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Abstract In the course of our studies on the chemical
ecology of the widely distributed Mediterranean ant
Aphaenogaster senilis, we found that trail following is
triggered by extracts of the poison gland and Dufour’s
gland. To assess the specificity of the trail pheromone, we
examined whether a cross-reaction exists between trails of
A. senilis and the closely related species A. iberica. Spec-
ificity seemed to differ amongst these two species, because
workers of A. senilis did not follow trails of A. iberica,
whereas the latter followed trails made by both species.
Chemical analyses of the glandular contents reveal that
Dufour’s glands of both species contain mainly alkanes and
alkenes exhibiting species-specific profiles. However, dif-
ferences in the poison gland content of the two species
were dramatic, with A. senilis showing high amounts of
alkaloids that were completely absent in A. iberica.
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Introduction

Recruitment is a key process in ant foraging activity, in which
a worker, having encountered a valuable food source, com-
municates its location to nestmates to enhance the efficiency
of food exploitation. The great diversity of recruitment
modalities has been classified into three main categories by
Wilson (1971): tandem running [e.g. in Temnothorax albi-
pennis (Franks and Richardson 2006)], in which nestmates
are recruited individually; group recruitment [e.g. in Camp-
onotus cruentatus (Boulay et al. 2007a) or Aphaenogaster
senilis (Cerda et al. 2009)], in which a recruiter leads a small
group of nestmates to the food source; and mass recruitment,
in which a large number of individuals are mobilized to
dominate an important food source [for a recent review and
discussion see Dornhaus and Powell (2010)].

Chemical signals, often coupled with behavioural dis-
plays, are an important component of all the above
recruitment modalities. These can be deposited by the
recruiting ant either upon her return from the source to the
nest (mass recruitment) or whilst she is leading her nest-
mates from the nest to the source (tandem running and
group recruitment). These pheromones generally have a
dual effect on the recruited ants, both triggering them to
exit the nest and orienting them towards the resource.
Trail-laying pheromones are chemically very diverse,
produced by a plethora of glands, and have been identified
in several ant species (Morgan 2009).

In the present laboratory study, we analysed the trail-
laying behaviour of foragers of A. senilis and the closely
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related species, A. iberica. We also examined whether
Dufour’s gland and the poison gland, which are considered
to be the putative origin of trail pheromones in other
Aphaenogaster species (Attygalle et al. 1998), are also the
glandular source in the two species studied here. We
analysed the chemistry and species specificity of trail-
following pheromones of both species.

Materials and methods
Ant collection and maintenance in the laboratory

We collected four colonies of A. senilis and four colonies
of A. iberica from the Parque Nacional de Dofiana (Las
Beles, 36°58'53"N, 6°29'11”"W, Huelva Province, Spain)
and Parque Natural de la Sierra d’Espada (Naquera,
3°39/27"N, 0°25'32"W, Valencia Province, Spain),
respectively. All colonies had a queen and abundant brood.
They were maintained in artificial nests composed of a
plastic box (29 x 27 x 9 cm) containing two to three
20 x 2 cm test tubes half-filled with water. Each nest was
connected through a plastic tube to a large foraging arena
(340 x 58 x 8 cm), the edges of which were coated with
fluon®. A feeder was located in this arena at 2 m from the
nest entrance, where food (mealworms and honey) was
deposited twice a week ad libitum. The room temperature
was maintained at 25 £ 1°C on a 12:12 LD regime. All
experiments were performed between 9:00 and 16:00 h,
during the natural activity period of the ants.

Glandular origin of the trail pheromones in A. senilis
and A. iberica

A classical bioassay was used to determine the glandular
origin and species specificity of the trail-laying pheromones
(Moser and Blum 1963; Lenoir et al. 1992); discussion in
(Morgan 2009). A paper sheet (21 x 29.7 cm), on which a
20-cm long line had been drawn with a pencil, was placed
on the floor of the foraging arena. All the extracts were
prepared from randomly chosen ants in the foraging arena
that were killed by freezing at —20°C for 10 min.

We pooled 20 heads, thoraces (plus legs) or abdomen in
1 ml of pentane. For glandular extracts, glands were
excised in distilled water. Twenty glands were pooled in
1 ml of pentane; 50 pl of extract (equivalent to one ant
content) in pentane or pentane alone (control) was
deposited along the line. After a delay of 20 s (solvent
evaporation), the ants that followed the artificial trail for at
least 2 cm were recorded for 3 min. Controls with pentane
were performed in random sequences with the test mate-
rial throughout the experiments for all colonies. All the
experiments were repeated 12—15 times, with no more
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than two repetitions on the same day using the same
colony.

In a first series of experiments, we tested trail-following
behaviour using extracts of head, thorax (+legs) or abdo-
mens of A. senilis. Subsequently, extracts of Dufour’s
gland or the poison gland were tested separately or in
concert for both species. We also examined whether cross-
reactivity existed between the trails of both species.

Chemical analyses

For chemical analyses, we used extracts of 20 glands in
50 pl pentane, of which 2 pl was injected into a Perkin
Elmer GC/MS operating at 70 eV. Separations were
achieved using a DB-5 fused silica capillary column,
temperature programmed from 50°C (2 min hold) to 300°C
at 6°C/min, and held at 300°C for the last 10 min. A second
set of analyses was carried out using an HP6890 gas
chromatograph (Agilent) linked to a mass spectrometer
VG70/250 SE (Vacuum Generators). Volatiles were sepa-
rated with a 30 m x 0.25 mm fused silica capillary BPXS5
(SGE) that was temperature programmed from 60°C
(3 min hold) to 280°C at 5°C/min.

We also analysed glands of ants collected from other
areas in Spain to determine any possible geographical
variations in gland contents.

Statistics

The numbers of ants that followed the artificial trails were
compared between treatments by Kruskall-Wallis and
Mann—Whitney tests. We used hierarchical cluster analysis
(Euclidian distance, Ward method) for comparing the
glandular chemical profiles, and Mann—Whitney test to
compare the different categories (alkanes, alkenes and
alkaloids) and groups of C15-, C17-, C19-hydrocarbons of
the glandular contents.

Results

Glandular origin of the trail pheromones in A. senilis
and A. iberica

Significantly more workers of A. senilis followed abdom-
inal extracts as compared to extracts of either head or
thorax or the pentane control (10.93 + 3.46, 4.73 £ 2.23,
1.63 £ 1.07 mean £ SD, respectively; Kruskall-Wallis
P < 0.05). This clearly indicated that the trail-following
pheromone was produced or stored in the abdominal
glands. Although we did not test this specifically, we
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hypothesized that A. iberica likewise utilizes its abdominal
glands for trail marking.

Workers of A. senilis followed an artificial trail made of
extracts of either Dufour’s gland or the poison gland of
conspecifics in larger numbers as compared to those fol-
lowing the pentane control (Fig. la). There was no
synergistic effect when both glandular extracts were
co-deposited as a trail. Cross-experiments showed that
A. senilis ants did not follow trails prepared from A. iberica
glands.

Figure 1b shows that A. iberica workers followed
marked trails irrespective of their glandular origin or
whether they were prepared from conspecific or hetero-
specific ants. Notably, the overall trail following of
A. iberica workers was much weaker (at 40% level) as
compared to workers of A. senilis (see Fig. 1a).
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Fig. 1 Box plot showing the number of ants following an artificial
trail made with DG Dufour gland, PG poison gland or DG + PG of
Asen (A. senilis) or Aibe (A. iberica). a Responses of A. senilis,
b responses of A. iberica. Different letters indicate significant
differences with Mann—Whitney U test

Chemical composition of Dufour’s gland and poison
gland secretions

The chemical composition of volatiles contained in
Dufour’s gland and in the poison gland of both species is
given in Table 1. Dufour’s gland secretions mainly com-
prised straight chain hydrocarbons with uneven numbers of
carbons. Alkenes dominated in both species (60-70%),
whilst the ratios between alkenes and alkanes was similar
(Mann—Whitney test, P = 0.40 for alkenes and P = 0.30
for alkanes). Nonetheless, the profiles of the two species
differed: in A. senilis amounts of C15-, C17- and C19-
hydrocarbons were about 20-35% of the total amount of
volatiles, confirming previous results (Boulay et al. 2007a),
whereas in A. iberica C17-hydrocarbons constituted the
major components (60%), with <5% of C19-homologues.
Differences between the hydrocarbon patterns were found
to be significant between the two species (Mann—Whitney
test, P = 0.05 for C15, P < 0.001 for C17 and P < 0.001
for C19 groups), which was well represented in the
dendrogram resulting from cluster analysis. There were no
intraspecific differences related to geographic locations
including Tenerife Island (Fig. 2a).

The poison gland of A. senilis workers was found to be a
“bomb” of alkaloids containing a total of about 85-98% in
some glands. The main alkaloid was anabaseine (3,4,5,6-
tetrahydro-2,3’-bipyridine), which represented about two-
thirds of the glandular content. Anabaseine was accompa-
nied by minor amounts of other alkaloids including
anabasine, 2,3'-bipyridine, and several as yet unidentified
alkaloids. The alkaloids were accompanied by small
amounts of alkanes (7%) and alkenes (6%). In very old
workers, the glandular content changed considerably in
colour and volume (Ichinose and Lenoir 2009), but we did
not investigate whether this reflected changes in the
chemistry. Surprisingly, the poison glands of A. iberica
contained no alkaloids, but were mainly composed of
hydrocarbons, the pattern of which resembled that of
Dufour’s gland. Accordingly, the two species readily sep-
arated as two clusters in the dendrogram, again without
differences within the species along geographic locations
(Fig. 2b).

Discussion

Our experiments with artificial trails indicate the gaster to
be the source of the pheromone. In various Aphaenogaster
species, the poison gland is the source of the trail phero-
mone, whereas Dufour’s gland elicits no noticeable
response (Attygalle et al. 1998). Both A. senilis and
A. iberica seem to diverge from this scheme since they
equally followed extracts of the two abdominal glands. The
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Table 1 Relative amounts (mean £ SE) of the content of Dufour’s gland (DG) and poison gland (PG) of A. senilis (A. seni) and A. iberica (A.
iber)

Name DG A. seni (n = 6) DG A. iber (n = 15) PG A. seni (n = 20) PG A. iber (n = 12)
C10 nd nd 1 3
Limonene nd nd nd 4
Nonanal 3 3 nd 4
Cl1 1 2 1 5
Decanal nd 2 nd 2
Cl12:1 nd nd nd 3
Cl12 1 2-3 2 4
Cl3:1a 1 1 nd nd
C13:1b 2 2 nd nd
C13 3 3 2 4
5MeC13 1 1 nd 2
3MeC13 2 2 nd 1
Cl4:1 3 2 nd 1
Cl4 3 4 3 6
Anabasine nd nd nd
Alkaloid® nd nd 6 nd
C15:2 2 2-3 nd nd
Cl5:1 a 4 5 1 4
o-Farnesene 1 nd nd nd
Cl5:1b 8 4 nd nd
Cl15 7-8 7-8 4 7
2,3’-Bipyridine nd nd 3 nd
Anabaseine nd nd 9 nd
TMeC15 1-2 1 nd nd
5MeC15 3 1 nd nd
3MeCl15 34 1 nd nd
Cl6:1a 2 3 nd 4
Alkaloid® nd nd 6 nd
Cl6:1 b 1 4 nd nd
Tetradecanal 1 1 nd nd
Cl6 3 3 3 4
Alkaloid® nd nd 5-6 nd
4MeCl6 2 2 nd nd
Cl7:2 a 4 3 2-3 6-7
Cl17:2b 4 8 nd nd
Cl7:1 a 5 9 2 8
Cl7:1 b 3 2 nd
C17 6 4 3 5
9 4+ 7TMeC17 1 1 nd nd
Alkaloid® nd nd 1 nd
5MeC17 2 nd nd
C18:2 2 nd nd
Cl8:1 a 3 2 1 3
Cl18:1 b 2 nd nd nd
Pentadecenal 2 1 nd nd
C18 3 3 1-2 4
4 + 8MeCl18 2 1 nd nd
Hexadecanal 1 nd nd nd
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Table 1 continued

Name DG A. seni (n = 6) DG A. iber (n = 15) PG A. seni (n = 20) PG A. iber (n = 12)
Cl9:2 a 3 nd 34 34

C19:2 b 7-8 2 nd nd

Cl19:1 8 4-5

C19 2-3 3 2 5

9MeC19 2 nd nd nd

C12:1, dodecene; C15:2, pentadecadiene; SMeC13, 5-methyltridecane, etc.
Not detected = nd, 0.01-0.09% = 1, 0.10-0.49% = 2, 0.50-1.49% = 3, 1.5-3.9% = 4, 4.0-59% = 5, 6.0-9.9% = 6, 10.0-14.9% = 7,

15.0-20.0% = 8, more than 20% = 9

% Compound with unknown structure but uneven molecular weight
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Fig. 2 Dendrogram of Dufour glands (a) and poison glands (b) of
A. senilis and A. iberica (hierarchical cluster analysis, Ward method,
Euclidian distances). Each point is one colony (1 sample or the mean
of 26 extracts). Pen Parque Natural da Peneda-Gerés (Portugal), Nag
Parque Natural de la Sierra d’Espadd, Naquera (Valencia, Spain), Alf
Alfajarin (Zaragoza, Spain), C Canaries (Tenerife Island, Spain),
Andalusia (southern Spain): SN Sierra Nevada, Sev Sevilla, Cor Coria
del Rio, San Sanlucar de Barrameda, D Parque Nacional de Donana,
Las Beles, Con Constantina, Ven Venta

two species differ, however, in their trail specificity.
A. senilis followed only trails deposited by extracts of
conspecifics, whilst A. iberica followed artificial trails
made from extracts of both conspecifics and heterospecif-
ics. The greater response of A. senilis to artificial trails is
intriguing. It is possible that the alkaloids in the poison
gland act as a stimulating agent, resulting in more intensive
recruitment. Alkaloids were also reported to compose the
trail pheromone of A. rudis (Attygalle et al. 1998). In the
poison gland of the two species studied here, we could not
detect 4-methyl-3-heptanone or 1-phenylethanol, which
have been reported to serve as permanent trail pheromones
in Aphaenogaster albisetosa and A. cockerelli (Holldobler
et al. 1995). These species were previously classified
within the genus Novomessor and, therefore, may represent
different lineages within the genus Aphaenogaster.

The less efficient trail-following exhibited by A. iberica
workers suggests a less efficient recruitment system, in line
with the fact that this species has different life traits.
Colonies of A. senilis contain between 200 and 3,000
workers (Ledoux 1971; Boulay et al. 2007b, 2009),
whereas A. iberica colonies are composed of smaller col-
onies (522 + 69 workers, N = 12 colonies, R. Boulay
unpublished data) and have a much smaller area of distri-
bution, which is limited to the more xeric habitats in the
Iberian Peninsula (Espadaler and Riasol 1983) where
pheromone trails evaporate more rapidly (Ruano et al.
2000). On rare occasions, both species can be sympatric
and may compete for similar resources, including insect
corpses, vegetal debris and seeds. Furthermore, the lack of
trail-following specificity shown by A. iberica lends cre-
dence to it being an inefficient recruiter that is somewhat
able to follow short distances of any trail made of hydro-
carbons. We verified that the observed differences in trail
following are not due to differences in gland size.

The poison gland of A. senilis is composed mostly of the
alkaloid anabaseine, accompanied by small amounts of
anabasine and other alkaloids, whilst in A. iberica this
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gland contains only hydrocarbons. Our data on A. senilis
confirm the presence of anabaseine as the major product of
the poison gland (Leclercq et al. 2001). Anabasine and
anabaseine have been found in some Aphaenogaster spe-
cies and in the close genus Messor (Coll et al. 1987; Brand
and Mpura 1993; Jackson et al. 1989; Leclercq et al. 2001;
Cruz-Lopez et al. 2004); however, these alkaloids are
sometimes absent, which can be of taxonomic significance
[see reviews by Braekman et al. (1998); Morgan (2008),
(2009)]. They are present in all Aphaenogaster species
sensu stricto where they have been sought, such as A. rudis
(Attygalle et al. 1998), A. fulva and A. tennesseensis
(Wheeler et al. 1981), A. subterranea and A. miamiana
(Leclercq et al. 2001). The disparity in alkaloid production
between the two closely related species, A. senilis and
A. iberica, raises an evolutionary question as to the selec-
tive pressures that may have induced strong chemical
differences in the poison gland chemistry, but not in that of
Dufour’s gland. Investigations on the ecological signifi-
cance of the alkaloids of A. senilis will be the subject of
future work.
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