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Introduction

Plasticity in olfactory pathway responsiveness can be an 
underlying factor that modulates behavioral variation over 
the course of an individual’s life (Davis and Takahashi 
1980; Davis 1984; Gadenne and Anton 2000; Gadenne et al. 
2001; Anderson et al. 2007; Anton et al. 2007; Barrozo et al. 
2010, 2011; George et al. 2011; Guerrieri et al. 2012; Cator 
et al. 2013). Plasticity in the response to chemosensory 
cues can ensure appropriate, context-dependent responses, 
i.e., only responding to sex pheromones at certain times of 
the day or night or otherwise only when capable of mating 
(Shorey et al. 1968). At the level of the population, this plas-
ticity may result in reproductive character displacement or 
reinforcement of speciation-related characteristics involving 
time-of-day mating activities resulting in temporal isola-
tion (Carde et al. 1977, 1978). Olfactory cues are detected, 
processed and classified by the olfactory system, which is 
similarly modularly organized in both vertebrates and inver-
tebrates (Hansson 1999; Wyatt 2014). Modulation of behav-
ioral responses to olfactory cues can be driven by alterations 
in the sensitivity of olfactory sensory neurons (OSNs) in the 
peripheral nervous system, as in flies and mosquitoes (Davis 
and Takahashi 1980; Davis 1984; Crnjar et al. 1990; George 
et al. 2011; Cator et al. 2013) or noctuid moths (Anderson 
et al. 2007; Barrozo et al. 2011; Guerrieri et al. 2012). Alter-
ations can also occur in the central nervous system, during 
the processing and integration of odorant cue information 
in the antennal lobe and its neurons projecting to protocer-
ebral neuropils, such as occurs in the moth, Agrotis ipsilon 
(Gadenne and Anton 2000; Gadenne et al. 2001).

Abstract In the honey bee (Apis mellifera), social organi-
zation is primarily mediated by pheromones. Queen-pro-
duced 9-oxo-2-decenoic acid (9-ODA) functions as both 
a social and sex pheromone, eliciting attraction in both 
female workers and male drones, but also affecting other 
critical aspects of worker physiology and behavior. These 
effects are also maturation related, as younger workers 
and sexually mature drones are most receptive to 9-ODA. 
While changes in the peripheral nervous system drive sex-
related differences in sensitivity to 9-ODA, the mechanisms 
driving maturation-related shifts in receptivity to 9-ODA 
remain unknown. Here, we investigate the hypothesis that 
changes at the peripheral nervous system may be mediat-
ing plastic responses to 9-ODA by characterizing expres-
sion levels of AmOR11 (the olfactory receptor tuned to 
9-ODA) and electrophysiological responses to 9-ODA. We 
find that receptor expression correlates significantly with 
behavioral receptivity to 9-ODA, with nurses and sexu-
ally mature drones exhibiting higher levels of expression 
than foragers and immature drones, respectively. Electro-
physiological responses to 9-ODA were not found to cor-
relate with behavioral receptivity or receptor expression, 
however. Thus, while receptor expression at the periphery 
exhibits a level of plasticity that correlates with behavior, 
the mechanisms driving maturation-dependent responsive-
ness to 9-ODA appear to function primarily in the central 
nervous system.
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Honey bees represent a fascinating model system to 
study the neurophysiological mechanisms underpinning 
plasticity in chemosensory responses and the evolution 
of these mechanisms. There are substantial differences in 
behavioral responses to the same pheromone (9-oxo-2-de-
cenoic acid, 9-ODA) between sexes (female workers and 
male drones) and also maturation-associated variation in 
responses to 9-ODA within each sex (see below for further 
discussion). Here, we investigate whether similar neuro-
physiological mechanisms mediate sex-associated variation 
and maturation-associated variation. If common mecha-
nisms are used (i.e., modulation occurs either at the level 
of the peripheral or central nervous system in both cases), 
it would suggest that a single mechanism has been co-opted 
and re-used to regulate distinct types of plasticity within a 
species. If different mechanisms are used, it would indicate 
that the olfactory system can readily be modulated through 
multiple pathways, even with the same species.

The primary pheromone component produced by a 
honey bee queen, 9-oxo-2-decenoic acid (9-ODA), elic-
its sexually dimorphic responses in workers and drones. 
In workers, 9-ODA triggers short-range attraction (over a 
few centimeters) within the colony (Kaminski et al. 1990; 
Grozinger et al. 2007), while in drones, 9-ODA stimulates 
attraction over long distances (up to 100 m) during mating 
flights (Brockmann et al. 2006). 9-ODA also has primer 
effects in workers which have not been documented in 
drones, including reducing hemolymph titers of juvenile 
hormone and brain RNA levels of the Kr-h1 transcription 
factor (Kaatz et al. 1992; Grozinger et al. 2007), both of 
which are associated with worker behavioral maturation 
from brood care/nursing to foraging (Sullivan et al. 2000; 
Grozinger et al. 2003; Grozinger and Robinson 2007). 
Thus, 9-ODA serves as both a sex pheromone compo-
nent and a social pheromone component in honey bees. It 
is important to note that 9-ODA acts synergistically with 
several other components in the queen pheromone blend to 
influence drone and worker behavior, and several behav-
ioral, neurophysiological and molecular studies have been 
performed using “queen mandibular pheromone,” or QMP, 
a five component blend that contains 9-ODA (Slessor et al. 
2005; Le Conte and Hefetz 2008; reviewed in Grozinger, in 
press).

Differences in the sensitivities of drones and workers to 
9-ODA related to distances of attraction appear to be driven 
at least in part by differences in the peripheral detection 
system. Expression of the olfactory receptor for 9-ODA 
(AmOR11) is tenfold higher in the antennae of drones ver-
sus workers (Wanner et al. 2007). Surface electron micro-
graph studies of the drone and worker antennae demon-
strate that drone antennae contain over sixfold greater 
numbers of poreplate sensilla than workers (~18,000 vs. 
~2700), which house AmOR11 olfactory receptor neurons 

(Johannes and Kaissling 1976). Finally, physiological stud-
ies utilizing electroantennograms have demonstrated that 
drone antennae are significantly more sensitive to 9-ODA, 
responding 3–10 times more strongly to it than worker 
antennae (Vetter and Visscher 1997; Brockmann et al. 
1998).

Maturation is a factor known to affect the responses of 
workers and drones to 9-ODA. Attraction to QMP and live 
queens is highest in young nurse workers, but decreases as 
workers mature and become foragers (Pham-Delegue et al. 
1993; Grozinger and Robinson 2007). However, the effects 
of 9-ODA alone have not been tested in both nurses and 
foragers. Similarly, all the primer effects of 9-ODA, QMP 
and live queens have been documented in young work-
ers but not in foragers (reviewed in Grozinger, in press). 
Attraction of drones to 9-ODA presumably increases as 
they reach sexual maturity, although this has been difficult 
to test behaviorally since they only respond to 9-ODA dur-
ing mating flights (Gary 1962; Brockmann et al. 2006).

The mechanisms regulating the hypothesized matura-
tion-related responses to 9-ODA in workers and drones 
have not been fully characterized. Previous electroantenno-
gram (EAG) studies found that responses of young nurse-
age bees to QMP or 9-ODA peaked at 8–12 days and then 
decreased slightly, but not significantly, in older foraging-
age workers (Masson and Arnold 1984; Allan et al. 1987; 
Pham-Delegue et al. 1993). However, these studies also 
found an age-related decrease in response to non-behav-
iorally important general odorants, suggesting an overall 
senescence in the tissues as a cause of the decline. These 
studies also did not employ dose–response curves, which 
can allow for a more precise determination of differences 
in the absolute lower threshold (highest sensitivity) of 
response to an odorant. A previous study of EAG responses 
in drones (Vetter and Visscher 1997) found a significant 
decrease in response to QMP as drones age, but responses 
to general control odors and 9-ODA alone were not exam-
ined. Thus, there are significant technical limitations asso-
ciated with these studies which constrain their interpret-
ability. These issues can be addressed by constructing 
dose–response curves of EAG responses to 9-ODA and 
standardizing the EAG amplitudes to a general odorant 
control stimulus to control for possible age-related senes-
cence of the antennal tissue.

Here, we examined whether sex- and maturation-related 
plasticity in behavioral responses to 9-ODA is driven by 
common neurophysiological mechanisms in honey bees. 
Sex-related plasticity appears to be strongly correlated 
with changes in the peripheral nervous system, in terms 
of both expression levels of AmOR11 and electroantenno-
gram (EAG) responses to 9-ODA (Brockmann et al. 1998; 
Wanner et al. 2007). We tested the effect of maturation 
in workers and drones on AmOR11 expression levels and 
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EAG responses (using dose responses and general odor-
ants as controls) by first examining workers and drones 
in different behavioral states (nurses, foragers, sexually 
immature drones, sexually mature drones). In a second 
set of experiments, we examined workers and drones at 
ages corresponding to the period immediately before and 
immediately after the transition from one behavioral state 
to the next, to determine how rapidly expression and EAG 
responses changed during the transition. Because behavio-
ral responses to queen pheromone decrease with matura-
tion in workers and are thought to increase with maturation 
in drones, we hypothesized that AmOR11 levels and EAG 
responses decrease with maturation in workers and increase 
in drones.

Materials and methods

General bee rearing

The following studies were performed using colonies main-
tained at The Pennsylvania State University (State College, 
PA, USA). For experiments using colonies headed by a 
single-drone inseminated (SDI) queen, we obtained queens 
from Glenn Apiaries (Fallbrook, CA). SDI queens were 
used to generate offspring with high levels of relatedness. 
All experimental colonies were maintained using standard 
management practices.

For experiments using bees reared in colonies, nurses 
and foragers were collected based on behavioral observa-
tions. Nurses were identified as they inspected/fed larvae 
in honeycomb cells, while foragers were collected as they 
returned to the colony carrying pollen. Four-day-old (sexu-
ally immature) and fourteen-day-old (sexually mature) 
drones were produced by caging the queen on frames with 
drone-sized honeycomb; note that queens lay unfertilized 
drone eggs in honeycomb cells that are slightly larger than 
the cells in which they lay fertilized, worker eggs (Winston 
1987). By caging the same queen twice, 10 days apart, we 
were able to obtain 4- and 14-day-old drones simultane-
ously for our studies. Drones reached sexual maturity (initi-
ated mating flights and had mature sperm) approximately 
8 days after emerging as adults (Villar, unpublished obser-
vation; Vetter and Visscher 1997). The drone frames were 
housed in their parent colony until a day prior to adult 
emergence, at which time they were removed and stored 
in a dark incubator at 34 °C and 50 % relative humidity. 
Upon emergence, drones were marked on their thorax with 
enamel paint (Testors) and placed back into their parent 
colony. When the two drone cohorts reached the ages of 4 
and 14 days old, they were collected. The number of colo-
nies used to generate samples is provided in the detailed 
descriptions of the molecular and EAG studies below.

For experiments using bees reared in cages, groups of 
(1) 10 newly emerged drones and 20 newly emerged work-
ers or (2) 30 newly emerged workers from the same single-
drone inseminated (SDI) colony were established in Plexi-
glass cages (10 × 10 × 7 cm) and fed with 50 % sucrose, 
water and crushed pollen ad libitum. SDI workers were 
used to control for any potential effects of genetic variation. 
Cages were maintained in a dark incubator at 34 °C and 
50 % relative humidity. The presence of the queen was sim-
ulated by a daily administration of 0.1 queen equivalents of 
synthetic queen mandibular pheromone (Contech Interna-
tional, Victoria, BC) dissolved in 1 % water/isopropanol on 
a glass slide, as in (Grozinger et al. 2003). Cages were set 
up at different days to supply 4- and 8-day-old workers and 
5- and 8-day-old drones on the same collection day. The 
number of colonies used to generate samples is provided in 
the detailed descriptions of the experiments below.

Characterization of AmOR11 receptor expression

For the bees reared in colonies, 4- and 14-day-old drones, 
nurses and foragers were collected on dry ice and stored 
at −80 °C. Antennal pairs were collected from 64 indi-
viduals per treatment and divided evenly to form eight 
samples. This was replicated using three additional colo-
nies for the worker studies and one additional colony for 
the drone studies. Antennal samples were homogenized, 
and RNA was extracted using a Arcturus PicoPure RNA 
isolation kit (Applied Biosystems, Carlsbad, CA). cDNA 
was synthesized from 200 µg of extracted RNA using 
Superscript II reverse transcriptase (Invitrogen, Carlsbad, 
CA). Expression levels were determined using quantita-
tive real-time PCR (qRT-PCR) with an ABI PRISM 7900 
sequence detector and using the SYBR Green detection 
method (Applied Biosystems). Each sample was tested in 
triplicate and averaged. A standard curve was generated 
for each primer using dilutions of genomic DNA, to calcu-
late the relative quantities of RNA levels for each sample. 
A dissociation curve and negative control (cDNA reaction 
lacking enzyme) were used to confirm primer specificity 
and lack of genomic DNA contamination. Quantification 
was based on the number of PCR cycles (CT) required to 
cross a threshold of flourescence intensity as described in 
(Bloch et al. 2001). Expression levels reported for AmOR11 
(GenBank accession no. NM 001242962; AmOR11-F:  
CTTTTACCGAACAACATGACAG, AmOR11-R: TTAT 
CTCGTAATTAGGTGTGG) were normalized to the 
expression levels of the olfactory receptor co-receptor 
(ORCO) AmOR2 (GenBank accession no. NM 001134943; 
AmOR2-F: GGACATGGATCTTCGAGGGAT, AmOR2-R: 
TTGAACGTCATTCCAGCAGTT), which served as the 
housekeeping gene control in all gene expression experi-
ments. A blast analysis confirmed the specificity of these 
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primers for AmOR11 and AmOR2; the next best sequence 
matches differed for the 5′ and 3′ primers, less than a 71 % 
sequence match and no priming at the 3′ end of the prim-
ers. AmOR2 obligately dimerizes with all honey bee odor-
ant receptors (Sato et al. 2008), and its expression levels 
should reflect the full complement of olfactory neuron 
receptors (not just those that express AmOR11), and thus, 
overall AmOR2 levels are not expected to fluctuate across 
individuals. Indeed, our results (see below) demonstrate the 
ability to resolve shifts in receptor expression across, but 
also, variability within treatments. Significant differences 
in relative expression levels were statistically analyzed 
using a two-way ANOVA with colony and caste/age as 
variables for multiple replicates or using a Student’s t test 
for single replicates. Figures represent fold differences in 
expression, relative to the youngest group tested. All statis-
tical tests were run on JMP 9.0.2 (SAS Institute Inc.).

For the bees reared in cages, drones were collected at 
5 and 8 days old, while workers were collected at 4 and 
8 days old. As before, paired antennae were collected from 
eight bees per caste/age group, biologically replicated eight 
times per colony and technically replicated across two col-
onies for drones and a single colony for workers. Samples 
were processed, AmOR11 expression was characterized, 
and data was statistically analyzed as previously described.

EAG responses to 9‑ODA

In the colony studies, 10–11 individuals from each drone or 
worker group were collected into cages, housed in an incu-
bator at 34 °C and 50 % relative humidity and tested within 
an hour of their collection. The experiment was replicated 
twice using two colony sources. The right antenna of each 
individual tested was cut at the base and tip and affixed to a 
quadroprobe electroantennogram system (Park et al. 2002) 
using Spectra® 360 electro-conductive EKG gel. A constant 
airflow of charcoal-purified, humidified air was passed 
across the antenna through a 10 mm i.d. glass tube during 
the experiments. The odorant was delivered into this con-
stant air stream via the Pasteur pipette odor cartridge (see 
below) whose tip was inserted through a small hole in the 
glass airstream tube, 11 cm from the tube’s end. A stimulus 
flow controller (Syntech, Hilversum, Netherlands) pulsed 
a 40 ml/s air-pulse through the cartridge for 0.05 s, effec-
tively delivering 2 ml of volatiles from the odor cartridge 
into the airstream and across the antenna. DC responses to 
the stimulus were amplified 10× using the quadroprobe 
pre-amp then further amplified 10× and recorded and ana-
lyzed on a laptop computer using custom software.

Odor cartridges were created as follows. Synthetic 
9-ODA (Contech International, Victoria, BC) was dis-
solved in 1 % water/isopropanol (Sigma-Aldrich, St. Louis, 
MO) and diluted in this solvent to create seven serial 

concentrations (100 pg/µl, 1 ng/µl, 10 ng/µl, 100 ng/µl, 
1 µg/µl, 10 µg/µl, and 100 μg/µl). Ten microliters of each 
dilution of 9-ODA was applied to a piece of Whatman fil-
ter paper to achieve doses of 9-ODA of 1 ng to 1 mg, rep-
resenting the range of concentrations workers and drones 
may experience under natural conditions (Pankiw et al. 
1994) and which include previously tested concentra-
tions (Loper et al. 1996; Brockmann et al. 1998, 2006). 
The solvent was allowed to evaporate, and the filter paper 
was placed inside a clean glass pipette. A control odorant 
was included (2-phenylethanol at a dose of 100 µg) which 
elicited a moderate EAG amplitude from both drone and 
worker antennae. A puff of air was passed sequentially 
through each pipette and onto each antennal preparation 
in increasing magnitude of 9-ODA concentration, and the 
amplitude of each EAG depolarization to each concen-
tration was recorded. All puffs were separated by 30 s to 
allow the antenna to reach its resting potential and began 
and ended with single administrations of the control odor-
ant. All responses to 9-ODA were quantified relative to the 
response of each antenna to the averaged response to the 
control odorant, log-transformed when data was not nor-
mally distributed and analyzed using a repeated-measures 
ANOVA with colony, age and concentration as variables.

For the bees reared in cages, seven to ten 5- and 8-day-
old drones or 4- and 8-day-old workers were similarly 
tested and assessed per colony. Drone data represent two 
colony replicates, and worker data represent one colony 
replicate.

Results

Maturation‑associated changes in AmOR11 receptor 
expression in workers and drones

We assayed AmOR11 expression in the antennae of nurses 
vs. foragers and sexually immature vs. sexually mature 
drones. From bees reared in colonies, we found significant 
differences in AmOR11 expression associated with age in 
both workers and drones, and the patterns of expression 
correspond with behavioral receptivity to 9-ODA (Fig. 1). 
In workers, AmOR11 expression levels are significantly 
higher in nurses than foragers (ANOVA, F7,52 = 10.204, 
p ≤ 0.0001, Fig. 1a). In drones, AmOR11 expression lev-
els are significantly higher in 14-day-old sexually mature 
drones than in 4-day-old sexually immature drones 
(ANOVA, F3,28 = 9.748, p = 0.0001, Fig. 1b). Though 
expression levels differed significantly with age in both 
workers and drones, it is important to note that the magni-
tude of the difference was not very large, especially com-
pared to the tenfold higher expression levels of AmOR11 in 
the antennae of drones versus workers (Wanner et al. 2007).
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In a second experiment, we reared workers and drones 
in cages and tested AmOR11 expression in 4- and 8-day-
old workers and 5- and 8-day-old drones. The attraction 
of young workers to QMP and queen pheromone extracts 
increases as they age and peaks at 8 days (Pham-Delegue 
et al. 1993), whereas drones initiate reproductive behavior 
around 8 days post-emergence [Villar, unpublished obser-
vation and (Vetter and Visscher 1997)]. AmOR11 expres-
sion levels are significantly higher in 8-day-old versus 
4-day-old workers (Fig. 2a, Student’s t test, p = 0.0091). 
An analysis of both of the drone study replicates resulted 
in a colony × age interaction effect, and each trial was 
analyzed separately as a result. In trial 1, AmOR11 

expression was found to be significantly higher in 8-day-
old drones versus 5-day-old drones (Fig. 2b, Student’s t 
test, p = 0.0002); however, no significant differences in 
expression were found in trial 2 (Fig. 2c, Student’s t test, 
p = 0.5769).

Maturation‑associated changes in electrophysiological 
responses of antennae of workers and drones to 9‑ODA

We next examined electrophysiological responses of the 
antennae of nurses, foragers, sexually immature drones 
and sexually mature drones, to determine whether these 
responses correlated with variation in AmOR11 expres-
sion, maturation and behavioral responses. We tested the 
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responses of ten to eleven colony-reared individuals per 
group per colony and tested two colonies. For all electro-
physiological assays, responses to the control odorant did 
not change over time (data not shown), confirming that the 
antennal preparations remained in good condition for the 
duration of the experiments. Results are presented relative 
to the control odorant.

There were marginally significant overall differences 
between nurse and forager antennal sensitivity to 9-ODA 
(Fig. 3a, repeated-measures ANOVA, F1,36 = 4.1915, 
p = 0.048). A significant dose affect was seen (repeated-
measures ANOVA, F4,129 = 17.5202, p ≤ 0.0001), with 
responses increasing at higher concentrations of 9-ODA. 
Interestingly, sexually immature drones showed a signifi-
cantly stronger overall response to 9-ODA than sexually 
mature drones at every concentration (Fig. 3b, repeated-
measures ANOVA, F1,39 = 21.872, p ≤ 0.0001). As with 
the workers, a significant effect of dose was seen (repeated-
measures ANOVA, F3,105 = 445.59, p ≤ 0.0001), except 
with drones, a much higher EAG amplitude relative to the 
2-phenylethanol control stimulus was observed.

Studies of bees reared in cages found no effect of matu-
ration on electroantennogram responses in both sexes, as 
well as the lack of correlation between changes in AmOR11 
receptor expression and antennal response to 9-ODA. 
Antennal responses did not differ significantly between 4- 
and 8-day-old workers (data not shown, repeated-measures 
ANOVA, F1,13 = 0.5258, p = 0.4812) or 5- and 8-day-
old drones to 9-ODA (data not shown, repeated-measures 
ANOVA, F1,31 = 0.3194, p = 0.576).

Discussion

Sexually dimorphic behavioral responses to 9-ODA in 
honey bee workers and drones have been previously 
shown to be strongly correlated with differences in anten-
nal expression levels of the 9-ODA receptor (AmOR11) 
and neurophysiological sensitivity of the antennae (Brock-
mann et al. 1998; Wanner et al. 2007). Here, we investi-
gated whether similar differences in the peripheral nervous 
system might explain the maturation-related variation in 
behavioral responses to 9-ODA observed in both workers 
and drones. Our results demonstrate that there are small 
but significant differences in AmOR11 expression associ-
ated with maturation in both workers and drones, and these 
expression differences correlate with behavioral differ-
ences. However, neurophysiological responses of the anten-
nae, measured using EAGs, do not correlate with AmOR11 
expression differences or behavioral responses. Surpris-
ingly, EAG responses are significantly lower in sexually 
mature versus immature drones at all tested concentrations 
and slightly lower in nurses than in foragers.

What physiological mechanisms regulate this matu-
ration-related increase in AmOR11 expression levels in 
drones and maturation-related decrease in AmOR11 levels 
in workers? Behavioral maturation in workers and sexual 
maturation in drones are regulated by common genetic 
and physiological factors: artificially increasing juvenile 
hormone titers in both workers and drones accelerates 
maturation, and worker and drone maturation rates are 
correlated across genotypes (Giray and Robinson 1996). 
Thus, it is possible that JH titers may also trigger changes 
in the sensory system to increase sensitivity or receptivity 
to relevant cues. In our studies, we found increasing lev-
els of AmOR11 expression occurring during the first week 
of adult development for both workers and drones. Previ-
ous studies have also shown that an increase of JH titers in 
both workers and drones begins 4–7 days after adult emer-
gence (Giray and Robinson 1996; Pankiw et al. 1998). 
However, the effects of JH on transcription events must be 
modulated by other factors in drones compared to work-
ers, thereby allowing increasing JH titers to be associated 
with decreased AmOR11 expression in foragers compared 
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Fig. 3  Colony-reared worker and drone antennal responses to 
9-ODA do not correlate with behavior or AmOR11 expression. a A 
marginally significant effect of age was found in workers (repeated-
Measures ANOVA F1,36 = 4.1915, p = 0.048), with older foragers 
(N = 20, 2 colony replicates) exhibiting stronger overall electrophysi-
ological responses to 9-ODA vs. young nurses (N = 21, 2 colony 
replicates). A colony effect was also present (p = 0.0428); how-
ever, no colony × age interaction effect was present (p = 0.0861). 
b Immature drone antennae (N = 21, 2 colony replicates) exhibit a 
significantly greater response to 9-ODA at most concentrations tested 
(repeated-measures ANOVA F1,39 = 21.872, p ≤ 0.0001) compared 
to those of mature drones (N = 22, 2 colony replicates). A colony 
effect was present (p = 0.001), but no colony × age effect was found 
(p = 0.8135). A concentration effect was found for both workers and 
drones, confirming a dose response to increasing 9-ODA concentra-
tions (p < 0.0001)
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to nurses and increased expression in older, compared to 
younger, drones.

Differences in AmOR11 levels did not correspond to 
differences in antennal neurophysiological responses to 
9-ODA. In colony-reared bees, EAG responses to 9-ODA 
were significantly higher in sexually immature drones than 
sexually mature drones, in direct contrast to AmOR11 lev-
els and the expected behavioral responses. Vetter and Viss-
cher similarly observed decreased EAG responses to QMP 
as drones aged (Vetter and Visscher 1997). In workers, we 
found marginally significant differences in response in 
nurses and foragers, where forager antennae were more 
responsive at low concentrations and high concentrations, 
again in direct contrast to AmOR11 levels and the expected 
behavioral responses. Though uncommon, a lack of agree-
ment between odor-mediated behavior and EAG responses 
has been found to occur in other instances (Lemmen 
2014). Previous studies of worker EAG responses to QMP 
found responses peaked at 8–12 days and then remained 
relatively stable or decreased slightly (Masson and Arnold 
1984; Allan et al. 1987; Pham-Delegue et al. 1993). In 
cage-reared bees, there were no age-associated differences 
in EAG responses of either drones or workers. The lack 
of correlation between receptor expression and antennal 
sensitivity may be due to other associated changes in the 
olfactory neurons which could change their responsive-
ness, including changes in concentrations of odorant-bind-
ing proteins (Danty et al. 1998; Biessmann et al. 2010; 
Pelletier et al. 2010), changes in the activity of signal 
transduction pathways within neurons (Vergoz et al. 2009) 
or modulation of sensory neuron activity due to biogenic 
amines (McQuillan et al. 2012) and circulating hormones 
(Robinson 1987). Another possibility relates to a recent 
study on the olfactory receptor neuron’s ability to handle 
high levels of molecular flux from incoming plume strands 
of odorants. Larger diameter dendrites having greater sur-
face areas and expressing more ORs than smaller diameter 
dendrites do not seem to increase the neurons’ sensitivi-
ties to their ligands (Baker et al. 2012). It was proposed 
that a greater expression of ORs on the dendrites of recep-
tor neurons is needed not to increase a neuron’s sensitivi-
ties but rather to accurately report peak molecular abun-
dances of behaviorally important odorant molecules. 
With AmOR11, therefore, we might not expect to see cor-
responding increases in EAG amplitudes with increased 
expression levels, but rather should have expected to see 
an ability of the antenna to respond with increased EAG 
amplitudes only to what normally would have been exces-
sively high concentrations of 9-ODA to which a still higher 
EAG would not have typically been registered. Other stud-
ies have demonstrated that olfactory neuron responses to 
odorants can vary in honey bee workers due to genotype 
or learning experience. Hygienic strains of honey bees 

exhibit lower thresholds of sensitivity to diseased brood, 
characterized by greater olfactory sensitivity to low con-
centrations of diseased brood odors and faster cleaning of 
diseased individuals as compared to non-hygienic strains 
(Masterman et al. 2001). Interestingly, pharmacological 
manipulation of octopamine (OA) levels modulates physi-
ological responses to diseased brood odors (Spivak et al. 
2003). Recently, Claudianos et al. demonstrated that odor 
conditioning of workers with linalool (a floral odorant) 
and 9-ODA alike resulted in a significant down-regula-
tion of their respective odor receptors and decreased EAG 
responses to the odors, both effects contingent on the for-
mation of an odor-associated long-term memory (Claudi-
anos et al. 2014). However, in other studies, the formation 
of odor memories has also been shown to both increase 
antennal sensitivity (Wadhams et al. 1994) or have no 
impact on sensitivity (Sandoz et al. 2001), suggesting that 
additional factors regulate these processes.

In the honey bee, 9-ODA has evolved to function as a 
social and sex pheromone in workers and drones, respec-
tively. As such, it is responsible for facilitating critical 
features of the social environment and its organization. 
Variation in responsiveness to 9-ODA among drones and 
workers of different ages is an important factor ensuring 
that the pheromone elicits the optimal responses in the 
different contexts. Though the underlying mechanisms 
responsible for eliciting differential responses to the same 
signal among young and old workers and sexually imma-
ture and mature drones are yet unknown in this system, our 
results suggest that neuromodulatory factors altering syn-
aptic activities within the antennal lobe or protocerebrum 
are likely to be responsible. Thus, different aspects of the 
olfactory system are modulated to mediate sex- and matu-
ration-dependent differences in sensitivity and response to 
9-ODA.

Acknowledgments We would like to thank Bernardo Niño for 
expert beekeeping assistance, Dr. Andrew Myrick of the Baker labo-
ratory for assistance with electrophysiological experiments and devel-
opment of custom EAG software, and undergraduate assistants Dustin 
Betz, Sydney Tabaac and Jacqueline Patterson for their help during 
the field season, as well as members of the Grozinger lab for critical 
reading of the manuscript. These studies were supported by an NSF 
CAREER grant to CMG and a grant from the Pennsylvania Pollina-
tors Grant Program to GV.

References

Allan SA, Slessor KN, Winston ML, King GGS (1987) The influence 
of age and task specialization on the production and perception 
of honey bee pheromones. J Insect Physiol 33(12):917–922

Anderson P, Hansson BS, Nilsson U, Han Q, Sjoholm M, Skals N, 
Anton S (2007) Increased behavioral and neuronal sensitivity 
to sex pheromone after brief odor experience in a moth. Chem 
Senses 32(5):483–491. doi:10.1093/Chemse/Bjm017

http://dx.doi.org/10.1093/Chemse/Bjm017


738 J Comp Physiol A (2015) 201:731–739

1 3

Anton S, Dufour MC, Gadenne C (2007) Plasticity of olfactory-
guided behaviour and its neurobiological basis: lessons 
from moths and locusts. Entomol Exp Appl 123(1):1–11. 
doi:10.1111/J.1570-7458.2007.00516.X

Baker TC, Domingue MJ, Myrick AJ (2012) Working range of stimu-
lus flux transduction determines dendrite size and relative num-
ber of pheromone component receptor neurons in moths. Chem 
Senses 37:299–313. doi:10.1093/chemse/bjr122

Barrozo RB, Gadenne C, Anton S (2010) Switching attraction to inhi-
bition: mating-induced reversed role of sex pheromone in an 
insect. J Exp Biol 213(17):2933–2939. doi:10.1242/Jeb.043430

Barrozo RB, Jarriault D, Deisig N, Gemeno C, Monsempes C, Lucas 
P, Gadenne C, Anton S (2011) Mating-induced differential coding 
of plant odour and sex pheromone in a male moth. Eur J Neuro-
sci 33(10):1841–1850. doi:10.1111/J.1460-9568.2011.07678.X

Biessmann H, Andronopoulou E, Biessmann MR, Douris V, Dimitra-
tos SD, Eliopoulos E, Guerin PM, Iatrou K, Justice RW, Krober 
T, Marinotti O, Tsitoura P, Woods DF, Walter MF (2010) The 
anopheles gambiae odorant binding protein 1 (AgamOBP1) 
mediates indole recognition in the antennae of female mosqui-
toes. Plos One 5(3):e9471. doi:10.1371/journal.pone.0009471

Bloch G, Toma DP, Robinson GE (2001) Behavioral rhythmicity, age, 
division of labor and period expression in the honey bee brain. J 
Biol Rhythms 16(5):444–456

Brockmann A, Bruckner D, Crewe RM (1998) The EAG response 
spectra of workers and drones to queen honeybee mandibular 
gland components: the evolution of a social signal. Naturwissen-
schaften 85(6):283–285. doi:10.1007/S001140050500

Brockmann A, Dietz D, Spaethe J, Tautz J (2006) Beyond 9-ODA: 
sex pheromone communication in the European honey bee 
Apis mellifera L. J Chem Ecol 32(3):657–667. doi:10.1007/
s10886-005-9027-2

Carde RT, Carde AM, Hill AS, Roelofs WL (1977) Sex-pheromone 
specificity as a reproductive isolating mechanism among sibling 
species Archips-Argyrospilus and A. Mortuanus and other sym-
patric tortricine moths (Lepidoptera-Tortricidae). J Chem Ecol 
3(1):71–84. doi:10.1007/Bf00988135

Carde RT, Roelofs WL, Harrison RG, Vawter AT, Brussard PF, Mutu-
ura A, Munroe E (1978) European corn-borer—pheromone 
polymorphism or sibling species. Science 199(4328):555–556. 
doi:10.1126/Science.199.4328.555

Cator LJ, George J, Blanford S, Murdock CC, Baker TC, Read AF, 
Thomas MB (2013) ‘Manipulation’ without the parasite: altered 
feeding behaviour of mosquitoes is not dependent on infection 
with malaria parasites. Proc Biol Sci R Soc 280(1763):20130711. 
doi:10.1098/rspb.2013.0711

Claudianos C, Lim J, Young M, Yan SZ, Cristino AS, Newcomb RD, 
Gunasekaran N, Reinhard J (2014) Odor memories regulate 
olfactory receptor expression in the sensory periphery. Eur J 
Neurosci 39(10):1642–1654. doi:10.1111/Ejn.12539

Crnjar R, Yin CM, Stoffolano JG, Barbarossa IT, Liscia A, Angioy AM 
(1990) Influence of age on the electroantennogram response of the 
female blowfly (Phormia Regina) (Diptera, Calliphoridae). J Insect 
Physiol 36(12):917–921. doi:10.1016/0022-1910(90)90079-U

Danty E, Arnold G, Huet JC, Huet D, Masson C, Pernollet JC (1998) 
Separation, characterization and sexual heterogeneity of multiple 
putative odorant-binding proteins in the honeybee Apis mellifera 
L. (Hymenoptera: Apidea). Chem Senses 23(1):83–91

Davis EE (1984) Development of lactic-acid receptor sensitiv-
ity and host-seeking behavior in newly emerged female 
Aedes aegypti mosquitos. J Insect Physiol 30(3):211–215. 
doi:10.1016/0022-1910(84)90005-2

Davis EE, Takahashi FT (1980) Hormonal modification of chemore-
ceptor sensitivity in an insect. Am Zool 20(4):936

Gadenne C, Anton S (2000) Central processing of sex pheromone 
stimuli is differentially regulated by juvenile hormone in a 

male moth. J Insect Physiol 46(8):1195–1206. doi:10.1016/
S0022-1910(00)00040-8

Gadenne C, Dufour MC, Anton S (2001) Transient post-mating inhi-
bition of behavioural and central nervous responses to sex phero-
mone in an insect. Proc R Soc B Biol Sci 268(1476):1631–1635. 
doi:10.1098/Rspb.2001.1710

Gary NE (1962) Chemical mating attractants in the queen honey bee. 
Science 136(3518):773–774

George J, Blanford S, Domingue MJ, Thomas MB, Read AF, Baker 
TC (2011) Reduction in host-finding behaviour in fungus-infected 
mosquitoes is correlated with reduction in olfactory receptor neu-
ron responsiveness. Malar J. doi:10.1186/1475-2875-10-219

Giray T, Robinson GE (1996) Common endocrine and genetic mecha-
nisms of behavioral development in male and worker honey bees 
and the evolution of division of labor. Proc Natl Acad Sci USA 
93(21):11718–11722

Grozinger CM (in press) Honey bee pheromones. In: Graham J (ed) 
The hive and the honey bee. Dadant and Sons, Hamilton

Grozinger CM, Robinson GE (2007) Endocrine modulation of a 
pheromone-responsive gene in the honey bee brain. J Comp 
Physiol Neuroethol Sens Neural Behav Physiol 193(4):461–470. 
doi:10.1007/S00359-006-0202-X

Grozinger CM, Sharabash NM, Whitfield CW, Robinson GE (2003) 
Pheromone-mediated gene expression in the honey bee brain. 
Proc Natl Acad Sci USA 100:14519–14525. doi:10.1073/
pnas.2335884100

Grozinger CM, Fischer P, Hampton JE (2007) Uncoupling primer and 
releaser responses to pheromone in honey bees. Naturwissen-
schaften 94(5):375–379. doi:10.1007/S00114-006-0197-8

Guerrieri F, Gemeno C, Monsempes C, Anton S, Jacquin-Joly E, 
Lucas P, Devaud JM (2012) Experience-dependent modulation 
of antennal sensitivity and input to antennal lobes in male moths 
(Spodoptera littoralis) pre-exposed to sex pheromone. J Exp 
Biol 215(13):2334–2341. doi:10.1242/Jeb.060988

Hansson B (1999) Insect olfaction. Springer, Berlin
Johannes E, Kaissling KE (1976) Zahn und Verteilung antennaler 

Sensillen bei der Honigbiene (Apis mellifera L.). Zoomorpholo-
gie 83(3):227–251

Kaatz H-H, Hildebrandt H, Engels W (1992) Primer effect of queen 
pheromone on juvenile hormone biosynthesis in adult worker 
honey bees. J Comp Physiol [B] 162(7):588–592. doi:10.1007/
bf00296638

Kaminski LA, Slessor KN, Winston ML, Hay NW, Borden JH (1990) 
Honeybee response to queen mandibular pheromone in labo-
ratory bioassays. J Chem Ecol 16(3):841–850. doi:10.1007/
bf01016494

Le Conte Y, Hefetz A (2008) Primer pheromones in social hymenop-
tera. Annu Rev Entomol 53:523–542

Lemmen JK (2014) Plasticity in response to semiochemicals as part 
of a reproductive diapause syndrome in a long-lived moth, 
Caloptilia fraxinella (Lepidoptera: Gracillariidae). Dissertation, 
University of Alberta

Loper GM, Taylor OR, Foster LJ, Kochansky J (1996) Relative attrac-
tiveness of queen mandibular pheromone components to honey 
bee (Apis mellifera) drones. J Apicult Res 35(3–4):122–123

Masson C, Arnold G (1984) Ontogeny, maturation, and plasticity of 
the olfactory system in the workerbee. J Insect Physiol 30:7–14

Masterman R, Ross R, Mesce K, Spivak M (2001) Olfactory and 
behavioral response thresholds to odors of diseased brood differ 
between hygienic and non-hygienic honey bees (Apis mellifera 
L.). J Comp Physiol A 187(6):441–452

McQuillan HJ, Barron AB, Mercer AR (2012) Age- and behaviour-
related changes in the expression of biogenic amine receptor 
genes in the antennae of honey bees (Apis mellifera). J Comp 
Physiol A Neuroethol Sens Neural Behav Physiol 198(10):753–
761. doi:10.1007/S00359-012-0745-Y

http://dx.doi.org/10.1111/J.1570-7458.2007.00516.X
http://dx.doi.org/10.1093/chemse/bjr122
http://dx.doi.org/10.1242/Jeb.043430
http://dx.doi.org/10.1111/J.1460-9568.2011.07678.X
http://dx.doi.org/10.1371/journal.pone.0009471
http://dx.doi.org/10.1007/S001140050500
http://dx.doi.org/10.1007/s10886-005-9027-2
http://dx.doi.org/10.1007/s10886-005-9027-2
http://dx.doi.org/10.1007/Bf00988135
http://dx.doi.org/10.1126/Science.199.4328.555
http://dx.doi.org/10.1098/rspb.2013.0711
http://dx.doi.org/10.1111/Ejn.12539
http://dx.doi.org/10.1016/0022-1910(90)90079-U
http://dx.doi.org/10.1016/0022-1910(84)90005-2
http://dx.doi.org/10.1016/S0022-1910(00)00040-8
http://dx.doi.org/10.1016/S0022-1910(00)00040-8
http://dx.doi.org/10.1098/Rspb.2001.1710
http://dx.doi.org/10.1186/1475-2875-10-219
http://dx.doi.org/10.1007/S00359-006-0202-X
http://dx.doi.org/10.1073/pnas.2335884100
http://dx.doi.org/10.1073/pnas.2335884100
http://dx.doi.org/10.1007/S00114-006-0197-8
http://dx.doi.org/10.1242/Jeb.060988
http://dx.doi.org/10.1007/bf00296638
http://dx.doi.org/10.1007/bf00296638
http://dx.doi.org/10.1007/bf01016494
http://dx.doi.org/10.1007/bf01016494
http://dx.doi.org/10.1007/S00359-012-0745-Y


739J Comp Physiol A (2015) 201:731–739 

1 3

Pankiw T, Winston ML, Slessor KN (1994) Variation in worker 
response to honey-bee (Apis mellifera L.) queen mandibular 
pheromone (Hymenoptera, Apidae). J Insect Behav 7(1):1–15. 
doi:10.1007/Bf01989823

Pankiw T, Huang Z-Y, Winston M, Robinson G (1998) Queen man-
dibular gland pheromone influences worker honey bee (Apis mel-
lifera L.) foraging ontogeny and juvenile hormone titers. J Insect 
Physiol 44:685–692

Park KC, Ochieng SA, Zhu JW, Baker TC (2002) Odor discrimina-
tion using insect electroantennogram responses from an insect 
antennal array. Chem Senses 27(4):343–352. doi:10.1093/
Chemse/27.4.343

Pelletier J, Guidolin A, Syed Z, Cornel AJ, Leal WS (2010) Knock-
down of a mosquito odorant-binding protein involved in the 
sensitive detection of oviposition attractants. J Chem Ecol 
36(3):245–248. doi:10.1007/S10886-010-9762-X

Pham-Delegue MH, Trouiller J, Caillaud CM, Roger B, Masson C 
(1993) Effect of queen pheromone on worker bees of different 
ages: behavioural and electrophysiological responses. Apidolo-
gie 24(3):267–281

Robinson GE (1987) Modulation of alarm pheromone perception 
in the honey-bee—evidence for division-of-labor based on 
hormonally regulated response thresholds. J Comp Physiol A 
160(5):613–619. doi:10.1007/Bf00611934

Sandoz JC, Pham-Delegue MH, Renou M, Wadhams LJ (2001) 
Asymmetrical generalisation between pheromonal and floral 
odours in appetitive olfactory conditioning of the honey bee 
(Apis mellifera L.). J Comp Physiol A 187(7):559–568

Sato K, Pellegrino M, Nakagawa T, Nakagawa T, Vosshall LB, Tou-
hara K (2008) Insect olfactory receptors are heteromeric ligand-
gated ion channels. Nature 452(7190):1002–1009. doi:10.1038/
Nature06850

Shorey HH, Morin KL, Gaston LK (1968) Sex pheromones of noctuid 
moths.15. Timing of development of pheromone-responsiveness 

and other indicators of reproductive age in males of 8 species. 
Ann Entomol Soc Am 61(4):857–861

Slessor K, Winston M, Le Conte Y (2005) Pheromone communication 
in the honeybee (Apis mellifera L.). J Chem Ecol 31:2731–2745

Spivak M, Masterman R, Ross R, Mesce KA (2003) Hygienic behav-
ior in the honey bee (Apis mellifera L.) and the modulatory 
role of octopamine. J Neurobiol 55(3):341–354. doi:10.1002/
Neu.10219

Sullivan JP, Jassim O, Fahrbach SE, Robinson GE (2000) Juvenile 
hormone paces behavioral development in the adult worker 
honey bee. Horm Behav 37(1):1–14

Vergoz V, McQuillan HJ, Geddes LH, Pullar K, Nicholson BJ, Pau-
lin MG, Mercer AR (2009) Peripheral modulation of worker bee 
responses to queen mandibular pheromone. Proc Natl Acad Sci 
USA 106(49):20930–20935. doi:10.1073/pnas.0907563106

Vetter RS, Visscher PK (1997) Influence of age on antennal response 
of male honey bees, Apis mellifera, to queen mandibular 
pheromone and alarm pheromone component. J Chem Ecol 
23(7):1867–1880

Wadhams LJ, Blight MM, Kerguelen V, Lemetayer M, Marionpoll F, 
Masson C, Phamdelegue MH, Woodcock CM (1994) Discrimi-
nation of oilseed rape volatiles by honey-bee—novel combined 
gas-chromatographic electrophysiological behavioral assay. J 
Chem Ecol 20(12):3221–3231. doi:10.1007/Bf02033722

Wanner KW, Nichols AS, Walden KKO, Brockmann A, Luetje CW, 
Robertson HM (2007) A honey bee odorant receptor for the 
queen substance 9-oxo-2-decenoic acid. Proc Natl Acad Sci 
104(36):14383–14388. doi:10.1073/pnas.0705459104

Winston ML (1987) The biology of the honey bee. Harvard Univer-
sity Press, Cambridge

Wyatt TD (2014) Pheromones and animal behavior, 2nd edn. Cam-
bridge University Press, New York

http://dx.doi.org/10.1007/Bf01989823
http://dx.doi.org/10.1093/Chemse/27.4.343
http://dx.doi.org/10.1093/Chemse/27.4.343
http://dx.doi.org/10.1007/S10886-010-9762-X
http://dx.doi.org/10.1007/Bf00611934
http://dx.doi.org/10.1038/Nature06850
http://dx.doi.org/10.1038/Nature06850
http://dx.doi.org/10.1002/Neu.10219
http://dx.doi.org/10.1002/Neu.10219
http://dx.doi.org/10.1073/pnas.0907563106
http://dx.doi.org/10.1007/Bf02033722
http://dx.doi.org/10.1073/pnas.0705459104

	Neurophysiological mechanisms underlying sex- and maturation-related variation in pheromone responses in honey bees (Apis mellifera)
	Abstract 
	Introduction
	Materials and methods
	General bee rearing
	Characterization of AmOR11 receptor expression
	EAG responses to 9-ODA

	Results
	Maturation-associated changes in AmOR11 receptor expression in workers and drones
	Maturation-associated changes in electrophysiological responses of antennae of workers and drones to 9-ODA

	Discussion
	Acknowledgments 
	References




