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Abstract—The major component of the mandibular gland secretion of queen
honeybees (Apis mellifera L.), 9-ODA ((2E )-9-oxodecenoic acid), has been
known for more than 40 yr to function as a long-range sex pheromone,
attracting drones at congregation areas and drone flyways. Tests of other
mandibular gland components failed to demonstrate attraction. It remained
unclear whether these components served any function in mating behavior.
We performed dual-choice experiments, using a rotating drone carousel, to
test the attractiveness of 9-ODA compared to mixtures of 9-ODA with three
other most abundant components in virgin queen mandibular gland secretions:
(2E)-9-hydroxydecenoic acid (9-HDA), (2E)-10-hydroxydecenoic acid
(10-HDA), and p-hydroxybenzoate (HOB). We found no differences in the
number of drones attracted to 9-ODA or the respective mixtures over a distance.
However, adding 9-HDA and 10-HDA, or 9-HDA, 10-HDA, and HOB to 9-
ODA increased the number of drones making contact with the baited dummy.
On the basis of these results, we suggest that at least 9-HDA and 10-HDA
are additional components of the sex pheromone blend of A. mellifera.
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INTRODUCTION

In insects, the most elaborate chemical communication systems have evolved in the
context of mating and social behaviors (Wilson, 1971; Phelan, 1992; Ayasse et al.,
2001). In honeybees, these communication systems are closely linked because the
virgin queen uses the mandibular gland secretions to attract drones on her mating
flights (Gary, 1962; Butler et al., 1967), whereas the mated queen uses mandibular
gland secretions to signal her presence to workers in the hive (Velthuis, 1985; Free,
1987; Slessor et al., 1988; Brockmann et al., 1998). The complex and phase-
dependent (i.e., virgin vs. mated) chemical compositions of queen mandibular
gland secretions (Plettner et al., 1997; Free, 1987) suggest that single components
or mixtures of components are addressed differentially to these two receiver groups
and may serve different functions in specific behavioral contexts.

In the 1970s, (2E )-9-oxodecenoic acid (9-ODA), the major component of
the mandibular gland secretions, was shown to attract drones to queen dummies
(Butler, 1971; Gary and Marston, 1971; Boch et al., 1975; Free, 1987). Further
investigations suggested that other components of the secretion might play a role in
the communication between sexes (for a detailed discussion of these experiments,
see Free, 1987; Koeniger and Koeniger, 2000). More recent experiments, which
tested the attractiveness of the six most abundant mandibular gland components:
9-ODA, (2E )-9-hydroxydecenoic acid (9-HDA; 85% (R)-(—), 15% (S-(+)), RE)-
10-hydroxydecenoic acid (10-HDA), p-hydroxybenzoate (HOB), and 4-hydroxy-
3-methoxyphenylethanol (HVA), demonstrated that 9-ODA—but none of the other
components—attracted drones from a distance (Loper et al., 1996). However, the
inability of a single component to attract drones does not necessarily exclude
a pheromonal function of a particular component as part of a blend (Linn et al.,
1986; Christensen, 1997). Thus, it was not clear whether honeybee sex pheromone
communication was based on a single substance or a multicomponent blend, and
if the latter, which of the other mandibular gland compounds are also sex phero-
mone components. In contrast, in the communication between queens and workers,
it has been shown that a blend of five mandibular gland substances is necessary
to elicit worker retinue behavior [9-ODA, 9-HDA (85% (R)-(—), 15% (S-(+)),
HOB, and HVA] (Slessor et al., 1988; Plettner et al., 1996, 1997).

In the experiments reported here, the potential sex pheromonal function of
mandibular gland components were assessed in dual choice experiments using a
motor-driven drone carousel, by testing attractiveness of 9-ODA vs. different
combinations of 9-ODA and minor mandibular gland components.

METHODS AND MATERIALS

Experimental Site. Experiments were conducted in the vicinity of a drone
congregation area close to the bee station and apiary of the Beegroup Wiirzburg
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from May to July 2002. The experimental site was identified by presenting
queen dummies containing 70.4 pg 9-ODA (equals the amount of 9-ODA in
virgin queens’ glands; Plettner et al., 1997) on the tip of a 3 m long rod at
different spots within an area of about 0.3 km? between the bee station and the
Biocenter of the University of Wiirzburg, Germany. The drone carousel was
placed in an open meadow near a tree line at the edge of an orchard (marked by
an “x” in Figure 1). No drones were detectable at the experimental site when no
pheromones were presented, but when we offered a pheromone bait, drones

LU
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FIG. 1. General map of experimental site. (+) indicates sites at which drones could be
attracted; (—) indicates sites at which drones could not be attracted by an artificial
pheromone lure attached to a rod (3 m high), containing 1 Qeq of 9-ODA. (x) Position of
the drone carousel; (H) position of closest bee hives.
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appeared immediately. In some cases, we observed drones coming directly out
of the trees lining the field. Thus, we assume that they were either cruising close
to or were waiting on the trees. Prior to the experiments, we conducted a dose-
response test to determine a pheromone dose that attracted an appropriate
number of drones that still could be resolved on videotapes. Despite the use of
standardized pheromone doses, drone numbers varied from day to day and
between experiments on a single day.

Two-armed Drone Carousel. The drone carousel was a modification of that
developed by Renner and Vierling (1977) and further improved by Gries and
Koeniger (1996). It was composed of an upright column (adjustable for height
from 4 to 6 m) carrying two opposing horizontal aluminum rods (each 2 m in
length). The arms could be rotated with an electric motor around the vertical
axis with a velocity of 3.1 m/sec at the tips of the arms. The queen dummies
were fixed at the distal tips of the arms using a thin nylon thread (10 cm; height
of dummies, 4.95 m above ground). A dummy was made of a black aluminum
bar (3.5x1.1 cm) with inserted pheromone impregnated glass rods. A video
camera was fixed next to the central axis on each arm, facing toward the
dummies. Cameras monitored an area of about 1 m” in the plane of a dummy
with the dummy in its center.

Pheromone Components and Artificial Blends. 9-ODA, 9-HDA, and 10-
HDA were obtained from Phero Tech Inc. (Delta, BC, Canada) and HOB was
obtained from Sigma-Aldrich (Taufkirchen, Germany). All compounds were
dissolved in absolute ethanol. Test blends were mixed according to published
data on the composition of the mandibular secretion in Apis mellifera virgin
queens (Plettner et al., 1997). The complete artificial virgin queen blend (virgin
queen equivalent = Qeqyirgin) contained the following: 70.4 ug 9-ODA, 12.6 ug
9-HDA, 76.7 ng 10-HDA, and 0.3 ng HOB. Test blends differed in the number
of components. Dose-response tests showed that a dose of 0.1 Qeqyirgin Was
adequate to attract a sufficient number of drones at our experimental site
(see Results). Glass bars (10-12 mm in length) with a small groove in
which 10 pl pheromone blends dissolved in ethanol were deposited were used
as pheromone dispensers. The solvent was allowed to evaporate for 5 min. Then
the glass rods were wrapped in aluminum foil and kept on ice until use.
Immediately before the field tests started, the glass rods were fixed to the
aluminum dummies.

Two-choice Experiments. On each experimental day, five to nine test runs
were conducted with different pairs of pheromone blends in random order,
depending on drone abundance. Each test lasted for 15 min, of which the first 5
min were used to attract drones to the carousel and were excluded from the data
analysis. Prior to each test run, the video cameras were synchronized to analyze
identical periods for both dummies. Altogether, we conducted 86 tests (out of
which 63 were included in the analysis, see below) with five different pairs of
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pheromone blends: 9-ODA vs. 9-ODA (N = 11; control experiment); 9-ODA vs.
9-ODA + 9-HDA (N = 11); 9-ODA vs. 9-ODA + 10-HDA (N = 13); 9-ODA vs.
9-ODA + 9-HDA + 10-HDA (N = 13); and 9-ODA vs. 9-ODA + 9-HDA + 10-
HDA + HOB (N = 15). The number of drones attracted to each dummy during
the 10-min test interval was determined by counting the number of drones
every 20 sec, i.e., on 31 video freeze images per test. Because the numbers of
drones attracted to the carousel differed strongly among experimental runs
(see Figure 3A), we calculated the relative number of drones attracted to each
of the two dummies for each test by taking the sum of all drones that were
counted on the 62 images from both sides per test as 100%. Only test runs that
attracted at least 10 drones to the carousel were included in the analysis. The
numbers of drone contacts with the dummies were determined by counting all
contacts during each 10-min test interval. Only intense and unambiguous
contacts with the dummy, i.e., clinging to the dummy in a clear mounting
attempt, were counted. Again, to allow comparisons between tests despite the
variation in absolute numbers of drones present in the vicinity of the carrousel,
we calculated the relative number of contacts to each of the two dummies for
each test run. Only test runs in which at least five contacts were scored were
included in the final analysis. To test for significant differences of drone
numbers or numbers of contacts between the two arms, we applied the
Wilcoxon signed-rank test for each of the five pairs of pheromone combina-
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FI1G. 2. Effect of different concentrations of synthetic queen pheromone on the attraction
of drones to the carousel. One virgin queen equivalent contained 70.4 pg 9-ODA, 12.6 ug
9-HDA, 76.7 pg 10-HDA, and 0.3 pg HOB. Treatments were presented on a dummy at one
arm of the carousel. Box and whisker plot indicates median (black dot), first and third
quartile (box) and maximum number (whisker) of drones attracted to the dummy per
10-min experimental run.
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FIG. 3. (A) Number of drones attracted on different days. Each dot indicates number of
drones per 10-min experimental run (median = 23, first quartile = 7.3, third quartile = 56,
minimum = 0, maximum = 1248). During two experimental runs, a large number of
drones were attracted: 528 drones (*) on June 25, and 1248 drones (*) on July 19. These
two data points were omitted from both figures. (B) Effect of time of day on the
attraction of drones. Dots indicate the number of drones attracted per run for all
experimental replicates.
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tions. All data were arcsine-transformed prior to analysis. P values exceeding
0.05 were considered as not statistically significant.

RESULTS

Attraction of drones to a synthetic pheromone lure was locally restricted to
an area of ~100 m in diameter (Figure 1). The distance to the closest honeybee
colonies was about 150 to 300 m. The number of drones attracted to the drone
carousel was pheromone dose dependent (Figure 2), demonstrating that drones
were attracted to treated dummies by olfactory, rather than visual, cues.
Numbers of drones attracted to the carousel were stable during each test run but
varied among test runs and among test days (Figure 3A,B).

To ensure that there was no bias between the two dummies, we first treated
both lures with identical doses of 9-ODA, which resulted in equal numbers of
drones being attracted to both dummies (Figure 4A). In subsequent trials, 9-
ODA as a single substance was as attractive as any other combination of 9-ODA
and minor components (Figure 4A).

We also found no evidence for any asymmetry in drone contacts when
equal amounts of 9-ODA were presented on both arms (Figure 4B). Adding 10-
HDA or 9-HDA to 9-ODA did not increase the number of contacts compared to
9-ODA alone. However, blends that were more similar to the natural pheromone
composition (9-ODA + 9-HDA + 10-HDA or 9-ODA + 9-HDA + 10-HDA +
HOB) resulted in significantly higher numbers of contacts with the queen
dummy containing the blend compared to the dummy with 9-ODA alone
(Z= —2.81, P=0.005, and Z = —2.85, P = 0.004, respectively; Figure 4B).

DISCUSSION

Mating behavior in honeybees is highly competitive between drones, much
more than in most other insects. In all honeybee species, drones and virgin
queens leave their colonies for mating flights at species-specific times of the
day. In our experiments, drones were present at the drone congregation area
between 1:00 and 6:00 p.M., with a peak time around 3:30 p.M. Drones gather at
the drone congregation areas (estimated sizes range from 50 to 200 m in diam-
eter), waiting for virgin queens to appear (Ruttner, 1985). Upon detection of the
queen’s sex pheromone, drones initiate their visually driven chasing behavior,
all competing for the queen and only a few being successful. To catch a queen,
the drones must be fast and precise in detecting and chasing. Although detailed
analysis of honeybee mating behavior is still lacking, one may assume that the
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chasing behavior of drones is based on a succession of different behavioral steps
including detection of the pheromone, searching the sky for small dark flying
objects, a rapid pursuit of the queen (Gries and Koeniger, 1996), and finally
successful grasping and mounting of the queen.

Our experiment to determine the location of a drone congregation area
showed that the effective range of the pheromone was limited to a circular area
with a diameter of ~100 m. We assume that the location of this drone
congregation area is stable over the years, because of previous reports that one
could attract drones with pheromone lures in that area (J. Tautz, pers. comm.).
The closest beehives (marked by an “H” in Figure 1) were located about 150—
300 m north, with entrances facing south in the direction of the drone
congregation area. The most obvious visual feature of the site is the boundary
of the orchard and the open meadow, and this may be one of the constitutive
visual cues. If drones from the specified colonies join this drone congregation
area, the boundary between the orchard and the meadow might function as a
visual “stop and stay” stimulus; however, this remains to be investigated.

Our drone carousel experiments demonstrated that in addition to 9-ODA
(the so-called queen substance), other components of the queen mandibular
gland secretion, particularly 9-HDA and 10-HDA, play a role in pheromone
communication between queens and drones. The latter two compounds are
not attractive to drones from a distance (Loper et al., 1996), but added to
9-ODA they increased the drone’s contacts with a queen dummy. Whether
HOB also mediate drone behavior cannot be inferred from our experiments.
The effect of 9-HDA and 10-HDA on the frequency of mounting suggests that
9-HDA and 10-HDA only act over a short range. However, we can not ex-
clude the possibility that these compounds are active at long range (tens to
hundreds of meters), because our experimental set-up did not specifically test
for those distances. A similar increase in the frequency of mounting behavior
in drone carousel experiments was also found when tergite gland extracts were
added to 9-ODA (Renner and Vierling, 1977). The conclusion from both ex-
periments is that adding either 9-HDA and 10-HDA or tergite gland secretions
to 9-ODA increases the effectiveness of the artificial stimulus, leading to a
stronger response and a more complete performance of the mating behavior
sequence. Whether the components of the mandibular gland and the tergite
gland have distinct functions in the sequence of the mating behavior remains
unknown.

It is intriguing to compare our findings on sex pheromone communication
with those on queen—worker communication. Slessor et al. (1988) and Keeling
et al. (2003) showed that a blend of 9-ODA, 9-HDA, HOB, and HVA similar to
that found in mated queens elicited worker retinue behavior. 10-HDA, which is
reduced in quantity in mated compared to virgin queen glands, does not play
any role in queen—worker communication (Slessor et al., 1988). In contrast to
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those experiments, we found clear evidence that 10-HDA, which is produced in
large amounts by virgin queens, does have a pheromone function in mating
behavior. Taken together, the data suggest that 4. mellifera queens produce
different signals during their adult life stages in relation to different commu-
nication contexts. As virgin queens they produce a signal to attract drones on
mating flights, and as mated queens they produce a signal for the workers. The
signals are produced by the same gland and comprise almost identical substances,
but the relative composition changes between virgin and mated queens. This
change in mandibular gland composition may be induced by successful mating.

9-ODA is viewed as the major long-distance sex attractant for all honeybee
species (Butler et al., 1967; Ruttner and Kaissling, 1968; Shearer et al., 1970;
Sanasi et al., 1971; Koeniger and Koeniger, 2000), and it is the main component
in the queen mandibular glands of all species except 4. florea (Plettner et al.,
1997), in which 10-HDA is the most abundant mandibular gland component.
Our finding that the two other most abundant decenoic acids also have a
pheromonal function in A. mellifera suggests that they might have sex pher-
omone functions in other honeybee species as well (Brockmann and Briickner,
2005). Thus, it is likely that 10-HDA is a sex pheromone component for A4.
florea, and it might even be the major functional pheromone component,
replacing 9-ODA in this species. In addition, differences in the relative
composition of mandibular gland components might be effective in reproduc-
tive isolation between sympatric species. GC analyses show that the relative
composition of mandibular gland components varies among different Apis
species (Plettner et al., 1997). Whether drones use these relative differences to
discriminate between queens of their own and sympatric species remains to be
determined.
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