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Appetitive but not aversive olfactory conditioning
modifies antennal movements in honeybees
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In honeybees, two olfactory conditioning protocols allow the study of appetitive and aversive Pavlovian associations.
Appetitive conditioning of the proboscis extension response (PER) involves associating an odor, the conditioned stimulus
(CS) with a sucrose solution, the unconditioned stimulus (US). Conversely, aversive conditioning of the sting extension re-
sponse (SER) involves associating the odor CS with an electric or thermal shock US. Each protocol is based on the measure of
a different behavioral response (proboscis versus sting) and both only provide binary responses (extension or not of the
proboscis or sting). These limitations render the measure of the acquired valence of an odor CS difficult without testing
the animals in a freely moving situation. Here, we studied the effects of both olfactory conditioning protocols on the move-
ments of the antennae, which are crucial sensory organs for bees. As bees” antennae are highly mobile, we asked whether
their movements in response to an odorant change following appetitive or aversive conditioning and if so, do odor-evoked
antennal movements contain information about the acquired valence of the CS? We implemented a tracking system for
harnessed bees” antennal movements based on a motion capture principle at a high frequency rate. We observed that dif-
ferential appetitive conditioning had a strong effect on antennal movements. Bees responded to the reinforced odorant with
a marked forward motion of the antennae and a strong velocity increase. Conversely, differential aversive conditioning had
no associative effect on antennal movements. Rather than revealing the acquired valence of an odorant, antennal move-
ments may represent a novel conditioned response taking place during appetitive conditioning and may provide a possible

advantage to bees when foraging in natural situations.
[Supplemental material is available for this article.]

In order to survive, animals must detect and integrate environ-
mental signals to adapt their behavior when facing potentially
positive (food, sex-mate) or negative (danger, predator) situations
(Alcock 1997). These adaptive behaviors are for the most part ac-
quired through experience. Through associative learning, animals
learn associations between a particular behavioral response and its
consequence (operant learning; Skinner 1936) or between initial-
ly neutral environmental (color, sound, odor) stimuli and other
meaningful (food, danger, etc.) stimuli (classical or Pavlovian
learning; Pavlov 1927).

Classical conditioning has been intensively studied in many
species from mammals to invertebrates (Rescorla 1988; Crow
2004; Busto et al. 2010). Among invertebrates, the honeybee
Apis mellifera represents an influential and biologically relevant
model for studying associative learning. Learning is an essential
part of their daily behavior, especially while foraging when they
must learn and memorize floral odors or colors (Giurfa 2007;
Menzel 2012). Pavlovian learning can be effectively studied in
the laboratory thanks to the development of two main olfactory
conditioning assays performed on restrained individuals. The
most prominent learning assay developed for honeybees is the ol-
factory conditioning of the proboscis extension response (PER), in
which bees learn to associate an initially neutral odor (condi-
tioned stimulus—CS) with a sucrose reward (unconditioned stim-
ulus—US) applied to the antennae and then to the proboscis
(Bitterman et al. 1983; Giurfa and Sandoz 2012). Following condi-
tioning, bees extend their proboscis in response to the odor alone
(Takeda 1961; Bitterman et al. 1983). The odorant thus acquires a
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positive valence and becomes attractive to bees so that in a free-
moving situation, they will orient toward this stimulus (Sandoz
et al. 2000; Chaffiol et al. 2005; Carcaud et al. 2009). Another im-
portant classical conditioning procedure, the olfactory condition-
ing of the sting extension response (SER) was developed only
recently (Vergoz et al. 2007). In this procedure, the odor CS is as-
sociated with an aversive US (electric shock: Vergoz et al. 2007;
thermal shock: Junca et al. 2014). Once the association has been
made, bees extend their sting to the aversively reinforced odor
alone. The odor CS thereby acquires a negative valence and bees
clearly avoid it in a freely moving test (Carcaud et al. 2009).
Both types of conditioning allow the use of invasive techniques
such as electrophysiology, optical imaging, and pharmacology
enabling us to understand the behavioral, cellular, and molecular
basis of appetitive and aversive learning, respectively (Giurfa and
Sandoz 2012; Menzel 2012; Tedjakumala and Giurfa 2013).

In standard PER and SER conditioning procedures, responses
are stereotyped and operate in abinary “all ornothing” fashion (ex-
tension or not of the proboscis or sting) (Bitterman et al. 1983;
Vergoz et al. 2007). Therefore, they do not allow a graded measure
of learning success or a precise measure of the acquired valence of
anodorantat theindividual level. For thisreason, studies using PER
or SER conditioning usually discuss individual performances from
response proportions in groups of bees, which has been criticized
(Pamir et al. 2011). Moreover, when using restrained animals,
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Olfactory conditioning effect on antennal movements

positive and negative valences have to be studied based on totally
different behavioral responses (PER or SER), thereby inducing a po-
tential bias. Therefore, we asked whether the movements of other
body parts may indeed reveal and integrate both the positive and
the negative acquired values of odorants. We focused on honey-
bee’s antennae, which are highly mobile sensory structures dis-
playing awide range of possible movements around the bee’shead.

Many insects use antennal movements to acquire crucial sen-
sory information about their surroundings. As for other insects,
the honeybee antenna is a prominent interface between the indi-
vidual and its environment as it contains complex sensory equip-
ment tuned to different sensory modalities (olfactory, gustatory,
thermosensory, mechanosensory, etc.) (Lacher and Schneider
1963; Lacher 1964; Vareschi 1971; Esslen and Kaissling 1976;
Whitehead and Larsen 1976; Dreller and Kirchner 1993). Honey-
bees use their antennae in a great variety of behavioral tasks and
contexts. Inside the hive, the bees’ antennae allow them to probe
food, wax, or other substrates (Martin and Lindauer 1966; Winston
1987; Nagari and Bloch 2012) and to communicate with conspecif-
ics, during food exchanges (Free 1956; Montagner and Pain 1971;
Galliot and Azoeuf 1979; Galliot et al. 1982; Korst and Velthuis
1982; Crailsheim 1998) or the waggle dance (von Frisch 1967;
Rohrseitz and Tautz, 1999; Gil and De Marco, 2010). Outside of
the hive, bees use their antennae during foraging, allowing them
to detect and learn multisensory cues from flowers (olfactory, tac-
tile, gustatory) (Kevan and Lane 1985; Menzel 1990; Wright and
Schiestl 2009). Therefore, the honeybee antennae are crucial,
highly mobile sensory organs, whose movements are essential to
their sensory ecology and behavior. One may thus ask whether
bees’ antennal movements are affected by previous associative ex-
perience, and if so, if these movements contain information about
the acquired appetitive or aversive value of an odorant.

Previous work used electrophysiological recordings or pho-
todiodes to study honeybees’ antennal movements in response
to visual, olfactory, or tactile stimuli (Suzuki 1975; Erber and
Schildberger 1980; Erber et al. 1993). Typically, bees exhibit an an-
tennal scanning behavior in response to sugar stimulation or to
odorants, characterized by sweeping movements from the front
to the back of the head (Erber et al. 1993). The advent of video cap-
ture provided more precise spatial information about antennal
movements. The first such study, using marked antenna tips, dem-
onstrated that antennal movements can be operantly condi-
tioned, by rewarding contacts of the antenna with an object
with sucrose solution (Erber et al. 1997; see also Erber et al. 1998,
2000; Kisch and Erber 1999; Haupt 2007). Several studies since
then used video means to measure antennal movements but
they mostly concentrated on the technical aspects of such record-
ings (Lambin et al. 2005; Mujagi¢ et al. 2012) or aimed to monitor
bees’ sleep state (Sauer et al. 2003, 2004; Hussaini et al. 2009). Until
now, no in-depth study has addressed the possible plasticity of an-
tennal movements following olfactory Pavlovian conditioning.

Inthe present study, we thusaimed todetermine theinfluence
ofan appetitive or an aversive olfactory learning procedure, assign-
ingapositive oranegative valence to an odorant, on bees’ antennal
responses. We thus implemented an original antenna tracking sys-
tem based on a motion capture principle (Erber et al. 1997) en-
abling us to record the antennal movements from harnessed
bees, ata high frequencyrate (90 Hz). We show that olfactory learn-
ing can indeed strongly modify antennal movements to odorants.

Results

Measure of antennal response to odorants
To monitor antennal movements in harnessed honeybees, a
camera-based tracking system using a motion capture principle
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was placed above the bee’s head (Fig. 1A). The upper sides of the
bees’ antenna tips were marked with small dots of red acrylic
paint. The system was tuned to this red color and was able to track
the location of both antenna tips at a frequency of 90 Hz. Bees’ an-
tennae are highly mobile and can move around their socket
(henceforth termed “antenna base”) from the front of their
head to the rear on each side (traveling an ~180° angle). There-
fore, the position of each antenna tip was best described using
polar coordinates, i.e., by aradius (r) and an angle (6) with the cen-
ter being the antenna base (Fig. 1B). The radius r was defined as the
distance between antenna tip and base while the angle § was mea-
sured from the front (0°) to the back of the bee (180°) via the ip-
silateral side (90°). From these values, the angular velocity (V)
as well as the distance between both antenna tips (D) could be cal-
culated. An odor-stimulation trial lasted 40 s. After 15 sec of an
odorless airflow, a 5-sec odorant stimulation was applied. Figure
1C presents the recording of the four variables during an odorant
stimulation trial in a naive bee (for average values on groups of
bees see Figs. 4C,D, 7C,D; Supplemental Fig. S1, S2). Typically,
bees’ antennal movements displayed stronger variations in angle
than in radius, their antennae oscillating between the front
(~10°) and a position at the back of their head (here ~140°).
The presentation of a pure odorant usually induced a slight back-
ward motion of the antennae, as shown by an increase in the an-
gle (0) and in the distance between both antennae (D) during odor
delivery.

Olfactory learning performances

To assess how olfactory learning with different reinforcements im-
pacts antennal movements to odorants, bees were subjected either
to an appetitive (PER) or to an aversive (SER) differential condi-
tioning procedure. In both cases, bees had to differentiate be-
tween a reinforced odorant (CS+) and a nonreinforced odorant
(CS—). Bees received 6 CS+ and 6 CS— trials in a pseudorandom-
ized order with 10 min inter-trial intervals. Antennal movements
in response to a panel of stimuli were measured 1 h beforeand 1 h
after conditioning. During each of these test sessions, the respons-
es to the CS+, to the CS—, to a novel odorant and to an air con-
trol were measured in a randomized order (see Materials and
Methods).

PER conditioning

Differential conditioning of the PER was performed to evaluate
the effect of appetitive learning on bees’ antennal movements
(Fig. 2A, N = 44). In this procedure, bees learned to differentiate
between the odorant paired with sucrose reward (CS+) and
the nonreinforced odorant (CS—) in the course of training
(RM-ANOVA: trial x stimulus interaction, Fs 215 =33.5, P<
0.001). Responses to the CS+ increased significantly, from 0% at
the first trial to 86% at the sixth trial (RM-ANOVA, “trial” effect,
F5215=46.3, P<0.001), whereas responses to the CS— re-
mained stable, between 5% and 11% (RM-ANOVA, trial effect,
Fs,215 = 1.47, NS). Overall, 75% of the bees (33 out of 44) re-
sponded only to the CS+ and not to the CS— at the sixth trial.

SER conditioning

Differential conditioning of the SER was performed to evaluate
the impact of aversive learning on bees’ antennal movements
(Fig. 2B, N = 68). In this procedure, bees learned to discriminate
the odorant paired with a thermal shock (CS+) from the nonrein-
forced odorant (CS—) (RM-ANOVA, trial x stimulus interaction,
F(s,335)=15.2, P < 0.001). The percentage of SER to the CS+ in-
creased significantly, from 19% at the first trial to 60% at the sixth
trial (RM-ANOVA, trial effect, F(s 335y = 18.9, P < 0.001), whereas
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Antennal movement recording. (A) Apparatus for recording antennal movements. Harnessed bees were placed in a dark room, under a cold

light ring encircling a camera which recorded the coordinates of both antennal tips at a rate of 90 Hz. Olfactory stimulation was delivered to the bee from
the front and an air extractor placed behind the animal prevented odorant accumulation. (B) Representation of the variables measured from antennal tip
positions: (blue) distance to antenna base (r); (red) angular position (6); (green) distance between both antennal tips (D). (C) Recordings taken before
conditioning in response to 1-hexanol (black bar) for an individual bee. The same variables as in B are shown for this bee’s two antennae (black line, right
antenna; gray line, left antenna), with the addition of the angular velocity (V) calculated from the angular position (6).

responses to the CS— did not change and remained between 12%
and 22% (RM-ANOVA, trial effect, Fs 335 =0.95, NS). Overall,
44% of bees (30 out of 68) performed correctly at the sixth trial,
responding only to the CS+ and not to the CS—.

Bees thus learned to discriminate the reinforced from the
nonreinforced odorant in appetitive and aversive condition-
ing tasks. As observed in previous studies (Vergoz et al. 2007,
Carcaud et al. 2009), performances were lower in SER than in
PER conditioning.

Effect of appetitive learning on antennal movements
To reveal the effect of olfactory learning on antennal movements,
we first computed maps of antennal tip occurrence before and
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during odor presentations (Fig. 3). In such maps, a color scale
from blue to red indicates how often (in % of total time) bees’
antenna tips were positioned at each location (Fig. 3A). As the
recordings of all tested bees were calculated in the same coordi-
nate system, all the maps obtained for a group of bees could be
overlaid. As shown in the map in Figure 3A, the field of space cov-
ered by antennal movements generally formed two crescents on
each side of the bee’s head. To observe how antenna tips moved
during odor presentations, the map obtained “before” odor pre-
sentation was subtracted from the map during odor presentation
(Fig. 3B). In the resulting maps, red color showed locations where
antenna tips were present more often during odor presentation,
while blue color coded locations where antenna tips were present
less often. Figure 3C shows such maps for the CS+ and CS— in the
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Aversive conditioning

response to the CS+ after conditioning
was significantly different from those
to the CS— (paired t-test, t=7.39, P<
0.001) and NOd (paired t-test, t =4.07,
P <0.001).

Angular velocity variation (AV9) fol-
lowed a similar pattern as angular posi-
tion variation (A8), with a differential
change for the different odorants be-
tween before and after conditioning
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Figure 2. Appetitive and aversive conditioning performances. Acquisition curves are shown for bees
trained in (A) an appetitive or (B) an aversive differential conditioning protocol. The curves show the
percentage of individuals eliciting a behavioral response (proboscis extension in A, sting extension in
B) to the reinforced odorant (CS+) or the nonreinforced one (CS—) along the trials. All bees learned
to discriminate the reinforced odorant from the nonreinforced one, both in appetitive and aversive con-

ditioning ((***) P < 0.001; appetitive: N = 44; aversive: N = 68).

recordings performed before and after appetitive conditioning.
Before conditioning, the antennae were mostly moving to the
rear of the head during odor delivery (for both CS+ and CS—).
After appetitive conditioning, a drastic change was observed in
the response to the CS+: the bees’ antennae were now moving
mostly to the front. Such a strong change in antenna location
was not discernible for the CS—, although antenna location
seemed slightly more evenly distributed after conditioning
(Fig. 3C).

This strong modification in antennal movements was also
striking when observing the mean angular position (Fig. 4A)
and velocity (Fig. 4B) throughout a CS+ or CS— recording (N =
44 bees). Before appetitive training, odor presentations induced
a slight increase in the angle, i.e., a slight backward motion of
the antennae (Fig. 4A, left) with almost no change in antenna ve-
locity (Fig. 4B, left). After training, antenna angle decreased
strongly when the CS+ was presented. Conversely, almost no
change was observed when the CS— was presented (Fig. 4A, right).
This differential effect of CS+ and CS— was significant from 1 s af-
ter odor onset until 12 sec after odor offset (paired t-test, t > 2.59,
P < 0.05; except the eighth second, t=1.88, P=0.07). In addi-
tion, antenna velocity strongly increased in response to the
CS+, but not to the CS— (Fig. 4B, right). This difference in veloc-
ity between CS+ and CS— started on the first second after odor
onset until 13 sec after odor offset (paired t-test, > 3.19, P <
0.01).

To analyze these effects more systematically, we computed
A6 and AV#, defined as the difference in average angular position
and velocity between 5 sec during and 15 sec before odorant pre-
sentation, for the CS+, the CS—, the novel odorant (NOd) and the
air control (Fig. 4CD, N = 44 bees). The change in antennal angu-
lar position (A6) before and after conditioning was significantly af-
fected by the type of stimuli (Fig. 4C, RM-ANOVA, stimulus x
recording interaction, F3 129, = 16.5, P <0.001). Before condi-
tioning, the three odorants induced a slight backward motion of
the antennae (a positive Af) which, compared with the air con-
trol, fell just short of significance considering the corrected
threshold (paired f-tests, t> 2.46, 0.05 > P > acor1 = 0.0125).
After conditioning, antennal response to the CS+ was character-
ized by a 29° forward movement as opposed to a 10° backward
movement before conditioning (paired t-test, t=8.65, P <
0.001). In contrast, the CS— still induced a slight backward move-
ment after conditioning (3°, t = 1.78, NS). Interestingly, the angu-
lar response to the CS+ generalized to a novel odorant (NOd)
but on a smaller scale. NOd led to a 11° forward movement after
conditioning compared with a 12° backward movement before
conditioning (paired t-test, t=4.56, P <0.001). The angular
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Trials

(Fig. 4D, RM-ANOVA, stimulus x record-
ing interaction, F3129)=21.0, P<
0.001). Before conditioning, odorants
did not induce any significant change
in angular velocity compared with the
air control (paired t-test, t<2.51, P>
0.0125). Angular velocity variation
(AV®) during CS+ stimulation increased
from 0.57°/sec before conditioning to
6.09°/sec after conditioning (paired t-test, t=7.85, P < 0.001).
In contrast, velocity variation was stable for the CS— from
1.11°/sec to 0.90°/sec (paired t-test, t = 0.35, NS). The accelera-
tion effect observed for the CS+ generalized to the novel odorant,
with a AV6 of —0.13°/sec before conditioning and 3.36°/sec after
conditioning (paired t-test, t = 5.58, P < 0.001). The velocity in-
crease for the NOd was however significantly smaller than that ob-
served for the CS+ (paired t-test, t = 3.72, P < 0.001).

The data above have shown that appetitive differential con-
ditioning modified the angular position and the angular velocity
of the antennae. As antennal movements are characterized by
back-and-forth oscillations (see angular position graph in Fig.
1C), we next used a frequency analysis, based on a fast Fourier
transform (FFT), to explore movement frequency modifications
with learning (Fig. 5). When used on the angular position data
(0), this analysis extracts the oscillating power at different fre-
quencies (integrating both number and angular amplitude of os-
cillations). Figure SA presents the average frequency spectrum
obtained for the CS+ before and during odor presentation (2.84
sec each, see Materials and Methods), before appetitive condition-
ing (left panel) or after conditioning (right panel). First, these
graphs show that antenna oscillatory movements are best de-
scribed between 0 and 10 Hz, with most of the oscillating power
in this frequency range. Second, they show that while odor pre-
sentation did not modify the frequency spectrum before condi-
tioning, a strong change was observed after conditioning, with a
relative decrease of movements at low frequency and an increase
of movements at higher frequencies during odor presentation (see
arrow in Fig. 5A). To study this effect statistically, we next com-
pared the change in the power of antennal movements (Delta rel-
ative power: during—before odor, in percentage) at 10 frequency
bands from 0.35-1.41 Hz (band 1) to 9.84-10.90 Hz (band 10).
Note that the exact frequency values for each band are dependent
on the recording frequency, in our case 90 Hz (see Materials and
methods). Figure 5B presents the Delta power of antennal move-
ments for the CS+ and for the CS—. The frequency spectrum in
response to the CS+ was significantly modified after condition-
ing, with a dissimilar effect at the different frequency bands
(RM-ANOVA, recording x band interaction, F 357, =21.3, P <
0.001). Thus, after conditioning, antennal movements were sig-
nificantly reduced at band 1 (paired t-test, t=5.01, P <0.001)
and increased at bands 4-7 and 9 (t > 3.61, P < acorz = 0.005).
In contrast, appetitive learning did not modify antenna oscilla-
tion frequency for the CS— (RM-ANOVA, recording x bands in-
teraction, F(9/387) = 165, NS)

Antennal movements being mostly symmetrical, a forward
movement as the one observed above for A8 (Fig. 4A,C) brings

Learning & Memory



Olfactory conditioning effect on antennal movements

Appetitive conditioning
before

co-occur. To answer this question, we
aimed to compare antennal responses
of bees responding or not to an odorant

CS+

after
with a PER. Appetitive learning was very
4 effective so that 89% of the bees were
F \lt learners, responding with a PER to the
! CS+ and not to the CS— during the tests
after conditioning (Fig. 5A). The sample
sizes for comparing antennal responses

of bees responding or not to the CS+

occurrence frequency
(% time)

| (I——— |
0 0.2 0.4 0.6 0.8

CS-| .

were too unbalanced for proper statistical
comparison (Fig. 6A, n = 1 versus n = 43,
respectively). However, in learner bees,
roughly half of them responded to the
o novel odorant (NOd) (59%, 23 out
of 39, Fig. 5A). This provided a good op-

before
odor

during
odor

Aversive conditioning
before

portunity to evaluate the possible
co-occurrence of PER and antenna re-
sponse on two similarly sized groups of

after animals (Fig. 6B, “PER generalizers,” n =

CS+

b
.

23 versus “PER nongeneralizers,” n=
™, 16). If PER and antenna responses
co-occur, these two groups should show
the same antennal behavior for the
CS+, the CS— and the air, but not for

served for the angular position. In both

CS-

4

subgroups, A6 strongly decreased for
the CS+, but not for the CS— or the air
control, without any difference between
subgroups for these stimuli after condi-
tioning (t-test, £ < 0.92, NS). In contrast,

[ ]

1

[ ]

1

[ ]

1

1

L}

L}

[ ]

1

1 -
H the NOd. This is exactly what we ob-
1

1

L}

1

[ ]

1

[ ]

1

1

1

1

: the PER generalizers showed a strong

Delta occurrence frequency

(% time)
| —— ]
-0.4 -0.2 0 0.2 04

Figure 3. Heatmap of antennal tip occurrence before and after conditioning. (A) The space explored
by bees’ antenna oscillations during odor presentation was calculated by counting the number of times
each antennal tip was found at each location. The occurrence frequency at each location is expressed as
a percentage of all the recorded occurrences, and displayed following a color scale from dark blue to
red. (B) Maps of antenna location change are computed by subtracting the map obtained “before”
from the map “during” odor. Such maps are color coded, with blue showing a reduction and red
showing an increase in frequency, respectively. (C,D) Heatmaps showing the change in occurrence
rate of antennal tips during CS+ and CS— presentation, either 1 h before or 1 h after C an appetitive
(N = 44 bees) or D an aversive conditioning (N = 68 bees). The space explored during CS+ presenta-
tion after appetitive conditioning differed clearly from the one observed before conditioning, high oc-
currence areas being located mostly forward. Such a modification was not discernible for the CS—, and

no clear change was observed for aversive conditioning.

both antennae significantly closer to each other during CS+ pre-
sentations. Accordingly, variations in the distance between anten-
nae (AD) followed the same pattern as the angular position (A8)
(Supplemental Fig. S1A, RM-ANOVA, interaction stimulus x re-
cording, F3,120) = 18.7, P < 0.001). In contrast, as the bees’ anten-
nae are mostly extended throughout the experiment, appetitive
conditioning had no effect on the variation of the distance to
the antenna base (Ar, Supplemental Fig. S1B, RM-ANOVA,
F(3,129) = 095, NS)

Co-occurrence of PER and forward antennal movements

Bees show a forward-oriented antenna response to the CS+ and,
in some cases, to a novel odorant after appetitive training. This
pattern of responses is very similar to that observed with PER
(Fig. 6A). We may therefore ask whether the two responses
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decrease in A6 for the NOd, while
the PER nongeneralizers did not.
Accordingly, A6 for the NOd was differ-
ent between subgroups after condi-
tioning (t-test, t=2.85, P<0.01). A
different pattern was however observed
when considering the change in angular
velocity (AV6, Fig. 6C). As described
above, no difference between groups
was found in the velocity responses to
the CS+, CS—, and air (t-test, t < 1.60,
NS). Yet, the velocity response was also
not significantly different between sub-
groups for the NOd (t-test, t = 1.15, NS).
Indeed, a significant velocity increase
to the NOd with conditioning was
observed for PER generalizers (paired
t-test, t=4.56, P<0.001) and nongeneralizers alike (paired
t-test, t = 3.06, P < 0.01). We conclude that the acquired forward
motion of the antennae to an odorant, but not the acquired veloc-
ity increase, co-occur with conditioned PER.

Effect of aversive learning on antennal movements

The general effect of aversive olfactory learning on antennal
movements can be observed on the maps showing the changes
in antennal tip location for presentations of the CS+ and CS—, be-
fore and after conditioning (Fig. 3D). As observed previously (Fig.
3C), before conditioning, the antennae were mostly located at the
rear of the head during odor delivery (for both CS+ and CS—). In
contrast to appetitive conditioning, no drastic change was ob-
served in the response to the CS+ or CS — after aversive condition-
ing: the bees’ antennae remained at the rear of the head, although
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ulus offset for angular position, (18th s
after odor offset, t=2.45, P <0.05) or
even before odorant onset for angular ve-
locity (t>2.22, P <0.05). These differ-
ences which sometimes also appeared
before conditioning (Fig. 7B) can be at-
tributed to random fluctuations of an-
tenna movements.
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According to these observations, the
variation in angular position (A6, Fig. 7C)
did not show any deviation between
stimuli following aversive conditioning
(RM-ANOVA, stimulus x recording inter-
action, F(3,201) =1.96, NS). Indeed, the
difference between airflow and odorant
stimulations which was observed prior
to conditioning (it reached significance
for NOd and CS—, paired t-tests, t>
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Figure 4. Effect of appetitive conditioning on antennal responses to odors. (A,B) Temporal variation

curves (averaged every 200 msec) before and after training for (A) antenna angular position () and (B)
angular velocity (V). After training appetitive conditioning induced a forward motion of the antennae
with an antenna acceleration. Stars indicate significant differences between CS+ and CS— in paired
t-tests performed at every second of the recordings ((*) P < 0.05; (**) P<0.01; (***) P<0.001).
(C,D) Histograms showing the change in (C) angular position (A6) or (D) angular velocity (AV6)
during odor presentation (during—before odor) for the air control (white), the CS+ (black), the CS—
(light gray) and the novel odorant (NOd, stripes), before and after conditioning. Before conditioning,
any olfactory stimulation led to a backward motion of the antennae, whereas after conditioning the
CS+ but not the CS— induced a forward motion of the antennae (C, Af). Conditioning also induced
an increase in antenna velocity for the CS+ but no for the CS— (D, AW). Both effects generalized to
the novel odorant (NOd) but on a smaller scale. Stars and different letters in Cand D indicate significant
differences in paired t-tests including a threshold correction for multiple comparisons (P < acorr =

0.0125, N = 44).

for both odorants antenna tips appeared slightly more evenly dis-
tributed than before conditioning (Fig. 3D).

These observations were confirmed by the measure of the
mean angular position (Fig. 7A) and velocity (Fig. 7B) throughout
a CS+ or CS— trial (N = 68 bees). Before aversive conditioning,
the odorant stimulation induced an increase in the angular posi-
tion (Fig. 7A, left), as observed before appetitive conditioning (Fig.
4A, left). After aversive conditioning, the same change in angle as
before conditioning was observed, for both the CS+ and CS— (Fig.
7A, right). Antenna angular velocity did not appear to change be-
fore conditioning, and only a slight increase during odor presen-
tation was seen after conditioning (Fig. 7B, right). No significant
difference in angular position or velocity appeared between
CS+ and CS—, neither during odor presentation (paired f-test, an-
gular position: t < 0.63, NS; angular velocity: t < 0.86, NS), nor in
the first 10 sec after odor offset (paired f-test, angular position: t <
1.37,NS; angular velocity: t < 0.50, NS). Some transient differenc-
es between CS+ and CS— appeared, but they were long after stim-
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2.08, P < 0.0125) was also prevalent after
conditioning (for all odorants, paired
t-tests, > 2.59, P < 0.0125). No change
was observed for any of the odorants be-
tween before and after conditioning
(paired t-test, t < 1.33, NS).

On the other hand, variation in an-
gular velocity (AV6) changed during con-
ditioning (RM-ANOVA, recording effect,
F(1,67) =19.5, P<0.001) with a different
effect for the various stimuli
(RM-ANOVA, stimulus x recording in-
teraction, F(3,201) = 859, rP< 0001)
Before conditioning, none of the odor-
ants induced any velocity change com-
pared with the air control (paired t-test,
t < 1.83, NS). The three odorant stimuli
displayed an increase in the velocity
response following conditioning com-
pared with before conditioning (CS+,
CS—, and NOd, paired t-test, t>2.69,
P < 0.0125). However, no difference ap-
peared between the velocity response to
the CS+ and to the CS— after condition-
ing (paired f-test, t=1.63, NS). The
stimulus x recording interaction was
thus attributed to a stronger velocity
change for the novel odor compared
with the CS— (NOd versus CS—: paired
t-test, t =4.70, P < 0.001). We therefore
interpret this effect as a slight nonassociative velocity increase af-
ter conditioning (see Discussion).

We performed a frequency analysis (FFT) on the angular
position curves (), but again, there was no associative effect of
aversive learning on bees’ antennal responses. The antennal
movement frequency response (Delta relative power, see above)
to the CS+ and CS— were similar before and after conditioning
(Fig. 8). Consequently, no interaction was observed between fre-
quency band and recording period, neither for the CS+ (Fig. 8A,
RM-ANOVA recording x band interaction, Fg 03y =0.63, NS),
nor for the CS— (Fig. 8B, F9 603) = 0.42, NS).

Variations in the distance between antennae (AD) in
response to olfactory stimuli showed a differential change
throughout conditioning (Supplemental Fig. S2A, RM-ANOVA,
stimulus x recording interaction, F3201)=3.48, P <0.05).
However, detailed analysis showed that this effect occurred for
the NOd and the CS— (paired t-test, t > 3.51, P <0.001), but
not for the CS+ (t = 1.66, NS) and again no significant difference
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Figure 5. Effect of appetitive conditioning on antennae oscillating frequency. (A) Frequency spec-
trum of antennal movements to the CS+ obtained with a fast Fourier transform (FFT) on angular posi-
tion (0), before (gray line) and during (black line) odor presentation, before (left) and after (right)
conditioning. After conditioning, the frequency of antenna oscillations changed toward higher frequen-
cies (arrow). (B) Change in oscillation frequency (Delta relative power) between during and before odor
presentation for the CS+ (left) and CS— (right), before (gray line) and after (black line) conditioning.
For statistical analysis, frequencies are grouped in 10 bands from 0.35-1.41 Hz (band 1) to 9.84-

These changes appeared only in response
to the reinforced odorant but not in re-
sponse to the unreinforced one. An inter-
mediate effect was also observed for a
novel odorant. In contrast, no clear asso-
ciative changes were observed following
aversive conditioning.

10.90 Hz (band 10). Oscillation frequency changed significantly for the CS+ but not for the CS—. In

response to CS+, antennal movements at low frequency were reduced (band 1) while movements
at higher frequencies (bands 4—7 and 9) were increased ((*) P < acorr2 = 0.005, N = 44).

appeared between CS+ and CS— (t=1.23, NS). On the other
hand, variations in the distance to the antenna base (Ar) did
not show any differential change with conditioning (Supple-
mental Fig. S2B, RM-ANOVA, stimulus x recording interaction,
F(g[z()]) = 114, NS)

Is an effect of aversive conditioning on the antennal

response hidden by nonlearners?

In contrast to PER conditioning, SER conditioning was moderately
effective, with 44% of the bees responding to the CS+ and not to
the CS— at the end of training (“learners,” Fig. 2B). We thus want-
ed to verify that a learning effect was not present in learners, which
would be hidden by the data of nonlearners when analyzed as a
whole group. We thus entered the learning success as a variable
in our analyses, categorizing bees as learners (N = 30) or nonlearn-
ers (N = 38) based on their performances at the last CS+ and CS—
trial of the conditioning phase (see Fig. 2B). We found that this
variable had no effect on the results. For the variation in angular
position (A6), we found no effect of learning success, nor any inter-
action with the other variables (learning success x stimulus x re-
cording RM-ANOVA, learning success effect: F=0, NS, all
interactions F < 2.3, NS). Likewise, for the change in angular ve-
locity (AV#), no effect of learning success and no significant inter-
action with other variables were found (learning success x
stimulus x recording RM-ANOVA, learning success effect: F=
2.24, NS, all interactions F < 1.05, NS). We also verified that learn-
er bees when analyzed alone, did not exhibit a learning-induced
change in antennal responses. In this subgroup, response to the
CS+ was still not different from that to the CS— after condition-
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A motion capture principle to
measure antennal movements

Our apparatus, based on a motion cap-
ture principle, allows recording the position of antenna tips
with a very high success rate and at a high frequency (up to
120 Hz). This technique allowed us to monitor the high speed
movements of antenna tips, with high temporal resolution.
Based on the location of each antenna tip, a number of comple-
mentary variables can be calculated, such as its distance from
the antenna base, its angular position, and its angular velocity,
etc. This provides a precise and complete description of antennal
movements, which was not achieved in previous studies (Erber
et al. 1993; Erber 2012; Lambin et al. 2005; Hussaini et al. 2009;
Mujagic et al. 2012). As the BipCam system is commercially avail-
able (Brain Vision Systems), the implementation of our motion
capture system by other researchers should be relatively easy.

A minute drop of paint at the end of each antenna is required
for our motion capture system. For optimal monitoring, the drop
was placed on the dorsal side at the distal end of each antenna, as
in a previous study (Erber et al. 1997). One may ask whether such
marking affects bees’ olfactory or gustatory perceptual capacities.
It should be noted that olfactory sensilla are located throughout
the flagellum (Esslen and Kaissling 1976; Letzkus et al. 2006)
and that gustatory sensilla are mostly located on the ventral side
of the antenna tip, which was not covered (Esslen and Kaissling
1976; Haupt 2004; de Brito Sanchez 2011). During our ex-
periments, no deleterious effects on the bees’ vitality or their
behavioral responses were observed as a result of this marking.
In particular, marked bees showed olfactory learning performanc-
es that are fully consistent with standard performances, both for
appetitive (Bitterman et al. 1983; Giurfa and Sandoz 2012) and
aversive learning (Vergoz et al. 2007; Junca et al. 2014). Two pre-
vious studies in which both appetitive and aversive conditioning
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graded into a three-dimensional record-
ing system by wusing two or more
motion capture systems placed around
the bee’s head and by temporally syn-
chronizing their dataflows.

Odor response before conditioning
Bees exhibit specific antennal responses
to sensory stimuli (Erber et al. 1993).
Two previous studies, which were based

on a less precise monitoring of antennal
movements, suggested that bees tend to
: ) orient the antennae toward an odorant
upon olfactory stimulation (Suzuki
1975; Erber et al. 1993). In our experi-
ments, odorants had little influence on
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i angular position before conditioning,
{ and even induced a slight—often nonsig-
nificant—backward movement (Figs. 4,
7). Such differences could be attributed
to different previous experiences with
these odorants and/or to differences in
the innate values of the tested odorants
for bees. Suzuki (1975) described odor re-
sponses only qualitatively, providing
photographs of a bee responding to an
odorant (ethyl methyl ketone, also called
2-butanone). On these photographs, the
bee’s proboscis is partly extended during
odor delivery, suggesting that the odor-
ant might have acquired an appetitive
value for this bee before the observation.
The behavior of this bee corresponds well
to the behavior of our bees after appeti-
tive conditioning. In the later study by
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Figure 6. Antennal movement variation as a function of PER generalization to the novel odorant after
appetitive conditioning. (A) Proportion of PER recorded to the air control, the CS+, the CS—, and the
novel odorant (NOd) in the recording session following training. According to learner bees’ responses
to the NOd, two subgroups were made: generalizers and nongeneralizers. (B,C) Histogram showing the
change in B angular position (A6), and C angular velocity (AV®) during odor presentation (during—
before odor) for the air control, the CS+, the CS—, and the novel odorant (NOd) in individuals that
extended their proboscis in response to NOd (generalizers, white, N = 23) and the ones that did not
(nongeneralizers, black, N = 16). A difference in the angular position response appeared between sub-
groups only for the NOd (t-test, P < 0.05), not for the CS+, the CS— or the air control. No difference

appeared between subgroups for the angular velocity.

were performed, using the same odorants, found highly similar
performances to those described in the present work (Vergoz
et al. 2007; Carcaud et al. 2009). It can thus be concluded that an-
tenna marking did not affect the detection of or the responses to
odorants, sucrose, and temperature.

It should be noted that our system, like all formerly described
systems (Erber et al. 1997; Lambin et al. 2005; Mujagic et al. 2012),
can only measure movement variations in two dimensions, here
in the frontal plane of the honeybee head. Even if a three-
dimensional tracking system would procure finer measurements,
close observations show that most of the bees’ antennal move-
ments take place in this plane (Fig. 2). We are therefore confident
that the changes in antennal movement observed in the present
study represent a prominent part of the bees’ antennal behavior
during learning. In the future, however our system may be up-
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Erberetal. (1993), bees exhibited forward
antennal movements to three out of four
odorants, but all tested odorants had
a strong innate value for bees. Bees ori-
ented their antennae toward geraniol
and citral, two main components of the
bees’ aggregation pheromone (Pickett
et al. 1980; Boch 1962a) and to caprylic
acid (also called octanoic acid), the major
royal jelly volatile (Boch et al. 1979;
Nazzi et al. 2009). In contrast, they did
not respond to isopentyl acetate (also
known as iso-amyl acetate), the major
component of the alarm pheromone
(Boch 1962b). Therefore, all odorants
that produced a forward antennal movement already had a strong
positive value for bees (aggregation or royal jelly). We thus believe
that these previous observations may not represent the general
case, and that, as recognized by Erber et al. (1993), different odor-
ants may induce different antennal responses. Future work should
thus compare antennal responses to a range of pheromonal and
nonpheromonal odorants systematically, in naive bees where pri-
or exposure to test odorants has been carefully controlled. Our re-
cording system is adequate to accomplish this task.

Influence of conditioning on antennal movements—the
valence hypothesis

The aim of this study was to compare the effect of two condition-
ing procedures which convey either an appetitive or an aversive
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sponse to aversively associated odorants.
In particular, we must note that bees
tended to place their antennae to the
rear of their head during odor delivery,
i.e., away from the odorant, before condi-
tioning. Therefore, if a specific antennal
response change to aversive condition-
ing included moving the antennae
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group covered a much wider angle
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