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Abstract- Quantity of components of the labial gland secretibbumblebee males changes
significantly during ageing of maleln B. terrestris,compounds showing the EAG-activity to
virgin queens are ethyl dodecanoate, 2,3-dihydnefzal, 2,3-dihydrofarnesol, hexadecanol,
octadeca-9,12,15-trienol, and geranylcitronelltie EAG-active compounds foundBn
lucorumare ethyl dodecanoate, ethyl tetradec-7-enodtgl tettradec-9-enoate, ethyl
hexadec-9-enoate, hexadecanol, hexadec-7-enallecet®,12-dienol, octadeca-9,12,15-
trienol and octadecanol. Quantification of thesepounds based on a calibration showed
that the main components were present in milligeamounts in both species. Different
concentration pattern of active compounds was @bddn the species studied. Compounds
reached maximal amounts about seventh day aftesieol Then, a rapid concentration
decrease occurs B\ terrestriswhereas the amounts of active compounds stay xippeitely
constant or decreases only slowlyBnlucorum These results were also confirmed by means
of optical microscopyB. terrestrissecretory cells undergo apoptosis since the tfifitne

tenth day of life, whilst they live and show seorgtactivity through the whole life d.

lucorummales.
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INTRODUCTION

Bumblebee specidBombus terrestriandB. lucorumare related and belong to tBembuss.

str. subgenus. They are among the most commonespeicEuropean bees. Likewise most
other bumblebee species during their premating\lehanales scent-mark various substrates
on their flight routes with a sexual pheromone r@hng behaviour; Calam, 1969;
Schremmer, 1972; Svensson, 1980; Morse, 1982; | [t§@1; Villalobos and Shelly, 1987;
Kindl et al., 1999). Components of the sexual phemoe are produced in the acini of cephalic
part of the labial gland (Kullenberg, 1973; Bergnaawl Bergstrom, 1997).

The species specific labial gland secretion adrachspecific unmated queens
(Kullenberg et al., 1970; Bergstrom et al., 198&rdgnan, 1997). The pheromone is a
complex mixture comprising many compounds in vasiptoportions, usually with one or
two major components (Valterova and Urbanova, 19@rzo et al., 2003). The composition
of male sex pheromones of closely related spe@#safly overlap, but have often one
specific component and different blend proportidstrently, the composition of male
cephalic gland secretion is used as the most efficool for taxonomic identification, species
and subspecies discrimination (Paterson, 1985;oletral., 2005; Rasmont et al., 2005;
Coppée et al., 2008). However, a great individaaiability in the production of pheromonal
components was observed within a single speciesné&on and Bergstrom, 1977; Agren et
al., 1979; Sobotnik et al., 2008), which makes maxoic application sometimes a difficult
task, especially in related species. Recently, ghsiof the cephalic labial gland ultrastructure
related to age of males were reported interrestris(Sobotnik et al., 2008). It was found that
the secretory activity of the gland cells is higlmewly emerged males and it drops with the
ageing. After the fifth day of bumblebee life, thenthetic activity stops, secretory cells
disintegrate and are removed by apoptosis (Sobetrik, 2008). Morphological changes in
the labial gland are associated with changes ingphe@ne secretion and biological activity in
terms of responses of queen antennae to equal asnafugxtracts obtained from labial gland
of males of different age. The maximum of both eBon and antennal activity was observed
in 2-7 old males. In older males, the pheromonelpecbon and antennal activity gradually
decrease (Sobotnik et al., 2008). GC-EAD experimennducted to detect EAG-active

compounds in labial gland secretion revealed thkgaest six compounds are antennally active



e.g. ethyl dodecanoate, 2,3-dihydrofarnesal, Z)3diofarnesol, hexadecanol,
octadecatrienol, and geranylcitronellol. These coumgls are considered to play an important
role in male sex pheromone signalling (Sobotnikl £2008). Reported study demonstrated
changes in volume of pheromone production andhitisrenal activity, however no

guantitative data were provided.

In B. lucorum analysis of the labial gland extract has beeonnted (Bergstrom et al.,
1973; Urbanova et al., 2001), however, no attertiasmbeen paid to the age of males. Scarce
reports on seasonal variations in the secretiorposition in some other species appeared in
the literature (Kullenberg et al., 1970; Svensswh Bergstrom, 1977; Agren et al., 1979) but
this phenomenon has not been studied systematstafigr.

In the present study, we report on age-dependexttigative changes of major EAG-
active components of labial gland secretion in telated bumblebee speci®s,lucorumand
B. terrestris The selected species belong to the most comnemiespof European bees and
represent good model species for such detail ftuthieaddition, their close relatedness
allowed us to study, whether the time limited pineooe secretion activity observedBn

terrestrisis of an universal nature within subgem@mbussensus stricto

METHODS AND MATERIALS

InsectsColonies oBombus lucorunandBombus terrestrigerrestris(L.) were established by
the well known two-queens cascade methodc@Rtat al., 2000) to stimulate egglaying in the
laboratory. All mother queens were taken from tihatural habitat during the nest-searching
period in order to minimize the possible negativituence of artificial conditions on their
progeny. Bumblebee colonies were kept in plastiebmf 0.6 to 1 litre volume and fed with
honeybee pollen pellets and concentrated sugati@ol{sucrose:fructose 1:1). When colonies
started to produce males, male cocoons were renfomedthe parental hives and left to ripen
separately under the care of several workers sgbplith food (Pté&ek, 1999). Freshly
emerged males were removed and kept assorted auggtodheir age. Animals of the
following age were studie@®ombus terrestrisshortly after eclosion, 1, 2, 3, 4, 5, 7, 10, 12,
17, 20, 24, and 33 days old (5 specimens of eag}) Agmbus lucorumshortly after

eclosion, 1, 2, 3,4, 5,6, 7, 8,9, 10, 15, 20a28 30 days old (5-6 specimens of each age).
Males were killed by freezing and kept deep frogaar to dissection. Labial glands were

dissected and extracted with hexane (100 pul padyleontaining 1-bromodecane as internal



standard (1.79 mg/ml fd. terrestris 2.13 mg/ml foB. lucorun). The glands were shaken

for 30 min, then the extracts were transferredearcvials and kept at -18 ° C prior analyses.

Identification of compoundBhe extracts were analyzed using a gas chromatogvib a
splitless injector (200 °C), mass detector (200Fi€pns MD 800) and autosampler AI3000
(Thermo). A DB-5ms column (30 m x 0.25 mm, filmakmess 0.25 um, Agilent
Technologies) and helium gas (constant flow 1 mijmarere used for separations. The
temperature programs differed for samples of diffiespeciesB. terrestris the program
started at 70 °C (2 min delay) after which the terafure of the oven was increased to 320 °C
at the rate of 10 °C/miB. lucorum the temperature program started at 70 °C (2 ragut
delay) after which the temperature of the oven weeased to 140 °C at the rate of 40
°C/min, then to 240 °C at the rate of 2 °C/min, &indlly to 320 °C (15 minutes delay) at the
rate of 4 °C/min. The identification of compoundasibbased mostly on their mass spectra
compared to those in the National Institute of 8&ads and Technology Library (NIST,
U.S.A.) and on the co-chromatography with syntheticommercially available standards.

Gas chromatography-electroantennography (GC-ESQ)}EAD experiments were
performed on a 5890 A Hewlett-Packard gas chromapdgequipped with a DB-5 column
(30 m x 0.25 mm, film thickness 0.25 um, J & W &tifc). The column was split by a
Graphpack 3D/2 four-arm splitter. The splitter ted eluate to FID and EAD detectors. N
make-up gas at 20 ml/min flow rate was introduciedone arm of the splitter to compensate
the flow reduction due to splitting. Labial glanxtracts (1-5ul) were injected splitless. The
GC was operated at an initial temperature ofG@2 min), 3°C min™ to 270°C (10 min).

The temperature of injector and FID were set to @3 260°C, respectively. The EAD
detector consisted of queen antenna connectedvaiglass Ag/AgCl electrodes to universal
AC/DC Probe (Syntech). EAD signal was 10 times direpl Both EAD and FID signals
were fed to a PC via the serial IDAC interface ®yntech) and analyzed using GC-EAD
software (Syntech). The antennae were exposedtpa@ands eluting from GC via the
Effluent Conditioner Tube (Syntech) heated to 380Virgin queens (N=4) used for GC-
EAD recording were kept at low temperaturé@® and high humidity until use. Isolated
antennae with the very antennal tips cut off wesedufor GC-EAD recordings. Each antenna

was used only once.



ChemicalsThe following standards were used for quantificagiof EAG-active components
of the labial gland secretion€)(farnesol (Firmenich), geranylgeraniol (ICN), dtlstradec-
9-enoate (Nu-Check-PrepX,Z,2-Octadeca-9,12,15-trien-1-ol, ethyl dodecanoate,
hexadecan-1-ol, octadecan-1-d,4)-octadeca-9,12-dien-1-ol, and ethyl hexadec-94noa

were purchased from Sigm&){Hexadec-9-enal was prepared earlier in our laboya

Quantitative analyse®nly EAD-active compounds were quantifi@bmbus terrestris2,3-
dihydrofarnesol, 2,3-dihydrofarnesal, geranylgesgrgeranyicitronellol, Z,Z,2-octadeca-
9,12,15-trien-1-ol, and ethyl dodecano&embus lucorumethyl dodecanoate, ethyl
tetradec-7-enoate, ethyl tetradec-9-enoate, edwddhec-9-enoate, hexadecanol, hexadec-7-
enal, octadecan-9,12-dienol, octadecan-9,12,16dki@ctadecanol. Purity of all standards
used for the calibration was checked by GC-MS. ietiecalibration was used.
Quantification was carried out in Total lon Curremdde (TIC) of mass detector and based on
peak areas. Compounds were present in the samgiiarent concentrations, thus, we had to
avoid overloading the mass detector with the mbghdant component. Separation of ethyl
tetradec-7-enoate and ethyl tetradec-9-enoate wodelitions used was very poor. Therefore,
these two isomers were quantified together accgrttirihe external calibration on ethyl
tetradec-9-enoate. Previous studies (Urbanova,e2@1) showed that the concentration
ratio of these isomers in the labial glands ex§r&as: areyi tetradec-9-enod@€@thyi tetradec-7-
enoate=187.5. We also assumed that the difference iroresgs of these isomers in mass
detector was less than 5 % and the concentratianreanained constant over the
bumblebees'’ life.

Calibration curve for4)-hexadec-7-enal was carried out by meangphéxadec-9-
enal as the correct isomer was not available. 2i3«dofarnesol and 2,3-dihydrofarnesal
were gquantified as farnesol and geranylcitroneltoferanylgeraniol due to unavailability of
standards. We assume that the quantification should be inconsiderable in comparison to
other error sources (such as individual differenoegoups of animals of the same age) with
regard to close similarities in structures betweaibrants and calibrated compounds.
Octadecan-9,12-dienol and octadecan-9,12,15-trieacé also difficult to reach baseline
separation, thus, we used the same rule for detation of their peak areas in the samples
and calibration.

Internal standard of a comparable concentrationusas in both sets of samples and
calibrations (1-bromodecane, ~2 mg/ml). From tleaaatios (standard/IS), the calibration

curves were calculated (Tables 1 and 2)"Ad2gree polynomial equation was used mostly



for fitting the obtained data. From the equatiohthe calibration curves, the unknown
concentrations in the samples were calculated apeessed inug per gland. Median was
used as a resemble average of measurements iartfrilar days and standard error was
used for constructing error segments in the histogt

MicroscopyDissection took place in a droplet of fixative (2flataraldehyde and 2.5%
formaldehyde in 0.1 M phosphate buffer), in whikh tissues stayed for 1 day at lab
temperature. After postfixation in 1.5 % Qg 0.1 M phosphate buffer the samples were

dehydrated through the series of ethanol-waterurest (50%, 75%, 100%). Tissues were
then embedded into standard Spurr resin. Semidutioss (im) were stained with Azure I
and observed in Amplival (Zeiss) optical microscéeguipped with Canon EOS 300D

camera). Ultrathin sections were studied usingod @11 transmission electron microscope.

RESULTS

Gland physiologyrhysiology of the cephalic labial gland differglire compared species.
Contrary toB. terrestris labial glands iB. lucorumremain active duringh the whole life span
of males. ImB. lucorum the secretion production by smooth endoplasnticuiem (SER)

starts earlier (already at the time of emergencs)pared to the second day of lifeBn
terrestris The secretion is continuously excluded at theaggtes, and its volume increases
causing swelling of lumens and decrease in cedirltyickness (Fig. 1a-c). The active
transport of precursors from hemolymph was obsenvgdung males of both species. The
transport stops during the third day of male lifdoterrestris but continues in older males

of B. lucorum(observed rarely up to 13th day of life). An olvsel difference is apparently
associated with different fate of secretory cealldoth species. The cells die after several days
of secretory activity (between 5th and 10th day, Ed) inB. terrestriswhile they live and
produce the secretion through the whole lifofucorummales. In oldeB. lucorummales,
flattening of cells, lower volume of SER, fewer piets of secretion in the cell cytoplasm was

observed (Fig. 2a,b) indicating a decreasing ripheromone production.

GC-MS, GC-EAD, and quantitative analygdthough both species are considered to be
closely related, composition of their sexual phesamis significantly different. 18.

terrestris composition of the labial gland secretion comssidgtterpenic and aliphatic



compounds (most abundant is 2,3-dihydrofarnesdi antaller amounts of geranylcitronellol;
Kullenberg et al., 1970; Sobotnik et al., 2008)le/Bi. lucorumuses a blend consisting only
of aliphatic compounds with the most abundant camepbethyl tetradec-9-enoate (Urbanova
et al., 2001).

Hexane extracts of bumblebee labial glands coméis of compounds (Urbanova et al.,
2001; Terzo at al., 2003) which might have diffengimysiological functions. Some of them
might serve as long-range attractants, othersclikge-range arrestants, still others might
serve as release regulators or stabilizers. Tomdete which compounds might serve long-
range attraction of conspecific females, electreambgraphy coupled to gas chromatography
(GC-EAD) was performed in both species. In thedhgiand ofB. terrestristhe EAD-active
compounds were identified as ethyl dodecanoatediygirofarnesal, 2,3-dihydrofarnesol,
hexadecanol, octadeca-9,12,15-trienol, and geraroriellol (Sobotnik et al., 2008; Fig. 3).
In B. lucorum ethyl dodecanoate, ethyl tetradec-7-enoate, &ttngddec-9-enoate, ethyl
hexadec-9-enoate, hexadecanol, hexadec-7-enallecet®,12-dienol, octadeca-9,12,15-
trienol, and octadecanol elicited antennal resppiseonspecific queens (Fig. 4). EAG
active compounds are likely to participate in thieg range attraction. Since composition of
bumblebee sex pheromone is supposed to be sppeiefis the component blend ratio is of
a great importance. Synchronous changes of the &#ide compounds may provide some
information about the major pheromone components.

All EAD-active compounds of both species were qifigat and their quantitative
changes during life of the bumblebee’s males weterchined. The highest pheromone
volume in both species reached up to the leveteéal milligrams per male gland, but the
pheromone gland physiology and quantitative agesd@gnt pattern of EAD active
compounds differ profoundly in the compared spedieB. terrestris the most abundant
EAD active component in the extracts was 2,3-dibfainesol (Fig. 5a). Males start to
produce this compound since the first day of thir(20 pg/gland). The production of 2,3-
dihydrofarnesol increases up to 2 mg/gland durregrtext two days, then 2,3-
dihydrofarnesol production remains approximatelttmsame level for three more days.
Throughout the sixth and seventh day, the concgmrancreases almost three times and
reaches the highest point observed (6 mg/glandjnBthe next days, the amount of this
compound decreases dramatically and after the tatiof life it is roughly as low as on the
second day (0.5 mg/gland). After the day 20, 2t8diiofarnesol almost disappears from the
secretion (2 pg/gland). A similar concentrationgyat was observed for geranylcitronellol (1

pg/gland up to 1 mg/gland, Fig. 5b) and hexadec@hblug/gland up to 200 pg/gland, Fig.



5c¢) but on a lower concentration level. Differegealependent pattern was observed for ethyl
dodecanoate that appears in the secretion laterténgenes (2 days, 0.5 pg/gland) and drops
more quickly from its maximum (800 pg/gland) to fu@/gland in 13 days (Fig. 5b). The
remaining EAD active compounds, octadecatrienolzB8eldihydrofarnesal slightly differ in
pattern from the above mentioned components. Téa&ghra maximum abundance around the
fifth day (100 pg/gland and 30 pg/gland, respettivieig. 5d) which is earlier than the other
compounds.

In B. lucorum the concentration profiles of the most abundant EB&ive compounds
present in pheromone secretion, e.g. ethyl tetrddemoate and ethyl tetradec-9-enoate (Fig.
6a) are quite different in comparison wlhterrestris.No significant maximum was
observed for any analyzed compound, the quantgiesiined relatively high during the
whole life of males. Ethyl tetradec-7-enoate afyleetradec-9-enoate appear during tfie 1
posteclosion day (0.9 mg/gland). On tffedy, their production increases up to 1.2
mg/gland. Maximum production (1.5 mg/gland) wasesbed between8-13" days. The
guantity of ethyl tetradec-7-enoate and ethyl tktta9-enoate gradually decrease after the
fifteenth day of the male’s life. The concentratremains high until the day 30 (0.8
mg/gland). Other EAD active compounds, ethyl dodeete and hexadecanol (Fig. 6b) are
almost ten times less abundant than the ethyldetr&-enoate and ethyl tetradec-9-enoate
(113 and 91 pg/gland, respectively) but their cotregion profile has similar pattern — no
sharp maximum and no dramatic changes betweerhfand tenth days. After tenth day, the
amount of hexadecanol increases in comparisorhid @decanoate and reaches a second
maximum in 25 days old males (185 pg/gland). Tasimilar to ethyl hexadec-9-enoate and
hexadec-7-enal (Fig. 6¢). Alcohols octadeca-9,Ehali octadeca-9,12,15-trienol (Fig. 6d),
and octadecanol (Fig. 6¢) stay roughly at the seoneentration level (30-70 pg/gland) and
the observed changes are probably mainly due teithal variations. Described patterns in
quantitative profiles of studied compounds wellrespond with physiological and
morphological changes in labial glands of studigecges. While irBombus lucorunthe
secretory activity of the acinar cells clearly doaes for the whole life, iB. terrestristhe

production stops in males older than 10 days.
DISCUSSION

Unexpectedly, we have found profound differenceglamd physiology, pheromone

composition and pheromone production of two closelsted specieB. terrestrisandB.



lucorum While inB. terrestristhe pheromone production is time-restricted duerded life
span of secretory cells in the labial gland, male8. lucorumproduce the pheromone during
the whole life and concentration of some compoundabial glands even slightly increases
in older malesB. terrestrismales thus i) have a limited time to attract fezsand ii) older
males might be recognized by females based onigyant quality of pheromone deposited
during markingB. lucorummales on the other hand have enough pheromonegdineir
whole life. However, young males can be recogntaedonspecific females according to
slightly higher proportions of ethyl tetradecenaatpheromone blends compared to older
males.

It is supposed that virgin queens searching foaterare more attracted to intensively
marked places, i.e. to places where higher amafrgscretion were deposited by patrolling
males (Agren, 1979). Thus, younger maleB oferrestrishave an advantage over the older
ones because their scent marks are stronger thae ¢ older males. On the other hand, the
age ofB. lucorummales cannot be discriminated simply based on phene quantity
deposited during marking. The age-dependent changdgeromone blend ratio might be a
mechanism of selection of mates.

The reasons for such profound differences in pherengland physiology and
pheromone biosynthesis between species relatddsedycasB. terrestrisandB. lucorumare
not known. They are supposed to lie in specife-hfstory trait, which unfortunately remains
unclear in spite of a good knowledge of biologyh#se species. So far available data on age-
dependent changes in gland physiology based omwtiga of gland morphology iB.
hypnorumandB. lapidarius(Agren et al., 1979) resemble our resultBoifucorum From
this point of viewB. terrestrisseems to be exceptional with regard to the devednp of the
cephalic labial gland.

Earlier reports on variation in the pheromone cositjan are scarce. Kullenberg et al.
(1970) mentioned considerable seasonal variatiotisal diterpene content in glandsBof
hortorumandB. hypnorumSvensson and Bergstrom (1977) found that ditecpen
components in the labial gland secretioBopratorummales appear later in the season.
Agren et al. (1979) studied changes in the ladaid)secretion oB. hypnorunmales since 5
days before eclosion until day 7 after emergenteupae, no pheromone was produced. The
compounds appeared since day 1 after emergendd@ndmounts were increasing rapidly
to 4-7 days. IrB. lapidarius their observation started at day 7 and endedy8d. After 2
weeks of the male’s life, the amounts of the semmedropped and reached zero between 19

and 29 days-old males. A similar trend was obsefoeB. hortorummales (Agren et al.,
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1979). Although this study was not systematicaldioe bumblebee species and the analytical
technique (TLC) enabled observations of qualitatiranges only, the results seem to be
consistent with our observations Brterrestris

Maximum of pheromone production (activity of seorgtcells) found irB. terrestris
between 3-5 days correlates with time when malaallysleave their natal nests (the fifth day
after eclosion) and start to mark and patrol. Maxmof pheromone content in the gland
matches with maximum of sperm contert ®st-emergence day; Tassei et al., 1998). The
age at which males can mate in the laboratory eeigfrom day 6 to day 27, but the
probability of successful mating drops dramaticalfter day 11 (Tassei et al., 1998). The
optimal age for mating under laboratory conditiaras found to be 12.1+1.3 dayB. (
terrestrismales). Information about optimum reproductiongblgy inB. lucorumis not
available, but it would certainly be interestingkttow whether differences in the pheromone
production are matched with reproduction physiology

Our results clearly show that an age-dependenalwidity in pheromone production and
composition exists and might be remarkably higlmeamong closely related bumblebees.
From chemical point of viewB. terrestrisshows a similar trend in the pheromone changes as
B. hypnorum, B. hortorupandB. lapidariusstudied by Agren et al. (1979). From the
physiological point of view on the other ham,lucorumis more similar to the above
mentioned species. The observed differences betiugmblebees studied rise interesting
guestions about the biosynthetic pathways of pher@incomponents and dynamics of this
biosynthesis in different species. Obtained resdtdribute to the knowledge on the
pheromonal gland development and may help in thediplanning of biosynthetic

experiments.
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Figure legends

Fig. 1. Development of acini in the cephalic pdrthe labial gland iB. lucorum(A-C) and

B. terrestris(D); A, development of acini in an 1-day-old mafeB. lucorum B, development
of acini in a 3-day-old male @. lucorum Arrowhead marks an excretory duct of labial
gland; C, development of acini in a 13-day-old n@dlB. lucorum D, development of acini
in a 13-day-old male d. terrestris all cells are already dead, but the aciny atefgli of
secretion. Bar represents 10 in all figures. Abbreviations: al, acinar luméie,

haemocoel; sc, secretory cells.

Fig. 2. TEM micrographs of acinar secretoy cell8inucorum A, whole secretory cell in
pharate male imago. Note the active transporteatél base occurring as pinocytotic
vesicles. Bar represents 2 um; B, detail of cytplén male less than a day old. Arrowheads
mark smooth endoplasmic reticulum producing a $ecreBar represents 500 nm; C, walls
of two neighbouring acini in a 13-days old maler Bgpresents 2 um. Abbreviation: al, acinar

lumen; hc, hemocoel; m, mitochondria; n, nucleusesretion within the cell.s

Fig. 3. GC-EAD recording of the labial gland extrata 7 days ol®. terrestrismale. Active
compoundsi ethyl dodecanoat@; 2,3-dihydrofarnesaB 2,3-dihydrofarnesok4

hexadecanob octadeca-9,12,15-triend;geranylcitronellol.

Fig. 4. GC-EAD recording of the labial gland extrata 7 days ol®. lucorummale. Active
compoundsi ethyl dodecanoat@,ethyl tetradec-7-enoat8,ethyl tetradec-9-enoaté,
hexadec-7-enah ethyl hexadec-9-enoatéhexadecanoll octadeca-9,12-diend; octadeca-

9,12,15-trienol9 octadecanol.

Fig. 5. Concentration changes of the EAG-active paumds in the cephalic labial gland&f
terrestrismales. Each figure shows compounds present ahpa@ble concentration level.

Fig. 6. Concentration changes of the EAG-active moumds in the cephalic labial glandif

lucorummales. Each figure shows compounds present anparable concentration level.



