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Specificity in biological signalling systems is often important to keep information private. Foragers of
several species of stingless bees deposit chemical marking signals to guide nestmates to food sources.
The markings show species- and colony-specific compositions and primarily attract a bee’s nestmates. An
interesting question is whether the bees innately recognize specific trail markings or learn their
particular composition from nestmates. To investigate this question, we tested whether Scaptotrigona
pectoralis and Scaptotrigona subobscuripennis workers taken from their mother colonies and workers that
emerged from combs transferred to foster colonies of the congeneric species are attracted to the marking
compounds of workers from their natal colony or from the foster colony. A significant majority of
workers were attracted to extracts prepared from foragers of the nest they inhabited, regardless of
whether this was the original mother or the congeneric foster colony. Thus, the preference of stingless
bee workers for specific food-marking scent mixtures is not innate, but is influenced by the odour they
experience within their colony. Despite marked differences in the chemical composition of the scent
marks in labial gland secretions of the two investigated species they also shared some main components.
We hypothesize that recruitment trail information in stingless bees is composed of one or a few key
pheromone compounds acting in conjunction with an additional signature mixture that is species and
colony specific and must be learnt by recruited workers.
� 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The transmission of species-specific information in biological
signalling systems is important in some situations, for example for
finding a conspecific mate by means of sex pheromones, but not in
others, such as in the responses elicited by alarm pheromones
(Wyatt 2003). Privacy is also advantageous for scent marks
deposited by social insect foragers at or around a food source in
order to communicate its location to their nestmates but not to
foragers of other colonies. Not surprisingly, social insects have thus
evolved species- and colony-specific chemical recruitment signals
allowing them to avoid interactions with competitors at resources
(Traniello 1980; Akino & Yamaoka 2005; Jarau 2009; Jarau et al.
2010, 2011; John et al. 2012).

The chemical compounds used for marking by social stingless
bees are mixtures of carboxylic acid alkyl- and terpenyl esters
secreted from the foragers’ labial glands (Jarau et al. 2004, 2006,
2010, 2011; Schorkopf et al. 2007; Barth et al. 2008; Jarau 2009;
Stangler et al. 2009; Lichtenberg et al. 2011). At a resource, bees
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deposit the scent marks that attract additional foragers they had
recruited within the nest, thereby enhancing their domination at
and quick exploitation of the resource (Lindauer & Kerr 1958, 1960;
Jarau et al. 2003; Lichtenberg et al. 2010). Complete scent trails laid
between a food source and the nest are not needed for successful
recruitment (Nieh et al. 2003, 2004a). Rather, just a few chemical
markings at the food sources provide sufficient information for
recruits to find them (Schorkopf et al. 2011). None the less, the
deposited compounds may potentially be detected and exploited
by workers from neighbouring conspecific colonies, or even from
other species with similar food requirements, that eavesdrop on the
information provided (Wyatt 2003; Nieh et al. 2004b; Slaa &
Hughes 2009). Competition for food is generally high among
social insect colonies. Thus, eavesdropping may be a beneficial
strategy to find new food sources with reduced search effort and
increased foraging efficiency (Slaa & Hughes 2009). However,
eavesdropping may impose costs not only for the individuals that
originally deposited the food-marking signals but also for the
eavesdroppers themselves. This is particularly true for social insect
species that aggressively defend resources and for which the
resulting fights lead to the death of many workers, such as in the
stingless bees Trigona corvina or Trigona hyalinata (Jarau et al. 2010;
by Elsevier Ltd. All rights reserved.
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Figure 1. The two stingless bee species used for this study: (a) Scaptotrigona pectoralis
and (b) Scaptotrigona subobscuripennis.
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Lichtenberg et al. 2011). Thus, ‘private’ communication channels by
means of species- and colony-specific compositions of chemical
food markings that attract only a depositor’s own nestmates are
advantageous. Jarau et al. (2010, 2011) indeed found that scent
trails of T. corvina and Scaptotrigona pectoralis are colony specific in
terms of their effectiveness in triggering trail-following behaviour
in recruited bees. The chemical specificity of the scent marks from
different colonies arises from differences in the quantitative
proportions of its single components (Jarau 2009; Jarau et al. 2010;
John et al. 2012). Recently, we found that foragers of S. pectoralis
that were exposed to a specific bouquet of scent mark compounds
during recruitment in the nest were subsequently attracted to it
when searching for food in the field (Reichle et al. 2011). This was
even true when the scent-marking secretion from foragers of
a foreign conspecific colony were presented, indicating that
recruited bees learn the composition of the chemical components
specific to a colony within the nest (Reichle et al. 2011).

Whether learning also plays a role in species-specific scent mark
recognition and when and how the bees learn their colony’s
specific composition of the food site marking secretion remain
interesting questions that need to be answered. The bees might
learn odours from labial gland secretions of adult bees in the larval
stage from the food they encounter within the brood cells, provided
that it contains the crucial compounds, and then show a preference
for the respective odour blend later in life as adults. The influence of
preimaginal learning of olfactory cues on an individual’s host-
searching behaviour as adult has already been demonstrated for
another hymenopteran insect, the parasitoid Hyssopus pallidus
(Gandolfi et al. 2003). Alternatively, bees may learn the chemical
components as adults only after emergence from the brood cells;
for example, guards of the eusocial sweat bee Lasioglossum zephy-
rum learn the odour of their nestmates and use it as a recognition
template to discriminate kin from nonkin (Buckle & Greenberg
1981; Greenberg 1988). Stingless bees mass provision their brood
cells, close them after an egg has been laid by the queen, and larvae
and pupae develop without any direct contact with the adult
individuals of a colony. Therefore, it should be possible to distin-
guish between the two alternatives for odour learning, that is,
during either the immature or the adult stage, as well as learning by
innate recognition.

In the present study, we investigated whether workers of
S. pectoralis and Scaptotrigona subobscuripennis, which emerged
from brood cells that we transferred to a colony of the respective
congeneric species, showed a preference for their own species’
scent marks or for the foreign odour bouquet of their nestmates
from the foster colony.We predicted that workers living in a foreign
colony would show preferences for the foreign pheromone if the
bees had learnt the respective odour blend after they emerged from
the brood cells. If the bees still preferred their own pheromone, we
would expect an underlying innate preference, learning of the
odour bouquet from the food store in the cells or learning of their
own gland secretion’s composition. In addition to the bioassays we
analysed the composition of the labial gland secretions from
foragers of the two studied species. In particular, we asked whether
scent marks of bees that spent their adult life in the nest of a foreign
species resembled the secretion of their congeneric nestmates or
retained its species-specific composition.

METHODS

Bee Nests and Study Site

For this study we used two nests of S. pectoralis and two nests of
S. subobscuripennis (Hymenoptera, Apidae, Meliponini). The two
species occur sympatrically in Costa Rica and can be easily
distinguished from each other by their body coloration: orange in
S. pectoralis (Fig. 1a) and black in S. subobscuripennis (Fig. 1b). The
nests were collected in the surroundings of Atenas, Alajuela Prov-
ince, Costa Rica, and transferred to the Centre for Tropical Bee
Research (CINAT) of the National University in Heredia, Costa Rica
(9�58.3770N, 84�07.7540W), where the experiments were carried
out between January and June 2010. Each colony was kept in
a wooden nestbox and the bees had free access to the outside. The
experiments comply with the current laws of Costa Rica and
Germany.

Nest Manipulation and Behavioural Bioassays

Transfer of brood combs
Prior to the bioassays we transferred brood combs containing

larvae and pupae of S. pectoralis into a colony of S. subobscuripennis
and vice versa. Thus, for both species we obtained bees that
emerged from brood cells and lived in their mother colony, as well
as bees that grew up in a foster nest of the respective congeneric
species after emerging from their cells. Newly emerged bees of both
species were accepted by the workers of their foster colonies. A few
weeks after the introduction of the combs they were observed to
work as foragers at the nest entrances. Owing to the distinct colour
differences between the two species (Fig. 1) the introduced bees
could easily be distinguished from the nests’ native workers.

Test substances for bioassays
We prepared extracts of the cephalic parts of the labial glands

that produce the food-marking signals (Jarau 2009) from foraging
bees that were collected at the entrance of their nests and killed by
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freezing at �15 �C. The glands were dissected in saline solution
under a stereo microscope by carefully removing all tissues other
than the gland acini and placed in hexane for 24 h at room
temperature. The resulting extracts were stored in a freezer
(�15 �C). For the bioassayswe extracted five pairs of labial glands in
500 ml hexane. Thus, 100 ml of extract corresponded to the gland
content of one individual bee.

Bioassay set-up
We tested whether bees taken from their mother colony and

bees that emerged in a foster colony of a congeneric species were
attracted by the scent mark volatiles of sister workers from their
original (mother) colonies or by the volatiles of the unrelated
workers from the foster colonies. In control experiments, bees
taken from the mother colony of each species had to choose
between pure solvent and the blend of labial gland compounds
from their sister nestmates. Thus, for each species we registered the
choice of foragers collected from their mother nest (1) between the
labial gland secretion of their sister nestmates and that of the
foreign species or (2) between the labial gland secretion of their
sisters and the solvent hexane, as well as (3) the choice of foragers
collected from their foster nests between the labial gland secretion
of their sisters and that of nestmate foragers of the foreign species.

To test the attractiveness of the different labial gland extracts to
foragers, we recorded their choice behaviour in Y-tube olfactometers
(glass tubeswith 0.8 cm inner diameter; stem length 12 cm; length of
sidearms10 cm;anglebetweensidearms55�). Toavoidany influence
ofvisual cuesonthebees’behaviourweconducted theexperiments in
a dark room under red light. The two arms of the Y-tubes were con-
nected to amotorpump(LaboratoryPower Supply, PS-302A,Volcraft)
with silicone tubes. A cylindrical borosilicate glass cartridge packed
with activated charcoal (ORBO-32, Supelco) filtered and cleaned the
air fromatmosphericpollutants before itwasdirected into thearmsof
the Y with a constant flow of 100 ml/min. For each test, small filter
papers (4� 15 mm) baited with 10 ml of a labial gland extract, or
treated with pure solvent, were placed at each end of the shorter Y-
tube arms. A single worker bee, used only once for a test, was then
released into the long arm of the Y-tube, and its choice at the
branching armswas recorded. A sidewas registered as ‘chosen’when
the bee touched the filter paper at the end of the tube. For each test,
a new, ethanol-cleaned and dried Y-tube and new filter papers were
used. Each experimental series testing the choice between two gland
extracts was repeated with at least 40 individual workers. Control
experiments testing a gland extract against the pure solvent were
carried out with at least 20 workers. To account for potential side
preferences by the bees the positions of the arms bearing the extract
or the solvent control papers were changed between trials.
Chemical Analyses

For quantitative chemical analyses of the labial gland secretions,
we collected foraging bees from the S. pectoralis and the
S. subobscuripennis nests that served as foster colonies for the bees
of the respective congeneric species. From each nest we collected
original foragers as well as bees of the foreign species (8e10 indi-
viduals each). Labial glands of workers were dissected as described
above, extracted individually in 200 ml hexane for 24 h at room
temperature, and subsequently stored in a freezer (�15 �C). Prior to
gas chromatographic analyses, each extract was concentrated to
45 ml. We injected 1 ml per sample into a gas chromatograph (GC;
HP 5890 Series II, Palo Alto, CA, U.S.A.) equipped with a DB-5MS
column (30 m � 0.25 mm inner diameter, 0.25 mm film thickness,
J & W Scientific). Hydrogen was used as carrier gas (constant linear
flow rate 2 ml/min). The GC was operated splitless at 50 �C for
1 min, followed by a programmed increase to 310 �C at a rate of
10 �C/min and held at the final temperature for another 17 min.

For structure elucidation of the extracted compounds, the
samples were analysed by a Fisons Instruments gas chromatograph
series 8008 linked to a Fisons MD800 mass spectrometer (Fisons
Instruments). Separations were performed on 30 m � 0.25 mm
inner diameter nonpolar fused silica columns coated with CP8912
VF-1MS or CP8944 VF-5MS (Varian), respectively, and 70 eV mass
spectra were taken in electron impact mode. The temperature was
initially held at 60 �C for 5 min, then increased by 10 �C/min to
300 �C and held at this temperature for 33 min. Helium served as
the carrier gas. Structure assignments of compounds were based on
comparison of mass spectra with literature data (McLafferty &
Stauffer 1989) and with mass spectra and retention times of
authentic reference substances. Determination of double bond
position in unsaturated compounds was carried out by GC/MS-
investigations of bis(methylthio)-derivatives (Francis & Veland
1981; Buser et al. 1983), which were prepared by the addition of
dimethyldisulphide to crude extracts. Assignment of branching
positions in methylalkanes was based on their mass spectra
(Pomonis et al. 1978; Doolittle et al. 1995).

Noncommercial compounds were synthesized for reference:
racemates of long chain secondary alcohols were obtained by reduc-
tion of methylketones with lithium aluminium tetrahydride. Carbox-
ylic acid esters were prepared by reaction of corresponding alcohols
with appropriate acid chlorides according to laboratory standards.
Alkenes were prepared by Wittig-reaction of corresponding alde-
hydes with appropriate alkyltriphenylphosphonium bromides.
Methylalkaneswere synthesized byWittig-reaction of corresponding
methylketones with appropriate alkyltriphenylphosphonium
bromides according to laboratory standards. The obtained branched
alkenes were hydrogenated over Pd/C-catalyst.

Statistics

The behaviour of workers in the Y-tube experiments was ana-
lysed with chi-square tests using absolute choice numbers to detect
significant deviations of the bees’ choice froma randomchoice. Prior
to the chi-square tests, 2 � 2 chi-square analyses of contingency
tables were conducted for each species to check whether data ob-
tained for the different nests could be pooled for further analyses. To
compare the chemical composition of the labial gland secretions of
S. pectoralisand S. subobscuripennis foragers taken fromtheirmother
colonies or from the respective congeneric host nests inwhich they
emerged, we conducted nonparametric multivariate analyses based
on 30 compounds shared by foragers of both species using the
program PAST version 2.15 (Hammer et al. 2001). We performed
anonmetricmultidimensional scaling (NMDS) analysis basedon the
calculation of BrayeCurtis distances to visualize differences
between species and bees from different nests, respectively. Braye
Curtis distances were also used for a one-way analysis of similari-
ties (ANOSIM) with 10 000 permutations to test for significance in
dissimilarities between the chemical profiles of workers of different
species andnest origins and between single pairs of species andnest
origins (sequential Bonferroni-adjusted P values). Compounds that
predominantly contributed to the BrayeCurtis dissimilarities
between workers collected from different species and nests were
identified by calculating similarity percentages (SIMPER).

RESULTS

Scent Mark Preference

The bioassay data obtained in the Y-tube experiments did not
differ between the experiments conducted with the two nests of
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Figure 3. Attraction of Scaptotrigona subobscuripennis workers that grew up in their
mother nest or in a Scaptotrigona pectoralis host nest to labial gland extracts of their
own species (Own), to labial gland extracts of the foreign species (FS) or to the solvent
control (SC). Data for experiments testing two gland extracts are based on 40 bees that
chose one side of the Y-tube; data for the solvent control are for 20 reacting bees.
*P � 0.05; **P � 0.001 (chi-square tests). Throughout the experiments nine additional
bees did not react in the olfactometer and were not counted.
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each species (2 � 2 chi-square analyses of contingency tables:
S. pectoralis frommother nest: c2

1 ¼ 4:1� 10�15, P ¼ 1; S. pectoralis
from host nest: c2

1 ¼ 0:154, P ¼ 0.693; S. subobscuripennis from
mother nest: c2

1 ¼ 3:3� 10�15, P ¼ 1; S. subobscuripennis from
host nest: c2

1 ¼ 1:0� 10�14, P ¼ 1). Therefore, data for each species
were pooled for further analyses. Workers of both species showed
a significant preference for the labial gland extract of their genetic
sisters over the extract of foragers from the congeneric species
when they were taken from their mother colony. In S. pectoralis 68%
of the tested bees chose their own pheromone (chi-square test:
c2
1 ¼ 4:9, N ¼ 40, P < 0.05; Fig. 2) and in S. subobscuripennis 77%

(chi-square test: c2
1 ¼ 12:1, N ¼ 40, P < 0.001; Fig. 3). In contrast,

the bees that emerged from combs transferred to a nest of the
respective congeneric species significantly preferred the labial
gland volatiles of nestmate foragers from the foster colony over the
volatiles of their genetic sisters. In S. pectoralis 80% (chi-square test:
c2
1 ¼ 14:4, N ¼ 40, P < 0.001; Fig. 2) and in S. subobscuripennis 73%

(chi-square test: c2
1 ¼ 8:1, N ¼ 40, P < 0.01; Fig. 3) of the bees

chose the foreign scent mark compounds. In the control experi-
ments, the bees were significantly attracted by the labial gland
extract of their sister nestmates rather than by pure solvent (chi-
square tests: S. pectoralis: c2

1 ¼ 5:0, N ¼ 20, P < 0.05; Fig. 2;
S. subobscuripennis: c2

1 ¼ 9:8, N ¼ 20, P < 0.01; Fig. 3).
Labial Gland Chemistry

From the labial gland extracts of S. pectoralis 54 compounds
were identified (Fig. 4, Table 1). Esters, comprising 28 compounds,
represented the main class of volatiles in the labial glands of this
species. The group was dominated by decyl hexanoate, decyl
octanoate and its isomer, dodecyl hexanoate, each comprisingmore
than 10% of the glands’ content, followed by (5Z)-tetradecenyl
butyrate and tetradecyl butyrate. Esters of methyl carbinols such as
2-pentadecyl butyrate represent an interesting subgroup of chiral
volatiles; however, the enantiomeric compositions remain
unknown. As indicated above, isomeric wax type esters such as
decyl decanoate, dodecyl octanoate, tetradecyl hexanoate and
hexadecyl butyrate formed small clusters. In addition to esters we
detected five n-alkanes, two alkenes, eight alcohols (two primary
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Figure 2. Attraction of Scaptotrigona pectoralis workers that grew up in their mother
nest or in a Scaptotrigona subobscuripennis host nest to labial gland extracts of their
own species (Own), to labial gland extracts of the foreign species (FS) or to the solvent
control (SC). Data for experiments testing two gland extracts are based on 40 bees that
chose one side of the Y-tube; data for the solvent control are for 20 reacting bees.
*P � 0.05; **P � 0.001 (chi-square tests). Throughout the experiments seven additional
bees did not react in the olfactometer and were not counted.
alcohols and six methyl carbinols), three aldehydes, seven methyl
ketones and one isoprenoid in rather small amounts (less than 1%
of the entire blend; Table 1).

From the labial gland extracts of S. subobscuripennis 51
compounds were identified (Fig. 4, Table 1). Similar to S. pectoralis,
carboxylic acid alkyl esters (16 compounds) were among the most
abundant components but straight chain and branched, saturated
and unsaturated hydrocarbons (together 23 compounds) domi-
nated the labial gland secretions of S. subobscuripennis (Table 1).
The main compounds were the esters (5Z)-tetradecenyl butyrate
and decyl octanoate, as well as the alkenes (9Z)-pentacosene and
(9Z)-heptacosene. In addition to esters and hydrocarbons we found
three alcohols (all methyl carbinols), one aldehyde, six methyl
ketones and two isoprenoids in minor quantities in the
S. subobscuripennis extracts (Table 1). The occurrence of branched
hydrocarbons in S. subobscuripennis is interesting because they
were completely lacking in the labial gland secretions of
S. pectoralis.

Comparison of the labial gland secretions of the two species
reveals similar qualitative compositions; however, distinct differ-
ences in relative proportions both in some esters and some
hydrocarbons are obvious (see following section).
Influence of Nest Environment on Labial Gland Chemistry

NMDS revealed that S. pectoralis and S. subobscuripennisworkers
were fully differentiable on the basis of their labial gland chemical
profiles, whereas the profiles of workers of a particular species taken
from their mother nest and from a host nest showed some degree of
overlap (Fig. 5). ANOSIM results, however, demonstrated large
dissimilarities between all compared groups of worker species and
nest origins (global R ¼ 0.741, P < 0.0001), as well as between all
pairwise comparisons: S. pectoralis versus S. subobscuripennis
species comparison: R¼ 0.589, P < 0.0004; S. pectoralis workers
from host colony versus their S. subobscuripennis nestmates:
R¼ 0.963, P < 0.0001; S. subobscuripennisworkers from host colony
versus their S. pectoralis nestmates: R ¼ 0.570, P < 0.0001;
S. pectoralis workers from mother versus host colony: R¼ 0.823,
P< 0.0002; S. subobscuripennis workers from mother versus host
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Figure 4. Gas chromatographic separation of the compounds extracted from labial glands of (a) Scaptotrigona pectoralis and (b) Scaptotrigona subobscuripennis foragers. Names of
identified compounds are given in Table 1 according to the peak numbers in this figure.
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colony: R ¼ 0.603, P < 0.001. Results of SIMPER analyses showed
that the compounds that predominantly (over 10% each) contrib-
uted to the dissimilarities between the composition of labial gland
secretions of the two species were (5Z)-tetradecenyl butyrate, octyl
octanoate and decyl octanoate. The same compounds also accoun-
ted for the differences between S. subobscuripennis workers from
a host colony and their S. pectoralis nestmates. Decyl hexanoate,
(5Z)-tetradecenyl butyrate and decyl octanoate caused the dissimi-
larities between S. pectoralis workers from a host colony and their
S. subobscuripennis nestmates. Dissimilarities between S. pectoralis
workers from their mother nest and the host colony were mainly
due to decyl hexanoate, octyl octanoate and decyl octanoate and
dissimilarities between S. subobscuripennis workers from their
mother nest and the host colony were caused by (5Z)-tetradecenyl
butyrate and decyl octanoate.

DISCUSSION

Stingless bees use species- and colony-specific chemical mark-
ings at food sources that allow a forager to communicate the
location of food primarily to her nestmates (Jarau 2009; Jarau et al.
2010, 2011). However, it was not knownwhether the recognition of



Table 1
Relative abundance of compounds identified from labial gland secretions of Scap-
totrigona pectoralis and Scaptotrigona subobscuripennis foragers

Relative abundance

Peak no.
in Fig. 4

S. pectoralis S. subobscuripennis

n-Alkanes
Dodecane 7 þ
Tetradecane 11 þ þ
Hexadecane 19 þ þ
Heneicosane 43 þ
Docosane 51 þ
Tricosane 54 þ þ
Tetracosane 60 þ
Pentacosane 63 þ þþ
Heptacosane 69 þ þ
Nonacosane 73 þ
Methyl branched alkanes
11-Methyl tricosane 55 þ
3-Methyl tricosane 59 þ
13-Methyl pentacosane 64 þ
11-Methyl pentacosane 65 þ
11-Methyl heptacosane 70 þ
Alkenes
Heneicosene 42 þ
(9Z)-Tricosene* 53 þþ
(9Z)-Pentacosene* 62 þ þþþþ
Hexacosene 67 þ
(9Z)-Heptacosene* 68 þ þþþþ
(9Z)-Nonacosene* 72 þþ
Hentriacontene 74 þ
Alkadiene
Pentacosadiene 61 þ
Alcohols
Heptan-2-ol 2 þ þ
Nonan-2-ol 5 þ þ
Decan-1-ol 7 þ
Undecan-2-ol 10 þ
Dodecan-1-ol 14 þ
Tridecan-2-ol 16 þ
Pentadecan-2-ol 23 þ
Heptadecan-2-ol 32 þ þ
Aldehydes
Decanal 6 þ
Dodecanal 13 þ
Octadecenal 37 þ
Octadecanal 40 þ
Ketones
Heptan-2-one 1 þ þþ
Nonan-2-one 4 þ þ
Undecan-2-one 9 þ þ
Tridecan-2-one 15 þþ þ
Pentadecan-2-one 22 þ þ
Heptadecan-2-one 31 þ þ
Nonadecan-2-one 43 þ
Esters
2-Heptyl hexanoate 12 þ
Decyl butyrate 17 þ þ
2-Heptyl octanoate 18 þ
Isopropyl dodecanoate 20 þ þ
Decyl pentanoate 21 þ
Octyl octanoate 24 þþ þ
Decyl hexanoate 25 þþþþ þ
Dodecyl butyrate 26 þ
2-Tridecyl butyrate 27 þ
Tetradecyl acetate 28 þ
2-Pentadecyl acetate 29 þ
Dodecyl pentanoate 30 þ
(5Z)-Tetradecenyl butyrate 33 þþþ þþþþ
Decyl octanoate 34 þþþþ þþþþ
Dodecyl hexanoate 35 þþþþ
Tetradecyl butyrate 36 þþþ þ
2-Pentadecyl butyrate 38 þþ þ
Hexadecyl acetate 39 þ
2-Heptadecyl acetate 41 þ
(5Z)-Tetradecenyl hexanoate 44 þ
Hexadecenyl butyrate 45 þ þ

Table 1 (continued )

Relative abundance

Peak no.
in Fig. 4

S. pectoralis S. subobscuripennis

Ethyl (9Z)-octadecenoate 46 þ
Decyl decanoate 47 þþ þ
Dodecyl octanoate 48 þþ þ
Tetradecyl hexanoate 49 þþ
Hexadecyl butyrate 50 þ
2-Heptadecyl butyrate 52 þþ
(5Z)-Tetradecenyl octanoate 56 þ þ
Dodecyl decanoate 57 þ
Tetradecyl octanoate 58 þ þ
Decyl tetradecenoate 66 þ
Isoprenoids
Limonene 3 þ þ
Squalene 71 þ

þ: <1%; þþ: >1%; þþþ: >5%; þþþþ: >10% of the entire composition of the blend.
* Double bond position and geometry verified only for S. subobscuripennis.
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species-specific blends of volatiles by recruited workers is innate or
the outcome of a learning process, a distinction necessary to
understand the mechanisms underlying recruitment communica-
tion. Recently, Wyatt (2010) distinguished between pheromones
and signature mixtures. Pheromones are defined as chemical
compounds that act as evolved signals between two individuals of
the same species and elicit a specific, innate reaction, whereas
signature mixtures are variable subsets of molecules in an animal’s
chemical profile that are learnt by other conspecifics and used to
recognize individuals or members of a particular social group, such
as a social insect colony (Wyatt 2010). The important difference is
that pheromones are chemical signals that are fixed within
a species, whereas in signature mixtures the differences between
the odour composition of different individuals or social groups are
the message.
0.16

3D Stress: 0.1194

−0.08

−0.08−0.16

−0.16

−0.25

0.08

Scaptotrigona pectoralis
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Figure 5. Nonmetric multidimensional scaling visualization of differences in the
chemical composition of labial gland secretions of Scaptotrigona pectoralis and Scap-
totrigona subobscuripennis foragers (35 individuals in total) collected from their mother
nests or from host nests of the respective congeneric species in which they emerged
from experimentally introduced brood combs.
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Our bioassays have shown that workers of S. pectoralis and
S. subobscuripennis learn the composition of specific recruitment
scent marks within their nest and are subsequently attracted to the
respective blend of chemical compounds. This is true even when
the specific blend of volatiles is that of a foreign species. Most
importantly, our results show that the preference for a specific ‘trail
pheromone’, as the respective scent marks are usually called (Jarau
2009), in workers of stingless bees is not innate. Rather, the bees
learn the chemicals specific to their nest within the colony as they
do with floral odours (stingless bees: Reichle et al. 2010; honey-
bees: Farina et al. 2007; Farina & Grüter 2009; Reinhard &
Srinivasan 2009; bumblebees: Molet et al. 2009). We cannot
exclude, however, the possibility that the bees identify the gland
secretion of the other species by certain key compounds. Both
species share (5Z)-tetradecenyl butyrate and decyl octanoate as
major constituents of their labial glands. These compounds alone
could indicate that foragers marked a food source. However, our
experiments show that recognition of such key compounds, which
could be innate, is not sufficient to attract the workers. A more
complex blend of compounds from the labial glands is apparently
needed to specify or enhance the activity of the signal communi-
cated by the key compounds, as was suggested for another scent
trail-laying stingless bee species, Trigona recursa (Jarau et al. 2006).
The labial gland secretions of S. pectoralis and S. subobscuripennis
showed distinct differences, despite the shared abundant esters
(see Table 1). These species-specific differences were also found in
workers that lived in a congeneric host nest, as revealed by ANOSIM
and SIMPER analyses, and were primarily caused by the glands’
main components. In accord with the distinction made by Wyatt
(2010) we hypothesize that stingless bee recruitment trail infor-
mation is composed of one or a few key pheromone components
that act in conjunctionwith an additional signature mixture, which
is specific for a colony and has to be learnt by recruited workers.

The composition of the labial gland secretions of foragers of
both species that lived in the colony of the respective congeneric
species differed from the labial gland secretions of their genetic
sisters that were left in the mother colony. Importantly, however,
the pheromone of foragers living in a foreign nest did not match the
composition of the pheromone of the congeneric workers of their
host nest. The demonstrated differences may be explained by
different diets of the bees (C. Reichle, personal observation).
Unfortunately, little is known about the influence of the diet of bees
on their gland constituents. Nevertheless, our findings indicate that
the biosynthesis of labial gland secretions is not fixed for workers of
a particular colony. As differences in colony nutrition caused by
changes in available resources at different times of the year may
influence the biosynthesis of the foragers’ labial gland secretions,
learning a particular signature mixture that adds specificity to the
trail pheromone is indeed essential for colony recruitment to work.

The present study provides a new view of the mechanisms of
‘trail pheromone’ communication in social insects by emphasizing
the importance of learning in this context. Unfortunately, the
intranidal recruitment behaviour of trail-laying species of stingless
bees remains largely unknown, and details about how the chemical
blends comprising trail pheromones and nest-specific signature
mixtures are released by foraging bees and perceived by recruits
remain elusive. Future studies should focus on the recruitment
process within the nest to illuminate how, when and where
learning of signature mixtures takes place in scent trail-laying
social insects.
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