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Abstract Foragers of several species of stingless bees

deposit pheromone spots in the vegetation to guide

recruited nestmates to a rich food source. Recent studies

have shown that Trigona and Scaptotrigona workers

secrete these pheromones from their labial glands. An

earlier report stated that species within the genus Geo-

trigona use citral from their mandibular glands for scent

marking. Since convincing experimental proof for this

conjecture is lacking, we studied the glandular origin of the

trail pheromone of Geotrigona mombuca. In field bioas-

says, newly recruited bees were diverted by artificial scent

trails that branched off from the natural scent trail depos-

ited by their nestmates only when they were baited with

extracts from the foragers’ labial glands. Compounds

extracted from the mandibular glands, however, did not

release trail following behavior. This demonstrates that the

trail pheromone of G. mombuca is produced in the labial

glands, as in Trigona and Scaptotrigona. Furthermore, in

chemical analyses citral was identified exclusively in the

foragers’ mandibular glands, which disproves its supposed

role as a trail pheromone. The labial glands contained a

series of terpene- and wax type esters, with farnesyl but-

anoate as major constituent. We, therefore, postulate that

the trail pheromone of G. mombuca is composed of a blend

of esters.
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Introduction

Stingless bees, like other eusocial insects, developed

communication systems in order to effectively allocate

workers of the colony to the different tasks that need to be

carried out (Wilson 1971). One important behavior in this

connection is the recruitment of workers to rich food

sources, which need to be exploited quickly and efficiently.

The recruitment behavior of stingless bees is very diverse

and ranges from a rather unspecific alerting of nest mates,

without providing information about the spatial distribution

of food sources, to a precise communication of the location

of a particular resource by means of scent paths made of

pheromone spots (Lindauer and Kerr 1958, 1960; Slaa

et al. 2003b; Nieh 2004; Barth et al. 2008). The alerting of

nestmates, which then leave the nest and search for food, is

caused by foragers that run through the nest after their

return from a successful search for food, jostle other bees

and produce thorax vibrations, which are transmitted via

direct body contact, via the substrate or as airborne sound

(Lindauer and Kerr 1958, 1960; Hrncir et al. 2000, 2006a,

b; Hrncir 2009). Recruiting foragers of the scent path

laying species either deposit odor trails between the nest

and a food source or lay short odor trails extending only a

few meters from the food source towards the nest

(Lindauer and Kerr 1958, 1960; Kerr et al. 1963; Nieh

et al. 2003, 2004; for a detailed review see Jarau 2009).
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Based on observations made by Lindauer and Kerr (1958,

1960), who reported that foragers rub their mandibles on the

substrate while depositing a scent mark, it was assumed for

a long time that the trail pheromones of stingless bees are

produced in their mandibular glands. Therefore, all efforts

to elucidate the chemical structures of trail pheromones of

stingless bees had focused on the chemical analyses of

mandibular gland secretions during the decades following

Lindauer and Kerr’s observation. For example, Blum et al.

(1970) claimed that the two stereoisomers of citral, geranial

and neral, from workers’ mandibular glands are the main

components of the trail pheromone of Geotrigona subter-

ranea and suggested that this could be true for other

Geotrigona species as well. However, Blum et al. (1970)

did not conduct corresponding bioassays to test the effec-

tiveness of either mandibular gland secretions or citral in

releasing trail following behavior (see Discussion in Jarau

et al. 2004; Jarau 2009). In fact, during experiments of

Blum’s group, the bees showed aggressive behavior towards

small citral impregnated wooden blocks that were presented

to them rather than trail following behavior. Moreover,

recent experiments have unequivocally shown that foragers

of Trigona recursa (Jarau et al. 2004, 2006), T. spinipes

(Schorkopf et al. 2007), T. corvina (Dambacher 2006;

Dambacher et al. 2007), and Scaptotrigona pectoralis

(Hemmeter 2008) produce trail pheromones in the labial

glands and not in the mandibular glands. Newly recruited

foragers of these species followed scent trails baited with

labial gland extracts, whereas mandibular gland extracts did

not trigger trail following behavior.

Recent advances in the understanding of stingless bee

trail pheromone communication (see Jarau 2009) indicate

that the involved volatiles in general originate from the

labial glands of recruiting foragers. However, the possi-

bility that different genera of stingless bees use secretions

from different glands for scent trail marking can not be

excluded without proper tests. In the present study we,

therefore, examined the glandular origin of the trail

pheromone of a species from the genus Geotrigona

(G. mombuca) in order to test whether they indeed origi-

nate from the bees’ mandibular glands, as suggested by

Blum et al. (1970). In addition, we analyzed the volatile

compounds from foragers’ mandibular- and labial glands to

re-evaluate the potential role of citral in the recruitment

communication of this species.

Materials and methods

Study site and bee nests

All bioassays and preparations of gland extracts were done

between October 2007 and March 2008 at the Ribeirão

Preto Campus of the University of São Paulo, Brazil. For

the experiments we used three colonies of Geotrigona

mombuca (Smith, 1863), the nests of which are built in the

ground and contain between 2000 and 3000 workers

(Lindauer and Kerr 1960). The colonies were encountered

on the University Campus and left at their natural sites. The

species identity was confirmed by João M.F. Camargo.

Test substances for bioassays

We tested whether mandibular- and labial gland extracts or

the pure solvent hexane (control) induce trail following

behavior in recruited foragers of G. mombuca by means of

bioassays applying artificial scent trails (see below).

For the preparation of gland extracts we used foragers

collected at feeders containing sugar solution. The bees

were freeze killed at -8�C, and their mandibular- and

labial glands were carefully dissected in distilled water

under a stereo microscope. To get neat extracts from a

single gland type, all tissues other than the desired glands

were carefully removed. We always prepared stock extracts

made from five pairs of glands in 500 ll hexane, thus

100 ll contained the equivalent of the gland secretion from

one bee. The extracts were prepared by leaving the glands

in the solvent for 24 h at room temperature. Extracts from

foragers of a certain nest were only used for bioassays with

the same nest.

Bioassay set-up and experimental procedure

The general experimental procedure largely followed that

of Schorkopf et al. (2007). Fifteen foragers (marked with

acrylic paint on their thoraces) were trained to a training

feeder, which contained unscented sugar solution in

concentrations between 10% and 30%. The sugar concen-

tration depended on the bees’ motivation to collect it,

which varied considerably over the 6 months during which

we conducted our experiments. The bees were trained from

the nest entrance to the final distance (either 35, 45, 55, 65,

72, or 82 m away) by moving the feeder with foragers

sitting on it in steps of a few meters in the desired direction

(method after von Frisch 1967). Recruitment never

occurred during the training phase. At its final location the

training feeder was replaced by a clean recruitment feeder

that contained a 50% sugar solution and always induced

recruitment behavior in the trained bees.

As soon as the first forager showed the conspicuous

scent marking behavior that indicates the start of recruit-

ment, we installed two artificial scent trails, which

branched off from the bees’ natural scent trail 10 m before

the final location of the recruitment feeder (henceforth

termed branching point) at an angle of 60� (Fig. 1). Each

experimental trail led to an experimental feeder, which was
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identical to the recruitment feeder in appearance and sugar

solution concentration. The two trails consisted of five

small twigs from a mango tree (Mangifera indica) put into

the ground at intervals of 2 m. One of them was always

baited with hexane, whereas the other one was baited with

either labial- or mandibular gland extract. The sides of the

control and extract trail were randomly exchanged on dif-

ferent days. The test substances were applied in an

increasing concentration following the branching point

(2, 4, 6, 8 and 10 ll on the twigs and 12 ll right on the

feeder; with 10 ll corresponding to 0.1 bee equivalent).

We applied higher concentrations of the test material at the

feeders, because it is known from several species of

stingless bees that the number of scent marks deposited by

foragers is highest directly at the food source and decreases

towards the nest (Kerr et al. 1963; Johnson 1987; Nieh

et al. 2003, 2004). On the final 10 m of the natural scent

trail, unbaited mango twigs were installed in order to

provide an optically identical situation towards all feeders

(Fig. 1). Each bioassay lasted for 30 min following the first

application of hexane and a natural extract, which were

renewed once after 15 min. Both gland extracts were tested

against the control in seven independent trials each. We

never carried out more than one experiment with a par-

ticular nest per day to allow for the recuperation of feeder

naı̈ve foragers. The entrances of the two nests not involved

in a bioassay were always closed. The 15 trained foragers

were allowed to collect sugar solution at the recruitment

feeder and to recruit nest mates throughout the entire

duration of an experiment. Newly recruited bees that

alighted at the three feeders were immediately captured

with a suction tube and kept imprisoned until the end of the

respective trial. Trained foragers that reached one of the

experimental feeders were also caught. In order to keep the

number of recruiting bees constant they were replaced by a

new bee, which was color marked and released at the

recruitment feeder. After the end of an experiment all

captured bees were color marked before they were released

to allow their identification as experienced bees in sub-

sequent experiments. For the analyses we only counted the

unmarked recruits, which were inexperienced with regard

to our bioassays, captured at the recruitment- and the two

experimental feeders. Their distribution was determined by

calculating the relative proportions at each food source

(percentages from the total number of captured bees).

Chemical analyses

For qualitative chemical analyses of the bees’ gland

secretions we collected foragers from one nest at the

feeding tables. The labial- and mandibular glands were

dissected separately from 10 individuals as described

above and left in 500 ll hexane for 24 h at room temper-

ature. The compositions of the resulting extracts were

compared by injecting 1 ll into a gas chromatograph (HP

5890, Hewlett Packard Series II, Palo Alto, CA, USA)

equipped with a DB5 capillary column (30 m 9 0.25 mm,

0.25 lm film thickness, J & W Scientific, Folson, CA,

USA) and a FID (flame ionisation detector), with hydrogen

as the carrier gas (2 ml/min constant linear flow rate).

Injection was done in splitless mode with an initial tem-

perature of 50�C, which was kept for 1 min. Subsequently,

the splitter was opened, and the temperature was increased

by 10�C per minute until the oven reached 310�C. The final

temperature was kept for another 23 min.

Structure elucidation of the compounds was carried out

by GC/MS analyses on a HP 6890 gas chromatograph

(Hewlett Packard, Series, Palo Alto, CA) connected to a

mass selective detector (GCMS, Agilent Quadrupol 5972).

The GC parameters and column were the same as described

above, with the difference that helium was used as the

carrier gas (1.5 ml/min constant flow). To identify the

compounds from the gland extracts, we compared their GC

retention times and mass spectra with those of synthetic

reference compounds from our stock collection under the

same GC/MS conditions and with literature data (Bergs-

tröm and Tengö 1974; Francke et al. 2000; NIST library).

Statistical analyses

All statistical analyses were done with the program SIG-

MASTAT 3.1 (Systat Software). Since not all of the bioassay

data were normally distributed (Kolmogorov-Smirnov

tests) and because of small sample sizes we generally

applied nonparametric statistical analyses. A one-way

Fig. 1 Set-up for the scent trail bioassays. Fifteen marked foragers

collected sugar solution at the recruitment feeder (RF) and recruited

additional bees from their nest. Two artificial scent trails, which led to

experimental feeders (EF), branched off from the natural scent trail at

the branching point (BP). One of these trails was always baited with

the solvent hexane and the other one either with mandibular- or labial

gland extract. The compounds were applied to short twigs put into the

ground at intervals of 2 m (filled circles). To provide similar optical

conditions towards all feeders, unbaited twigs were placed along the

final 10 m towards RF (open circles). The distance from the nest to

BP (X m) varied between the different experiments
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ANOVA on ranks (Kruskal-Wallis test; Zar 1999) was

used to test for statistically significant differences in the

percentages of bees following their natural scent trails and

the trails made of hexane or the gland extracts, respec-

tively. Post-hoc comparisons between the groups were

done with Student-Newman-Keuls tests. To compare the

different percentages of bees reaching the recruitment

feeders during the experiments testing labial- or mandib-

ular gland extracts we conducted a Mann-Whitney test

(Zar 1999).

Results

Bioassays

The majority of the recruited bees always followed the

natural scent trails deposited by their nest mates. Interest-

ingly, however, significantly less bees reached the

recruitment feeder (RF) during the experiments when labial

gland extracts were tested (74.0 ± 16.0% at RF; range:

53.5–96.2%) as compared to the tests involving mandibular

gland extracts (90.7 ± 9.1% at RF; range: 76.5–100%)

(Mann-Whitney test, N1 = N2 = 7, U = 7.0, P = 0.026;

Fig. 2). Thus, more bees left the natural scent trails in favor

of artificial trails baited with labial gland extract than with

mandibular gland extract.

A comparison of the percentages of recruits that followed

the artificial trails revealed a statistically significant differ-

ence in the effectiveness of labial gland extract, mandibular

gland extract, and hexane in triggering trail following

behavior (Kruskal-Wallis test, H2 = 8.044, P = 0.018).

Significantly more bees followed the trails made of labial

gland extracts (22.3 ± 15.7%; range: 3.5–41.9%) as

compared to the solvent control trails (4.4 ± 4.2%; range:

0–11.4%) or to trails made of mandibular gland extracts

(4.2 ± 3.3%; range: 0–8.8%) (Student-Newman-Keuls tests,

q(labial-hexane) = 3.503, P \ 0.05 and q(labial-mandibular) =

5.105, P \ 0.05; Fig. 3). The number of bees that reached

the experimental feeders at the end of trails made of

mandibular gland extracts did not differ from the number of

bees captured at the hexane feeders (Student-Newman-Keuls

test, q(mandibular-hexane) = 0.0904, P [ 0.05; Fig. 3).

Chemical analyses

The mandibular gland extract was dominated by geranial

and neral in a ratio of 3:1 and the aldehyde nonanal as the

third main component (Fig. 4a). In contrast, the volatile

bouquet of the labial glands was composed of a series of

terpene- and wax type esters (Fig. 4b). The most abundant

compound extracted from these glands was farnesyl

Fig. 2 Comparison of the percentages of recruits captured at the

recruitment feeder during the experiments testing mandibular- or

labial gland extracts along one of the artificial scent trails. Bars give

medians and whiskers the first and third quartile, respectively;

N = number of individual recruits captured during all seven exper-

iments conducted with each of the extracts; P-value calculated with a

Mann-Whitney test

Fig. 3 Percentages of recruited bees that were captured at feeding

tables at the end of artificial scent trails baited with the pure solvent

hexane, mandibular gland extract, or labial gland extract. N = num-

ber of individual recruits captured during all seven experiments

conducted with each of the extracts; P = significance levels for

comparisons (Kruskal-Wallis and Student-Newman-Keuls tests)
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butanoate, followed by neryl- and geranyl octanoate, octyl

hexanoate, octyl octanoate, and octyl decanoate. The

chemical structures of some minor compounds from both

extracts remain to be elucidated.

Importantly, the labial gland extract did not contain

neral, geranial, or nonanal, whereas esters were completely

absent in the mandibular gland extract, which results in

highly specific compositions of the volatiles in the secre-

tions of the two different glands (Fig. 4). Interestingly,

esters of neral and geranial were found in the labial glands.

Discussion

During the bioassays, the majority of recruited bees always

followed their natural scent trails to the recruitment feeder.

This can be explained by a higher concentration of the

bees’ pheromone near the food source visited by the trained

bees, because we noted that they mainly deposited their

scent marks directly at the food source and in its close

proximity. This was also observed in G. subterranea by

Blum et al. (1970). Scent marking in Geotrigona might

rather lead to a strong signal that attracts the recruits

around the food source rather than to a ‘‘scent trail’’ that

guides them from the nest to the food. This situation

probably was not imitated by the artificial scent trails in our

experiments. It is also possible that the recruits were

attracted to the recruitment feeders by cues provided by the

15 foragers that constantly visited them, i.e. by local

enhancement (Slaa et al. 2003a), or that at least some of

the recruited bees directly followed the experienced for-

agers to the recruitment feeders. Lindauer and Kerr (1958,

1960) already reported that newcomers of Geotrigona

mombuca always appear at a food source in small groups

that are guided by experienced foragers. We, therefore,

assume that most of the newcomers that followed the

natural scent-path in our experiments were piloted by

recruiting foragers. A similar behavior was also observed

in other scent trail laying stingless bees, such as Scapto-

trigona postica (Lindauer and Kerr 1958, 1960), Trigona

fulviventris (Johnson 1987) and T. corvina (Aguilar et al.

2005). Nevertheless, our bioassays clearly demonstrate that

naı̈ve recruits of Geotrigona mombuca can be attracted to

short trails or feeders that bear labial gland extracts

prepared from their nestmates, whereas compounds origi-

nating from the bees’ mandibular glands do not induce trail

following behavior. We conclude from this finding that the

trail pheromone of G. mombuca is produced in their labial

glands, which is in accord with results of recent experi-

ments conducted with Trigona recursa (Jarau et al. 2004,

2006), T. corvina (Dambacher 2006, Dambacher et al.

2007), T. spinipes (Schorkopf et al. 2007) and Scaptotrig-

ona pectoralis (Hemmeter 2008). Therefore, it seems not to

be premature to postulate that trail pheromones in stingless

bees in general are produced in their labial glands. This is

in contrast to earlier authors, who claimed that trail pher-

omones of stingless bees are produced in the mandibular

glands, however, without providing convincing experi-

mental proof (Lindauer and Kerr 1958, 1960; Kerr and da

Costa Cruz 1961; Cruz-Landim and Ferreira 1968; Blum

et al. 1970; Nieh et al. 2003).

Blum et al. (1970) suggested that their results with

G. subterranea indicate that citral from the mandibular

glands is used as trail pheromone by other Geotrigona

species as well, but the glandular origin of the trail pher-

omone of G. mombuca was never investigated before.

Although we did not test synthetic citral in our experiments

we can definitely rule out that it acts as a trail pheromone in

G. mombuca. Artificial trails baited with mandibular gland

extracts, which are mainly composed of geranial and neral,

Fig. 4 Gas chromatograms of a mandibular gland extract (a) and a

labial gland extract (b) prepared from Geotrigona mombuca foragers.

The identified compounds are: 1—nonanal, 2—neral, 3—geranial,

4—octyl hexanoate, 5—decyl butanoate, 6—farnesol, 7—neryl

hexanoate, 8—geranyl hexanoate, 9—octyl octanoate, 10—neryl

octanoate, 11—geranyl octanoate, 12—octyl decanoate (? an uniden-

tified compound), 13—farnesyl butanoate, 14—neryl decanoate, 15—

geranyl decanoate. Note that the two stereoisomers of citral, neral and

geranial, are exclusively contained in the bees’ mandibular glands

while corresponding esters are found in the labial glands
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did not induce trail following behavior in the recruits at all.

The labial gland extracts, on the other hand, which were

attractive in our bioassays, did not contain citral. Their

secretions are dominated by esters, which is in accordance

with known trail pheromone components of other trail

laying stingless bees (Jarau et al. 2006; Dambacher 2006;

Dambacher et al. 2007; Schorkopf et al. 2007; Hemmeter

2008; Jarau 2009). We did not yet carry out bioassays with

single synthetic compounds and mixtures of synthetics to

reveal which of the identified compounds make the trail

pheromone of G. mombuca, but we postulate that it is

composed of a blend of esters, as in T. recursa (Jarau et al.

2006) and T. corvina (Dambacher 2006; Dambacher et al.

2007). Alternatively, the major component from the labial

glands of G. mombuca foragers, farnesyl butanoate, alone

could be sufficient to guide recruits to a food source, as it

was demonstrated for octyl octanoate in Trigona spinipes

(Schorkopf et al. 2007). Farnesyl butanoate and related

esters add a special facet to the picture, as these compounds

represent a combination of a terpenoid with a fatty acid, in

contrast to the hitherto known trail pheromones, which

belong to the typical wax type.

A final interesting observation related to our chemical

analyses worth to be mentioned here is that the volatile

bouquet we detected in the gland extracts of G. mombuca

largely differs from that reported for head extracts of this

species by Francke et al. (2000). For example, these

authors found octanal, whereas the mandibular gland

extracts prepared in our study contained nonanal. The three

most abundant compounds from our labial gland extracts,

farnesyl butanoate, neryl octanoate and geranyl octanoate

were not detected by Francke et al. (2000). Most likely,

this apparent mismatch can be explained by the fact that

‘‘Geotrigona mombuca’’ comprises a species complex

(João M.F. Camargo, pers. com.), and that the bees

investigated by us and by Francke et al. (2000) in fact

belonged to two different species. The composition of the

volatile bouquets of cephalic glands, therefore, might be an

useful chemotaxonomical character for the separation of

species within the G. mombuca complex.
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