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Abstract
The Stenogastrinae wasps have been proposed as a key group for an understanding of social evolution in insects, but the phylogeny of the group
is still under discussion. The use of chemical characters, in particular cuticular hydrocarbons, for insect taxonomy is relatively recent and only a
few studies have been conducted on the cuticular polar substances. In this work, we ascertain, by the matrix-assisted laser desorption ionization-
time of flight mass spectrometry technique, that different species of primitively eusocial hover wasps have different compositions of the
epicuticular polar compounds ranging from 900 to 3600 Da. General linear model analysis and discriminant analysis showed that the average
spectral profiles of this fraction can be diagnostic for identification of the species. Moreover, for the first time we show population diversification
in the medium MW polar cuticular mixtures in insects. In conclusion, the results demonstrate that the chemical characters are consistent with the
physical characters and the study support the importance of medium MW polar substances as powerful tools for systematics (chemosystematics)
and chemical ecology (fertility signal and population characterization) in a primitively social insect taxon.
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Introduction

The Stenogastrinae wasps (Hymenoptera, Vespidae) are a taxon
of approximately 58 described species in seven genera inhabiting
the forests of South-east Asia from South India to New Guinea

and fromVietnam to Indonesia (Carpenter and Starr 2000). The
largest genera are Eustenogaster van der Vecht, 1969, Lioste-
nogaster van der Vecht, 1969 and Parischnogaster von Schulth-

ess, 1914 all distributed in the Oriental Region. These wasps,
owing to their small colonies and primitive social organization,
have been proposed as a key group for an understanding of

origin and social evolution in insects (Yoshikawa et al. 1969;
West-Eberhard 1978; Turillazzi and Pardi 1982; Turillazzi
1991), and several of their features are considered important in
promoting or limiting their social evolution [e.g. poor quality of

nest material, (Hansell 1987); elaborate larval rearing, (Turi-
llazzi 1989); ensured fitness returns and long larval develop-
mental times, (Field et al. 2000)].

The phylogeny of the group is not completely clear: the
prevailing view (Carpenter 1982, 1988) is that the three
subfamilies of social wasps form a monophyletic group with

the hover wasps as a sister group of the other two social vespid
subfamilies Polistinae and Vespinae. However, a recent study
by Hines et al. (2007), comparing mitochondrial and nuclear
DNA, indicated a clade composed of these three subfamilies as

non-monophyletic and implied a separate route to eusociality
for the Stenogastrinae. Hence, the systematics of the group is
not yet complete: 58 species in seven genera are currently

recognized (Carpenter 2001). The genus Eustenogaster van der
Vecht was recently revised (Saito and Kojima 2007), but the

genera with the highest number of species (Liostenogaster van
der Vecht, 1969, and Parischnogaster von Schulthess, 1914)
still lack a published revision. Classic taxonomic methods

based on differences in morphological character sets continue
to be powerful tools for the discrimination of species.
Nevertheless, in the Stenogastrinae, characters of nest archi-

tecture have also been used to discriminate among very similar
species (Sakagami and Yoshikawa 1968). The use of chemical
characters for insect taxonomy is relatively recent. In partic-
ular, the cuticular hydrocarbon composition has been assessed

as a possible chemotaxonomic character in several taxa, such
as mosquitoes (Carlson et al. 1997), beetles (Page et al. 1997),
grasshoppers (Chapman et al. 1995), butterflies (Dapporto

2007) and, among social insects, ants (Vander Meer 1986), bees
(Blum et al. 2000) and termites (Haverty et al. 2000, 2005).
Besides having genetic determinants, these compounds are also

used in communication and thus may represent a interesting
link between DNA and ecological and behavioural traits
typical of each species (see Dapporto et al. 2004a,b,c for social

wasps). However, hydrocarbons are not the exclusive compo-
nents of the superficial cuticular layer of insects and more
precisely of wasps. In fact, mass spectrometry analysis of
cuticular methanol extracts from Polistes paper wasps showed

a complex pattern of polar substances (Dapporto et al. 2008),
including substances similar in part to those found in the
medium molecular weight fraction of venoms of various

species (Turillazzi et al. 2007). Moreover, it has been also
demonstrated that cuticular hydrocarbons may derive directly
from prey and thus may be strongly dependent on environ-

mental factors (Liang and Silverman 2000). Conversely,
venom and cuticular peptides are likely produced directly by
protein synthesis and may represent a more stable indication

of phylogenetic relationships.
The aims of the present study were to ascertain whether

medium molecular weight polar compounds are present on the
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cuticle of hover wasps and, if so, whether they have a species-
specific composition and could possibly be used to discrimi-
nate between different taxa. We used the matrix-assisted laser

desorption ionization-time of flight mass spectrometry (MAL-
DI-TOF MS) technique to determine the reference spectra
(profiling) of the cuticular layer of some species belonging to

three genera of Stenogastrinae. Peptide mapping and spectra
profiling using MALDI-TOF MS analysis and other MS
techniques have already been used to demonstrate differences
between individuals belonging to the same species (Jakubowski

et al. 2005) or to establish the phylogenetic relationships
among various species belonging to the same taxonomic group
(Serrao Wermelinger et al. 2005). In social Vespidae, MS

techniques have been employed for the study of medium MW
venom fractions from some species of social wasps (Turillazzi
et al. 2007) and for the characterization of the main allergens

of the venoms of various species (Kolarich et al. 2005).
Recently, our group used GC–MS techniques to characterize
volatile hydrocarbons and other apolar compounds of the

venom of Polistes wasps (Bruschini et al. 2006a,b, 2007). The
MALDI technique requires very low amounts of substance,
allowing us to perform analyses, in a very short time, of the
epicuticular polar substances of single individuals belonging to

each examined species. In this paper, we report the results
obtained from analyses of epicuticular polar odours ranging
from 900 to 3000 Da collected from 11 tropical hover wasp

species belonging to the three large genera of this subfamily.

Materials and Methods

Species analyses

The subfamily Stenogastrinae, whose distribution is limited to South-
east Asia and Papuan regions, includes species with a primitive social
organization. The largest genera are Eustenogaster, Liostenogaster and
Parischnogaster. The cuticular compounds of the following steno-
gastrine species were analysed for medium molecular weight polar
chemicals: Eustenogaster calyptodoma (Sakagami and Yoshikawa
1968), Eustenogaster micans (de Saussure, 1852), Liostenogaster
campanulae (Turillazzi, 1999), Liostenogaster flavolineata (Cameron,
1902), Liostenogaster topographica (Turillazzi, 1999), Liostenogaster
vechti (Turillazzi, 1988), Parischnogaster alternata (Sakagami, 1969),
Parischnogaster mellyi (de Saussure, 1852), Parischnogaster jacobsoni
(du Buysson, 1913), P. sp, Parischnogaster striatula (du Buysson,1905).
All samples were collected in Pahang State in peninsular Malaysia
during February–March 2008 (Table S1). As nest architecture is
important for species identification, we collected specimens directly on
the comb. Since male wasps disperse early after emergence, we focused
on females. Some specimens were collected at various sites on Fraser�s
Hill (locality E–F), others at various localities around Kuala Lumpur:
Ulu Langat (locality G), Ulu Gombak (locality B), Genting Sempah
(locality C), Janda Baik (locality A) and Genting Highland (locality
D). We collected 12 females of each species from 12 different colonies
and we killed them by freezing soon after capture. Each wasp was later
rinsed in 300 ll of methanol for 3 min to extract the epicuticular
polar compounds. Finally, we dissected all the females to determine the
stage of ovarian development, measured as the average length of the
six largest oocytes present in the ovarioles using a micrometer eye
piece.

Mass spectrometry analyses

The matrix for MALDI-TOF experiments was a solution of HCCA
(10 mg ml)1) in acetonitrile and 0.1% TFA in water (1 : 1, v:v). A 1 ll
volume of the peptide solution was mixed with MALDI matrix (1 : 1,
v:v), and the mixture was transferred to a stainless steel target; the
droplet was allowed to evaporate before the target was introduced into
the mass spectrometer. The stainless steel target, prepared with all the

samples, was analysed using an automatic procedure available on the
MALDI mass spectrometer to standardize the results.

Methanol extracts from each individual wasp were analysed with a
MALDI Ultraflex TOF⁄TOF (Bruker Daltonics, Bremen, Germany).
The instrument was operated in positive ion reflector mode. The
accelerating voltage and the Ion Source 2 were set to 25.0 and 21.9 kV,
respectively, and the delay time was 20 ns; 800 shots were automat-
ically accumulated for each spectrum. External calibration was
performed using the Bruker Standard Peptide Calibration kit (Bruker
Daltonics, Bremen, Germany).

We also performed an internal calibration using the flex analysis

software by Bruker Daltonics, Bremer, Germany, as we had the exact
mass of two peptides (1854 and 1909 Da) identified in the venom of the
paper wasp Polistes dominulus. Calibrated spectra were imported into
the clinprotools

� (cpt) software (Bruker Daltonics, Bremen,
Germany) and processed with a procedure suggested by the software
manual and similar to that used by Zhang et al. (2004) for profiling
potential biomarkers in the plasma of asthma patients and to that of a
previous study in our laboratory on cuticular and venom peptides
(Turillazzi et al. 2006). The program calculates the areas of the most
important peaks that may account for statistical differences between
various species. This data set was used for statistical analyses using spss

13 for Windows (SSPS, Inc., Chicago, IL, USA).

Statistical analyses

We first determined the percentage of each peak area with respect to
the total of all peaks and then we log transformed it. We performed a
principal components analysis (PCA) to reduce the number of
variables subsequently used in general linear model (GLM) analysis
and discriminant analysis (DA). Exclusion of variables was based on
the anti-image matrix value of each variable. Those lower than 0.2
were excluded and subsequently included as independent variables in
GLM and DA. We varimax-rotated the components. The Kaiser–
Meyer–Olkin (KMO) test was used to evaluate the sampling adequacy.

To identify which compounds are important for discrimination, a
multivariate GLM was performed. Species, ovary index and prove-
nience were used as independent variables and the percentages of each
compound as dependent variables. The importance of peaks for
discrimination was evaluated in terms of the relative magnitude of
F-values.

We randomly selected two specimens from each species sample as a
cross-validation test sample and used the other 10 specimens per
species to create a stepwise discriminant function model aimed at
verifying whether the predefined group (species) could be discriminated
on the basis of the chemical profiles obtained by MALDI-TOF
analysis. DA was performed on the reduced set of factor scores
obtained from PCA so as to obtain a more conservative analysis
performed on a smaller number of predictor variables. The significance
of Wilks� lambda and the percentage of correct assignments were used
to estimate the validity of the discriminant functions. Moreover, using
the same discriminant functions, we classified the cross-validation
specimens inserted in the analysis as unnamed cases. The percentage of
blind cases correctly assigned to their species was used as a definitive
indication of the validity of the analysis in assigning specimens to their
species on the basis of chemical composition. Finally, a cluster
analysis, using the average linkage (between group) method and
squared Euclidean distance among chemicals as a dissimilarity
measure, was used to group the samples in a tree.

Results

We obtained useful chemical samples from 92 animals out of

131; 14 did not give good spectra and 17 had spectra which
could not be calibrated by CPT. With a signal-to-noise
threshold of 4.0 (on average spectrum) and a relative threshold

base peak of 0.001, the software found 62 peaks, with
molecular weight ranging from 1040 to 3522 Da (as z = 1,
values of m⁄z are reported in equivalent Daltons) (Table S2

and Fig. 1). At present, we have no information about the
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chemical nature of the detected compounds and their source.

Preliminary analyses performed on the venom of some species
indicated that most of the compounds found on the cuticle and
extracted in methanol came from that secretion, as occurs in

Polistes wasps (Turillazzi et al. 2006).
After two peaks (corresponding to 1490 and 2075 Da) that

did not greatly contribute to the correlation matrix were

removed, the PCA extracted 15 PCs (Table S3) that explained
88.10% of the total variance with a KMO of 0.523. A
multivariate GLM performed on the whole data set showed
that the species strongly differ in their epicuticular profiles. All

the 15 PCs generated by PCA showed significant differences
except PC3 and PC14 (see Table S4). Conversely, ovarian
development influenced the presence of a few chemical

compounds, mainly PC7 (F = 11.968, p = 0.01) and PC8
(F = 6.386, p = 0.014) (Table S4). However, an in-depth
analysis revealed that ovarian development affected medium

MW compounds (1624, 1731, 1887 and 1909 represented in
PC7) only in L. topographica (Fig. 2). After L. topographica
was removed from the GLM analysis, ovarian development
lost any effect on the epicuticular profiling of the other 10

species. Several components (PC2, PC6, PC8, PC11 and PC12)
also showed some influence of wasp provenience (Table S4).
Discriminant analysis, using the PC scores and the two

compounds not entered in the PCA as species predictors,
correctly assigned 93% of the females to their species
(Function 1: Wilks� k = 0.121, p < 0.000 explained variance

48.71%; Function 2: Wilks� k = 0.023, p < 0.000 explained
variance 22.4%, Fig. 3). In particular, all specimens were
correctly discriminated except those of L. campanulae (con-
fused at 50% with L. flavolineata and vice versa) and one

individual of Parischnogaster sp. (confused with L. flavoline-
ata). In the cross-validation sample, only three of 22 cases were
misclassified: one Parischnogaster sp. individual was classified

as P. jacobsoni and two L. topographica as E. calyptodoma.
Cluster analysis, performed by average linkage between

groups and using squared Euclidean distance, provided a

dendrogram in which relative distances among the 11 species
of Stenogastrinae were determined by the distances among
their chemical profiles (Fig. 4). In this analysis, the grouping

into genera is very good, except for L. topographica which was
erroneously placed with Eustenogaster species. In this dendo-
gram, distances among different taxa overlapped quite well
with those obtained by cladistic studies (Carpenter 1988), even

if the cluster analysis groups Eustenogaster and Liostenogaster,
while in the cladogram Liostenogaster is the sister-group of all
other genera.

Discussion

The present study shows that different species of primitively
eusocial hover wasps have different compositions of the
epicuticular compounds ranging from 900 to 3600 Da MW.

Since the main differences appear to be closely related to
species, as suggested by the high number of discriminatory
peaks and the high F-values in the GLM analysis, we can

Fig. 1. Average spectra of epicuticular samples from the 11 species
(12 samples each) belonging to three genera, Parischnogaster, Lioste-
nogaster and Eustenogaster, obtained with the Centricon-based
approach
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Fig. 2. Correlation between the ovarian development of L. topo-
graphica (squares) samples and PC7 (representing the medium MW
compounds 1624, 1731, 1887 and 1909). The plot also shows that the
ovarian development of the other 10 species (circles) had no effect on
the compounds represented in PC7
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conclude that average spectral profiles of this fraction can be

diagnostic for species identification. Indeed, most of the
species were perfectly identified and unnamed specimens were
all assigned to their correct group. However, the model was

unable to correctly discriminate between L. campanulae and L.
flavolineata, probably due to their very close phylogenetic
relationship. Moreover, L. topographica was grouped near
Eustenogaster species rather than other species of its genus.

This erroneous classification may be as simple as the fact that
the clustering method employed was not phylogenetic, it was
phenetic, which may not necessarily show phylogenetic rela-

tionship. Moreover, L. topographica presents some peculiari-
ties with respect to other species of Liostenogaster; for
example, it builds a quite particular nest and has the largest

colonies in terms of individuals of all the hover wasps.
Compositional differences were also found in the hydrocar-

bons present in the venom sacs of seven species of Stenogas-
trinae wasps (Dani et al. 1998), although the data were not

subjected to multivariate statistics. However, proteinaceous
components like medium MW compounds, as we emphasized
in the Introduction, are probably more precise tools for

systematics than hydrocarbons (Turillazzi et al. 2007).

Nevertheless, GLM analysis showed small differences

between populations collected at different sites, suggesting a
minor influence of some ecological determinants, such as food
or materials used to construct the nest. Such differences in

cuticular hydrocarbons have been highlighted among popula-
tions of Polistes paper wasps (Dapporto et al. 2004a,b,c). The
differences among the Stenogastrinae populations, in our
study, are the first evidence of population diversification in

medium MW polar cuticular mixtures in insects. It is not
known whether hover wasps perceive and respond to geo-
graphical diversification of cuticular mixtures, although the

perception of population differences could be one of the
mechanisms that allow differential mate-choice and speciation
(Gemeno et al. 2000; Krokos et al. 2002; Dapporto et al.

2004a; Dapporto 2007).
Finally, the degree of ovarian development seems to have

had no influence on the epicuticular profiles of all investigated
species except L. topographica (whereas it seems to influence

cuticular hydrocarbons in some of the same species, cf.
Turillazzi et al. 2004). In L. topographica, the amounts of four
main compounds of the cuticular polar profile showed a clear

correlation with ovarian development, suggesting that these
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substances function as a fertility signal in this species. Yet, the
presence of a fertility signal in Stenogastrinae is unexpected,
since these wasps have a simple social structure and the

number of females within the colonies is low compared with
other social wasps. In species with a similar social structure,
direct physical interactions, rather than pheromonal commu-

nication, are expected to act as social regulators (Jeanne 1991).
Moreover, individuals with developed ovaries form a high
percentage of colonial populations of various stenogastrine
species, and this is a sign of primitive social organization

(Turillazzi 1991). However, as we already pointed out, L.
topographica is the species with the highest number of females
living together on the nest among all Stenogastrinae wasps

(Baracchi et al. 2009), and thus the possible presence of a
fertility signal in this species is intriguing. Although no specific
studies have been carried out to verify whether insects are able

to use polar cuticular compounds in communication, a caste-
specific profile was demonstrated in P. dominulus (Dapporto
et al. 2008) and the existence of proteinaceous polar phero-

mones to identify queen-laid larvae from worker-laid ones has
been suggested in fire ants (Klobuchar and Deslippe 2002).
Further observations and behavioural experiments on L.
topographica are necessary to ascertain the genetic structure

of the colonies and to determine if cuticular compounds
constitute a fertility signal in this species.

In conclusion, the results demonstrate that the chemical

characters are consistent with the physical characters and the
study support the importance of medium MW polar sub-
stances as powerful tools for systematics (chemosystematics)

and chemical ecology (fertility signal and population charac-
terization) in a primitively social insect taxon.
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Riassunto

I composti polari epicuticolari di medio peso molecolare come strumento
d�indagine nella tassonomia, nella sistematica e nell�ecologia chimica
delle vespe Stenogastrinae

Le vespe primitivamente eusociali della sottofamiglia delle Stenogas-
trinae sono state proposte come gruppo chiave per lo studio
dell�evoluzione della socialità negli insetti. Ancora oggi, però, la
filogenesi del gruppo rimane incerta e discussa. Sebbene l�uso dei
caratteri chimici, e in particolare degli idrocarburi cuticolari, negli
studi tassonomici sugli insetti sia ben noto, seppur di recente
applicazione, sono ancora pochi gli studi condotti sulle sostanze
cuticolari di natura polare. In questo lavoro abbiamo saggiato,
mediante tecniche di spettrometria di massa (MALDI-TOF MS), la
presenza di composti polari cuticolari di massa compresa tra i 900 e i
3600 (probabilmente provenienti dal veleno) sulla cuticola di alcune
specie di vespe stenogastrine. Analisi statistiche multivariate hanno
dimostrato che lo spettro medio dei profili chimici nel range da noi
indagato può essere utilizzato per l�identificazione delle specie e la
nostra ricerca propone questo metodo come un potente strumento
non solo per studi di tassonomia (chemotassonomia) ma anche per

studi di sistematica e di ecologia chimica (es. segnali di fertilità e
differenze intra-popolazioni) nei taxon di insetti primitivamente
eusociali.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Table S1. Number of individuals, number of nests from
which they originated, number of individuals of known
ovarian development (Ovd) and collection localities for the
11 species investigated.

Table S2. List of the 62 main MALDI-TOF peaks, ranging
from 1040 to 3522 m⁄z, identified by the CPT in 11 stenogas-
trine species. As z = 1, values of m⁄z are in equivalent Daltons.

Table S3. Factor loadings (with varimax rotation). In the
principal components (PC), only loadings >0.500 are shown
(e.v. = explained variance).

Table S4. GLM analysis results: the table reports the 15
principal components (PCs) and their correlation with ovarian
development, provenience and species. F-values and signifi-

cance level: *p < 0.05; **p < 0.001.
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