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Abstract The postpharyngeal gland (PPG) was thought

to be restricted to ants where it serves a crucial function in

the generation of the colony odour. Recently, head glands

that closely resemble the PPG of ants were discovered in

females of a solitary digger wasp, the European beewolf.

The function of this gland necessarily differs from ants:

beewolf females apply the secretion of their PPG onto the

bodies of paralysed honeybees that serve as larval provi-

sions in order to delay fungus growth. Since ants and

digger wasps are not closely related, the occurrence of this

gland in these two taxa might either be due to convergent

evolution or it is a homologous organ inherited from a

common ancestor. Here we test the hypothesis that the

PPGs of both taxa are homologous by comparing charac-

teristics of chemical composition and physiology of the

PPG of beewolves and ants. Based on reported character-

istics of the PPG content of ants, we tested three predic-

tions that were all met. First, the PPG of beewolves

contained mainly long-chain hydrocarbons and very few

compounds with functional groups. Second, the composi-

tion of hydrocarbons in the beewolf PPG was similar to

that of the hemolymph. Taking the structure of the gland

epithelium and the huge requirements of beewolf females

for gland secretion into account this result suggests that the

content of the PPG is also sequestered from the hemo-

lymph in beewolves. Third, the chemical composition of

the PPG and the cuticle was similar in beewolves since

cuticular hydrocarbons derive either from the hemolymph

or the PPG. Taking the considerable morphological simi-

larities into account, our results support the hypothesis of a

homologous origin of the PPG in beewolves and ants.

Keywords European beewolf � Philanthus triangulum �
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Introduction

Chemical communication is known to be a prerequisite for

the functioning of colonies of social insects, particularly in

the Hymenoptera. Hence, social bees, wasps, and ants are

endowed with a huge variety of exocrine glands that serve

tasks in, e.g., nest defence, recruitment, and alarming of

nestmates (e.g., Hölldobler and Wilson, 1990). One type of

gland that has received much attention because of its sig-

nificance for social interactions is the postpharyngeal gland

(PPG) in ants. It is a paired glove-like evagination of the

pharynx and contains mainly long-chain straight and

branched hydrocarbons. These hydrocarbons are, at least

partly, sequestered from the hemolymph. Moreover due to

a continuous exchange between the hemolymph, the PPG,

and the cuticle there is typically a high chemical congru-

ency between the PPG content and cuticular hydrocarbons

(Soroker et al., 1998; Soroker and Hefetz, 2000). Most

important for the function in ants, the content of the PPG is

continuously taken up from and delivered to nestmates

due to body contact, allogrooming, self grooming, and
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trophallaxis (Vienne et al., 1995; Lenoir et al., 2001;

Meskali et al., 1995; Lucas et al., 2004; Hefetz et al.,

2001). This process results in a mixing of the cuticular

hydrocarbons of individuals (Hefetz et al., 1992; Soroker

et al., 1994, 1995, 1998) and, thus, generates a colony’s

idiosyncratic ‘‘Gestalt’’ odour (Crozier and Dix, 1979;

Soroker et al., 1994; Hefetz et al., 1996; Dahbi et al., 1998;

Lenoir et al., 1999; Oldham et al., 1999; see also Martin

and Drijfhout, 2009). This specific colony odour is crucial

for the maintenance of the integrity of an ant colony

(Vander Meer et al., 1989; for a review of other proposed

functions see Eelen et al., 2006).

The PPG was long considered to be restricted to ants

(Hölldobler and Wilson, 1990, Schoeters and Billen, 1997;

Lenoir et al., 1999; Martin and Drijfhout, 2009). This, at

least implicitly, suggested that the PPG evolved in response

to the requirements of a social group to establish a colony

odour. Recently, however, a PPG has been described from

a solitary digger wasp, the European beewolf Philanthus

triangulum (Hymenoptera, Crabronidae, Strohm et al.,

2007). Since European beewolves are solitary mass pro-

visioning digger wasps, the function of their PPG neces-

sarily differs from that in ants. Beewolf females apply

large amounts of PPG secretion onto the bodies of paral-

ysed honeybees that serve as larval provisions by

intensively licking the cuticle of their prey (Strohm and

Linsenmair, 2001; Herzner et al., 2007a). This embalming

has two effects: it delays fungus growth on the prey

(Herzner and Strohm, 2007) and it prevents its desiccation

(Herzner and Strohm, 2008) and thus protects the larval

provisions against degradation.

Male beewolves also have a PPG (Kroiss et al., 2006;

Herzner et al., 2007b). However, due to strong sexual

selection its morphology (enlarged unbranched paired

tubes) and function (reservoir for the sex pheromone) differ

somewhat from females. Therefore, we focus on the PPG

of female beewolves.

Although crabronid wasps belong to the aculeate

Hymenoptera, they are not closely related to ants (Brothers,

1999). Whereas the Formicidae, together with the Vespidae

and Eumenidae, are a part of the super family Vespoidea the

crabronid wasps belong to the super family Apoidea and are

thought to represent the sister group to the bees (Apidae

sensu lato). The wide phylogenetic separation of the taxa

suggests a convergent evolution of this gland. However,

conspicuous similarities with regard to the overall appear-

ance and location, as well as details of the morphology, and

the involvement in a grooming process support the alter-

native view of a homology of the PPGs of beewolves and

ants (Strohm et al., 2007). In this study, we ask whether

chemical and physiological aspects of the putative PPG of

beewolf females also support the hypothesis of a homology

between the PPG of ants and beewolves.

The overall chemical composition of the PPG of bee-

wolf females has already been established (Strohm et al.,

2008). The gland contains mainly long-chain hydrocarbons

without functional groups. The same can be said of the

PPG of ants (e.g., Vander Meer et al., 1982; Hefetz et al.,

1992; Soroker et al., 1995). Thus, one prediction following

from the homology hypothesis, namely that the overall

chemical composition is similar between European bee-

wolves and ants seems to be tentatively supported.

However, some details deviate and have to be considered

in detail.

In ants, the content of the PPG can be taken up by

different mechanisms: it can be sequestered either from

the hemolymph, from the cuticle during self grooming,

from nestmates’ cuticles during allogrooming, or from nest-

mates during trophallaxis (Meskali et al., 1995; Lucas et al.,

2004; Hefetz et al., 2001). The relative importance and

distribution of these different mechanisms among ant taxa

are not yet established. However, this process results in a

high similarity of the composition of the PPG content with

the hemolymph (e.g., Soroker et al., 1994, 1995; Kaib

et al., 2000; Lucas et al., 2004). As in ants, the PPG of

beewolves is basically a reservoir without an associated

glandular tissue. It is surrounded by a monolayered epi-

thelium that is apparently too small to produce the large

amount of secretion that is necessary for prey embalming.

As a consequence, the majority of chemicals in the beewolf

PPG are most probably sequestered from the hemolymph.

Thus, a second prediction following from the homology

hypothesis is that the hydrocarbon profile of the PPG of

beewolves is similar to that of the hemolymph.

Due to the extensive self and allogrooming in ants that is

accompanied by the delivery and distribution of the PPG

secretion (e.g., Bagnères and Morgan, 1991; Soroker et al.,

1994; Meskali et al., 1995), and due to the probable

transport of hydrocarbons from the hemolymph to both, the

PPG and the cuticle (e.g., Soroker and Hefetz, 2000; other

insects: Schal et al., 1998; Fan et al., 2003) there is also a

similarity of the chemical profile of the PPG with the

cuticle. Assuming a similar association between the PPG

and the cuticle in beewolves, the third prediction is that the

PPG content of beewolves should be similar to the cuticle

as well.

To evaluate these predictions, we analysed the chemical

composition of the PPG, the hemolymph, and the cuticle of

female European beewolves using combined gas chroma-

tography–mass spectrometry (GC–MS) analyses.

Materials and methods

Previous investigations showed that due to the huge

amount of hydrocarbons in the PPG, extracts of entire
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heads are identical to extracts of the dissected glands

(Strohm et al., 2008). The heads of 37 freshly killed

females were cut off and soaked individually in 0.25 ml

distilled n-Hexane (Fluka) for 4 h. Cuticular hydrocarbons

were obtained from the same 37 beewolf females whose

heads had been extracted. To ensure that these extracts

were not contaminated with the content of the head gland,

only the gaster of each female was used. The gasters were

cut off and soaked in 500 ll distilled hexane for 10 min.

Preliminary analyses showed that the amount of hydro-

carbons in the hemolymph is too small to yield rea-

sonable chromatograms with hexane extracts. Therefore,

we used SPME fibres to sample the hydrocarbons of the

hemolymph (previous tests confirmed that the results of

extraction with hexane and with SPME fibres are practi-

cally identical). To avoid any influence of the extraction

solvents on the hemolymph, we used different specimens

for the analysis of hemolymph. We dissected the gasters of

six freshly killed females, removed the hemolymph with a

pipette and transferred it to an Eppendorf vial. A SPME

fibre coated with a 100-lm polydimethylsiloxane film

(SUPELCO, Bellefonte, PA, USA) was dragged through

the hemolymph of each individual several times and the

sample was immediately analysed by GC–MS.

Capillary GC–MS analysis was performed on an Agilent

6890N Series gas chromatograph (Agilent Technologies,

Böblingen, Germany) coupled to an Agilent 5973 inert

mass selective detector. The GC was equipped with a RH-

5ms? fused silica capillary column (30 m 9 0.25 mm ID;

df = 0.25lm; temperature program: from 60 to 300�C at

5�C/min and held for 1 min at 60�C and for 10 min at

300�C). Helium was used as the carrier gas with a constant

flow of 1 ml/min. A split/splitless injector was installed at

250�C in the splitless mode for 60 s. The electron impact

mass spectra (EI-MS) were recorded with an ionization

voltage of 70 eV, a source temperature of 230�C, and

an interface temperature of 315�C. The software MSD

ChemStation for Windows (Agilent Technologies, Palo

Alto, CA, USA) was used for data acquisition.

The compounds were identified by comparing retention

times and mass spectra of the peaks of the samples with the

known composition of the PPG secretion (Strohm et al.,

2008) and with data from a commercial MS library (NIST,

Gathersburg, MD, USA). There were no additional new

peaks.

Statistical analysis

For the comparison of PPG and cuticle we could use the

respective samples of the same females. The PPG samples

of these females were compared with the composition of

hemolymph samples of another set of females. We ana-

lysed the samples with regard to both qualitative

congruency as well as quantitative similarity of the relative

amounts of the components. For quantitative analyses,

peak areas were obtained by automatic integration and the

total peak area of each individual extract was standardized

to 100%. Because the relative amounts of the components

constitute compositional data, they were transformed to log

contrasts prior to analysis (Aitchison, 1986; Reyment,

1989). The means of the transformed values for each peak

of the different specimens were calculated.

To test for a relationship between the hydrocarbon

profile of the head gland, the hemolymph, and the cuticle

we conducted regression analyses between the mean pro-

portions of components in the head, the gaster cuticle, and

the hemolymph samples. We used reduced major axis

(RMA) regressions instead of the usual least squares

regression since the variables have the same measurement

error and no dependent and independent variable can be

specified (Legendre and Legendre, 1998). High similarity

would not only require a significant correlation between

the components of different samples. Additionally, the

regression should show direct proportionality, indicating

that the relative amounts of the samples are similar. This

means that the slope of the regression line should not differ

from 1 and the y-intercept should not differ from 0.

Therefore, we calculated the 95% confidence intervals for

slope and y-intercept of each regression line. Data had to be

log transformed to achieve normal distributions. The RMA

regressions were calculated using the RMA software v.1.17

(Bohonak and van der Linde, 2004; freely available at

http://bio.sdsu.edu/pub/andy/RMA.html).

Results

Content of the PPG

In full agreement with a previous analysis (Strohm et al.,

2008), the PPG samples of this study contained large

amounts of hydrocarbons, mainly long-chain alkenes and

smaller or trace amounts of alkanes, methylalkanes, and

unsaturated ketones (Table 1). As in the earlier study, we

found a conspicuous dimorphism with regard to the major

peak: it was either (Z)-9-pentacosene or (Z)-9-heptacosene.

In the PPG and cuticle samples 29 of the 37 females had

(Z)-9-pentacosene and 8 had (Z)-9-heptacosene as the

major peak. However, in the hemolymph samples only two

of the six females were of the (Z)-9-pentacosene and four

were of the (Z)-9-heptacosene-type. Thus, the proportion of

individuals that belong to the two chemomorphs differs

between PPG and cuticle samples on the one hand and the

hemolymph samples on the other hand. However, due to

the small sample size of the hemolymph extracts it was not

reasonable to analyse the two chemomorphs separately.
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Lumping these data is conservative with regard to the hypo-

thesis tested since different proportions of chemomorphs

in the groups rather reduce similarity than enhance it.

Since the amount of hydrocarbons was low in some of

the individual samples (in particular in the hemolymph) we

were not able to detect all substances that were described as

components of the PPG obtained by pooling individuals

(Strohm et al., 2008). In particular the trace amounts of a

sesquiterpene, a methylester and a long-chain unsaturated

alcohol could not be detected in this study. Furthermore,

some peaks could not be satisfactorily separated to allow

reliable quantification and had to be combined for the

analysis. The following compounds were combined: D-X-

tricosene, (Z)-9-tricosene (by far the most abundant) and

D-7-tricosene were combined as tricosenes; 11-methyl trico-

sane, 9-methyl tricosane, 7-methyl tricosane, 5-methyl

tricosane were combined as methytricosanes; (Z)-9-pen-

tacosene (by far the most abundant) and D-X-pentacosene

were combined as pentacosenes; 11-methyl pentacosane,

9-methyl pentacosane, and 7-methyl pentacosane were

combined as methylpentacosenes. Overall, we could

unambiguously quantify 21 peaks and used these for sta-

tistical analysis.

Comparison between PPG and hemolymph

The comparison of the mean proportions of compounds in

the PPG samples (N = 37) and the hemolymph samples

(N = 6) revealed a high overall similarity (Table 1). All

hydrocarbon peaks that occurred in the PPG also occurred

in the hemolymph. Due to the different proportions of

females with (Z)-9-pentacosene and (Z)-9-heptacosene as

their major peak, the means differ somewhat in particular

for these compounds. Moreover, the accuracy of the

assessment of the relative proportions of hydrocarbons in

the hemolymph suffers from overall small amounts. Nev-

ertheless, there was a strong linear association between the

relative amounts found in the hemolymph and in the PPG

(Fig. 1, Table 2). The RMA regression revealed that the

y-intercept was not different from zero and the slope not

different from one, suggesting direct proportionality. This

is consistent with the prediction of a high similarity of

hydrocarbons in the hemolymph and in the PPG.

Comparison between PPG and cuticle

The hydrocarbon profile of the cuticle was also very similar

to the PPG (Table 1). There were no peaks that occurred

exclusively in the PPG or on the cuticle. The chemotype of

cuticle and PPG of an individual female was always

the same. Moreover, the relative amounts of peaks on

the gaster showed a strong linear correlation with the

Table 1 Chemical composition of the postpharyngeal gland (PPG,

N = 37 females), the cuticular hydrocarbons of the gaster (same

N = 37 females), and the hemolymph (N = 6 other females) of

female European beewolves

PPG Cuticle Hemolymph

Mean SD Mean SD Mean SD

Heneicosane 0.20 0.14 0.14 0.07 0.63 0.38

Docosane 0.15 0.09 0.18 0.10 0.47 0.21

Tricosenes 0.30 0.26 0.19 0.19 1.31 1.04

Tricosane 13.80 3.59 16.80 8.13 17.30 0.92

Methyltricosanes 0.09 0.09 0.12 0.10 0.58 0.95

Tetracosene 0.97 0.73 0.88 0.45 1.12 1.06

Tetracosane 0.16 0.10 0.46 0.28 0.36 0.20

Pentacosenes 62.50 29.80 53.40 27.00 27.40 28.00

Pentacosane 2.22 1.02 7.33 3.97 5.94 0.94

Methylpentacosanes 0.06 0.03 0.08 0.05 0.18 0.20

Hexacosene 0.45 0.70 0.50 0.59 1.89 1.09

Hexacosane 0.05 0.03 0.22 0.24 0.01 0.04

16-Pentacosen-8-one 0.94 0.74 0.67 0.73 0.35 0.36

Heptacosene 15.90 29.00 14.20 25.30 36.10 24.70

Heptacosane 0.37 0.20 1.67 1.14 1.82 0.94

Octacosane 0.03 0.02 0.15 0.19 0.04 0.09

18-Heptacosen-10-one 1.17 4.59 0.60 0.88 1.60 1.53

Nonacosene 0.24 0.43 0.29 0.55 1.33 1.05

Nonacosane 0.30 0.27 1.62 1.11 1.22 0.38

Hentriacontene 0.02 0.04 0.04 0.06 0.03 0.08

Hentriacontane 0.07 0.07 0.49 0.43 0.26 0.17

Given are mean and standard deviation (SD) of the percent peak areas

of the different components
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Fig. 1 Results of a reduced major axis linear regression between the

relative amount of a particular component in the hemolymph of a

group of six beewolf females and in the postpharyngeal gland (PPG)

of another group of 37 beewolf females (data Log transformed to

comply with normality assumptions)
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corresponding peaks in the PPG (Fig. 2, Table 2). Again,

the y-intercept and the slope of the RMA regression are

consistent with a direct proportionality of the components’

proportions. Thus, consistent with our prediction, the

chemical compositions of the PPG and the cuticle were

very similar.

For completeness, we also analysed the similarity

between hemolymph and cuticle. We obtained the expected

results: the relative amounts of their components were very

similar and showed a strong association with direct pro-

portionality (Tables 1, 2).

Discussion

The PPG of beewolf females contains predominantly

unbranched unsaturated long-chain hydrocarbons, smaller

amounts of saturated hydrocarbons, and minor amounts of

unsaturated ketones, methyl-alkanes, trace amounts of

saturated ketones, a sesquiterpene, a methylester, and a

long-chain unsaturated alcohol (Strohm et al., 2008). The

PPG of ants also contain mainly hydrocarbons but mostly

saturated and branched hydrocarbons (mono-, di-, and

trimethylalkanes) as well as minor proportions of esters,

and acids (Vander Meer et al., 1982; Hefetz et al., 1992;

Soroker et al., 1995, though ants show some interspecific

variation, e.g., Soroker et al., 1998; Soroker and Hefetz,

2000). The most striking difference in the composition of

the PPG content of beewolves and ants is the occurrence of

small amounts of long-chain unsaturated ketones in bee-

wolves. These ketones have only rarely been described in

nature at all. The function of these ketones in the PPG of

beewolves is not known. Since the PPG secretion is used

by beewolf females to preserve their prey, paralysed hon-

eybees, the ketones might have some antifungal effect.

However, bioassays with the female PPG secretion did not

reveal such a direct chemical effect (Herzner et al., 2007a).

Despite these differences with regard to some minor

components, the chemical composition of the PPG content

of beewolf females broadly resembles that of the PPGs of

ants in that both contain primarily long-chain hydrocarbons

without functional groups.

The prevalence of long-chain unsaturated hydrocarbons

in the PPG of beewolf females as opposed to the branched

alkanes in ants is probably due to their assumed main

function, the preservation of the paralysed honeybees in the

brood cells. This preservation seems to be mainly accom-

plished by a physical mechanism (Herzner and Strohm,

2007). The secretion prevents the condensation of water on

the bees and, thus, impairs the growth conditions for fungi.

The molecular mechanism is as yet unclear. Presumably,

the PPG secretion covers structures on the paralysed bee

that would otherwise function as effective nuclei for the

condensation of water. Scanning electron microscopy

revealed that the PPG secretion forms a contiguous layer

over the whole surface of the prey. Unsaturated long-chain

hydrocarbons might be ideal compounds to build up such a

contiguous coating (Herzner and Strohm, 2007, 2008).

Thus, the predominance of alkenes in beewolves instead of

alkanes and methylalkanes found in ant PPGs may be the

result of natural selection for a secretion with particular

physicochemical properties that is effective in preserving

the prey from fungus growth. We conclude that the small

differences in PPG chemistry between beewolves and ants

Table 2 Results of the RMA regression analysis of the chemical composition of the hemolymph, PPG content, and gaster cuticle of female

European beewolves

y-intercept (95% CI) Slope (95% CI) R P

Hemolymph vs. PPG -0.10 (-0.29, 0.09) 1.16 (0.95, 1.49) 0.89 \0.001

PPG vs. cuticle 0.062 (-0.11, 0.23) 1.06 (0.84, 1.27) 0.91 \0.001

Hemolymph vs. cuticle 0.036 (-0.20, 0.27) 0.81 (0.58, 1.05) 0.80 \0.001

Given are the y-intercept and its 95% confidence intervals (CI), the slope and its 95% confidence intervals, the correlation coefficient R and the

significance level P. N = 21 peaks in all cases. In all cases the 95% CIs of the y-intercept include zero and the 95% confidence intervals of the

slopes include one and, thus, suggest direct proportionality
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Fig. 2 Results of a reduced major axis linear regression between the

relative amount of a particular component in the PPG and on the

cuticle (gaster) of the same 37 beewolf females (data Log transformed

to comply with normality assumptions)
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are due to differences in the function of the secretion. This

does not contradict a similar basic physiology of the gland

in both taxa and is consistent with our first prediction of an

overall similarity of chemical compounds of the PPG of

beewolves and ants.

The hydrocarbon profiles of both the cuticle and the

hemolymph of beewolf females appear to be nearly iden-

tical to the profile of the PPG. These results suggest that the

content of the PPG is sequestered from the hemolymph. It

can be estimated that a beewolf female has to produce a

mean amount of about 300 lg of PPG secretion per day

(the average number of bees hunted per day is three

(Strohm and Linsenmair, 1997) and the average amount of

PPG secretion on a bee is about 100 lg (Herzner et al.,

2007a). The PPG is basically a glove-like structure without

any distinct glandular cells associated with this reservoir.

Moreover, the walls of the PPG are formed by a thin

monolayered epithelium (Strohm et al., 2007) that does not

show any obvious signs of a high metabolic activity like

multiple nucleoli. Therefore, it is unlikely that the epithe-

lium has the capacity to synthesize the large amounts of

hydrocarbons required for prey preservation. Most proba-

bly, the compounds are synthesised in oenocytes in the fat

body and are transported to the PPG via the hemolymph as

has been suggested for ants (Soroker et al., 1995; Soroker

and Hefetz, 2000; Lenoir et al., 1999; Lucas et al., 2004;

Eelen et al., 2006). This strongly supports our second

prediction, that the content of the PPG is sequestered from

the hemolymph. Likewise, our results suggest that the same

hydrocarbons are transported to the cuticular epithelium by

the hemolymph and are secreted onto the cuticle as has

been shown in several insects besides ants (Schal et al.,

1998; Fan et al., 2003) or that cuticular hydrocarbons from

the PPG are spread over the surface during grooming.

Thus, the third prediction of a similarity between the PPG

profile and the cuticle is also supported.

Our results on the chemical composition of the PPG

content, its congruency with both the hemolymph and the

cuticle, and the probable sequestration of the chemicals

into the PPG from the hemolymph are consistent with the

hypothesis that the PPGs of beewolves and ants are

homologous. This conclusion is supported by the similar-

ities in location, morphology, and ultrastructure as well as

the involvement of the PPG in a grooming-like behaviour

both in beewolves and ants (Strohm et al., 2007; Strohm

and Linsenmair, 2001). Thus, the view of the PPG in ants

as an organ that might have evolved de novo in response to

the requirements of the social lifestyle has probably to be

revised. Our results strongly suggest that the PPG was

already present in a common ancestor of ants and

beewolves.

Still, the alternative explanation that the occurrence of

such similar organs in distant taxa is the result of

convergent evolution cannot be finally rejected. Assuming

that no other taxa of the Hymenoptera possess a PPG, a homo-

logous origin would mean that the organ was lost in all taxa

except beewolves and ants (Strohm et al., 2007). A priori,

this seems rather unlikely. Thus, a final conclusion about a

homologous origin might have to be postponed until other

taxa have been checked for a PPG.
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