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Animals use olfaction to search for distant objects. Unlike vision, where objects are
spaced out, olfactory information mixes when it reaches olfactory organs. Therefore,
efficient olfactory search requires segregating odors that are mixed with background
odors. Animals can segregate known odors by detecting short differences in the arrival
of mixed odorants (stimulus onset asynchrony). However, it is unclear whether animals
can also use stimulus onset asynchrony to segregate odorants that they had no
previous experience with and which have no innate or learned relevance (unknown
odorants). Using behavioral experiments in honey bees, we here show that stimulus
onset asynchrony also improves segregation of those unknown odorants. The stimulus
onset asynchrony necessary to segregate unknown odorants is in the range of seconds,
which is two orders of magnitude larger than the previously reported stimulus asynchrony
sufficient for segregating known odorants. We propose that for unknown odorants,
segregating odorant A from a mixture with B requires sensory adaptation to B.

Keywords: olfaction, insects, odor mixtures, odor-background segregation, blind source separation, temporal
stimulus cues

INTRODUCTION

Natural olfactory stimuli are typically mixtures of many different odorants from different sources,
which mix together in turbulent plumes (Murlis et al., 1992; Kree et al., 2013; Celani et al., 2014;
Riffell et al., 2014; Soltys and Crimaldi, 2015; Erskine et al., 2019). Previous studies suggested that
animals perceive odorant mixtures synthetically, that is, they perceive a mixture as a perceptual
unit rather than as a list of individual odorants (humans: Jinks and Laing, 1999; squirrel monkeys:
Laska and Hudson, 1993; rats: Staubli et al., 1987; spiny lobsters: Lynn et al., 1994, honey bees:
Chandra and Smith, 1998; Smith, 1998; Deisig et al., 2001). But, animals often need to perceptually
segregate mixed odorants that come from different sources (analytic mixture perception; Hopfield,
1991; Stevenson and Wilson, 2007).

Due to the turbulent structure of plumes, odorants that originate from the same source
fluctuate with stable relative concentration proportions, forming a homogeneous stream of plumes,
whereas odorants from different sources will have varying relative concentration proportions,
creating a heterogeneous stream of plumes (Hopfield, 1991; Kree et al., 2013; Celani et al., 2014;
Riffell et al., 2014; Soltys and Crimaldi, 2015; Erskine et al., 2019). Therefore, homogeneous
and heterogeneous plumes could provide the animal with information about the number of odor
sources andwhich odorants belong to the same odor source. In particular, odorants that arise from a
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single source would arrive at the olfactory organ synchronously,
whereas odorants that arise frommultiple sources would differ in
their arrival times (Hopfield, 1991). Accordingly, invertebrates
can use both spatial and temporal information from odor
plumes for odor-background segregation (spatial: Hopfield and
Gelperin, 1989; Baker et al., 1998; Andersson et al., 2011;
Weissburg et al., 2012; temporal: Szyszka et al., 2012; Saha et al.,
2013; Sehdev et al., 2019). Remarkably, tobacco hawk moths can
segregate odorant sources separated by only 1 mm (Baker et al.,
1998), and honey bees can use odorant onset asynchronies as
short as 6 ms to segregate a known odorant (odorant with innate
or learned valence) from another odorant (Szyszka et al., 2012).

All previous studies that have investigated odor segregation
based on temporal stimulus cues have in common that the
odorants either had an innate valence (Baker et al., 1998; Nikonov
and Leal, 2002; Andersson et al., 2011; Weissburg et al., 2012) or
a learned valence (Hopfield and Gelperin, 1989; Szyszka et al.,
2012; Saha et al., 2013; Sehdev et al., 2019), and it is currently
unknown whether animals can use temporal stimulus cues to
segregate odorants that have no innate or learned valence and
that the animals had no previous experience with. We herein
refer to those odorants as unknown odorants.

To test whether stimulus onset asynchrony aids segregating
an unknown odorant from a mixture, we trained honey bees in
a classical conditioning assay (Bitterman et al., 1983) to associate
a mixture of a single component odor A and a four-component
odor B with a sucrose reward. B started either before A
(asynchronous mixture) or simultaneously with A (synchronous
mixture). Thus, during conditioning, bees could never encounter
A alone. We then tested whether bees had segregated A from
B during conditioning by testing bees’ response to A. Odorant
onset asynchronies of 20 or 5 s aided odor segregation, but
odorant onset asynchronies of 1 or 0.2 s did not. These data
suggest that bees can use stimulus onset asynchrony to segregate
an unknown odorant from mixtures, but not on the millisecond
timescale seen for known odorants (Szyszka et al., 2012).

MATERIALS AND METHODS

Animals
Worker honey bees (Apis mellifera) were collected from the
entrance of outdoor hives at University of Konstanz between
09:00 and 12:00 between June 2016 and December 2016. Bees
were anesthetized using ice and fixed into a holder using sticky
tape, so that proboscis, antennae and mandibles were freely
movable. The fixed bees were left undisturbed and starved for 3 h
before the conditioning procedure started, in order to encourage
a response to a sucrose reward. We only used bees that showed
responses to sucrose when presented at the antennae. Up to
16 bees were conditioned in parallel in each experimental session.

Odorant Delivery
For odorant A, we used either 1-hexanol or nonanal. We chose
these odorants based on their perceived dissimilarity to each
other (25%–30% of bees generalize between 1-hexanol and
nonanal, Guerrieri et al., 2005). We mixed the single-component
odor A with a four-component odor blend B, comprised of

1-octanol, heptanal, hexanal and 2-hexanone. We chose these
odorants for B to make the odor segregation task challenging,
as they activate a set of olfactory receptor neurons that largely
overlaps with the set of receptor neurons activated by the A
odorants. For example, in case of the A odorant 1-hexanol,
glomerulus 28 and 38 are the strongest responding glomeruli,
and these glomeruli also respond strongly to three (glomerulus
28) or one (glomerulus 38) of the four B odorants (Sachse et al.,
1999). In the case of A odorant nonanal, glomerulus 33 and 17 are
the strongest responding glomeruli and these glomeruli also
respond strongly to four (glomerulus 33) or two (glomerulus 17)
of the four B odorants. All odorants were from Sigma-Aldrich.

Odorants were delivered to the bees’ antennae by a
custom-made olfactory stimulator, as described in Raiser et al.
(2016). We used pure odorants, which were kept in 20 ml glass
vials (Schmidlin) sealed with a Teflon septum. The headspace of
odorized air was extracted and drawn into an air dilution system
using flowmeters (112-02GL, Analyt-MTC) and an electronic
pressure control (35898; Analyt-MTC). The olfactory stimulator
used three channels: one for nonanal, one for 1-hexanol and one
for the four-component blend B. To apply B, the four odorants
were mixed by connecting the four odorant vials in series and
passing 50 ml/min of air through their headspaces, allowing the
four odorants to mix. For each odor channel, the rate of air
flow was 300 ml/min, with 50 ml/min of odorant combined
with a dilution of 250 ml/min of clean air. The total air flow
at the outlet of the stimulator was 4.7 L/min, with an airspeed
of 1 m/s. The outlet of the stimulator had an inner diameter
of 1 cm and was positioned 1 cm in front of the center of the
bee’s head. Note that the concentration of B was likely higher
than the concentration of A since we used four odorants as B
and only one as A, and the vapor pressures of the B odorants
were up to one order of magnitude higher than those of the
A odorants (A odorants: 1-hexanol: 0.1 kPa, nonanal: 0.05 kPa;
B odorants: 1-octanol: 0.001 kPa, heptanal: 0.5 kPa, hexanal:
1.5 kPa, 2-hexanone: 1.5 kPa; all at 25◦C).

The valves of the olfactory stimulator were controlled by
a compact RIO system equipped with a digital I/O module
NI-9403 (National Instruments, Austin, TX, USA) using software
written by Stefanie Neupert in LabVIEW 2011 SP1 (National
Instruments, Austin, TX, USA). The odorant vials were
constantly flushed with air throughout the experiment so that
the headspace concentration reached a dynamic steady state.
To generate the synchronous mixture, the two odor channels
delivering A or B were opened simultaneously. To generate the
asynchronous mixtures, the two odor channels were opened with
a time delay. All odorants were removed from the bees via an
exhaust placed behind the bee.

Conditioning Paradigm
All experiments are based on classical absolute conditioning
by pairing an olfactory stimulus (conditioned stimulus) with a
sucrose reward (unconditioned stimulus; Bitterman et al., 1983).
The sucrose reward was 1.25 M sucrose-water solution and was
applied by a metal pinhead (1 mm diameter) that was dipped into
the sucrose. The sucrose reward was presented for 4 s, first to the
antennae to induce the proboscis extension response and then to
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the proboscis to allow for feeding. Bees were conditioned for five
trials and the inter-stimulus interval was approximately 14 min.
The time between the final conditioning trial and the test was
30 min. Overall, 486 bees were tested.

During conditioning, fixed bees were placed in front of the
stimulator where they were left to acclimatize to the airflow
for 20 s. After this, B started, and after a delay of either 20 s
(B20A), 5 s (B5A), 1 s (B1A) or 0.2 s (B0.2A), A started. For the
synchronous mixture AB, B and A started simultaneously. Three
seconds after the onset of A, the sucrose reward was presented.
LEDs were used to indicate to the experimenter when to present
sucrose to the bees and when the different odorants were released
from the stimulator valves.

All experiments were balanced, such that odorant A and the
novel odorant N were equally often 1-hexanol or nonanal, and
the data were pooled. This procedure minimizes non-associative
effects of the conditioning, such as odorant-specific changes
in hedonic value, generalization or sensitization (Quinn et al.,
1974). During the test, each bee received a single stimulation with
A and a single stimulation with B. The inter-stimulus interval
was 14 min, and the order of A and N stimulations was balanced
across bees. B was not presented during the test.

Quantifying Conditioned Response
Wemonitored the conditioned response as the occurrence of the
proboscis extension reflex during the odorant stimulation. We
counted a proboscis extension reflex only when the proboscis
was not extended before odorant onset and when it was extended
horizontally during the odorant stimulation not overlapping with
the sucrose reward. The conditioned response was documented
in a binary form.

For each conditioning trial, the percentage of bees that
showed proboscis extension reflex to each odorant was recorded.
For those experiments where the response to B could be
discerned visually from the response to A (B20A, B5A), the
proboscis extension reflex was recorded for both A and B. During
the test, the presence or absence of proboscis extension reflex to
the conditioned odorant was recorded as a 1 or 0 respectively.
To assess the associative memory performance, we separated
responses into ‘‘correct’’ and ‘‘incorrect’’ responses. Bees that
responded to the A during the test but not the novel odorant N
were given a score of 1; all other responses were deemed incorrect
and given a score of 0. The proportion of correct responses was
then statistically compared between groups.

Bees that died during the experiment, or those that did not
respond to sucrose when delivered to the antennae at the end of
the experiment, were discarded from the analysis.

Statistical Analysis
For all data analysis, R version 3.5.2 was used (R Core Team,
2017). All statistical tests were performed using Bayesian data
analysis, based on Korner-Nievergelt et al. (2015).

To investigate the effect of odorant A and novel odorant
N on conditioned response, we used a binomial generalized
linear model, with conditioned response as the binary response
variable (1 = conditioned response, 0 = no conditioned response).
We used the logistic regression (logit) link function. Odorant

A and novel odorant N were used as explanatory variables.
We used an improper prior distribution (flat prior) and
simulated 100,000 values from the posterior distribution of the
model parameters using the function ‘‘sim’’ from the package
‘‘arm.’’ The means of the simulated values from the posterior
distributions of the model parameters were used as estimates
and the 2.5% and 97.5% quantiles as the lower and upper
limits of the 95% credible intervals. To test for differences
between conditioned responses to odorant A and novel odorant
N, we compared the probabilities of conditioned response by
calculating the proportion of simulated values from the posterior
distribution that were larger in odorant A than in the novel
odorant N. A posterior probability of, for example, 0.953 for
the comparison between odorant A and the novel odorant N
[p(A > N) = 0.953] means that one can be 95% certain that
the probability of conditioned response is greater for A than for
N. We declared an effect to be significant if the proportion was
greater than 0.95.

To investigate the effect of mixtures and single odorants or of
synchronous and asynchronous mixtures on correct responses,
we used the same analysis as above, with the appropriate
explanatory variables.

RESULTS

To investigate bees’ capability to segregate an unknown odorant
from a mixture, we conditioned fixed bees to associate a
mixture of an odorant A (either 1-hexanol or nonanal), and a
four-component blend B (1-octanol, heptanal, hexanal and 2-
hexanone) with a sucrose reward. Sucrose was always presented
3 s after the onset of A. Thirty minutes after the last conditioning
trial, the conditioned response to A alone or to a novel odorant
(N; either 1-hexanol or nonanal) was tested in each bee.
To eliminate between-session variability, all data shown in a
given panel of a figure were collected in parallel during the
same experimental sessions. Accordingly, data points should be
compared within panels, but not between panels (original data
are available in Supplementary Data Sheet 1).

Five Seconds Onset Asynchrony or Longer
Improves Segregation of Unknown
Odorants
We firstly reassessed the finding of previous studies, that mixing
odorants impairs bees’ recognition of the individual odorants
(Chandra and Smith, 1998; Smith, 1998; Deisig et al., 2001). We
conditioned bees to associate a synchronous mixture of A and
B (AB, where A and B start at the same time) with a sucrose
reward (Figure 1A). A second group was conditioned to A
without B (Figure 1A).

By the fifth conditioning trial, 95% of bees conditioned to AB
responded and 82% of the bees conditioned to A alone responded
(Figure 1B). To test whether the bees associated odorant A with
the sucrose reward during conditioning, we then recorded the
response to A or to a novel odorant N in the absence of sucrose
(the order of A and N was balanced across bees; Figure 1C).
Significantly more bees responded to A than to N in the group
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FIGURE 1 | Mixing an unknown odorant A with an odorant blend B impairs
detection of A. (A) Valve states for creating odorant pulses for the
synchronous mixture AB and the control A. For AB, both A and the
background B (gray) were turned on synchronously and were presented for
7 s. The black bar indicates the 4 s when the sucrose reward was given. For
the control A, A (blue) was presented for 7 s. B (gray) was not presented. (B)
Each bee received five rewarded conditioned trials either with AB (green) or A
(blue); the percentage of bees responding to the odorants is shown.
N = 38 bees conditioned to AB and 38 bees conditioned to A. (C) During the
two test trials, each bee was stimulated with A and a novel odorant N.
Percentage of bees responding to A and to N for bees conditioned to AB
(green) and bees conditioned to A (blue). Points represent means and vertical
lines represent 95% credible intervals for all panels in this figure. Stars
indicate significant differences between means for all panels in this figure

(Continued)

FIGURE 1 | Continued
(*probability for a difference between both means p > 0.95; ∗∗∗p > 0.999).
(D) Percentage of correctly responding bees during the test (response to A
but not to N) for bees conditioned to AB (green) and A (blue). (E) Valve states
for creating odorant pulses for the asynchronous mixture B20A and the
control A. For B20A, A (orange) was turned on 20 s after the background B
(gray). A was presented for 7 s. B ended 3 s after A ended. Same control as
in (A). (F) Same as in (B), but for B20A. Percentage of bees responding to
only A (dotted line), only A or to both A and B within the same trial (dashed
line), and to A and/or B (solid line) for bees conditioned to B20A (orange) and
A alone (blue). N = 32 bees conditioned to B20A and 36 bees conditioned to
A. (G) Same as in (C), but for B20A. (H) Same as in (D), but for B20A.

conditioned to A [p(A > N) > 0.999], but not in the group
conditioned to AB [p(A > N) = 0.826], indicating that bees
recognize A as an odor predictive for the sucrose reward when
conditioned to A but not when conditioned to AB. During the
test, a bee could respond in several ways. A bee could respond
correctly, that is showing a conditioned response to A and not
to N; alternatively, a bee could generalize by responding to both
odorants, or show a lack of response to A. To determine whether
the groups conditioned to A or to the synchronous mixture
differed in their expression of correct responses, we calculated
the percentage of bees’ correct responses in the test (Figure 1D).
The percentage of correctly responding bees was lower when
conditioned to the synchronous mixture AB than to A alone
{p[A(A group) > A(AB group)] = 0.997}, confirming earlier
studies showing that mixing odorants impairs the recognition of
individual odorant components, indicating that the perception
of odorant mixture is partly synthetic (Chandra and Smith, 1998;
Smith, 1998; Deisig et al., 2001).

Because stimulus onset asynchrony can improve odor
segregation for known odorants (Hopfield and Gelperin, 1989;
Baker et al., 1998; Andersson et al., 2011; Szyszka et al., 2012;
Sehdev et al., 2019), we asked whether presenting A and B as
an asynchronous mixture would still impair the recognition of
A. We presented B for 30 s and after 20 s we added A for
7 s (B20A; Figure 1E). B always stopped 3 s after A stopped,
to make sure that bees would never encounter A without B.
The sucrose reward was presented 4 s after the onset of A
(Figure 1E). As a control, bees were conditioned to A without
the mixture. By the fifth conditioning trial, 27% of the bees
conditioned to B20A responded to A only and 45% responded
to both A and B, and 50% responded to A and/or B, and 69%
of the bees conditioned to A alone responded to A (Figure 1F).
During the test, more bees conditioned to B20A responded to
A than to N [p(A > N) > 0.999], as did bees conditioned to A
[p(A>N)> 0.999; Figure 1G], showing that bees could segregate
A from B20A during the conditioning. Moreover, the percentage
of correctly responding bees did not significantly differ when
conditioned to B20A than to A alone {p[A(A group) > A(B20A
group)] = 0.947} (Figure 1H). These results suggest that bees
could segregate an odorant A in the asynchronous mixture B20A
but not in the synchronous mixture AB.

To determine the limit of stimulus onset asynchrony that
bees could use for odor segregation, we investigated three onset
asynchronies between B and a following odorant A: 5 s (B5A),
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1 s (B1A) and 0.2 s (B0.2A; Figure 2A). We compared bees’
capability to segregate odorant A against a parallel group of bees
that were conditioned to the synchronous mixture AB (A and
B had a synchronous onset, but different to the experiment in
Figure 1A, B stopped 3 s after A stopped). During the fifth
conditioning trial, 36% of bees conditioned to B5A responded
to A only, 55% responded to A and B, and 98% responded to
A and/or B (Figure 2B). In comparison, 93% of bees conditioned
to AB responded to AB (Figure 2B).

The bees conditioned to B5A responded more to A than to
N during the test [p(A > N) > 0.999], showing that they were
able to segregate A from B during conditioning (Figure 2C).
The AB-conditioned bees also responded more to A than to
N [p(A > N) = 0.999; Figure 2C], showing that they also
could segregate A from B. However, bees conditioned to B5A
showed more correct responses than bees conditioned to AB
{p[A(B5A group) > A(AB group)] = 0.989} (Figure 2D). This
shows that stimulus onset asynchrony of 5 s improves segregating
a odorant A from an asynchronous mixture (B5A) as compared
to synchronous presentation of both odorant A and the
mixture (AB).

One Second Onset Asynchrony or Shorter
Does Not Improve Segregation of
Unknown Odorants
Bees conditioned to the asynchronous mixtures B1A and B0.2A
(Figures 2E,I) showed similar responses to the synchronous
mixtures AB during conditioning. The onset asynchrony
between B and A of 1 s or less was too short to determine whether
their conditioned response was to A or to B. During the fifth
conditioning trial, 78% and 83% responded to B1A and AB,
respectively (Figure 2F), and 96% and 91% responded to B0.2A
and AB, respectively (Figure 2J).

During the test, bees of the B1A group and the parallel
AB control group showed a higher percentage of responses
to A than to N [group B1A: p(A > N) = 0.998; group AB:
p(A > N) > 0.999; Figure 2G]. However, bees of the B0.2A
group and the parallel AB control group showed no difference
in their responses to A and N [group B0.2A p(A > N) = 0.501;
group AB: p(A > N) = 0.781; Figure 2K], indicating that neither
bees of the B0.2A group nor of the parallel AB control group
segregated A during conditioning. Note that bees’ capability to
segregate A from AB during conditioning differed between the
experimental sessions shown in Figures 2G,K. This indicates
that bees’ capability to segregate an odorant from a mixture
may vary and depend on factors other than the experimentally
controlled factors (e.g., season, bees’ age). For both the B1A
group and the B0.2A group, there was no difference in the
proportion of correct responses to the AB-conditioned control
group {p[A(B1A group) > A(AB group)] = 0.381; Figure 2H;
p[A(B0.2A group) > A(AB group)] = 0.343; Figure 2L}.

In summary, in the experiments in Figure 2, bees were able
to segregate A from B when conditioned to an asynchronous or
synchronous mixture (except for B0.2A). However, bees showed
a higher percentage of correct responses for an onset asynchrony
of 5 s between B and A, and not for shorter onset asynchronies.

Although the AB-conditioned bees were also able to segregate A,
the proportion of correct responses in the test was either lower
than the proportion of correct responses from bees conditioned
to the asynchronous mixture (B5A), or there was no difference
between the proportion of correct responses in the test between
bees conditioned to AB or to the asynchronous mixtures (B1A,
B0.2A). The finding that bees could segregate A from AB in
Figure 2, but not in Figure 1, could be due to the fact, that
in Figure 2 the offset of A was 3 s earlier than that of B,
while in Figure 1 the offsets of A and B were synchronous.
Note however, that we did not investigate further the effect
offset asynchrony on odor segregation. In all of the previous
experiments, during conditioning, B was presented before A,
thus bees could never experience A alone. We therefore asked
whether presenting A before B would improve segregation of A
from B. We conditioned bees using an asynchronous mixture of
A and B, in which B started 0.2 s after the onset of A (A0.2B;
Figure 2M). Thus, bees experienced odorant A alone for 0.2 s
before the onset of B. Again, we used the synchronous mixture
AB as a control. During the fifth conditioning trial, 90% of the
bees responded to A0.2B and 83% responded to AB (Figure 2N).
In the test, bees conditioned to A0.2B showed a higher percentage
of conditioned responses to A than to N [p(A > N) = 0.983], as
did the bees conditioned to AB [p(A > N) = 0.975; Figure 2O].
However, the percentage of correct responses during the test was
not different between the two groups {p[A(A0.2B group) > A(AB
group)] = 0.471} (Figure 2M). Therefore, even encountering
odorant A alone for a short time does not improve its segregation
from a mixture.

DISCUSSION

We asked whether honey bees can use stimulus onset asynchrony
to segregate an unknown odorant A (an odorant that has no
innate or learned valence and that the animals had no previous
experience with) from a mixture. We found that stimulus onset
asynchronies of 5 s or more improved odor segregation, while
stimulus onset asynchronies of 1 s or less did not. This timescale
for segregating unknown odorants based on stimulus onset
asynchrony is at least two orders of magnitude slower than
for segregating known odorants (Baker et al., 1998; Szyszka
et al., 2012; Sehdev et al., 2019). These results suggest that the
neural mechanisms for odor segregation based on stimulus onset
asynchrony differ for known and unknown odorants.

Perception of Odorant Mixtures
The finding that bees were impaired in recognizing the odorant
A in a mixture with B (Figures 1A–D) is in line with previous
studies which suggested that honey bees perceive odorant
mixtures partly synthetically (Chandra and Smith, 1998; Smith,
1998; Müller et al., 2000; Deisig et al., 2001, 2003). However,
there is also evidence for analytic mixture perception in bees:
when bees are conditioned to a mixture and afterward are tested
with the single odorants, they respond to most of the single
odorants (Laloi et al., 1999; Reinhard et al., 2010). Analytic
mixture perception has also been demonstrated in blocking
experiments, in which previous conditioning to odorant A
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FIGURE 2 | Five seconds onset asynchrony between an odorant blend B and a following unknown odorant A improves odor segregation. (A) Valve states for
creating odorant pulses for the asynchronous mixture B5A and the synchronous mixture AB. For B5A, A turned on 5 s after B (gray). A was presented for 7 s. B
ended 3 s after A ended. The black bar indicates the 4 s when the sucrose reward was given. For AB, both A and the background B (gray) were turned on
synchronously. (B) Each bee received five rewarded training trials either with B5A (orange) or AB (green). Percentage of bees responding to only A (dotted line), only
A or to both A and B within the same trial (dashed line), and to A and/or B (solid line). N = 44 bees conditioned to B5A and 48 bees conditioned to AB. (C) During the
two test trials, bees were stimulated with A or a novel odorant N. Percentage of response to A and to N for bees conditioned to B5A (orange) and bees conditioned
to AB (green). Points represent means and vertical lines represent 95% credible intervals for all panels in this figure. Stars indicate significant differences between
means for all panels in this figure (*probability for a difference between both means p > 0.95; ∗∗∗p > 0.999). (D) Percentage of correctly responding bees during the
test (response to A but not to N) for bees conditioned to B5A (orange) and A (green). (E) Same as in (A), but for B1A. A turned on 1 s after B. (F) Same as in (B), but
for B1A as asynchronous mixture. Separate responses to A and B were not distinguishable. N = 40 bees conditioned to B1A and 42 bees conditioned to AB. (G)
Same as in (C), but for B1A. (H) Same as in (D), but for B1A. (I) Same as in (A), but for B0.2A. A turned on 0.2 s after B. (J) Same as in (F), but for B0.2A as
asynchronous mixture. N = 23 bees conditioned to B0.2A and 23 bees conditioned to AB. (K) Same as in (C), but for B0.2A. (L) Same as in (D), but for B0.2A. (M)
Same as in (A), but for A0.2B. A turned on 0.2 s before B. (N) Same as in (F), but for A0.2B as asynchronous mixture. N = 60 bees conditioned to A0.2B and
62 bees conditioned to AB. (O) Same as in (C), but for A0.2B. (P) Same as in (D), but for A0.2B.

reduces conditioning to B during conditioning with AB because
A already predicts the reward (Smith and Cobey, 1994; but see
Gerber and Ullrich, 1999 for an opposing view).

The impairment of bees’ capability to segregate an odorant
A from a mixture with B could reflect an impaired detection

of odorant A due to synthetic mixture perception, or it could
reflect an impaired learning of odorant A due to overshadowing
(Pavlov, 1927). In honey bees, the potential of one odorant to
overshadow another odorant increases with its concentration
(Pelz et al., 1997; Reinhard et al., 2010). In our setup, the
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concentration of B likely was higher than the concentration of
A because we used a blend of 4 odorants as B and only one
odorant as A (see ‘‘Materials and Methods’’ section), and the
vapor pressures of the B odorants were up to one order of
magnitude higher than those of the A odorants. It is therefore
plausible to assume that B overshadowed A and was learned
better than A.

Odor Segregation Based on Relational
Stimuli
Segregating an unknown odorant from a mixture is a blind
source separation problem, and solving it requires more
information than just the chemical odorant identity (Hendin
et al., 1994). The physics of odorant dispersion adds relational
information to the chemical odorant identity, as odorants
from the same source form plumes with relatively stable
odorant concentration proportions (homogeneous plumes),
while odorants from different sources form plumes with variable
odorant concentration proportions (heterogeneous plumes;
Hopfield, 1991; Kree et al., 2013; Celani et al., 2014; Riffell
et al., 2014; Soltys and Crimaldi, 2015; Erskine et al., 2019).
Indeed, animals can use these relational stimuli to detect whether
odorants originate from the same or different sources. For
example, honey bees can segregate an unknown odorant A from a
mixture ABC when the concentrations of B and C vary from trial
to trial (Wright and Smith, 2004). Similarly, mice can segregate
an unknown odorant from a mixture whose composition varies
from trial to trial (Rokni et al., 2014).

Besides this trial-to-trial variability of odorant concentration
or composition, animals can also use stimulus onset asynchrony
between mixed odorants for segregating odorants from mixtures
(Hopfield and Gelperin, 1989; Baker et al., 1998; Andersson et al.,
2011; Szyszka et al., 2012; Weissburg et al., 2012; Saha et al., 2013;
Sehdev et al., 2019). However, so far, this capability has only been
demonstrated for known odorants that had either an innate or
learned valence.

Our data suggest that honey bees can use stimulus onset
asynchrony also for segregating unknown odorants. However,
the required stimulus onset asynchrony for segregating an
unknown odorant is in the range of seconds rather than in the
range of milliseconds as is the case for known odorants (Baker
et al., 1998; Szyszka et al., 2012; Sehdev et al., 2019).

Neural Mechanisms for Segregating
Known vs. Unknown Odorants
We assessed bees’ capability to segregate an unknown odorant
A from a mixture by measuring bees’ capability to associate A
with a sucrose reward, while A was presented in a mixture with
odor B. In this paradigm, bees required a longer stimulus onset
asynchrony for segregating the unknown odorant A as compared
to segregating a known odorant from a mixture, seen in previous
studies (Baker et al., 1998; Andersson et al., 2011; Szyszka et al.,
2012; Saha et al., 2013; Sehdev et al., 2019). This suggests that
the olfactory temporal resolution is lower during associative
learning of an unknown odorant than during the recognition of a
known odorant.

The olfactory temporal resolution during associative
odor-reward learning could be limited by the temporal resolution
of: (a) the neural encoding of the odor; (b) the neural encoding
of the reward; or (c) the molecular processes of odor-reward
memory formation. The temporal resolution of neural odor
encoding is limited by the time window over which the olfactory
system needs to integrate odor-evoked neural responses, and
this integration time window depends on the range of response
latencies across olfactory neurons (Jeanne and Wilson, 2015;
Egea-Weiss et al., 2018). In honey bees, odor-evoked response
latencies in projection neurons of the antennal lobe generally
differ by less than 1 s (Müller et al., 2002; Krofczik et al., 2009;
Brill et al., 2013; Paoli et al., 2018). This suggests that the honey
bee olfactory system should require less than 1 s to integrate
odor-evoked neural responses for identifying an unknown odor.
Therefore, bees’ inability to use 1 s stimulus onset asynchrony
for odor segregation probably does not reflect a limit in the
temporal resolution of odor encoding. Rather, it might reflect
a limit in temporal resolution of encoding the reward or of the
molecular processes underlying odor-reward learning (Hammer,
1993; Menzel et al., 1996; Liu et al., 2012; Huetteroth et al., 2015).

In contrast, the finding that insects can use stimulus onset
asynchronies of a few milliseconds for odor segregation when
the odorant is known (Baker et al., 1998; Szyszka et al., 2012;
Sehdev et al., 2019) indicates that the temporal resolution which
odorants can be encoded with is higher for known than for
unknown odorants. The temporal resolution for encoding a
known odorant could be higher because a known odorant
activates temporally precise pattern-recognition neurons that are
tuned to the specific neuronal activity pattern evoked by the
known odorant. Those pattern-recognition neurons could be
lateral horn neurons in case of odorants with innate valence
(Jefferis et al., 2007; Roussel et al., 2014; Strutz et al., 2014;
Jeanne et al., 2018), and mushroom body output neurons in
case of odorants with learned valence (Strube-Bloss et al.,
2011; Aso et al., 2014; Hige et al., 2015), or in case of
previously encountered odorants (Cassenaer and Laurent, 2007).
Whether different odorants originate from the same or different
sources could be detected by coincidence-detecting neurons
that receive input from those pattern recognition neurons
(Sehdev et al., 2019).

Our finding that stimulus onset asynchronies of 5 s or longer,
but not of 1 s or shorter, improve odor segregation, is consistent
with the hypothesis that for unknown odorants, odor segregation
depends on sensory adaptation. Sensory adaptation was
previously proposed to underlie odor-background segregation
in vertebrates (Kadohisa and Wilson, 2006; Linster et al.,
2007). Neurons in the piriform cortex (analogous to the
mushroom bodies) adapt to a constant odorant stimulus but
remain responsive to a novel odorant pulse that arrives a few
tens of seconds after the onset of the background odorant
(Wilson, 1998).

Similarly, insect olfactory receptor neurons and projection
neurons (in Drosophila) adapt to a constant background odorant
stimulus (de Bruyne et al., 2001; Bhandawat et al., 2007; Nagel
and Wilson, 2011; Martelli et al., 2013; Cafaro, 2016) but they
remain responsive to a novel odorant pulse that arrives a few
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seconds after the onset of the background odorant (Cafaro,
2016). In honey bees, neural responses start adapting within
a few 100 ms [projection neurons: (Sachse and Galizia, 2002;
Krofczik et al., 2009); Kenyon cells: (Szyszka et al., 2005;
Farkhooi et al., 2013; Froese et al., 2014)]. Therefore, in honey
bees, like in vertebrates, sensory adaptation could filter stable
background odors while the neural responses to a novel odorant
with an asynchronous onset would not be diminished, thus
facilitating the segregation of a novel odorant with a later onset
than the background.

Limitations of the Study and Outlook
Because it is impossible to directly assess bees’ odorant
perception, we measured bees’ capability to associate an odorant
A with a sucrose reward during classical conditioning. We
measured bees’ associative learning of A, as the ‘‘correct
response’’ during a memory test (a bee responds to A, but not
to a novel control odorant). Bees showed fewer correct responses
when A was mixed with B during conditioning, and introducing
an onset asynchrony of 5 or 20 s between the arrival of B and A
increased the number of correct responses. We interpreted this
increase in correct responses as an increase in bees’ capability to
perceptually segregate A from the mixture. Note however, that
bees also likely associated odor B with the sucrose reward. This
B-sucrose association could have affected bees’ correct responses
to A through generalization. The interval between the onset of
odor B and of the sucrose reward varied between the different
asynchronous mixtures, andmight have affected bees’ associative
learning of B [as is the case in trace conditioning, where there
is a stimulus-free gap between the onsets of the odorant and
the sucrose reward (Szyszka et al., 2011)]. Thus, learning of
B might have differed across the different mixtures, and these
differences in learning B might have also affected bees’ correct
responses to A. The contribution of such differences in learning
and differences in perception could be disentangled to some
extent by analyzing how neural responses to the synchronous
and asynchronous mixtures relate to the responses of A alone
(Guerrieri et al., 2005).

To get a better understanding of the perceptual mechanisms
of odor segregation, it will be important to determine how the
chemical and physical properties of odor stimuli affect odor
segregation: for example, whether odor similarity, concentration
and mixture composition affect bees’ capability for odor
segregation, and whether bees can also use stimulus offset
asynchrony and temporal decorrelation for segregating
odors—stimulus cues that humans use for segregating
concurrent sounds (Carlyon, 2004).
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