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Abstract Varroa-sensitive hygiene (VSH) is highly
influenced by the worker bee’s olfactory ability.
Workers bred for VSH and non-selected control line
workers were tested for differences in their speed and
perception ability when presented with highly diluted
stimuli. Four different substances (citral — dilution
1:1300, linalool dilution 1:1300, Varroa-parasitized
brood extract, isopropanol) were used as tactile stim-
uli for differential conditioning with the proboscis
extension response (PER). Discrimination ability and
generalization were assessed. In a second set of con-
ditioning experiments differences in sensitivity to the
highly diluted citral and the Varroa-parasitized brood
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extract as reinforced stimuli (Cs+) were explored
between workers from both lines. The worker bees
were classified into three groups (Time points)
depending on how long before they started correctly
extending their proboscis to the Cs+, and results
were examined separately for each of the two stimuli
and group. While the VSH-selected line exhibited a
significantly higher perception ability for the para-
sitized brood extract than the non-selected line, the
two lines showed no differences when conditioned
with the floral stimulus citral as Cs+. Furthermore,
the VSH-selected line displayed a significantly higher
number of worker bees that perceived the complex
bouquet of the Varroa-parasitized brood extract at
the earliest time grouping (Time point 1). The odds
of perception at the earliest possible time point were
2.6-times higher for the VSH-selected line. Although
no comparison was made between healthy and para-
sitized brood, the results indicate an enhanced spe-
cific sensitivity in VSH-selected workers towards
chemical cues emitted by the brood, which might play
arole in the detection of Varroa destructor.

Keywords Varroa-sensitive hygiene - Olfactory
sensitivity - Resistance breeding - Apis mellifera
Introduction

The European honey bee, Apis mellifera, is one of the
most important agricultural pollinators worldwide.
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However, since the parasitic mite Varroa destructor
shifted hosts from the Asian honey bee Apis cerana to
the European honey bee, a global increase in colony
loses has been observed for the latter species (Gen-
ersch et al. 2010; Dietemann et al. 2012; Martin et al.
2012). While some populations appear to be Var-
roa-resistant (Locke 2016; Oddie et al. 2017, 2018),
most of the honey bee colonies are still dependent
on the Varroa-treatment administered by beekeep-
ers (Jacques et al. 2017). However, recent breeding
efforts to create bees with enhanced Varroa-sensitive
hygiene (VSH) — a specialized type of hygienic
behavior comprising the targeting and removal of
Varroa-infested brood — have improved bee colo-
nies’ survival in the face of parasitization (Mondet
et al. 2020).

Varroa destructor induces a shift in the cuticular
hydrocarbon profile of parasitized brood (Nazzi et al.
2004; Wagoner et al. 2019; Mondet et al. 2021) which
is detected through the cell cap by nursing bees. Com-
pounds such as tricosan-2-one, pentacosan-2-one, tet-
racosyl acetate, heptacosan-2-one, hexacosyl acetate
and nonacosan-2-one have been detected in extracts
of parasitized pupae (Mondet et al. 2021). Further-
more, (Z)-pentadec-6-ene and (Z)-10-tritiacontene,
the non-volatile oleic acid, as well as the increase of
brood ester pheromone are also able to elicit a hygienic
response (Nazzi et al. 2004; Mondet et al. 2016; Wag-
oner et al. 2020) and are associated with Varroa-par-
asitization (Wagoner et al. 2021). This odor change
acts as a signal for the worker bees and a trigger for
VSH (Harbo and Harris 2005; Wagoner et al. 2018).
Subsequently, the brood cells are uncapped and the
diseased pupae removed (Martin et al. 2002; Swanson
et al. 2009). Mondet et al. (2021) observed that while
all worker bees can perceive the compounds typi-
cal for a V. destructor parasitization at the level of the
antennae, only those bees performing VSH can dif-
ferentiate between these compounds and the odor of
unparasitized healthy brood. Moreover, worker bees
from colonies bred for VSH are more likely to uncap
infested cells with more than one foundress mite (Kim
et al. 2018) and brood severely affected by transmitted
viruses (Schoning et al. 2012).

The early detection of parasitized brood and the
subsequent removal of the mites has been identified
as being significantly genetically influenced (Spotter
et al. 2012, 2016; Guarna et al. 2015). The differen-
tial expression of genes for the olfactory and sensory

activity determines the perception ability and olfac-
tory sensitivity of the single worker bee (Boutin et al.
2015; Hu et al. 2016; Gempe et al. 2016). Under
laboratory conditions, olfactory ability can be tested
with the help of differential conditioning using the
proboscis extension response (PER). First described
by Takeda in 1961, this method lies at the center of
assessing olfactory discrimination abilities in bees
(Takeda 1961; Bitterman et al. 1983; Giurfa and
Malun 2004; Giurfa 2008; Matsumoto et al. 2012;
Smith and Burden 2014). Through a series of tri-
als, a bee learns to differentiate between two odors:
Cs+ (reinforced with a reward) and Cs- (unrein-
forced, or novel odor). In order to feed on the reward
sugar solution, the bee displays a behavioral change
by extending its mouthparts, or proboscis.

PER conditioning can provide valuable informa-
tion on the differences in perception ability towards
various chemicals in lines bred for enhanced hygienic
behavior including VSH and non-selected lines. Mas-
terman et al. (2000) observed significantly better dis-
crimination ability in hygienic bees when exposed
to the odor of healthy and chalkbrood infested brood
compared to non-hygienic bees. Flower odors, on
the other hand, were perceived equally well by both
groups of bees. Compared to a chalkbrood infec-
tion where the brood dies, the parasitization with V.
destructor causes amongst others immunosuppres-
sion without killing the brood (Rosenkranz et al.
2010; Vidal-Naquet 2015). While chalkbrood mum-
mies elicit a strong stimulus leading to their removal,
the changes in the brood during a V. destructor para-
sitization are likely more subtle, therefore more dif-
ficult to sense. A study conducted by Chakroborty
et al. (2015) using PER conditioning tested VSH-
selected and non-selected worker bees with the odor
of healthy and Varroa-parasitized pupae. The study
did not deliver conclusive results whether VSH col-
onies are endowed with better odor discrimination
abilities than the non-hygienic colonies. During the
experiment, the colonies bred for enhanced hygienic
behavior towards V. destructor exhibited only small
differences in odor discrimination ability towards the
Varroa-infested brood compared the non-hygienic
worker bees. These observations on odor sensitiv-
ity may be accounted for by the small numbers of
tested individuals (N pygicnic =54, N on01 =42). The
method of presentation (olfactometer) might also
play an important factor, considering that some of the
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compounds extracted from Varroa-parasitized brood
are non-volatile and therefore cannot be presented
through an air stream (Nazzi et al. 2004).

Here we describe a complementary study aimed at
observing the perception ability of worker bees to dif-
ferent stimuli by using learning as a marker for sensitiv-
ity. While the PER response does not measure the sen-
sitivity of an individual bee, but the learning behavior
to a stimulus, if the stimulus is not detected during a
tactile or volatile presentation, there is no learning suc-
cess even with large differences in learning ability. We
therefore defined higher sensitivity as a faster and gener-
ally higher perception of the presented stimulus. Bien-
efeld et al. (2015) displayed that learning does not play
a role in hygienic behavior. Rather, hygienic behavior
is an instinctive reaction to abnormal cues, with olfac-
tory sensitivity playing a central role (Schoning et al.
2012; Mondet et al. 2015, 2021; Wagoner et al. 2021).
We hypothesized that conditioning using the PER can
be utilized as a method for quantifying olfactory sensi-
tivity for the use in Varroa-resistance breeding (Ivanova
and Bienefeld 2021). Workers from two origins (a VSH-
selected line and a non-selected line) were presented
with two highly diluted extracts — citral (essential oil,
well known for its use in conditioning experiments (Var-
eschi 1971; Nagaraja and Bruckner 2013) as well as a
minor component of the Nasonov pheromone (Shearer
and Boch 1966)) and an extract of Varroa-parasitized
brood. In order to better define the differences in the
perception ability of each group, we used a larger sam-
ple size and a lower concentration of Varroa-parasitized
brood extract rather than live parasitized pupae as used
in the experiments of Chakroborty et al. (2015). A tac-
tile presentation of the extract was chosen as means of
delivering the stimuli. We further hypothesized that
the undiluted odors used in Chakroborty et al.’s (2015)
experiments pose an easy task for the test subjects and
provide information on overall odor perception ability
but give no feedback on olfactory sensitivity.

The following questions formed the basis for the
performed experiments: Is there a difference in the
perception ability of worker bees bred for VSH and
the non-selected line worker bees, when presented
with highly diluted stimuli? Does the perception
speed between the two lines differ? Are the differ-
ences in the perception ability a result of an overall
higher olfactory sensitivity or a specific sensitivity
towards cues which are likely to cause VSH?
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Materials and Methods
Colonies

Worker bees from a total of sixteen colonies participated
in two PER-conditioning experiments. The colonies
were situated at one of the Institute for Bee Research
Hohen Neuendorf’s own locations in Brandenburg,
Germany (coordinates: 52.66943; 13.39455). Each col-
ony was used only once. Half of the colonies originated
from the institute’s VSH-selection program (Bienefeld
et al. 2001), while the other half was not selected for
VSH but shared a similar genetic background.

The institute’s VSH-selection program comprises
video-observation of recognition and uncapping of
Varroa-parasitized brood through individual workers
in a standardized observation unit using a sample of
40-50 worker bees/mother (Bienefeld et al. 2015).
The main selection criterion for the mother queens
and father colonies (sperm donors) is the relative
proportion of worker bee offspring that has started
uncapping Varroa-parasitized brood during a 6-day
video-observation. Details on the development of this
line will be available in a separate publication.

During the preparations of the conditioning experi-
ments, 50 workers from each colony were gathered as
they emerged from the brood cells and marked with
numbered plates on the dorsal thorax. Subsequently,
they were fostered in a hive with a virgin queen until
they were tested. A brood frame with sealed brood
was placed in the hive to stimulate nursing behavior.
The marked worker bees were tested at an age span-
ning from 3 to 11 days, with an average age of 6 days,
as this time range corresponds with glandular devel-
opment of the hypopharyngeal glands and nursing
behavior as stated by Page and Peng (2001).

Extract Preparation

The Varroa-parasitized brood extract was created as
presented by Ivanova and Bienefeld (2021). Twenty
newly capped prepupae (9-10 days old) were artifi-
cially infested with four Varroa-mites each. Since the
distress signal emitted by the brood, rather than the
number of mites in the brood cell, is perceived by the
nursing bees, we wanted to produce an extract that
mimicked the changes in the brood’s cuticular hydro-
carbon profile (Bauer et al. 2018; Mondet et al. 2021).
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By using four mites per prepupa, we ensured that
even if mites were damaged during artificial infesta-
tion, a sufficiently strong stress factor for the brood
would still be present.

The cell caps were cut open on one side and the
mites inserted with the help of a moistened brush. The
cell caps were subsequently closed. Afterwards, the
brood frame was introduced to the hive it came from
for two hours, in order for the incisions in the cell caps
to be completely resealed by workers (Ivanova and
Bienefeld 2021). The brood frame was incubated for
four days in an incubator at 35 °C. Subsequently, fif-
teen parasitized pupae were extracted from the brood
cells without being damaged and were soaked in 4 ml
isopropanol for 10 min. The supernatant was decanted
in 2 ml glass vials with PVC lids (Ivanova and Bien-
efeld 2021). Between the conditioning experiments,
the extract was stored at -20 °C. Five microliters of the
extract contained 0.02 brood equivalents.

Both floral stimuli — citral and linalool — were
diluted in isopropanol. One microliter of the floral
compound was combined with 1299 ul isopropanol
using a micropipette. The extracts were stored in vials
at -20 °C between the conditioning experiments.

PER-conditioning Experiment

To find a suitable concentration of citral and linalool,
a series of preliminary tests using differential condi-
tioning were carried out. Dilutions of up to 1:1500
were tested. The preliminary tests were performed
the same way as the main experiment, described in
the remaining part of this subsection. The dilution
of 1:1300 (equivalent to a concentration of 0.69 pg/
uL for citral and 0.66 pg/uL for linalool) was chosen
as only one third of the workers exhibited a behavio-
ral response when presented with the diluted extract.
Higher dilutions were deemed unsuitable for the
experiment as they would provide insufficient data for
the analysis.

For the differential conditioning (referred to as
main experiment from now on), two stimulus combi-
nations were used:

— citral (dilution 1:1300) 5 pl as Cs+and linalool
(dilution 1:1300) 5 pl as Cs-

— Extract from Varroa-parasitized brood 5 pl as
Cs+ and the solvent isopropanol 5 ul as Cs-

As all the extracts contained isopropanol as a sol-
vent, they were left to dry after being applied on the
filter paper (including isopropanol as Cs-). This was
done to ensure that the stimuli would not be overlayed
by the smell of the solvent. A total of 15 bees from
each colony were conditioned per stimulus combina-
tion for a total of 240 worker bees tested from each
origin (VSH-selected and non-selected line). Each
bee was conditioned using only one of the two stimu-
lus combinations.

Parallel to the main conditioning experiment, a
reversed differential conditioning was performed
to assess potential differences in the salience of the
stimuli used throughout the experiment. The stimu-
lus combinations used in the main experiment were
swapped:

— Linalool (dilution 1:1300) 5 ul as Cs+and citral
(dilution 1:1300) 5 ul as Cs-

— Isopropanol 5 pl as Cs+and the extract from Var-
roa-parasitized brood 5 ul as Cs-.

The reversed conditioning was performed as
described for the main experiment. Twenty work-
ers were tested per stimulus combination and sub-
sequently compared to the same number of workers
conditioned with citral and Varroa-parasitized brood
extract as Cs +.

During the main experiment, a total of 120 work-
ers were conditioned per stimulus combination
(citral as Cs+, Varroa-parasitized brood extract as
Cs+) (Table 1). The bees were tested in groups of
ten. Each group comprised individuals from differ-
ent colonies. Before conditioning, worker bees were
gathered from the brood frame in the test hive. The
bees were shortly cooled down at -20 °C until they
stopped moving. Subsequently, they were strapped
in small metal tubes using paraffin tape so that the
body was immobilized without the movement of the
head and mouthparts being constricted. The worker
bees were placed in an incubator (34 °C) to regain
their physiological temperature after the cooling.
The willingness of the worker bees to stretch their
proboscis was examined by presenting them with a
50% sugar solution on a toothpick. One of the work-
er’s antennae was touched with a drop of the sugar
solution which resulted in extension of the probos-
cis. Those workers that did not respond were not
included in the conditioning.
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Table 1 Distribution of colonies participating in main conditioning experiment

Origin Colonies Participating worker bees Worker bees that completed Discarded worker bees
(N) N) the conditioning (N)
™)
Citral Varroa-parasitized  Citral Varroa-parasitized  Citral Varroa-para-
brood extract brood extract sitized brood
extract

VSH-selected line 8 133 134 120 120 13 14
Non-selected line 8 141 128 120 120 21 8

Displayed are the two lines with the corresponding number of worker bees which were conditioned per stimulus combination (citral/
linalool or Varroa-parasitized brood extract/isopropanol). Worker bees that stretched their proboscis at the first presentation of the
reinforced stimulus Cs+or stopped responding to the sucrose solution during the conditioning were discarded. Their numbers are

shown in the last two columns

As the solvent isopropanol was present in both
Cs+and Cs-, only workers who were able to perceive the
brood components, would sense the difference between
both stimuli (Ivanova and Bienefeld 2021). The pres-
entation of stimuli was conducted using pieces of filter
paper and tweezers. The bees’ antennae were touched
three times with a piece of untreated filter paper before
the start of the experiment. This was done to avoid the
extension of the proboscis due to a mechanical irritation
rather than a response to the presented stimulus. Dur-
ing the stimuli presentation, both antennae were touched
with the filter paper. The direct contact ensured the per-
ception of both volatile and the non-volatile compounds,
which are usually emitted by the distressed parasitized
brood (Mondet et al. 2016; McAfee et al. 2018; Wagoner
et al. 2020). A conditioned stimulus Cs+, the extract of
Varroa-parasitized brood or citral, was paired with a 50%
sugar solution (unconditioned stimulus Us). Addition-
ally, an unreinforced stimulus, isopropanol or linalool,
was presented without a reward (Cs-). The conditioning
consisted of six trials in the following order: Cs+, Cs-,
Cs-, Cs+, Cs+, Cs-. The intertrial-interval was between
4-5 min. Each worker bee was given 20 s to acclimate
to the experimental surroundings, before a six second
presentation of the stimulus. The presentation of the
reward overlapped the last three seconds of the Cs+. The
Us was presented by touching a drop of sucrose to the
antennae without contaminating the filter paper carry-
ing the Cs+. After completing the six trials, each worker
bee was tested for its conditioning outcome through the
presentation of the two stimuli (Cs+und Cs-) without
the reward (unrewarded tests). If the conditioning was
successful, the workers stretched their mouthparts to the
presentation of the Cs+but not to the Cs-.

@ Springer

The experiments with the two odor combinations
were swapped each day in order to exclude daytime
biases. An exhaust system was used to remove any
residual odors during the experiment. The toothpicks
used for the presentation of the sugar reward were
replaced before the beginning of each trial to avoid
the accumulation of sugar. While wooden toothpicks
give off a wooden odor, we assumed that the inter-
ference with the conditioning performance would be
minimal as they were only used for the presentation
of the reward. If workers were to form an association
between the wooden odors and the sugar solution,
they would not extend their proboscis when presented
only with the Cs+during the unrewarded tests.

Worker bees which extended their proboscis dur-
ing the first conditioning trial were excluded from the
experiment as they were considered “spontaneous
responders” which might have had prior contact with
the stimuli used during the experiment or exhibit a
heightened appetitive motivation that triggered PER to
neutral stimuli (Matsumoto et al. 2012). Worker bees
that stopped responding to the Us during the course of
the conditioning were also excluded as they would also
not shown any response during the unrewarded trials.

Statistical Analysis
Reversed Differential Conditioning

The acquisition during the reversed differential con-
ditioning experiment was analyzed and compared to
the stimuli as presented in the main experiment using
a Chi-Square test (two-sided) with an alpha level of
0.05. The exact significance was reported.
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Perception Speed and Conditioning Outcome

Using the data from the main experiment’s condi-
tioning trials, the worker bees’ perception speed
was analyzed with the help of a generalized lin-
ear mixed model with a logit function (GLMM)
in SPSS V.25. The alpha level was set at 0.05. All
reported p-values were two-sided. The parameters
“VSH-selected line/non-selected line” and age dur-
ing the experiment (<6 days, 67 days,>7 days)
were set as fixed factors in the GLMM (see suppl.
Tab. S1). The age groups were chosen in such a
matter, so that the number of workers in each age
group was similar. The colony effect was set as a
random factor. In order to display the differences in
the worker bees’ perception speed to the two highly
diluted stimuli, three time points were defined. The
extension of the proboscis to the Cs+ before the
presentation of the reward was considered a correct
answer. For the Cs- a correct answer was defined as
“no proboscis extension”.

— Time point 1: Worker bees gave correct answers
starting from trial No. 4 (Cs+, Cs-, Cs-, Cs+, Cs+,
Cs-) and during the unrewarded trials (Cs+, Cs-)

— Time point 2: Worker bees gave correct answers
starting from trial No. 5 (Cs+, Cs-, Cs-, Cs+, Cs+,
Cs-) and during the unrewarded trials (Cs+, Cs-)

— Time point 3: Worker bees gave non-consecutive
correct answers during the trials. The unrewarded
tests were also correctly answered. (Cs+, Cs-,
Cs-, Cs+,Cs+, Cs-) (Cs+, Cs-)

It was assumed that workers who made mistakes
during the last three trials of the conditioning pos-
sessed an inferior discrimination ability than indi-
viduals that perceived the conditioning stimulus at
Time point 1. Furthermore, to estimate the condi-
tioning success of the two lines (VSH-selected/non-
selected line) while taking the perception speed into
account, a Kaplan—Meier estimator with a Log Rank
function was performed. The significance level was
set at 0.05 (two-sided).

Worker bees which showed no reaction during the
conditioning and gave a positive answer only during
the unrewarded tests, were not considered success-
ful, as it was unsure whether the response occurred
coincidentally. A proboscis extension was recorded as
“1”, no behavioral response was documented as “0”.

Results
Floral Stimuli
Reversed Differential Conditioning

Compared to linalool as Cs+, workers tested with
citral as Cs+exhibited a significantly higher probos-
cis extension frequency during the conditioning trials.
Workers tended to generalize more at trials 2-3 when
citral was used as Cs+and exhibited significantly
higher number of proboscis extensions during trials
three to six (Fig. 1 and suppl. Tab. S2). The generali-
zation was stronger at the beginning of the condition-
ing and decreased with each trial. At trial six a slight
decrease (40%) in proboscis extension frequency was
observed when workers were presented with the Cs-
(linalool) than at trial three (45%) (Fig. 1).

During the unrewarded tests no significant dif-
ference in the proboscis extension frequency for cit-
ral and linalool was observed (unrewarded Cs+:
x2(1; N=40)=091; p=0.53; unrewarded Cs-:
x2(1; N=40)=2.9; p=0.49). Workers tested with citral
exhibited higher numbers of proboscis extensions dur-
ing the unrewarded tests although the difference was not
significant. With regard to the results, citral and linalool
were considered perceptually similar with citral posing a
more potent stimulus at the chosen dilution.

Perception Speed and Conditioning Outcome
for Both Origins (Citral as Cs +, Linalool as Cs-)

During the main conditioning experiment with
the flower substances, no significant differences
in stimulus perception between the two lines
were observed. The VSH-selected line exhibited
a slightly higher percentage of worker bees that
perceived the difference between the two stimuli
(citral as Cs+ and linalool as Cs-) at the earliest
time point (Time point 1) than the non-selected
line (VSH-selected line: 15%; non-selected line:
10.8%) (see Fig. 2, suppl. Tab. S3). The rela-
tive increase of stimulus perception by the VSH-
selected line was 39% (equivalent to 5 worker bees
more than the non-selected line). Worker bees
that perceived citral at one of the later condition-
ing time points, also showed no origin-related
differences in perception (VSH-selected line/non-
selected line). The perception ability of the tested
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Fig. 1 Acquisition curves and unrewarded tests for condition-
ing with citral as Cs+ (black line) and linalool as Cs+ (grey
line). (a) Proboscis extension frequencies for citral as Cs+/
linalool as Cs- and linalool as Cs+/ citral as Cs- are shown
in percent for each trial. Significant differences are marked
with an asterisk. The alpha-level is set at 0.05. Per condition-

workers did not differ with age (see suppl. Tabs.
S4 and S5). The colony effect also had no signifi-
cant influence on stimulus detection (see suppl.
Fig. S F1).

A Kaplan—Meier curve was created to display the
perception ability of the participating worker bees
(see Fig. 3). The overall conditioning outcome of
the two groups (VSH-selected line and non-selected
line) shown during the unrewarded tests with citral
as Cs+and linalool as Cs- exhibited no statistically
significant difference (Kaplan—-Meier estimator,
Long rank test, ;(2(1; N=240)=0.60, p=0.438).

70

60

50

40 -

30 Bcitral

Blinalool
20

, I
0 :
Cs+ Cs-
Unrewarded tests

Proboscis extension in %

ing experiment (citral as Cs+/ linalool as Cs- and linalool as
Cs+/ citral as Cs-) the same number of worker bees were used
(N=20). (b) Proboscis extension frequencies during the unre-
warded tests are shown in percent. No significant differences
were observed

Varroa-parasitized Brood Extract
Reversed Differential Conditioning

Worker bees in the reversed differential condition-
ing experiment with isopropanol as Cs+ discrimi-
nated well between the solvent isopropanol and the
extract of Varroa-parasitized brood. No differences
were found in the ability to discriminate between sub-
stances, regardless of which substance (brood extract
or solvent) was chosen as the conditioning stimulus
Cs+(Fig. 4 and suppl. Table S7). The unrewarded

M Non-selected line

[ VSH-selected line

30

25
=
£ 20
c
g 15
g l
£ 104 T
3
£
g 5

0

1 2
Time point

Fig. 2 Number of workers, that are able to perceive the
Cs+(citral, dilution 1:1300), in their corresponding speed
group. Displayed are the two lines — VSH-selected line
(white) and the non-selected line (black). The columns show
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the number of workers which successfully perceived the
Cs+at one of the three time points. Each worker is listed
in only one group. Standard error is displayed for each time
point and group
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Stimulus perception in %

Groups:

—r1Non-selected line
_r1VSH-selected line

Time point

Fig. 3 Kaplan—Meier perception curve for the flower odors.
Citral (dilution 1:1300) was used as Cs+and linalool (dilu-
tion 1:1300) as Cs-. The cross at the end of each line represents
the end of the conditioning for all subjects of the correspond-
ing group. The three vertical lines represent Time points 1,

tests also did not provide significant differences in
proboscis extension responses (unrewarded Cs+:
x2(1; N=40)=0.10; p=1.0; unrewarded Cs-:
x2(1; N=40)=0.37; p=1.0) between the two sub-
stances. These results led us to believe that none of
the two substances posed as a stronger conditioning
stimulus for workers during the experiment.
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~—&— jsopropanol Varroa-parasitized brood extract

Fig. 4 Acquisition curves and unrewarded tests for condition-
ing with isopropanol as Cs+ (black line) and Varroa-para-
sitized brood extract as Cs+(grey line). (a) Proboscis exten-
sion frequencies for isopropanol as Cs+/ Varroa-parasitized
brood extract as Cs- and Varroa-parasitized brood extract as
Cs+/ isopropanol as Cs- are shown in percent for each trial.
The alpha-level is set at 0.05. Per conditioning experiment

2 and 3. The collective perception of the bees in each group
is displayed on the y-axis in percent. The two groups are pre-
sented separately: VSH-selected line (N =120; red color), non-
selected line (V= 120; blue color)

Perception Speed and Conditioning Outcome of Both
Origins (Varroa-Parasitized Brood Extract as Cs +,
Isopropanol as Cs-)

At the earliest possible time point, Time point 1,
10% more VSH-selected line bees (12 workers) per-
ceived the Varroa-parasitized-brood extract than the

70 b
60 -
50

40 .
| jsopropanol
30

O Varroa-parasitized

204 brood extract

b i—\
0 - .
Cs+ Cs-
Unrewarded tests

Proboscis extension in %

(isopropanol as Cs+/ Varroa-parasitized brood extract as Cs-
and Varroa-parasitized brood extract as Cs+/ isopropanol as
Cs-) the same number of worker bees were used (N=20). No
significant differences were observed. (b) Proboscis extension
frequencies during the unrewarded tests are shown in percent.
The alpha-level is set at 0.05. No significant differences were
observed
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non-selected line (see Fig. 5, suppl. Tab. S8). This
percentage difference corresponds to 133% relative
increase of the VSH-selected line’s response rate.
The differences were statistically significant (GLMM,
p=0.027; CIL: 0.11; 1.77). Moreover, the VSH-
selected line had 2.6 times higher odds of perceiving
the Cs+at Time point 1 than the non-selected line
(OR=2.6; CI: 1.12; 5.89) (see suppl. Tab. S9).

Worker bees from both the VSH-selected and non-
selected lines that perceived the Varroa-parasitized
brood extract at Time points 2 and 3 performed simi-
larly (see suppl. Tabs. S10 and S11). Again, there was
no difference between the three age groups in terms
of the ability of the worker bees’ perception of the
extract. Similar to the conditioning with citral and lin-
alool, the colony effect also had no significant influ-
ence on stimulus detection (see suppl. Fig. S F2).

The VSH-selected and non-selected lines exhibited
a difference in their overall conditioning outcome dur-
ing the unrewarded tests. The VSH-selected line dis-
played a higher percentage of worker bees (34%) which
were able to perceive the extract of Varroa-parasitized
brood (see Fig. 6) than the non-selected line (23%).
The difference was significant (Kaplan—Meier estima-
tor, Long rank test, )(2(1; N=240)=3.97, p=0.046).

Discussion

In the course of this work two sets of experiments
were carried out. The salience of the substances used

throughout the experiments was assessed using a
reversed differential conditioning with groups of 20
workers per stimulus combination. Furthermore, during
the main experiment, a total of 240 workers — 120 from
the VSH-selected line and 120 from the non-selected
line — were conditioned per stimulus combination.

Because the PER response does not measure the
sensitivity of an individual bee per se, but the learn-
ing behavior to a stimulus, we hypothesized that
there would be no learning success even with large
differences in learning ability, if the stimulus is not
recognized. As sensitivity towards different chemical
cues plays a central role in hygienic behavior (Schon-
ing et al. 2012; Mondet et al. 2015, 2021; Wagoner
et al. 2021), the learning behavior of the worker bees
was used to determine whether low concentrations
of the stimuli are perceived at all and thus could be
regarded as marker for perception ability and olfac-
tory sensitivity.

All three research questions could be answered.
Although the chosen experimental setup did not exam-
ine the ability of workers to differentiate between
healthy and parasitized brood, it displayed workers’
ability to perceive the complex chemical bouquet of
Varroa-parasitized brood cues at a very low concentra-
tion. No difference in salience was observed between
the extract of Varroa-parasitized brood and the solvent
isopropanol during the reversed differential condition-
ing, further strengthening this observation.

The results of the main experiment additionally
indicated an enhanced specific sensitivity in the VSH-
selected line towards chemical cues emitted by the

30

25

20

Stimulus perception in %
o

W Non-selected line

O VSH-selected line

1 2
Time point

Fig. 5 Number of worker bees, that are able to perceive the
Cs + (Varroa-parasitized-brood extract), shown in their cor-
responding speed group. Displayed are the two lines — VSH-
selected line (white) and the non-selected line (black). The
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columns show the number of workers which successfully per-
ceived the Cs+at one of the three time points. Each worker is
listed in only one group. Standard error is displayed for each
time point and group
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—1Non-selected line
—1VSH-selected line

Stimulus perception in %

10

Time point

Fig. 6 Kaplan—Meier perception curve for the Varroa-para-
sitized-brood extract. The Varroa-parasitized-brood extract
was used as Cs+, the solvent isopropanol as Cs-. The cross
at the end of each line represents the end of the conditioning
for all subjects of the corresponding group. The three vertical

brood, which can play a role in detection of Varroa-
parasitization. When tested with a low concentra-
tion of the Varroa-parasitized brood extract, work-
ers selected for VSH exhibited a significantly higher
perception ability and a higher percentage of stimulus
recognition (Cs+) at the earliest possible time point
compared to the non-selected line.

Unlike the observations from the conditioning with
the Varroa-parasitized brood extract and isopropanol,
citral and linalool exhibited significant differences in
the proboscis extension frequencies during most trials
of the reversed conditioning. Citral posed as more sali-
ent compared to linalool at the dilution (1:1300) used
in the course of this work. During the main experi-
ment, the highly diluted floral extract citral was per-
ceived equally well by both lines. The speed of percep-
tion for citral was also comparable for the two lines.

Perception Ability of Worker Bees Towards Flower
Substances

Odor detection is an important part of food and host
selection in invertebrates and mammals (Visser 1986;
Masson and Mustaparta 1990; Firestein 2001). The
ability to form an association and gather experi-
ence from previous foraging decisions is a result of

lines represent Time points 1, 2 and 3. The cumulative percep-
tion of each line is displayed on the y-axis in percent. The two
groups are displayed separately: VSH-selected line (N=120;
red color), non-selected line (N=120; blue color)

long-lasting natural selection in the honey bee, as
foraging behavior acts as a major determinant for
the survival of both the individual and the colony
(Kramer 2001; Page et al. 2006). Olfactory gener-
alization is considered crucial for foragers’ ability
to find suitable food sources with varying volatile
release (Sandoz et al. 2001). This ability allows ani-
mals to extend a behavior from a particular stimulus
to another, novel stimulus, which is perceived simi-
larly enough (Shepard 1987). Especially molecules
with a similar carbon length and chemical group are
subjected to high generalization (Sandoz 2011).

The ability to distinguish between different odor-
ants is also dependent on stimulus concentration
(Getz and Smith 1991; Wright 2004). During our
preliminary tests, we observed a great decrease in the
behavioral responses to both substances (citral and
linalool) when using a dilution of more than 1:1300
(equivalent to a concentration of 0.69 pg/uL solution)
for the differential conditioning. Only a third of the
worker bees used in the conditioning discriminated
between stimuli of this particular dilution by touching
the filter paper with the antennae or sensing the emit-
ted odor via molecules in the air, therefore we chose
not to dilute our probe any further in order to gather
sufficient data on the differences in discrimination
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ability between the two lines. Nevertheless, from
the data gathered during the preliminary tests, we
suspected that the conditioning threshold for citral
using a tactile presentation lies in the range of 1:1500
(~0.6 pg/uL).

In the course of the reversed differential con-
ditioning, we observed a generalization between
citral and linalool when citral was rewarded. This
was not the case when linalool was used as Cs+.
One possible reason for the generalization could
be the similar carbon chain length of their molecu-
lar structures — C;(H;O (citral) and C;yH,;gO (lin-
alool). Another reason could be the fact that citral
not only plays a role as a flower odor but is also
a compound found in secretions of the Nasonov
gland (Butler and Calam 1969; Getz and Smith
1991). Social pheromones are described as produc-
ing higher generalization as general odors which
would suggest that biological value influences gen-
eralization (Sandoz et al. 2001). This could explain
the overall higher proboscis extension response
frequency when citral was used as Cs+. Shearer
and Boch (1966) described citral as a minor com-
pound of the Nasonov pheromone that increases the
attractiveness of geraniol — one of the major com-
ponents — when both are presented together. On its
own, citral was far less attractive than geraniol or
the Nasonov pheromone itself (Shearer and Boch
1966; Williams et al. 1981). It could therefore be
argued that citral’s biological value is given only as
part of the mixture and the experimental results dis-
play merely a difference in attractiveness between
two floral substances.

When both VSH-selected line worker bees and
non-selected line worker bees were trained with the
highly diluted floral compounds during the main
experiment, they exhibited a similar olfactory sensi-
tivity and discrimination ability. The VSH-selected
line showed a 14% relative improvement of percep-
tion. Nevertheless, this difference was not significant.
Unlike previous studies like those by Masterman
et al. (2000) and Chakroborty et al. (2015), where
undiluted odors were used to observe differences in
perception, we hypothesized that high concentrations
pose an easy task for the test subjects and provide
information on overall perception ability but give no
feedback on olfactory sensitivity. Such information
can only be displayed by using concentrations near
the threshold limit for eliciting a behavioral response
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(Laska 2000). We can now add to the previous stud-
ies’ conclusions and confirm that the olfactory sensi-
tivity and discrimination ability of hygienic and non-
hygienic lines does not significantly differ when low
concentrations near the perception threshold of citral
and linalool are used.

PerceptionAbility of Worker Bees Towards the
Varroa-parasitized Brood Extract

During the conditioning with a low concentration of
the Varroa-parasitized-brood extract, a different pic-
ture than with the flower extracts was observed. The
VSH-selected line exhibited a significantly stronger
tendency of perceiving the complex bouquet of Var-
roa-parasitized brood than the non-selected line, with
a relative improvement of 133% in perception.

Previous studies proved an important step in
describing the improvements in hygienic behavior
caused by breeding efforts (Ivanova and Bienefeld
2021). Masterman et al. (2001, 2000) described a bet-
ter performance of hygienic lines when conditioned
to the strong stimulus of chalkbrood diseased brood.
Chakroborty et al. (2015) used live pupae parasitized
by V. destructor to assess differences in the percep-
tion ability of worker bees from VSH-selected and
non-selected lines and described a “slightly better per-
formance” of the VSH bees as well. This tendency of
VSH workers to better perceive the cues connected to
a V. destructor parasitization are likely a result of pro-
teome differences in the central nervous system and
the antennae of worker bees (Mondet et al. 2015; Hu
et al. 2016). Mondet et al. (2015) conducted a differ-
ential gene expression on the antennae of bees selected
for VSH and non-VSH. Genes connected to defense
responses were over-expressed in VSH-bees” antennae
(Mondet et al. 2015). In the mushroom bodies, proteins
connected to neuronal sensitivity by activation of syn-
aptic vesicles and calcium channels were upregulated
in VSH workers (Hu et al. 2016). Moreover, hygienic
bees were shown to have lower stimulus thresholds for
olfactory and behavioral responses than non-hygienic
bees (Masterman et al. 2001). Boutin et al. (2015) sus-
pected that non-hygienic bees have an over-expression
of cytochrome P450, an enzyme that participates in the
degradation of odorant pheromones. An over-expres-
sion could lead to the removal of stimuli before the
hygienic behavior can be initiated and thus influence
the worker bee’s olfactory capability.
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Compared to Masterman et al. (2001) and Chak-
roborty et al. (2015), the brood extract during our
conditioning experiments contained only a frac-
tion of the stimulus intensity (for comparison: 0.02
brood equivalents versus a whole parasitized pupa)
so as to approach the perception threshold of worker
bees as much as possible while still eliciting a
behavioral response. Furthermore, we used a tactile
presentation which is closer to the natural percep-
tion of Varroa-parasitized brood in the colony, com-
pared to the air stream presentation used by Chak-
roborty et al. (2015). While it is possible that tested
workers might have been exposed to higher con-
centrations of the extract through the direct contact
with the filter paper compared to the amounts of the
extract delivered only via an air stream, we hypoth-
esized that the very low concentration of the extract
would nevertheless provide a more difficult task for
the workers than previously done by Chakroborty et
al. (2015). Our aim was to mimic reality as closely
as possible, considering that worker bees in the
colony must recognize subtle brood distress signals,
superimposed by the odors of neighboring cells,
through the closed cell caps. While discrimination
between the extract of Varroa-parasitized brood and
the cuticular profile of healthy brood was not tested
in the course of this work, the results from the main
conditioning experiment (Varroa-parasitized brood
extract as Cs+) nevertheless showed that workers
can perceive the low concentration of Varroa-para-
sitized brood extract and clearly distinguish it from
the solvent. This observation was strengthened by
the fact, that no difference in salience was present
between extract and the solvent isopropanol dur-
ing the reversed conditioning. The differences in
discriminatory ability between the two lines made
during the main experiment are therefore not due to
contrasts in stimulus intensity but a result of selec-
tion breeding.

Speed of Perception

Both lines (VSH-selected and non-selected line) showed
similar numbers of worker bees with a positive condi-
tioning outcome for the highly diluted citral. Although
the VSH-selected line exhibited a 39% relative improve-
ment of perception at Time point 1 compared to the
non-selected line, the difference was non-significant.

During the experiment with the Varroa-parasitized
brood extract, both lines displayed worker bees which
are capable of early perception. While most of the
worker bees from both lines exhibited similar dis-
criminatory ability and perceived the extract at Time
point 3, only a third of all workers displayed supe-
rior olfactory sensitivity. At the earliest possible time
point (Time point 1), VSH-selected line showed 2.6
times higher odds of perceiving the Varroa-para-
sitized brood extract than the non-selected line, com-
plementing a relative improvement of perception of
133%. A possible explanation for the different num-
bers of worker bees exhibiting fast perception in both
groups is the aforementioned difference in stimulus
threshold. While both hygienic and non-hygienic
hives exercise hygienic behavior, the latter remove
diseased brood less efficiently (Arathi et al. 2000;
Arathi and Spivak 2001). VSH-selected bees might
be responding to stimuli faster thanks to a difference
in the expression of genes compared to non-hygienic
bees (Navajas et al. 2008; le Conte et al. 2011; Hu
et al. 2016; Gempe et al. 2016).

It could be argued that the observed results are
caused by a higher "sucrose responsiveness" of the VSH
line and not by a superior olfactory sensitivity. However,
in our experiment the workers from both lines (hygienic
and non-hygienic) displayed similar reactions to sucrose
during the conditioning, suggesting that the enhanced
ability of hygienic bees to perceive diseased brood cues
during conditioning experiments is independent from
the bees’ sucrose responsiveness. Rather, it appears
that the VSH breeding efforts produce higher olfactory
sensitivity in worker bees, leading to the higher sensi-
tivity to low concentrations of the Varroa-parasitized
brood extract as observed. Learning performance and
speed were no selection criteria for the creation of the
VSH-selected line. The selection criterion used was the
reaction to parasitized brood, whose chemical profile
is known to deviate from that of healthy brood (Mon-
det et al. 2021). These observations are consistent with
Goode et al. (2006), who suggested that the high sensi-
tivity towards pathological cues does lead to a quicker
and more efficient detection and removal of parasitized
brood.

Lapidge et al. (2002) suggested that hygienic
behavior is a quantitative trait whose differential
expression leads to variations in each hive’s per-
formance and even between bees in the same hive.
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Indeed, Gramacho and Spivak (2003) observed dif-
ferences in the olfactory sensitivity in bees from the
same hive and of the same age that were perform-
ing hygienic behavior. During their PER condition-
ing experiment, worker bees that initiated uncapping
behavior exhibited greater olfactory sensitivity than
bees which were engaged only in removing the brood.
This variation is likely a consequence of the queen
mating with several drones from different colonies.
In contrast, in our experiments the VSH-selected line
was created exclusively through artificial insemina-
tion with sperm from several drones coming from one
colony, resulting in less gene dispersion within the
colonies.

With the results of our experiments in mind, we
anticipate that the worker bees with the highest per-
ception speed towards the extract of Varroa-para-
sitized brood at Time point 1, could, in fact, be the
most sensitive ones and most likely to elicit uncap-
ping behavior. The difference in the number of work-
ers with a higher olfactory sensitivity is most prob-
ably a result of the Varroa-resistance breeding efforts.
More studies are needed to further strengthen this
hypothesis. This could be done by testing worker bees
with a high perception speed towards the extract of
Varroa-parasitized brood for their uncapping activity
on a brood frame, artificially infested with V. destruc-
tor. As workers with faster perception for the Varroa-
parasitized brood extract were also present in the non-
selected line but in smaller numbers, we expect to
exhibit a difference in the uncapping activity between
the two origins.

Enhanced Specific Olfactory Sensitivity

The results from our experiments suggest breeding
efforts can enhance bees’ olfactory sensitivity and
discrimination ability to chemical cues emitted from
the brood in connection to a V. destructor parasitiza-
tion. The VSH-selected line displayed specific higher
sensitivity towards the extract of Varroa-parasitized
brood compared to the non-selected line. This spe-
cific sensitivity was characterized by a faster (at the
earliest time point) and generally higher perception
of the complex chemical blend emitted by the brood,
even in small quantities and low concentrations. The
sensitivity to flower extracts was comparable to that
of the non-selected line.
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Specialization to ecologically relevant stimuli has
been observed in countless species. It supplies the
nervous system with valuable information, allow-
ing animals to respond appropriately to a given situ-
ation (Hansson and Stensmyr 2011). Olfaction plays
an important role in most insects (Dethier 1947), and
changes in the olfactory system can enhance the fit-
ness and breeding success (Hansson and Stensmyr
2011). In Drosophila sechellia, for instance, increased
numbers of one type of olfactory sensillum allow the
fly to specialize in one type of fruit that is toxic to
other drosophilids (Hansson and Stensmyr 2011; Linz
et al. 2013). Mosquitoes of the Culex taxa possess
high selectivity and sensitivity towards nonanal—a
semiochemical characteristic for birds and humans
— allowing the insects to detect their hosts from a
long range (Syed and Leal 2009). For honey bees, the
ability to detect disease-specific cues is a vital part
of hygienic behavior and social immunity. Workers
exhibiting higher olfactory sensitivity to abnormal
brood initiate its removal thus prolonging the survival
of the colony (Gramacho and Spivak 2003).

While the development of resistant honey bee
populations based on increased VSH can occur nat-
urally (Panziera et al. 2017), breeding efforts have
also been shown to successfully increase hygienic
behavior (Pérez-Sato et al. 2009). Indeed, enhanced
hygienic behavior is correlated with various changes
to the proteome of the olfactory system (Parker
et al. 2012), particularly the expression of different
proteins such as Odorant binding protein, VAMP,
Calcyclin Binding Protein, which are connected to
signal transduction in the antennae (Guarna et al.
2015). As Gempe et al. (2016) describe, an over-rep-
resented signal transduction can be seen in the brain
of highly hygienic bees. Furthermore, bees tolerant to
V. destructor also display an up-regulation of genes
connected to neuronal excitability (Navajas et al.
2008). These genes might participate in the increase
of responsiveness to environmental stimuli and lead
to engagement in hygienic behavior (Navajas et al.
2008). While the PER conditioning can be used to
estimate for differences in discrimination ability and
sensitivity, we suspect that the measured differences
may not adequately reflect the complete potential of
bees with respect to their hygienic behavior to Var-
roa-parasitized brood. One reason for this can be the
stress caused by the conditioning itself. Furthermore,
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cues other than those emitted from the brood — like
thermal cues — could play a supplementary role in the
decision to uncap a brood cell (Bauer et al. 2018). In
an extensive experiment conducted at the Institute
for Bee Research Hohen Neuendorf, the worker bees
of the VSH-selected line started uncapping 8-times
more Varroa-parasitized cells than bees of the non-
selected control line (Bienefeld, in preparation). Pre-
vious research further displayed strong maternal and
additive genetic effects for the manifestation of VSH
(Ivanova and Bienefeld 2021). The results shown
by the worker bees in this experiment demonstrate
enhancements of the VSH-selected line’s specific
olfactory sensitivity towards cues emitted by the
brood caused by resistance breeding.

Conclusion

Our findings further deepen the knowledge of VSH
and provide valuable information on the effects of
breeding for Varroa-resistance. The difference in per-
ception speed shown by the VSH-selected line during
the PER conditioning experiment is most likely based
on a lower stimulus threshold for olfactory and behav-
ioral responses. However, more research is needed to
optimize the methodology of assessing sensitivity to
the relevant stimuli and to determine whether other
influencing variables are further drivers of hygienic
behavior towards sick brood, beyond characteristics
that control olfactory sensitivity.
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