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Abstract— Odor learning and odor discrimination were tested in a line of honeybees selected for increased hygienic
behavior (HB) against the Varroa mite and compared with control bees (CB). Olfactory proboscis extension
conditioning was used to quantify learning, discrimination, and generalization. Retention tests were performed after
1 h and after 1 day to probe the stability of memory. HB and CB did not differ in their learning, discriminating,
generalizing, and remembering behavior when pairs of floral odors and pairs of sting pheromone and floral odor
were tested. Colony odor used as a background odor during learning and discrimination reduced the performance in
both groups, possibly due to an adaptation effect. This effect was found to be particularly strong in CB. In both
groups of test bees, no learning was found if wax caps of Varroa -infected and Varroa -uninfected cells were used as
test stimuli, possibly because of the common odors. Volatile odors from Varroa -infected and noninfected pupae,
however, were learned and discriminated indicating that the volatile signals are strong enough to override the similar
cues of pupae. HB performed somewhat better than CB when infected pupae were used as the rewarded stimulus, but
the difference between the two groups of test bees was small. Taken together, we conclude that odor learning and
discrimination do not differ between HB and CB as long as general odors are involved, but when specific odor
profiles from infected pupae are used as the reinforced signal, then a slightly better performance is seen in HB.

Varroa destructor / hygienic behavior / PER conditioning / odor discrimination

1. INTRODUCTION

Hygienic behavior is a behavioral defense mech-
anism used by honeybees to detect, uncap, and
remove diseased, parasitized, dead, or otherwise
abnormal brood from the colony (Rothenbuhler
1964). Honeybees also apply this defense mecha-
nism to remove brood parasitized by the ectopara-
sitic mite Varroa destructor Anderson and
Trueman (Boecking and Drescher 1991, 1992;
Boecking and Spivak 1999; Peng et al. 1987,
Spivak 1996). Therefore, hygienic behavior is one
of the many heritable defense mechanisms that
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honeybees use to combat brood diseases and
Varroa mites (Harbo and Harris 2001; Spivak
and Reuter 2001a). The term “hygienic behavior”
has also been expanded to include the removal of
brood killed by freezing or by pin-puncture (Spivak
and Downey 1998) and brood invaded by the wax
moth Galleria mellonella (Corréa-Marques and
David 1998; Villegas and Villa 2006) or by the
small hive beetle Aethina tumida Ellis et al.
(2003). Given the limited number of immune ef-
fector genes found in the honeybee genome (Evans
et al. 20006), hygienic behavior is considered the
most important social or group immune response
which interferes with the life cycle of pathogens
and removes them from the colony before they
become virulent.

The Asian honeybee Apis cerana , the original
host of V. destructor, is resistant to the parasitic
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mite (Peng et al. 1987). “Africanized honeybees”
are hybrids of an African and a European subspe-
cies of the western honeybee Apis mellifera and
are assumed to have become tolerant to Varroa by
restricting the size of the mite population (Martin
and Medina 2004). However, most subspecies of
A. mellifera exhibit weaker grooming and brood-
removal behavior than 4. cerana and have no
effective resistance against Varroa (Peng et al.
1987; (Kralj et al. 2007; Kralj and Fuchs 2004;
Yang and Cox-Foster 2007). Therefore, selective
breeding programs aimed at developing
A. mellifera lines that are resistant to the parasitic
mite not only are crucial for achieving the long-
term goals of the bee-keeping industry but also
may provide a sustainable solution to the threat to
bee health posed by toxic acaricides. In Europe,
selective breeding programs have produced mul-
tiple A. mellifera lines with reported higher resis-
tance (hygienic lines) against the Varroa mite
compared to nonselected lines (nonhygienic lines)
(Biichler et al. 2010). Different selection traits
were used to produce these lines such as breeding
for the trait of “Varroa surviving bees” or VSB
(Fries and Bommarco 2007; Fries et al. 2006;
Kefuss et al. 2009), selecting for slower mite
population growth during the brood-rearing sea-
son, selecting drones under natural infestation
pressure (Ehrhardt and Bienefeld unpublished
data, Garrido and Biichler unpublished data cited
in Biichler et al. 2010), or selecting for robust
grooming behavior (Biichler 2000). Bienefeld
et al. (2001) used the trait of selective uncapping
of brood cells artificially infested with Varroa
mites to produce specific hygienic honeybee line
by artificially inseminating queens with
sperm collected from drones raised from the
selected uncappers (workers which showed
outstanding performance in the task of
uncapping).

Elucidating the behavioral and physiological
mechanisms underlying hygienic behavior in in-
dividual honeybees is important to understand the
nature of cues that may be involved in eliciting the
brood removal behavior. Previous studies have
demonstrated that bees utilize olfactory cues em-
anating from the parasitized pupae. Hygienic lines
bred for the higher and faster removal of freeze-
killed brood were found to discriminate between

@ Springer

N.K. Chakroborty et al.

the volatile odors of healthy and chalk brood-
infested pupae significantly better than bees from
nonhygienic colonies, although both types of bees
learned to discriminate between floral odors
equally well (Masterman et al. 2000). Hygienic
bees also showed lower response thresholds and
higher sensitivity to the chalk brood odors (pupae)
compared to the nonhygienic bees (Masterman
et al. 2001). Furthermore, bees from hygienic
colonies collected during the time of uncapping
showed significantly higher sensitivity and dis-
criminability to the chalk brood odors than bees
collected while performing the task of removal
(Gramacho and Spivak 2003). A connection be-
tween olfactory cues and colony-level expression
of hygienic behavior was also established by bio-
assays (Swanson et al. 2009). Healthy larvae were
removed after they were treated with the chemical
compound phenethyl acetate, a chemical found in
the headspace volatiles of chalk brood-infected
larvae but absent from the volatile profiles of
healthy larvae. Studies on the Minnesota hygienic
line (MN) in the USA have shown that this line is
not only resistant to chalk brood and American
foulbrood but also associated with significantly
lower mite loads than unselected colonies
(Spivak 1998; Spivak and Reuter 2001a, b). Col-
onies bred for hygienic behavior against the chalk
brood and foulbrood pathogens were also reported
to show resistance against V. destructor (Ibrahim
and Spivak 2006; Spivak 1998). These results
suggest that honeybees may use common olfacto-
ry cues released from infected brood to elicit
hygienic behavior. However, the rich collection
of cuticular hydrocarbons of pupae and adult bees,
which differ between healthy and Varroa -parasit-
ized animals (Salvy et al. 2001), may also contrib-
ute to the odor signals of infested brood.

The contribution of odors emanating from the
Varroa -parasitized brood in eliciting hygienic be-
havior has been investigated in several studies.
Nazzi et al. 2004 found multiple unsaturated hy-
drocarbons such as Z-(6) and Z-(7) isomers of
pentadecenes and heptadecenes expressed in
quantitatively higher amounts in the headspace
volatile profiles of the intact Varroa -infested
brood cells (Nazzi et al. 2004). Healthy brood
treated with pure Z-(6) pentadecene in a bioassay
were removed significantly more than brood
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treated with the pure solvent. Previously, it was
shown that honeybees parasitized by Varroa
mites carrying the virulent strain of the deformed
wing virus (DWYV) sustained higher virus titers
and showed more severe morphological deformi-
ties than bees infected with mites harboring low
virus titers and possibly nonvirulent DWV strains
(Bowen-Walker et al. 1999). In agreement with
Bowen-Walker’s study, Schoning and colleagues
found that hygienic bees detected and preferen-
tially removed the severely damaged broods,
which had been artificially infested with virulent
mites harboring the replicating DWV causing an
overt or fatal form of infection in infested broods,
than broods parasitized by less virulent mites
which transmitted a covert form of DWV infec-
tion (Schoning et al. 2012). These authors report-
ed the expression of compounds such as 2- and 3-
butanediol or 2- and 3-methylbutanoic acid in
higher proportions in the volatile chemical pro-
files of broods carrying an overt DWV infection
compared to the broods with covert DWV infec-
tion. They proposed that hygienic bees most prob-
ably detected the severely damaged pupae by
these olfactory cues resulting in higher removal
rates of these overtly infected broods.

However, there is still no direct evidence that
hygienic bees are better than nonhygienics at de-
tecting and discriminating between the odors of
Varroa -parasitized and unparasitized brood.
Here, we address this issue and test whether indi-
vidual bees from a hygienic line differ in their
learning, discrimination, and generalization be-
tween general odors (floral, pheromonal) and spe-
cial odors from Varroa-infected materials. We
used two kinds of honeybees (Apis mellifera
carnica ) in this study: one from a bee line selected
for improved uncapping of brood cells infested
with Varroa mites (hygienic behavior, HB)
(Boecking et al. 2000) and another kind from
colonies not selected for hygienic behavior (con-
trol bees, CB). We applied the olfactory proboscis
conditioning paradigm (Bitterman et al. 1983) to
quantify acquisition, retention, and generalization
of odor stimuli. In the first set of experiments,
bees were tested in differential conditioning of
floral odors. In the second set of experiments, a
component of the sting pheromone, isoamyl ace-
tate (IAA), was used for conditioning. This set of
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experiments also included tests in which HB and
CB were adapted to the background odor of hon-
eybee colony. The objective of these experiments
was to test whether HB and CB differ in their
performance when in-hive conditions were simu-
lated. In the next set of experiments, we tested the
two types of bees with the odor stimuli of wax
caps collected from the Varroa -infected and non-
infected brood cells. The objective was to test
whether wax caps of both kinds have sufficiently
different odor profiles which bees can discrimi-
nate and whether HB and CB differ in their abil-
ities to learn the discrimination tasks. In a last set
of experiments, we used whole pupae and asked
whether HB are better than CB at detecting and
discriminating between the volatile odor profiles
of the infected and noninfected pupae. Our exper-
iments indicate rather subtle differences of odor
learning, retention, and generalization between
HB and CB, thus making it necessary to design
the experimental procedures carefully and to in-
terpret the data with great caution.

2. MATERIALS AND METHODS
2.1. Honeybee lines

A line of honeybees (4pis mellifera carnica) was
selected for improved uncapping of brood cells artificially
infested with Jarroa mites at the Institute for Bee Re-
search (Bienefeld et al. 2001). Bees from this line (called
hygienic bees, HB, of the HB breed) were used in our
study. Control bees (CB) also came from the institute’s
line selected for honey production and gentleness. In
several preexperiments, this line was found to be signifi-
cantly less involved in hygienic behavior. Two colonies of
each were used.

2.2. Procedure for olfactory PER
conditioning

Honeybee foragers were used for the olfactory condi-
tioning of the proboscis extension reflex. The four colonies
used for these experiments were placed well apart in our
bee garden in order to avoid any drifting of bees between
colonies. One day prior to conditioning, bees were caught
at the hive entrance when departing the hive and hamessed
in small plastic tubes following the procedure described
previously (Bitterman et al. 1983; Matsumoto et al. 2012).
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An equal number of HB and CB were used for each
conditioning experiment. The number of bees tested in
each experiment will be given in the legend of the respec-
tive figure. The total number of tested bees was as follows:
HB 422 and CB 384. The bees were fed to satiation with
30 % (w/v) sucrose solution and kept overnight inside a
dark and humid Styrofoam box. Next morning, bees
showing the extension of their proboscis in response to
the sucrose stimulation of the antennae were used for
proboscis extension reflex (PER) conditioning, which
started 45 min later. Absolute and differential conditioning
procedures were applied with different intertrial intervals
(ITT) as described further below. In absolute conditioning,
bees received four acquisition trials each consisting of
forward pairing of the odor stimulus (conditioned stimulus,
CS+) with the sucrose reward (unconditioned stimulus,
US). In differential conditioning, bees received six condi-
tioning trials of CS+/US forward pairing and six presenta-
tions of an odor (CS—) that was not followed by sucrose
reward leading to two forms of learning, excitatory, and
inhibitory learning (Bitterman et al. 1983). CS+/US
pairings and CS— presentations alternated leading to a total
of 12 conditioning trials. Differential conditioning started
with the CS+/US pairing. Retention tests consisted of CS+
and CS— presentations performed 1 and/or 2 h and 1 day
after the conditioning procedure.

Odor stimuli were prepared by soaking a small piece
of filter paper in 10 pL of the respective odorant. The
filter paper was placed in a 20-mL plastic syringe. The
odor stimulus lasted for 5 s during which the 20 mL air-
odor mixture was blown onto the antennae of the bee.
Volatile odors accumulating in the headspace of the
syringes were delivered through the odor delivery chan-
nels of a custom-built olfactometer controlled by the
solenoid valves that were controlled by a computer pro-
gram. The same olfactometer was used for all odor
stimuli. The US (30 % sucrose solution) started 3 s after
odor onset by first touching the antenna with a toothpick
soaked with the sucrose solution, followed by feeding
though the proboscis and lasted for 4 s. The CS— trials
lasted for 5 s. A conditioned response (CR) consisted of
the extension of the proboscis during the 3-s odor stim-
ulation before the onset of the US. No US was presented
during the retention tests.

2.3. Odor stimuli

Odors were either pure chemicals (1-hexanal, 1-
hexanol, geraniol, isoamyl acetate, Sigma-Aldrich,
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Germany, 1-octanol, Roth, Germany) or biological odors
(hive odor, wax caps, pupae). Both floral and pheromone-
like odors were used in order to test whether HB and CB
differ with respect to their learning, discrimination, and
generalization to these two classes of odors. In some of the
experiments, we tested also the response to an odorless
syringe fitted just with the carrier of the odors, filter paper,
in order to include a weak stimulus and test for discrim-
ination and generalization to such a weak stimulus. Hive
odor was prepared by cutting a hole in the rooftop of a
hive containing a honeybee colony. The hole was covered
with a nylon net to keep the bees inside the hive. An
exhaust pipe (2.5-m length) fitted to the hole sucked the
air from the colony and blew it onto the test bees. We
added the sentence: The hive was located 2.5 m from the
PER conditioning setup. Each test bee was first adapted
for 4 min to the colony odor and then exposed to the
conditioning trials. ITI in these experiments was 60 min in
the constant presence of the colony odor. Retention tests
were also performed under the same adaptation conditions
1 h after and 1 day after conditioning. Wax caps from
brood cells that had been artificially infested with the
foundress Varroa mites were collected 7 days after infec-
tion. Wax caps covering the healthy brood cells were
collected from about equally aged brood cells. During
the collection of wax caps, the reproduction status of the
foundress mites (presence or absence of multiple off-
spring) was checked, and only caps were collected from
brood cells containing reproducing mites. Fifteen freshly
isolated wax caps (from infected or noninfected brood
cells) were collected in the moming of the experiments,
stored in glass syringes and kept at a temperature of 37 °C
during differential conditioning. Retention tests were per-
formed 2 h after and 1 day after conditioning using the
identical doses of freshly collected wax caps.

Odors from the Varroa-infected and noninfected
pupae were tested in the following way: Recently
capped fifth instar bee larvae were artificially infested
with Varroa mites by opening the cells with a sharp
razor blade and transferring foundress Varroa mites into
the cells using a soft brush. Brood cells were then
carefully resealed and cell positions were marked on
top of a transparent sheet. Each larva was infected with
three mother mites. Brood combs containing the infect-
ed and noninfected brood cells were kept inside an
incubator (37 °C) for 7 days. Live pupae with light pink
purple eyes were collected and used as the odor source
for differential conditioning experiments. Ten infected
and ten noninfected intact pupae were taken fresh from
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the brood cells, carefully placed without damaging their
skins inside 12-mL syringes and used as odor stimuli.
Used batches of pupae were frequently replaced with
fresh pupae. The same olfactometer as used for pure
odorants was applied here. Bees were conditioned with
an ITT of 14 min, and retention tests were performed 1 h
after and 1 day after conditioning using the same num-
ber of freshly collected pupae.

The odor used during the hive odor adaptation ex-
periments was extracted from a colony whose bees were
not genetically related to the CB and HB test bees.

2.4. Statistical methods

Honeybees that survived an entire experiment and
showed the PER to sucrose at the end of the experiment
were included in the data analysis. Repeated measures
ANOVA (RM-ANOVA) test followed by the Fisher’s
LSD post hoc test were applied to compare the condi-
tioned responses (CRs) of bees from the HB and CB
colonies (Lunney 1970; Mota and Giurfa 2010; Rath
etal. 2011). Mann-Whitney U test was used to compare
(within individual lines) the conditioned responses of
bees from the HB and CB colonies to the alarm com-
pound isoamyl acetate in the presence and absence of
the background colony odor. Results of the associated
RM-ANOVA tests will not be reported unless we found
a significant interaction between the factors “stimulus”
(stimulus type) and “time.” Differences in conditioned
responses were considered statistically significant when
P <0.05. The programs used for these calculations were
Statistica version 5.0 and MatLab from MathWorks.

3. RESULTS

3.1. Experiment 1: differential conditioning
with floral odors

Here, we ask whether HB and CB differ in their
abilities to learn and discriminate between floral
odors. Both HB and CB learned to discriminate 1-
hexanal and 1-octanol (Figure 1). Successful learn-
ing was also seen in the retention tests. During the
two retention tests, HB (first subplots in columns B
and C) showed significantly higher responses to 1-
hexanal compared to 1-octanol. Similarly, CB (sec-
ond subplots in columns B and C) also showed
significantly higher CRs to 1-hexanal than 1-
octanol during the retention tests. When odor
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contingencies were reversed and 1-octanol was
used as the CS+ (Figure 1: third and fourth subplots
in column A for HB and CB, respectively), signif-
icant interactions between stimulus and trial were
found for both HB and CB. HB showed higher
CRs to 1-octanol than 1-hexanal during the reten-
tion tests (third subplots in columns B and C);
however, a significant difference was found only
in the retention test performed after 2 h. CB, on the
other hand, also showed significantly stronger CRs
(fourth subplots in columns B and C) to 1-octanol
in the 2-h test, but like HB, the difference in CRs
was found just below the level of significance in
the 1-day test. We conclude from these results that
both HB and CB successfully learned and discrim-
inated between these two floral odors. No differ-
ence in odor learning and odor discrimination was
found between HB and CB.

We repeated these differential conditioning ex-
periments using the floral odors 1-hexanol and ge-
raniol (Figure 2). Again, HB learned to differentiate
between the CS+ and CS— odors when 1-hexanol or
geraniol was used as the CS+. Unlike HB, CB failed
to learn the discrimination and showed generaliza-
tion between the CS+ and CS— odors during training
(second subplot in column A). CB showed signifi-
cantly higher CRs to the CS— than to the CS+ during
the first, second, and fourth conditioning trials when
geraniol was used as the CS+. Significantly higher
retention scores for both CS+ odors during the first
and the second retention tests were found in HB
(Figure 2: first and third subplots in both columns B
and C). CB, however, showed such differential re-
tention scores only for the 1-h retention test when
geraniol was the CS+ and for the 1-day retention test
when 1-hexanol was the CS+ (second and fourth
subplots in columns B and C, respectively). Thus,
acquisition appeared to be better in HB for this pair
of floral odors, but the differences between CRs to
the CS+ and CS— odors became smaller between the
retention tests.

3.2. Experiment 2: absolute conditioning
with a sting alarm pheromone
compound, TAA

In this experiment, we asked whether HB and
CB differ in learning and discriminating a com-
ponent of the sting alarm pheromone isoamyl
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Figure 1. a Acquisition functions during differential conditioning of HB and CB with 1-hexanal and 1-octanol. 1-
Hexanal was used as the rewarded or CS+ (H+) and 1-octanol as the unrewarded or CS— (O—) odors (upper two
graphs ). 1-Octanol used as the rewarded (O+) and 1-hexanal as unrewarded (H—) odors (lower two graphs ). The
respective acquisition functions are marked with a solid line for the rewarded odor and with a dotted line for the
unrewarded odors. Two-way repeated measures ANOVA (stimulus x trials) indicates significant differences (indi-
cated with asterisks over line graphs) between the acquisition functions of both HB (N =13) and CB (N =13) (HB,
F'5120=6.951, P=0.00001; CB, F 5 150=7.147, P <0.00005) for H+ and O— (first and second subplots in a ). When
odor contingencies were reversed, significant differences were also found for both HB (N=17) and CB (N=11)
(HB, F'5160=7.669, P <0.00005; CB F'5 190=14.332, P <0.000001). N represents the number of bees used in an
experiment. Retention scores at 2 h (b) and 1 day (¢ ) after training. The response probabilities to the CS+ and CS—
odors are represented by black and gray bars , respectively. Significantly higher response probabilities (denoted by
asterisks ) to the CS+ compared to the CS— were found for the following test conditions: b HB and CB trained with
H+ and O— and tested after 2 h (first, second subplots in b ; Fisher’s LSD post hoc test: HB, P =0.010, CB, P =
0.0002), HB and CB trained with O+ and H— and tested after 2 h (third and fourth subplot in b : HB, P =0.004, CB,
P =0.020). ¢ HB and CB trained with H+ and O— and tested after 1 day (first and second subplot in ¢: HB, P =0.
010, Co, P=0.00004).

acetate (IAA) from a floral odor (1-hexanal) (Fig-
ure 3). Both HB and CB learned TAA. The two
retention tests indicate that both HB and CB dis-
criminated well between IAA and 1-hexanal
(Figure 3b, c¢). We introduced two novel stimuli
(1-hexanal, plastic syringe with filter paper) in the
retention tests in order to uncover potential differ-
ences between HB and CB with respect to odor
generalization. In such a case, this novel stimulus
may elicit more different response levels to the
novel stimuli. No significant difference was
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found. We conclude from these data that both
HB and CB do not differ in the learning, retention,
and generalization when a component of the sting
pheromone is used as the CS+.

3.3. Experiment 3: absolute conditioning
with isoamyl acetate in the context
of colony odor

Odor discrimination within the hive may be
affected by the strong background odor of the
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Figure 2. a Acquisition functions during differential conditioning of HB and CB with geraniol and 1-hexanol.
Geraniol was used as the rewarded or CS+ (G+) and 1-hexanol as the unrewarded or CS— (H—) odors (upper two
graphs ). 1-Hexanol used as the rewarded (H+) and geraniol as the unrewarded (G—) odors (Jower two graphs ). The
respective acquisition functions are marked with a solid line for the rewarded odor and with a dotted line for the
unrewarded odors. FP filter paper. Two-way repeated measures ANOVA (stimulus x trials) indicates a significant
difference (F s 460=9.847, P <0.0005; denoted by an asterisk over the line graph) between the acquisition functions
of HB (V =47) for the G+ and H— (first subplot in a ). The acquisition functions of CB (N =45) (second subplotina)
for the similar training condition are not significantly different (F's 440=2.171, P =0.056). When we reversed the
odor contingencies (lower two graphs in a), significant difference (denoted by an asterisk ) was only found for HB
(N =48) and not for CB (N =47) (HB, F'5 460=3.613, P =0.003; CB, F 5 460=0.728, P =0.602). Retention scores at
the 1-h (b) and 1-day (c) tests after the training. The response probabilities to the respective CS+ odors are
represented by black bars, CS— odors with gray bars, and filter paper with white bars. Significantly higher
responses (denoted by asterisks ) to the CS+ compared to the CS— and filter paper were found for the following test
conditions: b HB and CB trained with G+ and H— and tested after 1 h (first, second subplots in b ; Fisher’s LSD post
hoc test: HB, P cs1/cs-<0.0005, P csi/fitter paper<0-0005, CB, P cg+/cs-=0.044) and HB trained with H+ and G— and
tested after 1 h (third subplot in b : P cg1/cs-<0.0005, P csifiler paper<0.0005). ¢ HB trained with G+ and H— and
tested after 1 day (first subplot in ¢ : HB, P cg1/cs-<0.0005, P csifitter paper<0.0005), and HB and CB trained with
H+ and G— and tested after 1 day (third, fourth subplots in ¢: HB, P csi/cs-<0.0005, P csisiter paper<0.0005,
CB, P cs/cs-=0.004, P csu/fitter paper=0.008).

colony. We approached this question by exposing
the bees to a discrimination task during exposure
to the colony odor. Since colony odor is dominat-
ed by floral odors emanating from the pollen and
nectar, we selected IAA as the CS+ and 1-hexanal
as the CS—.

First, we asked whether colony odor compro-
mised odor learning and discrimination and

whether HB and CB deal with the colony odor
differently (Figure 4). Indeed, acquisition func-
tions are lower for learning in the context of
colony odor in both HB and CB. Thus, odor
detection and possibly discrimination may be
more difficult within the colony.

Next, we asked whether differential learning
and retention differ between HB and CB in the
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Figure 3. a Acquisition functions during the absolute conditioning of HB (N =75: upper line graph ) and CB (N =
68: lower line graph) to the sting alarm pheromone compound isoamyl acetate (IAA). Retention scores at the 1-h
(b) and 1-day (c) tests after the conditioning. The response probabilities to the CS+ odor (IAA), untrained or CS—
odor (1-hexanal), and filter paper (FP, novel stimulus) are respectively represented with black , gray, and white bars .
Significantly higher responses (denoted by asterisks) to IAA compared to 1-hexanal (1-6al) and filter paper (FP)
were found for the following test conditions: HB (first subplots in b, ¢) 1-h (Fisher’s LSD post hoc test: Piaa/1-6a1<
0.0001, P aarp<0.0001) and 1-day (P 1aa/1-6a1<0.0001, P15 rp<0.0001) tests, CB (second subplotsin b, ¢) 1-h
(PIAA/1-6al=O~020a PIAA/FP=O~OOO7) and l-day (PIAA/FPZOOO3) tests.

context of colony odor. Bees were conditioned
with the CS+ IAA and tested with the CS— 1-
hexanal along with IAA. We also tested a novel
odor (syringe plus filter paper) during the reten-
tion tests (Figure 5). Both HB and CB learned the
CS+ equally well in the presence of the colony
odor (Figure 5: first and second subplots in col-
umn A). However, the retention tests indicated
improved performances in HB since significant
discrimination was found between the CS+ and
CS— and between CS+ and the novel stimulus
(syringe plus filter paper) in HB. CB in contrast
showed a lack of discrimination between the CS+
and CS— during both retention tests (second sub-
plots in columns B and C). We conclude that both
HB and CB learned IAA in the background of
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colony odor and that retention is better in HB,
both with respect to the discrimination of the
CS+ from the CS— and from a novel odor.

3.4. Experiment 4: differential conditioning
with wax caps isolated from Varroa-
infected and noninfected brood cells

Wax caps sealing the Varroa -infected brood
cells may release odorants formed during the pro-
cess of parasitization. We tested whether HB are
better than CB in discriminating between the
odors released from the wax caps collected from
brood cells with Varroa -infected and noninfected
pupae inside. Bees were conditioned in differen-
tial procedure, and retention was tested 2 h after
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Figure 4. Acquisition functions of HB (a) and CB (b) to IAA in the absence (solid lines with open circles) and
presence (dotted lines with open squares ) of the background colony odor. Mann-Whitney U test found significant
reduction in acquisition scores in HB during the third conditioning trial in presence (N =59) of the background
colony odor compared to the condition with no background (N =75) odor (U =1640.500, Z =2.987, P =0.002). CB
showed significant reductions in CRs in all four conditioning trials in the presence (N =61) of the background colony
odor compared to no background (N =68) (trial 1: U=1810.00, Z=2.242, P =0.024; trial 2: U=1635.00, Z =2.521,
P =0.011; trial 3: U=1530.500, Z=2.975, P =0.002; trial 4: U =1697.00, Z=2.056, P =0.039).

and 1 day after conditioning (Figure 6). Both HB
and CB failed to discriminate these wax caps in
retention tests (Figure 6: first and second subplots
in column A) although both HB and CB showed
stronger responses to the CS— (infected caps) than
the CS+ stimuli throughout conditioning. HB
(first subplots in columns B and C) and CB (sec-
ond subplots in columns B and C) also showed no
differences in the retention tests. When stimulus
contingencies were reversed and infected, caps
were used as the CS+, both HB and CB again
failed to discriminate between the wax caps in
retention tests (Figure 6: third and fourth subplots
in column A). Significant stimulus xtrial interac-
tions for the HB (F'5300=2.680, P =0.021) and
CB (F'5260=6.526, P <0.0005) were found due to
the higher number of responses to the CS— than to
the CS+ during conditioning. HB and CB also
showed complete generalization in responses to
the CS stimuli during the retention tests. The
possibility of aversive volatile components ema-
nating from the wax caps of infected brood can be

excluded on the basis of these experiments which
showed an equally strong generalization effect
between the two kinds of wax caps.

3.5. Experiment 5: differential conditioning
with Varroa -infected and noninfected

pupae

In this experiment, we asked whether HBs are
better than CB at discriminating between the
odors of the Varroa-parasitized and
nonparasitized pupae. When Varroa -parasitized
pupae were used as the CS+ stimulus, HB learned
the difference between the stimuli (Figure 7: first
subplot in column A). In retention tests, HB
showed a significantly higher response to the
CS+ than to the CS— (first subplots in columns
B and C). In contrast, CB did not learn to discrim-
inate parasitized from nonparasitized pupae (sec-
ond subplot in column A). These bees showed no
significant differences in CRs during both reten-
tion tests (second subplots in columns B and C).
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Figure 5. a Acquisition functions during the absolute conditioning of HB (N =59: upper line graph ) and CB (N =

61: lower line graph ) to the alarm compound isoamyl a
colony odor. Retention scores at the 1-h (b) and 1-day
rewarded odor (IAA), untrained or CS— odor (1-hexanal)
white bars , respectively. Significantly higher responses (

cetate (IAA) in the presence of the background honeybee
(c) tests after training. The response probabilities to the
, and filter paper (FP) are represented by black, gray, and
denoted by asterisks ) to IAA compared 1-hexanal (1-6al)

and filter paper (FP) were found for the following test conditions: HB: (first subplots in b, ¢) RM-ANOVA:
significant stimulus % time effect /', ;74=7.570, P =0.0007; Fisher’s LSD post hoc test 1-h (P 1o 1-6a1=0.0001, P15,
rp<0.00005) and 1-day (P 1aa/1-6a1=0.043, P1aa/rp=0.0036) tests, CB: (second subplot in b ) 1-h (P 1pa/rp=0.001)

test.

When nonparasitized pupae were used as the
CS+, HB failed to discriminate between the
CS+ and the CS— (third subplot in column
A). However, significantly higher conditioned
responses to the CS+ than the CS— were
found in the retention test after 1 day. CB,
like HB, did not learn to discriminate be-
tween the two stimuli and showed higher
responses to the CS— (infected pupae) than
to the CS+ (uninfected pupae) (fourth subplot
in column A). No significant difference in
CRs was found during both retention tests (fourth
subplots in columns B and C). We conclude from
these results that HB performed slightly better in
learning and discriminating between the volatile
odors of the Varroa -infected and noninfected pu-
pae but only when infected pupae were used as the
rewarded stimulus.

@ Springer

4. DISCUSSION

In this study, we asked two questions: (1) Do
HB and CB differ in their abilities to learn and
discriminate between the floral and pheromonal
odors, and (2) are HB better than CB at learning
and discriminating between the odors associated
with Varroa -parasitized and nonparasitized com-
ponents of the honeybee colony?

HB discriminated between two pairs of floral
odors (1-octanol vs 1-hexanal, and geraniol vs 1-
hexanol) and remembered the task for 24 h,
whereas CB learned to discriminate only the first
pair of odors (1-octanol vs 1-hexanal) indicating a
slightly better discrimination of general odors.
However, the effect appears to be caused by a
surprisingly low level of learning, retention, and
discrimination of CB since acquisition and
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Figure 6. a Acquisition functions during the differential conditioning of HB and CB to the wax caps collected from
Varroa -infected and from noninfected or healthy brood cells. Noninfected wax caps were used as the rewarded (H+)
and infected caps as the unrewarded (I-) stimuli (upper two graphs ). Infected wax caps were used as the rewarded
(I+) and noninfected caps as the unrewarded (H—) CS stimuli (lower two graphs). Two-way repeated measures
ANOVA test (stimulusxtrial) indicates significant differences (indicated with asferisks over the line graphs)
between the acquisition functions of both HB (N =30) and CB (N =28) (HB: F'5,90=9.365, P <0.0005; CB:
F 5270=7.945, P <0.0005) for the H+ and I (first and second subplots in a ). In the reversed training condition (I+,
H—, lower two graphs in a ), significant differences were also found for HB (N =31) and CB (N =27) (HB: F'5 300=
2.680, P=0.021, Co: F5,4=6.526, P <0.0005). Retention scores at the 1-h (b) and 1-day (c) tests after the
training. The response probabilities to the respective CS+ odor are represented by black bars and those to the CS—
odor with gray bars . No significant difference between response probabilities to the CS+ and CS— stimuli was found

for HB and CB during the retention tests.

discrimination scores for such floral odors are
usually higher and do not differ from those found
for HB (Ben-Shahar et al. 2000; Guerrieri et al.
2005; Malun et al. 2002). We do not know why
our CB did not show the expected acquisi-
tion for both odor pairs equally well and did
not remember the discrimination task equally
well for both pairs during both retention tests
(Figure 2). Masterman et al. (2000) also
found that hygienic and nonhygienic bees
discriminate equally well between geraniol
and 1-hexanol. Also, no difference in odor
discrimination was found between HB and
CB in our test series when one odor was a

component of the sting pheromone, isoamyl
acetate (IAA). Sandoz et al. (2001) reported
that bees generalize more strongly to floral
odors during the retention test after being
trained to TAA but less after training to floral
odor. In our generalization test (no odor in
the plastic syringe but only dry filter paper),
a tendency was seen for CB to generalize
more strongly, but the difference between
HB and CB is not significant.

Odor discrimination in PER conditioning ex-
periments is usually tested under conditions of no
background odor, a test situation that does not
capture the conditions inside the hive. It is not
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Figure 7. a Acquisition during differential conditioning of HB and CB to Varroa -infected and noninfected pupae.
Varroa -infected pupae were the rewarded (I+) and healthy pupae the unrewarded (H—) stimuli (upper two graphs ).
Healthy pupae were the rewarded (H+) and Varroa -infected pupae the unrewarded stimuli (I-) (lower two graphs ).
The respective acquisition functions are marked with a solid line for the rewarded stimuli (I+ in the upper two
graphs , H+ in the lower two graphs ) and with a dotted line for the unrewarded stimuli (H— in the upper two graphs ,
I- in the lower two graphs). Two-way repeated measures ANOVA (stimulus xtrials) indicates a significant
difference (F 5 530=2.678, P =0.021; denoted with an asterisk over the line graph) between the acquisition functions
of HB (N =54) for the I+ and H— (first subplot in a ). The acquisition functions of CB (N =42) (second subplot in a)
for the similar training condition are not significantly different (F's 4;0=0.753, P =0.58). In the reversed training
condition, significant differences (denoted with asterisks ) were found for both HB (N =48) and Co (N =42) (HB,
F'5.470=7.251, P <0.0005; Co, F 5 410=2.757, P =0.018) due to a higher number of responses to the CS— than to the
CS+ stimuli. Retention scores at the 1-h (b) and 1-day (c) tests. The response probabilities to the respective CS+
stimuli are represented with black bars and CS— stimuli with gray bars . Significantly higher responses were found
for the following test conditions: HB trained to I+ and H—and tested after b 1 h (first subplotin b, P =0.0005) and ¢
after 1 day (first subplot in ¢, P=0.011). ¢ HB trained to H+ and I— and tested after 1 day (third subplot in
¢, P=0.015).

clear whether a background odor might re-
duce or enhance odor detection, learning, and
discrimination since odor mixtures lead to
nonlinear additive and subtractive effects
(Galizia and Menzel 2000), possibly enhanc-
ing or reducing the neural codes of odors.
We therefore exposed the test bees to a con-
tinuous stream of air that was sucked through
a bee colony and selected IAA as the trained
odor to make sure that the trained odor dif-
fers markedly from the background odor.
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Furthermore, it is unlikely that these bees
had learned IAA before in an appetitive con-
text. Acquisition functions for IAA are some-
what lower possibly indicting an adaptation
effect as seen, e.g., in the reduced behavioral
responses of Drosophila flies to odors after
been exposed to the same odor (Stortkuhl
et al. 1999) and in the reduction in chemo-
taxis behavior to the preexposed odor stimuli
in Caenorhabditis elegans (Colbert and
Bargmann 1995). This apparently shows that
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colony odor interferes with the process of
associative odor learning in honeybees. How-
ever, in the social environment of the hive,
bees learn odors from each other, e.g., by
trophallactic transfer of scented nectar
(Arenas et al. 2008; Farina et al. 2005,
2007; Gil and De Marco 2005) and during
dance communication (Griiter and Farina
2009). Hence, reduction in learning found
in our study might be a specific effect of
colony odor on the learning of sting pheromone
odor IAA. TAA carries a very different biological
meaning to the bees than floral odors. In the
context of a colony while IAA is used to elicit
alarm reactions or defensive behavior in bees,
floral odors act as important cues controlling the
choice of foraging on particular flowers. There-
fore, the colony odor background possibly
inhibited the learning of [AA as appetitive stimu-
lus in this experiment.

When odor discrimination and generaliza-
tion were tested with the colony odor back-
ground, CB showed higher generalization to
the floral odor and to the air from the plastic
syringe than HB. CS+ and CS— discrimination is
significantly better in HB than in CB during both
retention tests supporting the view that HB per-
formed better than CB in the presence of the
colony odor background.

The most critical test in our attempt to search for
differences between HB and CB in odor detection,
learning, and discrimination should relate to chem-
ical signals associated with Varroa infestation.
Neither HB nor CB learned to discriminate be-
tween the wax caps from infected and noninfected
cells. Most likely, highly salient odor signals such
as decanal, octanal, furfural, and benzaldehyde
(Blum et al. 1988), which were present in both
kinds of wax caps, overshadowed the potential
volatile chemicals released due to Varroa infec-
tion. Previous studies confirmed that the profiles of
volatile chemicals differ between the Varroa-
infested and noninfested worker brood. These pro-
files vary with respect to some of the low molecular
weight compounds (Nazzi et al. 2004; Schoning
et al. 2012). Schoning et al. (2012) reported that
brood parasitized by virulent Varroa mites (mites
with a high chance of transmitting overt or fatal
infections of deformed wing virus (DWV) in the

infested brood) contain compounds like acetoin, 2-
and 3-methylbutanoic acid in higher proportions in
their volatile chemical profiles compared to the
volatile profiles of broods infected with the less
virulent mites (mites with low potential to vector an
overt infection of DWYV in parasitized brood). The
authors also found that bees in their hygienic be-
havior assays detected and then preferentially re-
moved the severely damaged brood infested with
the virulent mites. In our conditioning experiments,
we used the infected wax caps from brood cells
with reproducing mother mites which ensured suc-
cessful parasitization. However, the levels of repli-
cating virulent DWV in the parasitizing mites were
not checked in our study. It is thus possible that we
used foundress mites with low virulence levels to
infest the larvae, which resulted in the formation of
a different profile of volatile chemicals other than
compounds such as acetoin, 2-methylbutanoic ac-
id, or 2-, 3-butanediol.

We observed that both HB and CB responded
more strongly to the CS— wax caps from parasit-
ized brood cells than to the CS+ (wax caps from
healthy brood cells) stimuli throughout the acqui-
sition trials. This was possibly due to the condi-
tioning protocol used here where bees were
trained with the alternate CS+ and CS— trials
started with the CS+ pairing with reward. Under
conditions of complete generalization between the
CS stimuli, response levels to the CS— were en-
hanced. We favor this explanation because similar
effects were found in differential conditioning
experiments with highly overlapping olfactory
signals (Guerrieri et al. 2005).

Varroa -parasitized pupae as the CS+ were
slightly better discriminated by HB than by CB.
In reversed training conditions with noninfected
pupae as the CS+ and infected pupae as the CS—
both HB and CB failed to learn the discrimination.
The differences between HB and CB are small as
one can see from the acquisition functions and by
the fact that HB failed to show significantly higher
retention score in the 1-h test when the healthy
pupae were used as the CS+. These results match
previous reports on learning and discrimination of
chalk brood-infected pupae by hygienic and
nonhygienic bees (Masterman et al. 2000, 2001;
Gramacho et al. 2003). Again, bees discriminated
better when the chalk brood pupae were used as
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the CS+ and the healthy pupae as the CS—. Such
an asymmetric discrimination may indicate more
salient odor signals from the infected (Varroa or
chalk brood) than the healthy pupae. Asymmetric
odor discrimination has also been reported multi-
ple times for PER-conditioned bees (Bitterman
et al. 1983; Guerrieri et al. 2005; Bhagavan and
Smith 1997).

We conclude that HB and CB do not differ when
the task is to learn to discriminate pairs of floral
odors and pairs of sting pheromone odor and floral
odor. Colony odor as a background during learning
and discrimination does not enhance performance
but leads to a certain reduction in performance in
both groups of test bees, possibly due to an adap-
tation effect. Under this test condition, HB showed
better discrimination of the CS+ from both the CS—
odor and the novel stimulus during the two reten-
tion tests than CB. Since volatile odor cues from
wax caps of Varroa -infected and noninfected cells
were learned but not discriminated by both groups
of test bees, it is likely that the common odors of
wax caps overshadowed the performance. Volatile
odors from the Varroa-infected and noninfected
pupae, however, were learned and discriminated
indicating that the volatile signals are strong
enough to override the similar odor cues of pupae.
An interesting asymmetry was found in the learn-
ing performance of the odor signals from the in-
fected and uninfected pupae: if the infected pupae
are the CS+, then the discrimination was learned
but not when the noninfected pupae were the CS+.
HB performed somewhat better than CB when
infected pupae were used as the rewarded
stimulus, but the difference between the two
groups of test bees is small thus partially
corroborating findings by Thakur et al.
(1998) that learning had no effect on hygien-
ic behavior against Varroa. Whether the small
effect we see depends on better odor recognition
or better learning cannot be resolved by our ex-
periments. Taken together, our results show that
odor learning and discrimination does not differ
between HB and CB as long as the general odors
are involved, except under the condition of colony
odor background. Furthermore, when specific
odor profiles from the Varroa -infected pupae are
used as the reinforced signal, slightly enhanced
performance was seen in HB.
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