, but the differences are small

for positions above 6 (Gibbs and Pomonis 1995), which is why we

pooled these methyl alkanes. For the models, we used arcus-sinus

square root-transformed proportions of the substance classes as re-

sponse variable, body parts as fixed factor, and the individual ID

nested in colony ID as random factor.

Statistical analyses dataset 2: Interspecific comparison
For all interspecific comparisons, we summed CHC profiles up

according to CHC class (n-alkanes, mono-, di-, tri-, and tetramethyl

alkanes, alkenes, and alkadienes) and, for mono- and dimethyl

alkanes, according to homologous series, that is, 3-methyl, 5-methyl

(or 3, x-dimethyl and 5, x-dimethyl, respectively) and internally-

branched methyl alkanes. Moreover, we calculated the average

chain lengths for each body part. Due to the strong impact of CHC

class on melting points, calculating overall chain lengths would be

misleading—for example, branched alkanes are often longer (on

average) than unbranched ones, but nevertheless melt earlier (Gibbs

2002). However, average chain lengths can be meaningful when

focusing on a single substance class with not molecular heterogen-

eity. Therefore, we analyzed the average chain length of the n-alka-

nes in a sample.

To investigate overall differences between the whole-body CHC

profiles and those of the different body parts in the 16 different

species, we calculated the Bray–Curtis dissimilarities between the

profiles (based on the above CHC classes) and visualized them using

NMDS. Subsequently, we calculated the 95% confidence interval

ellipses for each body part as described above. Similar to Dataset 1,

we compared CHC composition using a PERMANOVA with

species and body part as fixed effects and individual (nested in

species) as random effect.

Subsequently, we tested differences between body parts were

consistent across species. To this end, we first standardized all pro-

portions of a CHC class (or the n-alkane chain length, respectively)

on a given body part x by its average proportion in the whole-body

extract using px�pwb

pwb
, where px is the proportion of a CHC class on

body part x and pwb is the proportion of this CHC class in the

average over all whole-body extracts of this species. Applying this

formula resulted in the relative difference in a certain substance class

between a body part and the whole body. For example, a value of

0.5 for n-alkanes in legs would mean that legs contained 50% more

n-alkanes compared with the entire body, whereas a value of �0.8

would mean that they contained 80% less n-alkanes; a value of

0 would mean that the proportion of n-alkanes in legs and in whole-

body extracts is the same. We used these relative differences as

response variables in 2 types of linear mixed effects models (R

command lme, R package nlme; Pinheiro et al. 2016): 1) We tested

the deviation from 0 for the different body parts to investigate if

they differ from the whole-body profiles and 2) we used the body

parts as fixed factors to analyze differences between them. In both

sets of regression models, we used individual ID nested in species as

random factor.

In the second analysis, we investigated if the degree of intraindi-

vidual variability depended on the CHC composition of the respect-

ive species. The underlying reasoning was that CHC profiles with

more fluid CHCs (like alkenes) would allow a higher CHC diffu-

sion, resulting in lower variation between body parts. We only used

individuals for which we had CHC information on all body parts

(N¼47). First, we calculated the coefficient of variation (CV) of

CHC proportions across body parts per individual, separately for

the proportions of n-alkanes, monomethyl alkanes, dimethyl alka-

nes, alkenes, and alkadienes. Subsequently, we used the sum of these

separate CVs per individual as a single response variable for 6 differ-

ent linear mixed effects models: We tested if the CV per individual

was affected by the total proportion of either of the 5 substance

classes mentioned above and (as species often either contain many di-

methyl alkanes or many unsaturated CHCs) a combination of the

most fluid substance classes (dimethyl alkanes þ alkenes þ alkadienes)

as fixed effects. In each model, we used species ID as random factor.

All statistical analyses were conducted using R version 4.0.2 (R

Core Team 2020) and the packages mentioned above.

Results

Dataset 1: Body part differentiation in M. rubra
CHC profiles strongly differed among 4 different body parts of

22 M. rubra individuals (PERMANOVA: pseudo-F3 ¼ 4.6,

P¼0.0006). In the ordination, the PPG was different from all other

body parts (all pairwise t>2.4, P<0.01). However, the overall pro-

files of gasters, thoraces, and legs did not differ from each other

(Figure 2; all pairwise t<1.2, P>0.25).

In particular, the PPG contained lower proportions of n-alkanes

(LME: v2
3 ¼ 70.37, P<0.0001) and alkenes (v2

3 ¼ 20.50,

P¼0.0001; Figure 3A), whereas the proportion of dimethyl alkanes

(v2
3 ¼ 22.77, P<0.0001; Figure 3A) and trimethyl alkanes (v2

3 ¼
19.40, P¼0.0002; Figure 3A) was highest in the PPGs compared

with other body parts. Thoraces contained slightly lower propor-

tions of monomethyl alkanes compared with the other body parts

(v2
3 ¼ 10.97, P¼0.012).

The proportions of various homologous series of mono- and di-

methyl alkanes also differed between the body parts in M. rubra: In

the PPG, the proportions of 3- and 5-methyl alkanes were lowest

(v2
3 ¼ 32.74, P<0.0001; v2

3 ¼ 20.02, P¼0.0002; Figure 3B),

whereas those of internally-branched methyl alkanes were highest

(v2
3 ¼ 63.26, P<0.0001; Figure 3B). Surprisingly, the proportion
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of 3-methyl alkanes was lower on the gaster of M. rubra than on

thorax and legs (Figure 3B). Although body parts did not differ in

the proportions of 3, x-dimethyl alkanes (v2
3 ¼ 6.15, P¼0.10),

those of 5, x- and internally-branched dimethyl alkanes were higher

in the PPGs (v2
3 ¼ 14.24, P¼0.0026; v2

3 ¼ 24.23, P<0.0001;

Supplementary Figure S1A). The proportion of internally-branched

dimethyl alkanes was also higher on the thoraces than on gasters

and legs of M. rubra (Supplementary Figure S1A).

Dataset 2: Interspecific comparison
CHC profiles of the 16 species were highly species-specific

(Figures 1A and 4A; PERMANOVA: pseudo-F15 ¼ 98.5,

P¼0.0001). There were strong differences among the body parts

(including PPG and whole-body profile; PERMANOVA: pseudo-F4

¼ 57.0, P¼0.0001). Except for legs and thorax (t¼1.2, P¼0.31),

all body parts differed from each other (all pairwise t>2.4,

P�0.011). The whole-body profile was most similar to that of the

PPG, followed by the gaster, whereas the legs were most different

from the PPG (Figure 4B).

To investigate the differences more closely, we tested if the pro-

portions of certain substance classes or homologous series relative to

the whole bodies differed among body parts, but also if the propor-

tions on the body parts differed significantly from the whole-body

CHC extracts. We found CHC differences among body parts in 9

out of 11 substance classes or homologous series (Table 1; Figure 5).

Only tetramethyl alkanes (which only occurred in 1 species in the

comparison, Formica rufibarbis) and 3-methyl alkanes did not differ

in their relative proportions between legs, thoraces, gasters, and

PPGs. In addition, we tested which of the body parts significantly

differed from the whole-body profiles. Legs were nearly always dif-

ferent from the whole bodies: Although they contained nearly twice

the proportion of n-alkanes compared with the whole body, they

had lower proportions of mono-, di-, and trimethyl alkanes, alkenes,

and alkadienes as well as 3, x- and internally-branched dimethyl

alkanes (Figure 5; Supplementary Figure S1B; Supplementary Table

S2). In PPGs, the effects were usually in the opposite direction: the

PPG contained more alkenes as well as 3- and internally-branched

monomethyl alkanes compared with the whole bodies (Figure 5;

Supplementary Table S2). Although we found more n-alkanes on

legs, thoraces, and gasters, they contained fewer monomethyl

alkanes (Figure 5; Supplementary Table S2). Furthermore, legs and

thoraces contained fewer alkenes and alkadienes than the whole

body (Figure 5; Supplementary Table S2). The average chain length

of n-alkanes did not differ among body parts (Table 1); only the

n-alkanes of the gaster were shorter than those in the whole-body

extracts (Supplementary Figure S2).

The total CV per individual (across CHC classes) increased

with the proportion of n-alkanes in the CHC profile of the species

(v2
1 ¼ 59.92, P<0.0001; Figure 6A). With higher proportions of

monomethyl alkanes but slightly not dimethyl alkanes the CV per

individual decreased slightly (monomethyl alkanes: v2
1 ¼ 4.27,

P¼0.03; dimethyl alkanes: v2
1 ¼ 2.9, P¼0.088; data not shown).

However, the proportions of alkenes and alkadienes alone did not

influence the CV per individual (alkenes: v2
1 ¼ 1.48, P¼0.22;

alkadienes: v2
1 ¼ 0.58, P¼0.45; data not shown). In contrast, the

sum of the most fluid substance classes (dimethyl alkanes, alkenes,

and alkadienes) had a strong negative effect on the total CV per

individual (v2
1 ¼ 11.90, P¼0.00056; Figure 6B).

Discussion

Our results revealed consistent CHC variation among body parts

across multiple species. This has not been reported before, because,

in contrast to CHC variation among individuals or among species

(Martin and Drijfhout 2009a; Blomquist and Bagnères 2010;

Martin et al. 2013; Sprenger and Menzel 2020), only few studies

dealt with variation among body parts (Gibbs and Crowe 1991;

Young et al. 2000; Wang et al. 2016a, 2016b, 2019). However,

such intraindividual variation means potential variation in

information content, which can affect nestmate recognition and

intracolonial communication.

Where does this variation stem from? One possible mechanism

might involve the selective transport of CHCs to different parts of

the cuticle as it has been shown before in moths, where long-chain

aliphatic sex pheromones are selectively transported to certain

glands (Schal et al. 1998a; Jurenka et al. 2003; Bagnères and

Blomquist 2010). Unfortunately, to our knowledge, there are no

studies on this question, for example, whether CHCs are transported

from oenocytes to different parts of the cuticle in a nonrandom way.

Thus, this idea cannot be tested up to now. Alternatively, differences

may relate to physical differences between CHCs, that is, variation

in melting point and viscosity. The observed effects are consistent

with this hypothesis: ant species rich in early-melting CHCs like

alkenes or dimethyl alkanes indeed had a lower intraindividual vari-

ability (Figure 6B), suggesting a higher CHC diffusion. In contrast,

intraindividual variability increased with the proportion of n-alka-

nes (Figure 6A). This agrees with an earlier study, where n-alkanes

applied to the elytra of potato beetles were relatively immobile,

whereas alkenes diffused over the body and were later detectable in

the tarsi of the beetles (Geiselhardt et al. 2010).

The strongest argument for a biophysical cause behind the

observed body-part differences is that nearly all of them followed a

consistent pattern: body parts varied from “rich in early-melting, ra-

ther liquid CHCs” to “rich in late-melting, rather solid CHCs” in

the order PPG—whole body—gaster—thorax—legs (Figures 1B, 3,

and 5). This fits the melting point variation among CHC classes, but

also applies to differences within a CHC class, that is, the
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differentiation between terminally (3rd or 5th position) and

internally-branched alkanes (Gibbs and Pomonis 1995; Gibbs

2002). Most notably, the PPG was richer in early-melting CHCs like

di- and trimethyl alkanes, internally-branched monomethyl alkanes

and alkenes, and poorer in CHCs with high melting points like n-

alkanes, 5-monomethyl, and 3-monomethyl alkanes (Figures 3 and

5). Previous studies already reported higher n-alkane abundances on

the cuticle compared with the PPG (Soroker and Hefetz 2000;

Bagnères and Blomquist 2010). Compared with the PPG, the differ-

ences between the other body parts were less pronounced. Here, legs

were richer in the relatively solid 3-monomethyl alkanes, M. rubra,

(Figure 3B). Among the other species, legs had more n-alkanes

(which are solid at ambient temperatures), and less of the relatively

early-melting di- and trimethyl alkanes (Figure 5). Gaster and thorax

were more similar (Figure 4), but the gaster carried more alkenes

and alkadienes and less n-alkanes (Figure 5). The only exception to

the described patterns was the alkenes in M. rubra, which, although

early-melting, were highly correlated with the abundance of n-alka-

nes and hence less abundant in the PPG than in the other body parts

(Figure 3A). This phenomenon still awaits explanation. It coincides

with the tight correlation of n-alkanes and alkenes observed in M.

rubra (Sprenger et al. 2018), and we found it only in this species, but

not in the interspecific comparison.

The observed intraindividual variation may actually benefit the

maintenance of different communication channels in the CHC pro-

file. One problem of our current nestmate recognition model was

how hydrocarbons could be exchanged and homogenized among

colony members while maintaining differences between workers and

queens, or between foragers and nurses (Leonhardt et al., 2016).

Biophysical differences between CHCs can explain this
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phenomenon: Nurses and foragers mainly differ in the proportion of

n-alkanes (Wagner et al. 1998, 2001; Pamminger et al. 2014;

Sprenger and Menzel 2020). This difference is maintained during

CHC exchange if n-alkanes are taken up into the PPG to a smaller

degree (or not at all). The same is true for other differences, for ex-

ample, when internally-branched mono- or dimethyl alkanes are

taken up to a higher degree than the less fluid terminally branched

ones. Similarly, queen pheromones can persist on the queen despite

CHC exchange if, during trophallaxis or grooming, they are

exchanged to a lower degree than the other hydrocarbons. Queen

pheromones usually have relatively long chains, and comprise n-

alkanes or 3-monomethyl alkanes (e.g., 3-MeC31 and n-C31;

Holman et al. 2010; Van Oystaeyen et al. 2014), which are the 2

substance groups with the highest melting temperatures. Hence, the

fact that queen signals consist of relatively solid CHCs facilitates the

maintenance of queen-worker differences despite CHC exchange. In

contrast to caste or task-group differences, nestmate recognition

cues seem to consist rather of early-melting CHCs. This is suggested

by the fact that PPG extracts, which contain rather liquid and early-

melting CHCs, were often shown to be sufficient for nestmate recog-

nition (Martin et al. 2008; Guerrieri et al. 2009; Martin and

Drijfhout 2009b; Sano et al. 2018). Thus, physical differences be-

tween CHCs allow the maintenance of independent information

channels in a CHC profile with relatively little interference.

Why some body parts are richer in early- or late-melting CHCs

is less clear. One possible cause is lower abrasion of solid hydrocar-

bons compared with liquid ones. In the legs, there is constant abra-

sion and hence a sink for liquid CHCs, which explains their high

abundance of more solid CHCs like n-alkanes (Figure 5). More solid

CHCs are beneficial for waterproofing, which is especially import-

ant on the legs due to their high surface-to-volume ratio. The high

proportion of n-alkanes on legs can also explain the observation of

Wang et al. (2019) that CHC profiles of legs are task-specific.

Second, liquid CHCs should be exchanged to a higher degree than

solid CHCs during allogrooming. Since legs are groomed less than

other body parts like gaster or thorax, this would explain the higher

proportion of liquid CHCs in gaster and thorax (Figure 5). Third,

the fat body is located in the gaster. Thus, most newly produced

CHCs should end up on the cuticle of the gaster rather than other

body parts. From there they can diffuse to the remaining body parts

(especially the liquid ones, but also the solid ones). These hypotheses

can explain the observed CHC variation, but do not require selective

transport of certain CHC classes. Thus, body-part differences may

be caused by uneven, “regionalized” CHC secretion onto the body

surface, followed by diffusion that differs among CHC classes.

To our knowledge, this is the first study that describes intraindi-

vidual CHC differences across many insect species. They form a con-

sistent pattern of body parts richer in late-melting, rather solid
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Table 1. Differences in proportions of CHC substance classes and

homologous series of methyl alkanes between body parts in a

comparison among 16 Central European ant species

Substance class v2 df P-value n

n-alkanes 89.30 3 <0.0001 16, 54

Monomethyl alkanes 29.26 3 <0.0001 16, 53

Dimethyl alkanes 33.20 3 <0.0001 16, 54

Trimethyl alkanes 76.51 3 <0.0001 8, 27

Tetramethyl alkanes 3.76 3 0.29 1, 4

Alkenes 74.13 3 <0.0001 14, 46

Alkadienes 14.38 3 0.0024 6, 21

3-methyl alkanes 4.99 3 0.17 14, 46

Internally-branched methyl

alkanes

36.42 3 <0.0001 16, 54

3, x-dimethyl alkanes 24.96 3 <0.0001 10, 33

Internally-branched di-

methyl alkanes

19.41 3 0.00022 12, 40

Chain length of n-alkanes 6.44 3 0.092 16, 54

The table gives the results of linear mixed effects models with the proportion

per substance class or homologous series as dependent variable and the body

parts as fixed effects. Significant P-values are printed in bold. Note that, be-

cause not all substance classes are present in all species, n gives the sample

sizes for species (total 16) and individuals (total 54) used in the models.
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CHCs and early-melting, rather liquid ones. Our results have im-

portant implications for communication in social insects: firstly,

models of nestmate recognition that assume a homogenous odor

across the insect body are not entirely correct. Rather, nestmate

recognition cues are not homogenously distributed across the body

surface, and might occur only in low abundances on the legs.

Second, hydrocarbon exchange via trophallaxis and grooming is

necessarily selective, because the more liquid CHCs are preferen-

tially taken up and redistributed. However, this should actually be

beneficial for communication, since it allows that differences be-

tween castes and task groups can be maintained despite CHC ex-

change. Nestmate recognition should not be hampered by uneven

CHC diffusion if it relies mostly on early-melting, rather liquid

CHCs, and should be possible for most body parts except possibly

for the legs. Thus, physical differences between CHCs may repre-

sent a key mechanism that enables parallel information channels in

insect communication. Future studies should address not only 1)

the biosynthetic pathways that lead to body-part differentiation in

CHC profiles, but also 2) the evolutionary trajectories of CHC sig-

naling that led to information being encoded by early-melting or

late-melting hydrocarbons.
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