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ABSTRACT. We investigated whether Melipona quadrifasciata
worker mandibular gland secretions contribute directly to their cuticular
hydrocarbon profile. The mandibular gland secretion composition and
cuticular surface compounds of newly emerged worker bees, nurse
bees, and foragers were determined by gas chromatography and mass
spectrometry and compared. Both the mandibular gland secretions and
the cuticular surface compounds of all worker stages were found to be
composed almost exclusively of hydrocarbons. Although the relative
proportion of hydrocarbons from the cuticular surface and gland
secretion was statistically different, there was a high similarity in the
qualitative composition between these structures in all groups of bees.
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INTRODUCTION

There are many compounds, primarily hydrocarbons, associated with the cuticle of in-
sects, whose main function is to protect terrestrial species against desiccation (Wigglesworth, 1970;
Lockey, 1988; Gibbs, 1998). In addition to a protective function, cuticular hydrocarbons provide
important recognition clues for all insects, especially social insects, in which chemical communica-
tion is essential to maintain the integrity of the colony and protect against invaders. These chemical
cues allow social insects to discriminate nest mates from invaders and constitute a type of indi-
vidual fingerprint within the colony (Layton et al., 1994; Breed, 1998; Dani et al., 2001).

Aggressive behavior against invaders entering the colony is initiated by contact with
specific parts of the alien body, suggesting that the cues to recognition come from the body
surface (Holldobler and Michener, 1980) where they function as contact pheromones (Ginzel et
al., 2003; Howard and Blomquist, 2005; Buchwald and Breed, 2005; Provost et al., 2008). Re-
views from Howard and Blomquist (2005) and Provost et al. (2008) have unequivocally dem-
onstrated the importance of the cuticular compounds in the ecology and behavior of insects.

However, the sources of cuticular hydrocarbons still deserve better characteriza-
tion. Part of the hydrocarbons are structural components of the epicuticle proper, which
are responsible for the hydrophobic properties of the cuticle that protect against water
loss, but other hydrocarbons are acquired from the environment. The comb wax and other
materials stored in the colony are the source of the acquired cuticular hydrocarbons in so-
cial insects (Lockey, 1988; Breed et al., 1988; Arnold et al., 2000; Nunes et al., 2009a,b).
Additionally, ingested food might also influence the composition of surface hydrocarbons
(Liang and Silverman, 2000; Richard et al., 2004).

The structural compounds are synthesized in the oenocytes and passed through the
epidermal cells to the cuticle (Kramer and Wingglesworth, 1950; Dielh, 1975). These compo-
nents might be produced according a genetic program and may be the starting point to caste,
sex and kin recognition. In adult holometabolous insects, the structural cuticular lipids are
replaced and periodically restored. Although the oenocytes might be the primary source for
the restoration of epicuticle hydrocarbons, several results point to an additional contribution
from exocrine epidermal glands (Kullenberg et al., 1973; Bagnéres and Morgan, 1991; Old-
ham et al., 1994; Bergman and Bergstrom, 1997; Arnold et al., 2000; Dani et al., 1996, 2001).

Bees have nearly twenty different types of exocrine glands of epidermal origin,
named according to the body appendices to which they are linked or to their location on
the insect’s body. Most of these glands produce pheromones (Cruz-Landim, 2008), of
which some are hydrocarbons.

Morphological studies comparing the castes, sexes and life phases of the individuals
of several eusocial species revealed glandular changes that corresponded to behavioral par-
ticularities, denoting great plasticity in their morphology and secretion composition (Cruz-
Landim and Abdalla, 2002). In Melipona bicolor the morphology of the mandibular gland
cells and the composition of their secretion changes according to caste, sex and the temporal
activities of workers (Gracioli-Vitti et al., 2004; Gracioli-Vitti and Abdalla, 2006).

The aim of the present study was to answer two questions: i) do cuticular and
gland secretion hydrocarbon profiles in the studied species vary among workers perform-
ing different tasks in the colony? ii) is there any correlation between the secretion of the
mandibular glands and the composition of surface hydrocarbons?
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MATERIAL AND METHODS

Mandibular glands and wings were removed from eight workers from the same colony,
from each of the following classes: newly emerged (E - workers leaving the brood cell), nurses
(N - workers that provision the brood cells) and foragers (F - workers that bring resources in from
the field). The E workers were collected leaving the brood cell before taking any food or having
any contact with the cerumen and other materials stored in the colony. The N bees were collected
after provisioning the brood cells and the F were collected when they arrived back at the nest.
Glands and wings were removed from the same individual and analyzed separately. The wings
were chosen for the identification of the compounds present in the cuticle in order to avoid likely
contamination from the products of nearby tegumentar glands. The mandibles were carefully dis-
sected in distilled water under a stereo microscope, and the glands were separated for analysis.

Hydrocarbons analysis

The chemical composition of the samples was obtained by micro-extraction in solid
phase using polydimethylsilosane fibers from SUPELCO (100 um bounded) in direct contact
with the samples (wings and glands). The fiber was gently rubbed for 10 s on the sample in
order to absorb the chemical compounds. The fibers were then injected into a combined gas
chromatography-mass spectrometer (GC-MS; SHIMADZU, model QP2010). Separation was
achieved on a DB-5MS using a column of 30 m and a helium gas carrier at 1.0 mL/min. The
oven temperature was initially set to 150°C and ramped up 3°C/min until it reached 280°C.
The mass spectra was obtained by 70 eV ionization, and the injections and analyses were per-
formed in splitless mode.

The data were analyzed using GC-MS solutions for Windows (Shimadzu Corpora-
tion) and quantified by measuring the areas of the peaks in the chromatograms (Singer and
Espelie, 1992). Chemical compounds were identified based on their mass spectra by compari-
son with Wiley Library data and with standard solutions of different synthetic hydrocarbons.
Compounds present in less than three individuals in the same group and whose concentrations
were below 0.5% were not included in the tables. Compounds present at concentrations below
0.5% and present in four or more individuals were represented in the tables as traces.

Statistical analysis

The compound profiles obtained for each body compartment (wings and mandibular
glands) in workers of different life phases (newly emerged, nurse bee and forager) were compared
using multivariate methods of principal component analysis and discriminant analysis that identi-
fied the specific hydrocarbons within the body compartments of each group and the discrimina-
tion among the groups (Davis, 1986; Krzanowiski, 2000, software XL Stat/version 2010).

RESULTS
The wing surface and mandibular gland secretion contained mostly hydrocarbons in

all individuals tested. Farnesyl butanoate was found in addition to hydrocarbons at concentra-
tions of 18 and 1.8%, respectively (Table 1), only in nurse bees and foragers.
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Table 1. Average concentration of the compounds present in mandibular gland secretions and wing surfaces of
newly emerged workers, nurse bees and foragers of Melipona quadrifasciata obtained for GC-ME.

RT (min) Compounds Newly emerged Nurse Forager

Secretion Wing Secretion Wing Secretion Wing
14.730 Farnesyl butanoate - - 18.01 = 15.51 - 1.81+1.59 -
18.105 Eicosane (C20) 5.13+2.17 6.35+2.22 - - - -
22.808 Tricosene - 0.95+0.39 0.55+0.23 - 0.70 +0.23 0.43+0.19
23.610 Tricosane (C23) 9.34+4.52 14.00 +4.97 1.10+0.72 1.97 + 1.05 0.76 + 0.42 2.10+1.30
25.510 Tetracosene - 0.57+0.10 1.10 + 1.06 2.45+4.05 1.03 +0.35 0.54+0.35
26.230 Tetracosane (C24) - 8.29+17.99 0.21+0.11 0.65 +0.40 0.22+0.12 0.46 +0.23
27.977 1-Pentacosene - - 0.63 +0.47 1.03+1.19 - -
28.140 2-Pentacosene 37.35+12.54  27.14+11.54 41.02+20.50 31.97+23.65 61.19+9.92 49.55+10.19
28.377 3-Pentacosene 548 +4.19 1.43+0.42 4.72+9.81 7.80+10.97 3.89+48 1.97+0.26
28.650 4-Pentacosene - - 0.60 +0.17 0.45+0.28 0.71+0.38 1.12+1.21
28.860 Pentacosane (C25) 11.34 +6.57 16.39+13.33  11.98+8.19 2245+1515  6.72+586 14.26+6.59
29.600 Methyl pentacosane 3.70 £2.15 3.08+0.47 - - - -
30.100 Hexacosadiene 2.02+1.01 1.88 +0.54 0.53+0.24 0.49 +0.35 0.24 +0.04 0.82+1.16
30.730 Hexacosene - 0.81+0.11 0.56 +0.49 0.49 +0.15 0.50 +0.55 0.32+0.07
31.380 Hexacosane (C26) Traces Traces 1.40 +0.36 0.94 +0.53 1.43+0.51 1.17+£0.32
32.779 Heptacosadiene - - 0.44 +0.20 0.71+0.29 - -
33.180 1-Heptacosene 19.97 +£5.00 13.84 +£2.75 15.99 +3.24 15.87+9.61 19.45+3.85 21.31+2.96
33.368 2-Heptacosene - 0.67 + 0.06 0.98 + 1.36 2.60 +4.35 0.62+0.19 1.64+1.42
33.499 3-Heptacosene - - 0.55+0.29 0.35+0.29 0.41 +0.40 1.65+2.54
33.874 Heptacosane (C27) 3.93+2.36 5.11+6.53 3.04+2.89 1571+2538  0.89+1.18 2.57+1.62
34.603 Methyl heptacosane 4.64+5.56 1.45+0.39 0.46 +0.32 9.08+11.58  0.21+£0.12 0.52 +0.50
37.915 Nonacosene 6.13+3.56 5.03+1.57 - - 0.44+0.20 1.89 +2.07
38.446 Nonacosane (C29) - - 0.84 +0.49 0.99 +0.59 - 0.36 +0.18
39.140 Methyl nonacosane - 0.81+0.29 1.42 +0.69 2.15+2.37 - -
40.300 Triacontane - - Traces - - -
42.815 Hentriacontane (C31) - - - Traces - -
44.900 Dotriacontane (C32) - - - Traces - -

Data are reported as means = SD for N = 8. RT = retention time. Traces = compounds present at concentrations
below 0.5% and present in four or more individuals.

The hydrocarbons identified included alkanes, alkenes, alkadienes, and branched hydro-
carbons whose chain length varied from 20 to 32 carbon atoms (Table 1). A greater hydrocarbon
diversity in mandibular gland secretion was found in N (22 compounds). In the wings, the vari-
ability was lower with 18 different compounds in the newly emerged and forager workers (Table 1;
Figures 1, 2 and 3). Besides the variation in number, the concentration of hydrocarbons also varied,
although 2-pentacosene was the most abundant hydrocarbon in both gland secretion and wing
surface for all classes of workers. The concentration of this hydrocarbon increases from newly
emerged workers to foragers and was always higher in gland secretions than in wings (Table 1).

Six new compounds appeared in the secretion of the nurse bees. All of them, except
farnesyl butanoate, were also found in the wings and tricosene was not found in their wings
(Table 1). A new compound, nonacosene, was found in the gland secretion of foragers, and
was present in newly emerged workers, but not in nurse bees. The hydrocarbons 1-penta-
cosene, heptacosadiene and methyl nonacosene were not found in either the secretion or wing
surface of N. Methyl nonacosene was present in the wings of E.

The hydrocarbons present in the secretion and wing surface are almost the same (Table
1), except in newly emerged workers, where tricosene, tetracosene, tetracosane, hexacosene,
2-heptacosene, and methyl nonacosane are absent from the glandular secretion but present in
the wings. In this class, there is less variation in the hydrocarbons expressed in the secretion
and wing (12 and 18 different hydrocarbons, respectively) (Table 1).
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Figure 1. Gas chromatograms of newly emerged worker. Main peaks were: / = eicosane; 2 = tricosene; 3 = tricosane;
4 = tetracosene; 5 = tetracosane; 6 = 2-pentacosene; 7 = 3-pentacosene; § = pentacosane; 9 = methyl pentacosane;
10 = hexacosadiene; // = 1-heptacosene; /2 = heptacosane; /3 = methyl heptacosane; /4 = nonacosane.
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Figure 2. Gas chromatograms of nurse worker. Main peaks were: / = farnesyl butanoate; 2 = tricosene;
3 = tricosane; 4 = tetracosene; 5 = tetracosane; 6 = 2-pentacosene; 7 = 3-pentacosene; 8§ = pentacosane; 9 =
hexacosadiene; /0 = hexacosene; // = 1-heptacosene; /2 = 2-heptacosene; /3 = heptacosane; /4 = nonacosane;
15 = methyl nonacosane; /6 = triacontane.
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Figure 3. Gas chromatograms of forager worker. Main peaks were: / = farnesyl butanoate; 2 = tricosene;
3 = tricosane; 4 = tetracosene; 5 = tetracosane; 6 = 2-pentacosene; 7 = 3-pentacosene; § = 4-pentacosene;
9 = pentacosane; /0 = hexacosadiene; // = hexacosene; /2 = hexacosane; /3 = l-heptacosene; /4 =
heptacosane; /5 = nonacosene; /6 = nonacosane.

Despite the similarity in type of hydrocarbons present, the concentration of these com-
pounds in secretion and wings of all classes of individuals is clearly different (Table 1; Figures
1, 2 and 3). Similar concentrations were found only for the hexacosadiene and 1-heptacosene
in newly emerged and nurse bees, respectively (Table 1; Figures 1, 2 and 3).

A principal component analysis (Figure 4) shows which compounds contributed
more significantly to the separation between the groups. Axis 1 accounts for 28.0% of the
total variation, and axis 2 accounts for 24.41% of the total variation. Some relationships
between the hydrocarbons within gland secretion and wing surface are indicated (e.g., hep-
tacosane and 2-pentacosene with forager (SF in Figure 4) secretion and hexacosadiene and
3-pentacosene with nurse wings (WN in Figure 4). Therefore, despite the 52.41% total vari-
ance, the scattered distribution suggests the existence of chemical compound clusters within
secretion and wing surface (Figure 4).

The multigroup discriminating analysis revealed a statistical significance (o0 =
0.05) that separates all classes of workers as the compartments analyzed (mandibular
gland secretions and wing surfaces), except for the glandular secretion and wing surface
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of nurse and forager bees, with P value = 0.292 (Table 2; Figure 5). Therefore, as far as
the hydrocarbon concentration is concerned, the composition of the wing/body surface is
distinct from those of the mandibular gland secretion in all classes of workers and forag-
ers (Figure 5; Table 2).
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Figure 4. Principal component analysis biplot graphic showing the relationship between wing surface chemical
compounds and mandibular gland secretions. SF = Mandibular gland secretions of foragers; SE = mandibular gland
secretions of newly emerged workers; SN = mandibular gland secretions of nurse bees; WF = wing surfaces of
foragers; WE = wing surfaces of newly emerged workers; WN = wing surfaces of nurse bees.

Table 2. P values for Fisher distances.

SF SE SN WF WE WN
SF 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SE <0.0001 1 <0.0001 <0.0001 <0.0001 <0.0001
SN <0.0001 <0.0001 1 0.292 <0.0001 <0.0001
WF <0.0001 <0.0001 0.292 1 <0.0001 <0.0001
WE <0.0001 <0.0001 <0.0001 <0.0001 1 <0.0001
WN <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1

SF = mandibular gland secretions of foragers; SE = mandibular gland secretions of newly emerged workers; SN =
mandibular gland secretions of nurse bees; WF = wing surfaces of foragers; WE = wing surfaces of newly emerged
workers; WN = wing surfaces of nurse bees.

The classification matrix of discriminant analysis indicates that a total of 87.50% of
the analyzed individuals were correctly allocated in their predicted group (Table 3).
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Figure 5. Centroids of multigroup discriminant analysis for the chemical composition of the mandibular gland
secretion and wing surface of Melipona quadrifasciata workers.

Table 3. Classification matrix from discriminant analysis.

SF SE SN WF WE WN Total % Correct
SF 8 0 0 0 0 0 8 100.00
SE 0 8 0 0 0 0 8 100.00
SN 0 0 7 1 0 0 8 87.50
WF 0 0 3 5 0 0 8 62.50
WE 0 1 0 0 7 0 8 87.50
WN 0 1 0 0 0 7 8 87.50
Total 8 10 10 6 7 7 48 87.50

SF = mandibular gland secretions of foragers; SE = mandibular gland secretions of newly emerged workers;
SN = mandibular gland secretions of nurse bees; WF = wing surfaces of foragers; WE = wing surfaces of
newly emerged workers; WN = wing surfaces of nurse bees.

DISCUSSION

The composition of the cuticular hydrocarbons and glandular secretions of bees has
been primarily studied in an eco-functional context (Nunes et al., 2009a,b; Ferreira-Caliman
et al, 2010) in which an examination of several colonies, sometimes from different locations,
is necessary. In the present case, the aim was to compare the compositions of mandibular se-
cretion and cuticular compounds within a single colony in order to search for similarities or
discrepancies. To achieve this, a comparison of the chemical composition of wing and gland
within the same bee was repeated in 8 different newly emerged, nurse and forager workers
from the same colony.
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The statistical comparison among the worker classes and classification of wing vs secre-
tion takes into account the hydrocarbon types and concentrations in each compartment. Based on
this analysis, the first question posed in the introduction can be partially answered in the negative
when the percentage of hydrocarbons in both compartments studied is compared. Taking this
parameter into account, it can be concluded that the profiles of both secretion and surface com-
pounds allow the classes of workers displaying different tasks in the colony to be distinguished.

The composition of cuticular hydrocarbons is an important insight into intra- and in-
terspecies communication in insects, especially in social insects, and it provides information
about, sex, caste, fertility, task, co-specificity, and nest-mate conditions (Blomquist et al., 1998;
Monnin and Peeters, 1999; Sledge et al., 2001; Greene and Gordon, 2003; Provost et al., 2008;
Nunes et al., 2009a,b; Ferreira-Caliman et al, 2010). The present results suggest that in M.
quadrifasciata, three categories of workers are recognizable based on their hydrocarbon pro-
files. Because the composition of the cuticular hydrocarbons is determined genetically (Dron-
net et al., 2006; Foley et al., 2007) and the oenocyte is the main source of insect cell secreted
hydrocarbons (Wigglesworth, 1970; Dielh, 1975; Billeter et al., 2009), this result warrants fu-
ture investigation into the particularities of colony memberkinship in this species. Contradict-
ing what was found in Apis mellifera by Breed et al. (1988), the foragers did not show greater
variety of cuticular compounds than the other two classes of workers analyzed. According to
these authors, the foragers contain a greater variety of cuticular compounds that assist in the
recognition of nest mates. However, the results found by us are in agreement with other stud-
ies on stingless bees (Abdalla et al., 2003; Nunes et al., 2009b; Ferreira-Caliman et al., 2010).

However, hydrocarbons are also produced without oenocyte assembly (Fan et al.,
2003), and several other sources have been hypothesized as an alternative origin of these
compounds. For instance, similarities between the gland secretions from epidermal origin and
cuticular hydrocarbons were found (Kullenberg et al., 1970; Oldham et al., 1994; Bergman
and Bergstrom, 1997), and environmental contributions (Breed et al., 1988; Arnold et al.,
2000) were also reported. Despite these findings, the origin of the hydrocarbons in cells with-
out oenocyte assembly is still not completely understood, which leads to our second question:
is there any correlation between the secretion of the mandibular glands and the composition
of surface hydrocarbons?

The composition of the cuticular hydrocarbons changes with the sex, caste, age, and
task allocation of the bee, as shown in the present results and in previous studies (Abdalla et
al., 2003; Nunes et al., 2009a,b; Ferreira-Caliman et al., 2010). In response to the same condi-
tions, changes occur in the morphology and secretion composition of the mandibular and other
glands (Gracioli-Vitti et al., 2004; Abdalla et al., 2004; Gracioli-Vitti and Abdalla, 2006).
When the results of gland secretion are statistically compared, the three classes of workers
are quite different, and the statistical evidence shows a significant distinction between the cu-
ticular and secretion composition of newly emerged and forager workers, but some similarity
between both compositions in nurse bee workers.

Several cuticular hydrocarbons are contact pheromones, and some of the behaviors of
recognition or aggression are released by individual contact, as is the case in queen recogni-
tion in A. mellifera. In addition, the mandibular gland secretion is frequently used for defense
or attack (Kerr and Cruz, 1961; Hefetz et al., 1979; Smith and Roubik, 1983; Cruz-Lopez et
al., 2005).

The above findings provide evidence that gland secretions might be spread on the body
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surface and become part of the cuticular hydrocarbons. The queen substance in 4. mellifera is
a classic example (Gary, 1962). Taking into account the previous findings, some correlations
might be established between secretion and cuticular compounds. In spite of the statistical re-
sults, the contribution of the mandibular gland secretion to the cuticular compounds should not
be disregarded. The results and the statistical treatment make it clear that differences among
the individuals (wings and secretion) rely on the relative concentrations of compounds, and
not on compound types. As they are, the present results show that there is a correlation be-
tween the composition of the mandibular gland secretion and the hydrocarbons, but not in the
relative concentration within both compartments. Comparing results obtained from a different
approach to the results presented here might reveal more biologically significant relationships
because the hydrocarbons present in the three classes of individuals studied are very similar. An
expected conclusion is that for individual recognition, what matters most is not the presence or
absence of a given compound, but the final “bouquet”, and that the statistical differences seem
to be due in lesser part to the type of hydrocarbon present than to their concentrations.
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