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Abstract – The ectoparasitic mite, Varroa destructor Anderson and Trueman (Acar: Varroidae), is a major threat
for the honey bee, Apis mellifera L. Varroa behavior and physiology are influenced by compounds produced by the
honey bee, as well as cues from the general colony environment. As part of our effort to disrupt varroa host
chemosensing, we tested 1-allyloxy-4-propoxybenzene, 3c {3,6 }, a known feeding deterrent of Lepidoptera larvae
and a repellent of mosquitoes of similar activity to DEET. Its effect on varroa mites was evaluated by electrophys-
iological and behavioral bioassays. Its effect on honey bee chemosensing was also assessed. Compound 3c{ 3,6 } is
sensed by honey bees, but the detection of the compound alone by varroa is not clear. The electrophysiological study
showed that 3c{3,6 } decreases the varroa foreleg responses towards head space odor of nurse bees. However, the
response of honey bee antennae towards nurse bee head space odor was not affected. Consistent with electrophys-
iological studies, in the presence of 3c{3,6 } , the ability of varroa to reach any host decreased at the end of the
experiment. No lethal effect to the honey bees was recorded. These data showed that 3c{ 3,6 } affects the peripheral
olfactory system of varroa by disrupting the chemical recognition process.

invertebrate chemoreception / host detection / olfaction / dialkoxybenzene / host choice

1. INTRODUCTION

The ectoparasitic mite Varroa destructor (An-
derson and Trueman) is at the top of the list of risk
factors for honey bee colony losses. This mite
parasite of honey bees originally developed in
association with the Eastern honey bee, Apis
cerana (Rosenkranz et al. 2010), but since the
beginning of the last century, mites are spreading
worldwide among the colonies of the European

honey bee A. mellifera , vectoring highly patho-
genic viruses (Francis et al. 2013; Kuster et al.
2014).

Failure of conventional chemical acaricides in
varroa control is triggered by resistance (Martin
2004; González-Cabrera et al. 2013) which then
necessitates the use of higher doses of the agent to
achieve mite control. Higher doses, in turn, can
lead to sublethal effects on the bees (e.g., Mondet
et al. 2011; Hillier et al. 2013; Frost et al. 2013;
Berry et al. 2013). Both resistance and negative
effects of widely used acaricides on bees are driv-
ing the search for new, more environmentally
sustainable methods of varroa control. In an effort
to develop new approaches to varroa control, we
aim to disrupt its association with the honey bee.
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The life cycle of varroa is totally dependent on
that of its host, the honey bee, and is divided into
the following two stages: non-reproductive (pre-
viously called phoretic) and reproductive
(reviewed by Rosenkranz et al. 2010; Nazzi and
Le Conte 2015). Briefly, in the non-reproductive
stage, mites tend to attach to adult bees and feed
on their fat body (Ramsey et al. 2019) and hemo-
lymph (Cabrera et al. 2017), whereas in the repro-
ductive stage, mites reproduce within the capped
brood cells feeding on pupal tissues. Non-
reproductive varroa can also move freely on the
surface of the comb in search of new hosts.

Laboratory bioassays by several researchers
proved that varroa mites are using chemical cues
for discriminating between bees from different
task groups and to prefer a nurse over a forager
bee (Nazzi et al. 2001; Pernal et al. 2005; Eliash
et al. 2014). These cues are apparently detected by
a chemosensory organ localized on the mites’
forelegs. At the same time, colonial activities of
honey bees are also coordinated mainly by chem-
ical cues detected by their antennae. Electrophys-
iology was shown to be a reliable technique for
identification of chemosensory disrupting com-
pounds for Varroa (Eliash 2012; Eliash et al.
2014; Singh et al. 2015). Using this technique,
we have screened 13 chemicals, including
dia lkoxybenzenes and e the rs of 5(2 ′ -
hydroxyethyl) cyclopent-2-en-1-ol (cy ethers)
and the widely used insect repellent, N,N-
diethyl-meta -toluamide (DEET). The most active
compounds found in that screen disrupted host
selection by varroa mites, but their mode of action
was different. While dialkoxybenzene and cy
ethers switched the preference of varroa
mites towards foragers without affecting the
ability of the mites to reach a bee, DEET
specifically reduced the ability of mites to
reach a bee without affecting the preference.
Moreover, DEET was not found to affect
chemosensing and behavior of honey bees.
This specificity and efficacy of DEET made
it an attractive candidate for varroa control.
However, negative effects of DEET are also
well known and, in particular, it inhibits the
activity of a key central nervous system en-
zyme, acetylcholinesterase, in both insects
and mammals (Corbel et al. 2009).

Compound 3c {3 ,6 } , 1 - a l l y l oxy -4 -
propoxybenzene, was first discovered as part of
a screen of a dialkoxybenzene library for larval
feeding deterrence against Trichoplusia ni
(Akhtar et al. 2010). Compound 3c {3,6 } was
the larval feeding deterrent with the lowest DC50

value. Later, it was discovered that this compound
can synergize with the active deterrent in neem,
Azadirachtin A, with regard to larval feeding de-
terrence of T. ni (Cameron et al. 2014). Recently,
it was found that compound 3c {3,6 } repels ma-
laria mosquitoes (Anopheles gambiae ) with sim-
ilar efficiency than DEET (Hodson et al. 2016).
Therefore, we decided to test this compound
against varroa.

2. MATERIALS AND METHODS

2.1. Biological materials

The experimental apiary was maintained at
ARO (Volcani Center, Bet Dagan, Israel). All
the bee colonies were kept in standard wooden
“Langstroth” hives fitted with a screen bottom
board. The hives were maintained without any
treatment against varroa and received seasonal
sugar feed. The source colony for the toxicologi-
cal experiment with bees was maintained, in the
same manner, in Port Moody, B. C., Canada.

2.2. Varroa collection

Female adult varroa mites were collected di-
rectly from emerging bees or walking on the
combs, using fine tweezers and a fine paint brush.
All collected varroa were kept on a moistened
filter paper at room temperature until use or not
more than 3 h.

2.3. Honey bee collection

Nurse and forager bees were collected for the
experiments. Bees observed leaning into brood
cells were regarded as nurse bees, whereas pollen
foragers carrying pollen loads were collected from
the entrance of the hive according to Eliash et al.
(2014). The bees were killed by freezing at −
20 °C for 1 h. Prior to a behavioral bioassay, the
pollen loads were removed from forager bees by
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using forceps or a paint brush under a stereo
microscope.

Bees for the toxicological experiment were col-
lected from a brood comb into a collection jar. For
exposure by feeding at SFU, freshly collected bees
were anesthetized in the laboratory with a stream of
nitrogen, and then distributed into Plexiglass
hoarding cages (10.5 × 12.0 × 8.0 cm, H ×W×D)
using soft tweezers. For exposure to compounds in
the gas phase at ARO, beeswere collected similarly
but were anesthetized by cooling before transfer
into hoarding cages. In all cases, the bees did not
have any mites.

2.4. Chemicals

Compound 3c {3 ,6 } , 1 - a l l y l oxy -4 -
propoxybenzene, was available from previous
synthetic lots, prepared from 1,4-dihydroquinone
as described previously (Paduraru et al. 2008). All
chemicals were of the highest available grade, and
the product was checked by nuclear magnetic
resonance and gas-chromatography-mass spec-
trometry and found to be pure. Briefly, 1,4-
dihydroquinone was treated with 2 equivalents
of solid K2CO3 in spectro-grade acetone and
reacted with 1 equivalent of allyl bromide for
12 h at room temperature. The product was vacu-
um filtered, to remove the potassium carbonate
solids, and then the solvent was largely removed
by rotary evaporation. The resulting sludge was
brought up in saturated NH4Cl and extracted with
ethyl acetate three times. The ethyl acetate extract
was concentrated by rotary evaporation. The
r e s u l t i n g p roduc t c on t a i n ed bo t h 4 -
allyloxyphenol and 1,4-diallyloxybenzene
(3c {6,6 }), which were separated by flash column
chromatography using hexane/ethyl acetate as
solvent, in a gradient from 10% ethyl acetate to
20% ethyl acetate. Batches were prepared on a
scale of ~ 1 mol (110 g) of dihydroquinone
starting material. Typical yields were ~ 37 g of
4-allyloxyphenol, ~ 29 g of 4-allyloxyphenol
mixed with 3c {6,6 }, and ~ 46 g of pure
3c {6,6 }. The 4-allyloxyphenol is the compound
we required for the next step in the synthesis of
compound 3c {3,6 }.

The 4-allyloxyphenol was alkylated with 1-
bromopropane in spectro-grade acetone using

K2CO3 as the base, with gentle reflux. The alkyl-
ation reaction was run for 24 h. Product was
isolated by filtration and washing of the sediment
with hexane. The pooled organic layers were con-
centrated by evaporation on a rotary evaporator.
The product was a light yellow solid. A reaction
started with 81 g of 4-allyloxyphenol yielded 91 g
of crude product. The crude product was purified
on a column of silica gel, using 3% ethyl acetate in
hexane as the solvent, giving 86 g of 3c {3,6 }.

2.5. Electrophysiological assays

In the electrophysiological assays, varroa fore-
legs or bee antennae were used. The organs were
stimulated by puffs of nurse honey bee odor or
clean air (control) as explained in detail by Singh
et al. (2015). Briefly, once a foreleg or bee anten-
na preparation was found responsive to a positive
stimulus, the tested chemical was blown over the
leg/antenna with or without positive stimuli.
Headspace of five nurse bee was used as a positive
stimulus. These stimuli were selected for varroa
following Eliash et al. (2014) and following dose
response tests on nurse antennae challenged with
headspace of 1, 5, and 10 nurse or forager bees
(this study). Electrophysiological responses of
isolated varroa foreleg and bee antennae were
recorded using Synthech equipment, and the order
of stimuli was as explained in detail in our previ-
ous work (Singh et al. 2015). The response am-
plitude was recorded for each stimulus and nor-
malized relative to air as described in our previous
publication (Eliash et al. 2014).

2.6. Choice bioassay

Functional activity of the compound was per-
formed using choice bioassay in glass Petri dishes,
as described previously (Singh et al. 2015). Brief-
ly, in the presence of the synthetic compound or
solvent as a control presented on a piece of
Parafilm (~ 2 × 2 cm) attached to the lid of the
dish, a mite was given a choice of two bees (a
forager and a nurse, both freshly freeze-killed) in a
Petri dish (glass with 90 mm in diameter and
17 mm in depth). The location of the mite and
its host preference was monitored at every hour
for 3 h.
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2.7. Effect of compound 3c {3,6 } on bees

2.7.1. Exposure of bees to the compound on
parafilm

The test was conducted on twenty freshly col-
lected bees. Bees maintained in the classic hoard-
ing cages as described byMedrzycki et al. (2013).
The bees were provided with water and honey bee
candy (a mix of sucrose powder and honey (1:2)
ad libitum). The experiments were conducted in
ten replicates. The dose of 3c {3,6 } was 300 μg in
30 μL of hexane or 30 μL of pure hexane
(control) was placed on parafilm (5 × 5 cm). After
the hexane had evaporated, the parafilm release
devices were introduced to cages and the cages
were placed into incubators. The experimental
and control cages were kept in separate incubators
at (28–30 °C) and RH (50–70%), and bee mortal-
ity rate was recorded at 24, 48, and 72 h.

2.7.2. Exposure of bees to the compound in
sugar syrup

Bees were kept in Plexiglass cages with access
to water and sugar syrup (made with water 1:1).
The latter contained 32 mM or 1.0 mM of
3c {3,6 } in sugar syrup. To dissolve the com-
pound 3c {3,6 } in the sugar syrup, 61.4 or
1.92 mg of 3c {3,6 } was first dissolved in
200 μL of isopropanol, and then, this solution
was added into 10 mL of sugar syrup. In the
32 mM treatment, the compound 3c {3,6 } formed
some small crystals which floated in the syrup.
This was not observed in the 1.0 mM treatment.
The control was sugar syrup with 2% (v /v )
isopropanol. Each cage contained 10 bees, and
there were 5 cages for each treatment. Control
and treatment cages were kept in separate incuba-
tors at 33 °C. Every day, the number of live bees
remaining was counted. The experiment with
32 mM 3c {3,6 } in syrup was run for 8 days,
and the experiment with 1.0 mM 3c {3,6 } in
syrup was run for 14 days.

3. RESULTS AND DISCUSSION

The selection of a host by non-reproductive,
adult varroa mites depends upon the myriad of

chemical signals from honey bees and the hive
environment (reviewed by Plettner et al. 2017).
Therefore, chemosensing is a worthy target for the
development of new varroa control agents. These
agents need to act specifically on the varroa mite’s
olfactory system by blocking or disrupting its host
recognition without impairing sophisticated
chemical network of the honey bee colony.

3.1. Electrophysiological response of
3c {3,6 } on the varroa and bee
olfactory systems

The present study used chemoecological tools,
such as electrophysiological and behavioral assay
techniques, to evaluate the effect of 3c {3,6 } on
the olfactory systems of varroa mites and bees.
The electrophysiological recordings showed a
positive dose response to 3c{3,6 } by bee anten-
nae, but not by varroa forelegs. The response
threshold for bee antennae was 0.1 μg (Figure 1).
The response of the Varroa foreleg to this com-
pound was not significantly different from the
solvent control and did not show any dose-
dependent increase. These results are similar to
previously recorded responses of the Varroa and
bee olfactory machinery to DEET (Singh et al.
2015). These observations suggest that the olfac-
tory system of the bee must contain olfactory
neurons (ORNs) responsive to both DEET and
3c{ 3,6 } , but the Varroa foreleg likely does not.

Our previous experience with DEET indicated
tha t compound 3c {3 ,6 } may have a
chemosensory disruptive effect on the varroa
mite’s host detection, even if no direct sensing
was observed (Singh et al. 2015). We thus tested
the effect of 3c {3,6 }, on the sensing ability of the
varroa foreleg and the bee antenna, by evaluating
its effect in combinationwith the positive stimulus
(5 nurse bees). Two types of effects were evalu-
ated, which are as follows: long-term inhibition
and short-term inhibition. Similarly to Plettner
and Gries (2010), Eliash et al. (2014) stated that
the short-term inhibition of a positive stimulus is
the electrophysiological response when an inhib-
itory compound is administrated together with the
positive stimulus (bee headspace volatiles, in this
case), and the mixed stimulus elicits a smaller
depolarization than the positive stimulus by itself.
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Long-term inhibition is detected when the positive
stimulus is given after the mixed stimulus of in-
hibitory compound plus positive stimulus, and it
consists of a decreased response of the second
positive stimulus, relative to the one given before

themixed inhibitor stimulus. The results (Figure 2)
clearly show that compound 3c{ 3,6 } causes sig-
nificant inhibition, both short- and long-term, of
the varroa foreleg’s ability to respond to honey
bee headspace. This indicates that response to

Figure 1. Dose response of 3c {3,6 } onVarroa forelegs (solid line) and bee antennae (broken line). Points represent
the average responses of 6 Varroa forelegs and 6 bee antennae to stimulation with different amounts of compound
3c {3,6 }. Data represent the maximal depth (mV) of depolarization of the chemosensory organ upon stimulation.
Points are the average + S. D. Different letters (lower case for Varroa and upper case for honey bee) indicate
significant differences in responses to ascending amounts. Anova repeated measures p < 0.05, with Bonferroni
correction.

Figure 2. Electrophysiological effect of 3c {3,6 }(treatment) or solvent hexane (control) in the presence of bee head
space on the Varroa foreleg. Each organ was tested with three sequential stimuli: positive stimulus (5 nurse bees),
positive stimulus + compound/solvent, and positive stimulus. Time intervals between stimuli were in the order of
1 min. The results are average normalized values (%, average + S.E.). Columns marked with different letters are
significantly different (Anova repeated measures, followed by a post hoc Tukey-Kramer test, p < 0.05).
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3c {3,6 } is somewhat stronger than to DEET
itself which caused only long-term inhibition on
the varroa foreleg (Singh et al. 2015). We can
hypothesize that the compounds 3c {3,6 } and
DEET either do not act directly on the Varroa
receptors for honey bee odor but interfere some-
where else during the reception process in the

olfactory organ or interact with receptors in an
antagonistic manner.

To test the specificity of the effect of 3c{ 3,6 }
on honey bee chemosensing, we used the same
positive stimulus as used in the electrophysiolog-
ical assay with varroa and tested it specifically on
the antennae of nurse bees, as those bees are the

Figure 3. Honey bee electrophysiological responses to bee odors. Bars represent the average response amplitude +
S. E. Comparison between the responses to the headspaces of different numbers of nurse or forager bees: no bee
(empty bar), 1, 5, and 10 bees. Bars marked with different letters are significantly different, ANOVA repeated
measures, p < 0.05, n = 6. Only foragers whose pollen loads had been removed were used as a stimulus source.

Figure 4. Electrophysiological effect of compound 3c {3,6 } or solvent hexane in the presence of bee head space on
the bee antenna. Each organ was tested using three sequential stimuli: positive stimulus (5 nurse bees), positive
stimulus + compound/solvent, and positive stimulus. The results are normalized values (%, average + S.E.). Col-
umns marked with different letters are significantly different (Anova repeated measures, followed by a post hoc
Tukey-Kramer test, p < 0.05).
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major carrier of varroa mites in the bee colony. As
a first step, we confirmed the response of nurse
antennae to honey bee headspace. The results
clearly show that there is a significant response
to the bee headspace, as compared with the con-
trol (Figure 3). The maximal response was
reached at a dose of the head space of one bee.
Forager bee head space elicited somewhat stron-
ger responses than nurse headspace. In both cases,
headspace of five bees gave a significant and
stable response. We thus used the head space from
5 nurse bees as a positive stimulus, to test the
effect of compound 3c {3,6 } on nurse bee anten-
nae. No effect of compound 3c{ 3,6 } was found
on the response of bee antennae to nurse volatiles
(Figure 4). The reason behind the differences be-
tween the electrophysiological effect in varroa and
the honey bee is still unknown. The most likely
reason is that the building blocks of the molecular

olfactory mechanism of mites (Acari) and bees
(insects) are not alike. For example, the odorant
receptor-co-receptor, OR-ORCO, complex is un-
known in non-insect arthropods, so only the hon-
ey bee will have this and not the mites (Missbach
et al. 2014). Moreover, recently we have found
some putative chemosensory transcripts in the
varroa that are significantly different from those
of the honeybee (Eliash et al. 2017, 2019).

In our previous structure-activity studies with
varroa mites, we found that other para -substitut-
e d d i a l k o x y b e n z e n e s , n ame l y , 1 , 4 -
diethoxybenzene, 1-methoxy-4-propoxybenzene,
and 1-ethoxy-4-propoxybenzene were not active
with regard to the modulation of electrophysio-
logical signals elicited by honey bee head space
volatiles, and 1,4-diethoxybenzene was not active
with regard to the alteration of host choice (Eliash
et al. 2014). In contrast, the ortho - and meta -

Figure 5. The effect of hexane control or 3c {3,6 } treatment on the choice of varroamites between nurse and forager
bees. Bars represent the percentage of mites selecting a nurse (white) or a forager (stippled) after 60, 120, and
180 min out of the total number of mites that remained alive, after 180 min, namely, 27 and 14 for control and
treatment, respectively. The total number of mites in each treatment group was 30. (a ) Control: hexane (1 μL) on
parafilm. (b ) Treatment with compound 3c {3,6 } at 10 μg in 1 μL hexane on parafilm.
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substituted diethoxybenzenes were active electro-
physiologically as long-term inhibitors of electro-
physiological Varroa foreleg responses to honey
bee head space (Eliash et al. 2014). Additionally,
1,3-diethoxybenzene was among the most active
compounds we found that alter the host choice of
Varroa . Here, we have found that 1-allyloxy-4-
propoxybenzene is active in terms of long-term
inhibition of the varroa foreleg responses to honey
bee head space and in terms of host choice
interaction.

3.2. Behavioral effects of 3c {3,6 } on varroa
mites and honey bees

As the impact of the electrophysiologically
active compounds on behavior is unpredictable,
we tested the effect of 3c{ 3,6 } on a mite’s host

choice between a nurse and a forager bee. The
results clearly showed (Figure 5) that in the con-
trol group varroa mites started moving shortly
after the experiment and approximately 80% of
the mites reached any of the hosts at the end of a
three-hour experiment. Most of the mites (81%)
preferred a nurse bee (goodness of fit, p < 0.05),
as expected according to many previous reports
(Kraus 1993; Eliash et al. 2014; Singh et al. 2015).
However, in the presence of 3c{ 3,6 } , the move-
ment of the mites towards any of the bees was
very slow (Figure 5) and by the end of the exper-
iment the selection of any of the hosts was signif-
icantly reduced as compared with the control
(goodness of fit, p < 0.05). Only 45% of mites
reached any host. This reduced host selection was
similar to previously observed in response to
DEET. Observation of the mites exposed to

Figure 6. Effect of compound 3c {3,6 } on bee survival when fed in sugar syrup, at 32 mM (a ) or 1.0 mM (b ).
Points represent the mean ± S.D. of 5 replicates with 10 bees each at the beginning. In both cases, treatments and
controls did not differ significantly (t test, p > 0.05).
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3c {3,6 } revealed that they became paralyzed and
53% eventually died during the experimental
time, which explains why less than half of the
mites reached any host.

The effect of evaporating compound 3c {3,6 }
on bee survival was tested in hoarding cages. This
is a standard method for screening potentially
harmful compounds (Medrzycki et al. 2013). Sur-
vival of bees in control and treated groups was
similar along the experiment (21% and 5% bees
died at the end of experiment after 72 h in control
and treated groups, respectively). In addition, we
have also noticed that there were no differences in
the general behavior of the honey bees. The effect
of compound 3c {3,6 } fed to the bees in sugar
syrup was also not significant (Figure 6), both at
an excessively high concentration (32 mM) and at
a lower concentration of 1.0 mM.

Previously, the partition (gas/liquid; liquid/liq-
uid) (Ebrahimi et al. 2013) and the biodegradation
by Gram-negative bacteria commonly found in
the environment were investigated (Ebrahimi
and Plettner 2014). Compound 3c {3,6 } has a
logKo/w (also known as logP) of 2.40 ± 0.17
(Ebrahimi et al. 2013). Various strains of com-
monly found Pseudomonas putida , particularly
the one with cytochrome P450cam (CYP101A1)
have been shown to biodegrade the compound by
initial dealkylation (Ebrahimi and Plettner 2014).

Taken together, the results presented here support
a chemosensory approach as part of an integrated
control of this major apiculture pest. The data sug-
gest that compound 3c{3,6} with its specific be-
havioral effects is a good candidate for further eval-
uation. In particular, its efficacy and safety to bees
still remain to be tested on a colony level.
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