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Abstract Males of Bombus terrestris (L.) adopt a
patrolling behaviour during their nuptial parade using
cephalic labial gland (CLG) secretions containing sexual
pheromones to attract conspecific virgin queens. The
changes in chemical composition of their CLG secretions
with age are quite well known. In this study, we investigate
the evolution of CLG secretions with age in greater detail
and compare behavioural reactions of conspecific virgin
queens to the secretions. We show that compounds of CLG
secretions follow two profiles. Most of the compounds
increase from the first day after emergence until the bees
are 15-days-old and then decrease. Others are less abundant
in 1 to 15-day-old males and then increase (e.g. tricosane,
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tricosene, henicosane, tetradecanoic acid, pentacosene,
pentacosane, heptacosene, heptacosane, nonacosene and
geranylcitronellyl tetradecanoate). Differences in secretion
composition lead to preferences of virgin queens for males
according to the male’s age. Virgin queens prefer the
pheromonal gland secretions of bees of the following ages
in decreasing order; 1 day = 3 days < 7 days =30 days
< 15 days < 10 days. The virgin queens are strongly
attracted by secretions containing high amounts of 2,3-
dihydrofarnesol, 2,3-dihydrofarnesal, ethyl dodecanoate
and hexadecanol. On the contrary, geranylcitronellol is
more abundant in 30-day-old males.

Keywords Bombus terrestris - Sexual pheromones -
Age-dependent variations - Behavioural tests

Introduction

It is well known that males of Bombus terrestris (L.) use
cephalic labial gland (CLG) secretions containing sexual
pheromones to attract conspecific virgin queens in order to
mate (Calam 1969; Kullenberg et al. 1973). Male premat-
ing behaviour consists of depositing small amounts of
pheromones along a circuit and then patrolling it to find out
if a virgin queen has been attracted by their scent marks
(Svensson 1979).

The CLG secretions of bumblebees are used as a tool for
taxonomical discrimination (Bellés et al. 1987; Coppée
et al. 2008; Rasmont et al. 2008). The chemical composi-
tion of B. terrestris’ CLG secretions has been described by
many authors since the improvement of the GC/MS tech-
nique (Bergman 1997; Bergstrom 1981; Calam 1969;
Coppée et al. 2008). Individual variations were highlighted
in different species (Terzo et al. 2005) and are now well
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understood since histological (Agren et al. 1979), physio-
logical (Sobotnik et al. 2008) and chemical (Zagek et al.
2009) studies were conducted. These authors showed that
in B. terrestris ssp. terrestris, the CLG secretions evolve
with the age of males. Just after males’ emergence, the
activity of secretory cells is high, but the level of synthe-
sized secretions, as well as the electroantennographic-
active (EAG-active) (on virgin queens) compounds
concentrations are low (Zééek et al. 2009). At 5 days, the
secretory activity stops and the cells degenerate, but the
level of secretions only decreases after 7-10 days (Sobo-
tnik et al. 2008).

In spite of the numerous studies on the topic, a thorough
list of compounds and an examination of the changes of all
the compounds with age remains to be published. More-
over, no attention has yet been paid to behavioural
reactions of virgin queens to chemical changes of the CLG
secretions with age. This might lead to a better under-
standing of how bumblebees avoid inbreeding which might
be hazardous for the population survival since the sex
determination in bumblebees is under control of one single
locus (Van Wilgenburg et al. 2006; Whitehorn et al. 2009).
Copulations between brothers and sisters lead to a progeny
made of 50% diploid males that are less adapted than the
haploid ones, are smaller (Duchateau et al. 1994; Ducha-
teau and Marien 1995) and have a weaker immune system
(Gerloff and Schmid-Hempel 2005).

In this article, we describe the chemical composition of
males’ CLG secretions of B. ferrestris ssp. dalmatinus
between 0 and 40 days old and by means of a simple
bioassay we measure preferences of virgin queens for
secretions of males of various ages.

Methods and materials
Biological material

Males of B. t. dalmatinus were provided by Biobest bvba
(Westerlo, Belgium). The colony was raised in a dark room
with the following breeding conditions: temperature (7) in the
range: 25-32°C, relative humidity (RH) in the range: 25-55%.
It was fed ad libitum with syrup (1 kg water for 1 kg sugar)
and one stock of willow pollen (Salix sp.). Every day at a set
time, newly emerged males were separated from the mother
colony and labelled. They were gathered in small flight cages
(13.5 x 12 x 8.5 cm) according to the age they were killed.
These males had been maintained in the same breeding con-
ditions as the mother colony for the first 3 days, and then
placed in a room with the following conditions: 10,000 lux
light for 12 h and min. 20°C temp.

Males were killed by freezing at 0, 1, 2, 3, 4, 5, 7, 10,
15, 20, 25, 30 and 40 days. These different ages were

@ Springer

chosen to see the evolution of secretions during the entire
life of males while providing higher temporal resolution
during the first days. Twenty males of each age were
selected. Both cephalic parts of the labial glands of each
specimen were removed after dissection of eyes and placed
in a glass vial for extraction in 200 pl of hexane. The vials
were left for 24 h at room temperature and then stored at
—30°C until chemical analysis (Terzo et al. 2005).

Forty virgin queens of B. t. dalmatinus were provided by
Biobest bvba (Westerlo, Belgium). These virgin queens
were maintained, three by three, in wooden boxes. They
were fed with pollen and sugar water ad libitum. The food
was replaced every other day. The temperature ranged
between 20 and 30°C and the relative humidity 45-55%.

Chemical analyses

Chemical analyses were performed using GC/MS. The
mass spectrometer used was an ion trap instrument Finni-
gan GCQ. The capillary column specifications were as
follows: a DB-5ms column (5% phenylmethylploysiloxane
stationary phase of 0.25-pm thickness; 30-m column
length; 0.25-mm inner diameter). The temperature of the
injector was 220°C. The initial temperature of the column
was held for 2 min at 70°C, then programmed to 320°C at
10°C/min and held for 3 min at 320°C. Helium was used as
carrier gas at a constant velocity of 50 cm/s. Mass spectra
were obtained in electron ionisation mode, full scan (m/z
30-600). The extracted samples (1 pl) were injected in the
GC in a random order.

Compounds were identified using their mass spectra by
comparing to spectra in the National Institute of Standards
Technology library (NIST, USA) using Nist MS Search
2.0.

For each chromatogram, the relative area (%) of peaks
was integrated using Xcalibur software (v.1.3) according to
the following parameters: baseline window = 100; area
factor noise = 5; minimum peak width = 5; multiplet
resolution = 10; area tail extension = 5 and area scan
window = 0.

Quantification of 2,3-dihydrofarnesol

This compound was chosen because of its high relative
abundance and its EAG activity (§0botnﬂ< et al. 2008).
Two males of each age class were used (in case one
measurement would fail). Glandular extracts were quanti-
fied by gas chromatography coupled with flame ionisation
detection (GC-FID) using a Thermo gas chromatograph
model Focus. As internal standard, nonyl acetate (400 ng)
was added to each sample. Aliquots of 1 pl were injected
with a splitless injector held at 240°C. The column
(15 m x 0.25 mm i.d.) was maintained at 40°C for
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0.5 min before being heated to 180°C at a constant rate of
20°C/min. The final temperature was maintained for 5 min.
Quantification of compounds was performed by comparing
their GC-peak areas with those of the internal standard
using Chrom-Card software (v. 2.3.3.) (Interscience, Lou-
vain-La-Neuve, Belgium).

Behavioural experiments

Secretions of 1-, 3-, 7-, 10-, 15-, and 30-day-old males
were tested. Those classes were representative of the main
chemical changes in CLG secretions (Table 1). Males aged
0 and 40-days-old were excluded from the behavioural

Table 1 Relative abundance (median, rel. %) of the 36 compounds identified, by age class

Compounds 0 days 1 day(n = 10) 2 days 3 days 4 days 5 days 7 days

(n=106)

(n=28) (n = 10) n=29) (n = 10) (n = 10)

M IQR M IQR

M IQR M IQR M IQR M IQR M IQR

Hexadecene 0.31 2.08 0.00 0.05
Ethyl dodecanoate - - 0.00  0.00
Tetradecanal 0.00 0.00 0.08 045
2,3-Dihydrofarnesal 0.13 097 351 280
Dodecyl acetate 0.00 0.00 0.00 0.14
2,3-Dihydrofarnesol 5.01 2199 7245 5548
2,3-Dihydrofarnesyl acetate - 0.00 0.00 0.10
Tetradecanoic acid 0.19 1.17 0.00 043
Hexadecenal 0.00 0.00 0.29 092
Hexadecanal - - 0.19 0.32
Hexadecan-1-ol 1.15 1.09 1.31 1.96
Octadecadienal 0.00 0.00 0.00 0.00
Octadecatrienal 0.00 0.05 0.00 0.00
Nonadecadienal 0.04 0.24 0.30 0.27
Hexadecyl acetate 0.00 0.11 033 0.50
Octadecadienol - - 0.66  0.60
Geranylcitronellal - - 0.00  0.00
Henicosane 27.61 15.04 8.04 11.97
Geranylcitronellol - - 121 1.38
Octadecadienyl acetate 095 1.07 0.00 0.00
Tricos-9-ene 6.34 4.13 0.61 6.40
Tricosane 16.22 14.62 1.59 15.15
Tetracosene 0.25 0.57 0.06 0.56
Pentacos-9-ene 453 1775 0.19 550
Pentacosane 248 387 0.10 2.60
Hexacosene 0.00 020 0.00 0.35
Docos-15-enyl acetate 057 1.80 0.00 0.82
Heptacosene 3.73 638 0.70 5.08
Heptacosane 0.57 130 0.03 0.77
2,3-Dihydrofarnesyl dodecanoate 0.50 1.15 047 0.67
Nonacos-9-ene 555 7.88 039 545
2,3-Dihydrofarnesyl 054 029 025 0.56

tetradecadienoate + 2,3-
dihydrofarnesyl tetradecenoate
2,3-Dihydrofarnesyl 045 025 0.06 0.14
hexadecanoate + hexadecyl
tetradecanoate + tetradecyl

hexadecanoate
Geranylcitronellyl dodecanoate 0.06 0.71 030 0.53
2,3-Dihydrofarnesyl octadecenoate 0.00 0.05 0.00 0.00
Geranylcitronellyl tetradecanoate 1.71 0.62 059 1.16

- = 0.00 0.00 — = = N N N

- - 0.05 0.14 025 0.64 046 159 020 0.22
049 024 057 029 066 063 091 026 1.04 0.51
315 146 201 066 188 025 190 091 194 1.04
0.05 0.07 0.08 0.06 010 005 0.11 0.07 0.13 0.04
74.85 50.58 71.27 49.13 81.37 49.12 75.91 45.33 80.73 44.49
0.00 0.08 0.08 0.08 012 023 0.08 007 0.06 0.04
0.00 0.11 0.07 029 020 031 023 018 0.20 0.17
040 0.15 030 0.11 028 0.28 023 0.13 0.18 0.13
022 0.2 019 025 013 0.11 0.14 0.12 0.12 0.05
235 1.14 235 172 285 146 276 0.88 3.12 0.80
- - 0.00 0.00 0.00 0.00 0.05 0.07 0.06 0.07
- - 0.00 0.04 0.06 0.07 0.06 0.08 0.08 0.04
021 027 024 057 008 0.12 006 0.07 0.07 0.07
051 045 039 0.71 012 025 0.16 0.14 0.12 0.12
1.50 1.82 199 203 253 283 1.74 155 2.04 344
0.81 122 135 237 1.10 240 173 173 1.79 2.13
427 486 424 316 197 292 179 171 114 1.65
198 449 187 656 180 793 215 795 256 8.67
0.00 0.00 0.00 0.12 0.07 035 031 1.00 0.50 1.03
066 225 082 141 019 236 047 1.19 0.15 1.12
1.57 1044 134 1251 055 11.70 1.19 11.18 0.99 9.32
0.00 124 0.00 0.58 0.00 076 0.00 0.56 0.00 0.00
023 230 028 131 005 156 0.14 1.00 0.03 1.16
009 1.69 000 273 000 216 0.08 214 0.07 1.69
0.00 034 0.00 034 000 032 000 023 0.00 0.30
0.00 0.80 0.00 0.26 0.00 034 0.00 020 0.00 0.11
030 359 047 335 012 343 035 223 0.14 277
0.00 029 0.00 0.27 0.00 023 0.00 0.16 0.00 0.20
059 323 030 545 042 485 121 472 051 5.76
030 1.19 035 0.53 006 054 0.09 032 0.03 034
036 2.09 026 190 030 151 044 1.06 0.26 0.82

0.00 0.17 0.03 0.08 0.00 0.11 0.00 0.06 0.00 0.05

025 050 015 030 006 030 0.07 0.16 0.00 0.11
0.00 0.07 0.00 0.05 000 0.06 0.00 004 0.03 0.07
033 053 020 043 019 037 0.13 0.18 0.04 0.13
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Table 1 continued

Compounds 10 days 15 days 20 days 25 days 30 days 40 days
(n = 10) (n=29) (n=28) n=17) (n=28) n="17)

M IQR M IQR M IQR M IQR M IQR M IQR

Hexadecene - - - - 0.00 0.00 - - - N 0.00  0.00
Ethyl dodecanoate 031 035 047 239 023 354 246 747 325 1017 032 3.56
Tetradecanal 139 042 124 1.02 006 081 0.00 0.07 0.00 0.12 0.00 0.00
2,3-Dihydrofarnesal 1.61 039 286 258 1.70 440 090 461 052 192 0.10 O0.15
Dodecyl acetate 0.17 002 027 013 010 027 0.00 0.11 - - 0.00 0.00
2,3-Dihydrofarnesol 61.96 4525 2447 5728 858 3438 0.00 0.66 0.53 094 065 264
2,3-Dihydrofarnesyl acetate 008 004 024 024 018 031 0.00 1.04 080 173 0.00 0.27
Tetradecanoic acid 022 012 118 105 134 130 202 693 647 13.66 3.07 4.17
Hexadecenal 018 012 030 017 071 1.17 0.00 0.10 0.00 0.05 0.00 0.17
Hexadecanal 0.15 008 026 050 036 045 0.00 0.04 050 1.00 021 093
Hexadecan-1-ol 327 207 477 3.07 0.08 119 0.00 0.09 000 020 000 0.05
Octadecadienal 0.00 006 000 000 000 002 000 000 000 0.00 0.00 0.00
Octadecatrienal 012 015 014 022 000 005 0.05 048 - - 0.00 0.00
Nonadecadienal 006 013 017 019 030 032 0.00 010 017 059 0.09 0.14
Hexadecyl acetate 0.09 0.14 037 031 043 043 001 0.13 0.08 095 0.08 035
Octadecadienol 187 185 181 077 0.00 0.16 0.00 0.00 - - - -
Geranylcitronellal 130 062 097 135 0.00 022 0.00 0.00 - - - -
Henicosane 1.96 204 400 272 651 1238 484 11.11 943 1090 562 3.12
Geranylcitronellol 641 931 472 476 0.00 124 0.00 0.00 0.00 0.00 0.00 0.00
Octadecadienyl acetate 0.00 000 - - 080 1.07 0.05 040 074 186 0.73 031
Tricos-9-ene 050 140 071 1.83 316 4.06 207 317 240 137 282 157
Tricosane 282 1255 270 12.60 17.55 20.19 10.12 1893 1889 1291 36.30 31.26
Tetracosene 0.00 039 0.00 000 000 076 0.00 015 012 0.65 0.00 0.35
Pentacos-9-ene 021 107 013 145 123 213 044 275 183 113 235 235
Pentacosane 031 231 027 262 195 390 082 462 249 283 542 750
Hexacosene 004 025 000 028 000 049 008 057 018 046 0.00 0.39
Docos-15-enyl acetate 0.00 000 000 000 000 039 001 022 012 027 0.00 0.09
Heptacosene 091 239 079 278 548 735 380 1048 637 638 7.3 422
Heptacosane 0.00 0.10 000 000 000 132 031 212 064 157 202 226
2,3-Dihydrofarnesyl dodecanoate 206 444 222 992 318 1612 225 593 192 291 201 0.88
Nonacos-9-ene 0.07 028 009 041 1.04 288 026 510 133 312 096 123

2,3-Dihydrofarnesyl tetradecadienoate + 0.65 142 137 448 1.16 487 020 144 135 206 149 0.53
2,3-dihydrofarnesyl tetradecenoate

2,3-Dihydrofarnesyl hexadecanoate + 0.01 003 009 0.12 043 068 024 065 0.10 046 000 0.26
hexadecyl tetradecanoate +
tetradecyl hexadecanoate

Geranylcitronellyl dodecanoate 005 012 026 032 050 124 114 1.10 088 187 159 140
2,3-Dihydrofarnesyl octadecenoate 0.03 0.04 007 022 010 074 0.00 026 0.06 030 0.00 022
Geranylcitronellyl tetradecanoate 0.01 009 025 032 061 154 228 268 3.65 575 000 0.66

n number of males, — the compound is absent in every specimens of the age class. The main compound of each age class is marked in italics and
the EAG-active compounds are in bold. Compounds are listed in the retention order on a DB5-ms column. M median, /QR interquartile Range
(Quartiles 3-1)

tests; freshly emerged males do not scent-mark inside the = covered with a polycarbonate plate with a central hole
colony and males do not survive until 40 days in natural allowing the introduction of a Petri dish (9.2-cm diameter)
conditions. The behavioural tests were performed in an  containing a virgin queen. The arena was divided into 4
olfactometer made of a glass tray (70 x 70 x 8 cm) quarters (35 x 35 cm). A circular wire mesh (8-cm height)
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was set in the arena to avoid direct contact between the
female and the scent marks. Males’ secretions were put
down in the corners of the arena. The different age secre-
tions were tested two by two. The four corners contained
respectively and randomly: (1) a blank filter paper, (2) a
filter paper with 2.5 pl of hexane, (3) a filter paper with
2.5 pl of secretions from a bee aged of ‘X’ days, (4) a filter
paper with 2.5 pl of secretions from a bee aged of ‘Y’ days
(Fig. 2). The different age pairs to be tested (33 times each)
were randomly chosen. Forty-three control tests were per-
formed following the same protocol. A digital camera
(Philips SPC 900NC PC camera) connected to a PC was set
and centred above the experimental arena, allowing the
recording of the virgin female moves. The experimentation
room was kept at 20-30°C temp., and 45-55% RH. Red
light was used since bumblebees are unable to perceive this
wavelength.

The following protocol was used to perform each test:
The corner positions of blank, solvent and males’ extracts
in the olfactometer were chosen randomly. Light was then
switched to red. A virgin female was placed in a Petri dish
(9.2-cm diameter) and set free 1-2 min later after she has
calmed down. As soon as the virgin female was free, her
position was recorded every 5 s, during 7 min (= 84 suc-
cessive positions of the queen being tested). Each possible
pair of ages was tested 33 times, each time with a different
queen. After each test, the entire olfactometer was cleaned
using acetone.

Virgin queens’ positions were quantified by the total
number (the sum) of approaches to each odour source (i.e.
the presence of the female in each quarter of the arena).
These positions were statistically compared with a y” test,
the null hypothesis being an identical number of approa-
ches in the four zones (33 queens x 84 positions:
n = 2772). A Fishers exact test was used to compare
queens’ approaches in the four zones two-by-two.

Results
Chemical composition of males’ CLG secretions

The chemical study is based on 112 interpretable chro-
matograms distributed amongst the 13 age classes (Tab. 1).
Thirty-six compounds have been identified amongst the
secretions: alkanes, alkenes, aliphatic alcohols, aldehydes,
esters, acyclic sesqui- and diterpenic alcohols and alde-
hydes. The 2,3-dihydrotransfarnesol (DHF) is the main
component (in relative abundance) in males aged of 1 to
15 days old. In younger males (0 days old), it is henicosane
that dominates while in older males (20—40 days old),
tricosane is the most abundant component. There are two
profiles of the relative concentration of the compounds

with age. On one hand, most compounds follow the same
pattern as DHF (i.e. high abundance in 1 to 15-day-old
males, then decreasing). On the other hand, tetradecanoic
acid, tricosene, pentacosene, pentacosane, heptacosene,
heptacosane, nonacosene and geranylcitronellol tetrade-
canoate have the same profile as tricosane (i.e. low
abundance in 1 to 15-day-old males, then increasing).

Quantification of the DHF

The mean absolute quantity of DHF varies from 0.2 to
330 pg (Fig. 1). Its variation follows the observed relative
abundance (Table 1). It increases from 1 to reach its
maximum at 7 days of age and decreases from 10 to
20 days of age. Moreover, it is nearly totally absent in
males of 0 and 25-40 days old. The trend line, moving
with average is also shown in Fig. 1 (automatically built in
Excel 2003).

Behavioural experiments

Thirty-three control tests were performed previous to
olfactory tests in order to check that no external stimuli
could disturb the virgin queens. The % result of the control
test has a non-significant P value (HO accepted).

Results of the behavioural tests are shown in Fig. 2, the
sum of recorded approaches (Table 2) of virgin queens in
each quarter is shown here as percentages. The virgin
queen always shows a highly significant preference for one
of the four olfactory stimuli presented (Fig. 2a—f). Results
of the y” tests are presented in Table 2, the y* results being
statistically highly significant in each case (HO rejected),
contrary to the control tests. We then tested (Fishers exact
test) two-by-two the significance of females’ occurrences

n
o
o

of DHF (ug/200 pl)
g

Absolute quantity

-
o
o

o
o

o

0 5 10 15 20 25 30 35 40
Age of males (days)

Fig. 1 Quantification of the DHF in the different age classes, using
nonyl acetate as internal standard. Two measurements by age class,
except for 1- and 5-day-old males in which one measurement failed.
The black curve represents the trend line moving with average
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Fig. 2 Approach (in %) of
virgin queens in each quarter of
the olfactometer, containing
blank (the grey spot; B); pure
hexane (the hatched spot, H)
and two different ages
secretions as follows: a 1 versus

7 days old, b 3 versus 7 days
old, ¢ 7 versus 10 days old, d 7
versus 15 days old, e 7 versus
30 days old, f 10 versus 15 days
old. N.S. means the Fishers
exact test result is non-
significant (P value > 0.05).

The result of the Fishers exact
test applied to the zones

containing the sexual
pheromones extract is given on
the arrow linking the two zones
(NS: P value > 0.05,

*P value < 0.053,

**P value < 0.01,

#k%P yalue < 0.001)

near the odour sources: hexane versus blank, hexane versus
extracts, blank versus extracts, extract ‘X’ versus extract
‘Y’ (Table 3). The males’ secretions are preferred to pure
solvent and blank, with two exceptions: there is no sig-
nificant difference between the blank versus 1- and 3-day-
old males’ secretions (Fig. 2a, b), neither between hexane
and blank versus 15-day-old males’ secretions (Fig. 2f).
The ;* results for the extract ‘X’ versus extract ‘Y’ tests
show that 7-day-old males secretions were more attractive
than 1- and 3-day-old (P < 0.001) ones (Fig. 2a, b) but less
attractive than 10- and 15-day-old ones (P < 0.001)
(Fig. 2c, d). No significant difference was detected
between 7- and 30-day-old males’ secretions (Fig. 2e).
Ten-day-old males are more attractive than 15-day-old

@ Springer

males (P < 0.001) (Fig. 2f). To summarise the attractivity
of the secretions of males of different ages, we can order
them from the least to the most potent: 1 day = 3 days
< 7 days = 30 days < 15 days < 10 days.

Discussion

With a simple bioassay, we showed that chemical changes
in ageing males elicit different responses of virgin queens.
Progressive changes in chemical composition of males’
CLG secretions are related to preferences of virgin queens
for a certain bouquet. The chemical composition described
here, as well as, the virgin queens preferences are matching
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Table 2 Results of the behavioural tests conducted on virgin queens to detect their preference for sexual pheromones of males from different
ages

Ages tested (days) Sum of females’ presence in zone (n = 2772) #2 applied on four zones

Extract “X” Extract “Y” Blank Hexane Extract “X” Extract “Y” P value Significance
1 7 574 330 623 1,245 6.25E—65 kK
3 7 716 505 623 928 1.35E—14 wEE
7 10 534 535 643 1,060 9.24E-26 K
7 15 712 366 454 1,240 5.47E—66 kK
7 30 975 482 698 617 2.2E—-19 HoEE
10 15 665 558 963 586 1.08E—14 o

The age (in days) tested are shown in the two first columns. The sum of the queens presence in each quarter are given (queens’ position recorded
every 5 s during 7 min; 33 queens x 84 positions = 2772 data). A Xz was applied to the result and the P value and significance are shown in the

two last columns (***P < 0.001)

Table 3 Two-by-two Fishers exact tests applied to queens presence

Fishers exact test results

Ages tested (n = 33)

Blank vs. hexane Blank vs. extract Blank vs. extract Hexane vs. extract Hexane vs. extract Extract “X” vs.

wx wyr wxr wy extract “Y”
Extract ‘X’ Extract ‘Y’ P value Sign. P value Sign. P value Sign. P value Sign. P value Sign. P value Sign.
1 6.98E—09 *** 326E—01 NS 1.27E—29 #*#** [29E—11 ***  577E—65 ***  57]E—-25 *%*
3 7 1.66E—05 *** 691E—02 NS  2.11E—04 *** [29E-02 * 1.58E—15 **%  409E—Q7 *#*
7 10 1.00E4+00 NS  2.59E-02 * 3.54E—-21 *¥%%  259E—02 * 5.14E—21 ##*  6.85E—13 ***
7 15 437E—14 *** 763E—08 *** 148E—17 *** 295E—-02 * 8.40E—58 ##* 8 I0E—44 ¥k
7 30 1.62E—-20 ***  142E—06 *** 1.71E—10 *** 8O0lE—06 *** 419E-03 ** 1.10E—01 NS
10 15 2.88E—02 * 1.57E—07 *** 1.10E—01 NS  146E—13 ***  558E—01 NS 7.82E—12 ***

P values and their significance are given for each test. NS non statistically significant—P > 0.05

* Statistically significant—P < 0.05

** Highly statistically significant—P < 0.01

**% Very highly statistically significant—P < 0.001

The ages (in days) tested are shown in the two first columns

the previous descriptions of histological, physiological and
electrophysiological changes with age in B. terrestris (Sobo-
tnik et al. 2008; Zacek et al. 2009). The virgin queens are
strongly attracted to males with a higher amount of EAG-
active compounds (Zééek et al. 2009), i.e. ethyl dodecanoate,
2,3-dihydrofarnesol, 2,3-dihydrofarnesal, hexadecanol and
geranylcitronellol (Table 1), i.e. 7-day-old and older males.
Those males secrete a lower relative concentration of trico-
sane. Attractiveness of the bouquet seems to be due to a high
level of EAG-active compounds (listed in Za%ek et al. 2009)
even if they are not at their highest level of relative abundance.
In other words, attractivity seems to be due to the total ratio of
EAG-active compounds. The preference of virgin females for
males of at least 7 days old may be due to a selection of males
that are well fit and able to survive out of the nest.

The absolute configuration of 2,3-dihydrofarnesol in
B. terrestris was described independently in two articles:

First by Stillberg-Stenhagen (1970) and much later by
Luxova et al. (1970). In both articles, the absolute
configuration was found to be pure (S) regardless the fact
that the first report was based on wild males from Sweden
while the second study was done with males from laboratory
colony established in the Czech Republic. However, the males
were of different (undefined) age. Therefore, we believe that
differences in the attractiveness of the secretion are due to
changes in the quantity of 2,3-dihydrofarnesol not due to a
change of absolute configuration.

Ten-day-old males are most attractive to queens and
their secretions show a high fraction of EAG-active
compounds. This includes a high DHF relative abundance
(but not the highest), as well as 2,3-dihydrofarnesal, hexa-
decanol and geranylcitronellol. Ethyl dodecanoate increases
until the age of 30 days, which does not correspond to the
decreasing trend of virgin queens’ response. One could
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speculate that this compound may have a different function
in the secretions (e.g. repellent instead of attractant). Males
older than 30 days are rare in the wild and a female should
avoid losing her energy mating with them for their possibly
poor reproductive abilities (if they already mated, their
sperm reserves may be low). It is also interesting to note that
one EAG-active compound described in the subspecies B. 7.
terrestris (Zééek et al. 2009), i.e. octadecatrienol was not
detected in B. t. dalmatinus.

The profile of CLG secretions in B. t. ssp. dalmatinus,
with a peak of secretions at 7 days old, could be linked to
having a maximal attraction potential to virgin queens.
This might be an advantage in species that are monoan-
drous such as B. terrestris (Baer and Schmid-Hempel 2001;
Duvoisin et al. 1999). Having only few chances to mate,
they will be favoured by being as attractive as possible. In
multiple mating species on the other hand, males could be
expected to be attractive during their entire life without
age-dependent changes in their CLG secretions.

It is clear that the strategy of ‘age-dependent secretions
composition’ could play a role in inbreeding avoidance. As
virgin queens are not attracted to males younger than
5 days old, they will not mate with their brothers in the
parental nest (Agren et al. 1979). Furthermore, as bum-
blebees sex determination is pledged to sI-CSD (single
locus-Complementary Sex Determination) (Van Wilgen-
burg et al. 2006; Whitehorn et al. 2009), inbreeding is more
than hazardous for the population survival by leading to
diploid and triploid progeny.

Acknowledgments The authors acknowledge the ‘Fonds pour la
formation a la Recherche dans I'Industrie et dans 1’Agriculture’,
which awarded a grant to A.C., and the ‘Fonds de la Recherche
Fondamentale et Collective (projet 2.4.564.06.F)’. They are also
grateful to Biobest for having provided the biological material. I.V.
thanks the Czech Science Foundation (project no. 203/09/1446) for
financial support. A.C. is grateful to Mike Wykes for his kind proof
reading.

References

Agren L, Cederberg B, Svensson BG (1979) Changes with age in
ultrastructure and pheromone content of male labial glands in
some bumble bee species (Hymenoptera, Apidae). Zoon 7:1-14

Baer B, Schmid-Hempel P (2001) Unexpected consequences of
polyandry for parasitism and fitness in the bumblebee, Bombus
terrestris. Evolution 55:1639-1643

Bellés X, Galofré A, Ginebreda A (1987) Taxonomic potential of the
chemical constituents in the cephalic marking secretions of
Bombus and Psithyrus species (Hymenoptera, Apidae): a
numerical taxonomic study. Apidologie 18:231-242

@ Springer

Bergman P (1997) Chemical communication in bumblebees premat-
ing behavior. Ph.D. thesis, Department of Chemical Ecology,
Goteborg University, Goteborg. 30p + 6 annexes

Bergstrom G (1981) Chemical aspects of insect exocrine signals as a
means for systematic and phylogenetic discussions in aculeate
Hymenoptera. Entomol Scand Suppl 15:173-184

Calam DH (1969) Species and sex-specific compounds from the
heads of male bumblebees (Bombus spp.). Nature 221:856-857

Coppée A, Terzo M, Valterova I, Rasmont P (2008) Intraspecific
variation of the cephalic labial gland secretions in Bombus
terrestris  (L.) (Hymenoptera: Apidae). Chem Biodivers
5:2654-2661

Duchateau MJ, Marien J (1995) Sexual biology of haploid and diploid
males in the bumble bee Bombus terrestris. Insectes Soc
42:255-266

Duchateau MJ, Hoshiba H, Velthuis HHW (1994) Diploid males in
the bumble bee Bombus terrestris sex determination, sex alleles
and viability. Entomol Exp Appl 71:263-269

Duvoisin N, Baer B, Schmid-Hempel P (1999) Sperm transfer and
male competition in a bumblebee. Anim Behav 58:743-749

Gerloff CU, Schmid-Hempel P (2005) Inbreeding depression and
family variation in a social insect, Bombus terrestris (Hyme-
noptera: Apidae). Oikos 111:67-80

Kullenberg B, Bergstrom G, Bringer B, Carlberg B, Cederberg B
(1973) Observations on scent marking by Bombus Latr and
Psithyrus Lep. males (Hymenoptera, Apidae) and localization of
site of production of the secretion. Zoon Suppl 1:23-30

Luxova A, Urbanova K, Valterova I, Terzo M, Borg-Karlson A-K
(1970) Absolute configuration of chiral terpenes in marking
pheromones of bumblebees and cuckoo bumblebees. Chirality
16:228-233

Rasmont P, Coppée A, Michez D, De Meulemeester T (2008) An
overview of the Bombus terrestris (L. 1758) subspecies (Hyme-
noptera: Apidae). Ann Soc Entomol Fr 44:243-250

Sobotnik J, Kalinovd B, Cahlikovd L, Weyda F, Ptacek V, Valterova I
(2008) Age-dependent changes in structure and function of the
male labial gland in Bombus terrestris. J Insect Physiol
54:204-214

Stillberg-Stenhagen S (1970) The absolute configuration of terrestrol.
Acta Chem Scand 24:358-360

Svensson BG (1979) Patrolling behaviour of bumble bee males
(Hymenoptera, Apidae) in a subalpine/alpine area, Swedish
Lapland. Zoon 7:67-94

Terzo M, Urbanova K, Valterova I, Rasmont P (2005) Intra and
interspecific variability of the cephalic labial glands’ secretion in
male bumblebees: the case of Bombus (Thoracobombus) ruder-
arius and B. (Thoracobombus) sylvarum [Hymenoptera,
Apidae]. Apidologie 36:85-96

Van Wilgenburg E, Driessen G, Beukeboom LW (2006) Single locus
complementary sex determination in Hymenoptera: an “unintel-
ligent” design? Front Zool 3:1

Whitehorn PR, Tinsley MC, Brown MIJF, Darvill B, Goulson D
(2009) Impacts of inbreeding on bumblebee colony fitness under
field conditions. BMC Evol Biol 9:152

Z4&ek P, Kalinovd B, Sobotnik J, Hovorka O, Ptagek V, Coppée A,
Verheggen F, Valterova I (2009) Comparison of age-dependent
quantitative changes in the male labial secretion of Bombus
terrestris and Bombus lucorum. J Chem Ecol 35:698-705



	Age-dependent attractivity of males’ sexual pheromones in Bombus terrestris (L.) [Hymenoptera, Apidae]
	Abstract
	Introduction
	Methods and materials
	Biological material
	Chemical analyses
	Quantification of 2,3-dihydrofarnesol
	Behavioural experiments

	Results
	Chemical composition of males’ CLG secretions
	Quantification of the DHF
	Behavioural experiments

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


