
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11195  | https://doi.org/10.1038/s41598-023-38187-6

www.nature.com/scientificreports

Effects of dialkoxybenzenes 
against Varroa destructor 
and identification 
of 1‑allyloxy‑4‑propoxybenzene 
as a promising acaricide candidate
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The honey bee is responsible for pollination of a large proportion of crop plants, but the health of 
honey bee populations has been challenged by the parasitic mite Varroa destructor. Mite infestation 
is the main cause of colony losses during the winter months, which causes significant economic 
challenges in apiculture. Treatments have been developed to control the spread of varroa. However, 
many of these treatments are no longer effective due to acaricide resistance. In a search of varroa‑
active compounds, we tested the effect of dialkoxybenzenes on the mite. A structure–activity 
relationship revealed that 1‑allyloxy‑4‑propoxybenzene is most active of a series of dialkoxybenzenes 
tested. We found that three compounds (1‑allyloxy‑4‑propoxybenzene, 1,4‑diallyloxybenzene and 
1,4‑dipropoxybenzene) cause paralysis and death of adult varroa mites, whereas the previously 
discovered compound, 1,3‑diethoxybenzene, which alters host choice of adult mites in certain 
conditions, did not cause paralysis. Since paralysis can be caused by inhibition of acetylcholinesterase 
(AChE), a ubiquitous enzyme in the nervous system of animals, we tested dialkoxybenzenes on 
human, honey bee and varroa AChE. These tests revealed that 1‑allyloxy‑4‑propoxybenzene had 
no effects on AChE, which leads us to conclude that 1‑allyloxy‑4‑propoxybenzene does not exert its 
paralytic effect on mites through AChE. In addition to paralysis, the most active compounds affected 
the ability of the mites to find and remain at the abdomen of host bees provided during assays. A test 
of 1‑allyloxy‑4‑propoxybenzene in the field, during the autumn of 2019 in two locations, showed that 
this compound has promise in the treatment of varroa infestations. 

Many flowering plants rely on insect pollinators to produce fruits, nuts, and  seeds1. Of these pollinators, the 
honey bee Apis mellifera L. remains the most ubiquitous pollinator of plants which produce food for human 
 consumption2. It is estimated that the production of one third of the food supply, as well as fibers and oils, is 
influenced by the pollination of honey bees and other  pollinators1. Declines in honey bee populations have been 
observed in many places worldwide, and in some cases these have been attributed to the collapse of  colonies3. 
There are many causes for mortality or morbidity of bee colonies, including bee exposure to pesticides, viruses, 
bacterial and fungal infections, and  parasites4.

Of all the factors responsible for bee colony mortality or poor performance, the parasitic mite Varroa destruc-
tor Anderson and Trueman, commonly referred to as “varroa”, causes the greatest amount of damage and eco-
nomic  cost5. Varroa not only feed on the fat body tissues of  bees6,7, but also transmit viral  infections8,9. Varroa 
females time their reproduction with the development of new bees in a hive. They feed on adult nurse bees (which 
take care of developing brood) and move into brood cells, 15–20 h prior to cell capping for worker brood and 
40–50 h for drone  brood9,10. Varroa then produce one male and several female offspring which mate in the capped 
cell. Since the mites impact bees at different times during their life cycle, they produce various negative effects 
which are together referred to as  varroosis5. Their rapid life cycle can quickly lead to a strong infestation which 
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is capable of crippling a wintering colony within several  weeks11. In Canada and the US, varroa infestation has 
been observed to be a major cause of losses of colonies during  winter12,13.

Many compounds have been evaluated for their efficacy in treating honey bee colonies against varroa, includ-
ing essential oils and organic acids (oxalic and formic), as well as numerous synthetic acaricides, including 
pyrethroids, organophosphates and  formamidines9,14–16. Thymol is a monoterpene that is widely used to treat 
hives against  varroosis15,17. These treatments vary in effectiveness, as well as cost and the labour associated with 
their  administration17,18. Some treatments (such as essential oils) work most effectively in conjunction with 
other compounds, and their efficacy depends on temperature, humidity, and the population of bees in the  hive14. 
Furthermore, some treatments for varroa can negatively affect bees, and they or their degradation products can 
leave residues in wax or  honey19–22.

The palette of substances currently approved for treatment of varroosis is limited and shrinking due to the 
development of resistance against the most widely used acaricides. Thus, the acaricide fluvalinate (sold under the 
name of  Apistan®), which had low toxicity to bees but was effective against the  mites17, is no longer useful, due 
to the mites developing resistance against this compound through mutations in the target site, a voltage-gated 
sodium  channel23–27. Another acaricide against which varroa have developed resistance is  coumaphos25,28,29, an 
organophosphate pro-insecticide that is converted to a metabolite (coroxon) that targets the synaptic enzyme 
acetylcholinesterase (AChE), which catalyzes the breakdown of acetylcholine to choline and acetate (Fig. 1A). 
This process is essential in both the peripheral and central nervous system of animals; therefore, disrupting it 
can lead to problems with neurotransmission, behaviour, and  locomotion30,31. Interestingly, resistance of varroa 
to coumaphos has different mechanisms in various places. In populations of resistant varroa mites in Greece, 
it was shown to be caused by a downregulation of the activating cytochrome P450 in the mites, CYP4EP4. 
Thus, resistant mites produce less coroxon than susceptible ones, upon exposure to  coumaphos29. In the US, 
coumaphos-resistant mites were found to have AChE that was 50× less sensitive to coroxon inhibition than 
susceptible  mites32. Resistance to the widely used acaricide amitraz is variable, with mites from some places 
showing no  resistance33 and mites from other locations showing some  resistance24,34,35, though the underlying 
mechanism for that resistance is not known.

Figure 1.  (A) Acetylcholinesterase-catalyzed reaction. (B) Compounds tested in the structure–activity survey.
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Alterations in the mites that lead to resistance carry a cost in fitness, thus, non-use of one particular acaricide 
for even one treatment cycle can lead to a decrease in the proportion of resistant individuals in a  colony36,37, 
whereas a single treatment can lead to an  increase36. It is therefore important to find new compounds which 
selectively target varroa and which can be alternated with other treatments in integrated pest management 
(IPM) routines.

New treatments against varroa mites are being developed in various laboratories. Riva et al. (2019) have 
examined the AChE of varroa and docked a series of thiazolo benzodiazepine thiones into the active site. They 
found two congeners that inhibited the varroa enzyme ~ 60% but the bee AChE only 15–20%. In cages, these 
compounds caused varroa mortality, though at approximately 10× lower intensity than  amitraz38. In another 
effort, a voltage-gated chloride channel blocker was studied in the lab and in the field. The most active chloride 
channel blocker showed ~ 70% efficacy against tau-fluvalinate- or coumaphos-resistant  mites32. Bahreini et al. 
(2020) have screened a panel of known miticides registered for use on crops in a laboratory assay and found 
fenpyroximate, fenazaquin and etoxazole as leading  candidates39. They tested fenazaquin and fenpyroximate in a 
field assay, in which 3-frame replicated colonies were treated with variable doses of these compounds for 42 days, 
followed by a final treatment with oxalic acid. Fenazaquin had 80% efficacy whereas fenpyroximate had 68%40.

Our group previously synthesized a set of compounds which showed promise in their ability to change 
the host choice preference of varroa from nurse bees to forager  bees41. One of the most active compounds in 
that series was 1,3-diethoxybenzene, 3b{2,2}30 (Fig. 1B). We have previously found that the related compound, 
1-allyloxy-4-propoxybenzene, 3c{3,6} (Fig. 1B), is a feeding deterrent against  Lepidoptera42 and a mosquito 
repellent as strong as DEET, N,N-diethyl-m-toluamide43. Therefore, we tested this compound against varroa and 
found that compound 3c{3,6} prevents mites from choosing a host bee by slowing the mite’s movements. This 
paralysis was observed to lead to higher-than-normal mite mortality in those assays, whereas bees exposed orally 
to high doses of 3c{3,6} did not show acute  symptoms44. A similar delay in host choice of varroa was observed 
previously with  DEET45, which has been shown to inhibit AChE in insects and  mammals46,47.

In this study we investigated the structure–activity relationship of compound 3c{3,6} and closely related 
compounds, such as 1,4-diallyloxybenzene 3c{6,6}, 1,4-dipropoxybenzene 3c{3,3} or the positional isomers 
of 3c{3,6}, 1-allyloxy-2-propoxybenzene 3a{3,6} and 1-allyloxy-3-propoxybenzene 3b{3,6} (Fig. 1B), on the 
movement and survival of mites in laboratory assays. We included thymol as a positive control because of its 
known acaricidal effects on  mites15,17 and its structural core (a benzene ring) (Fig. 1B), and we included DEET 
because of its known inhibition of AChE and its previously detected activity on varroa mites (the delaying of 
host choice)45. We studied dose responses for compounds 3c{3,6} and 3c{6,6}, as well as the time course of the 
activity of compound 3c{3,6}. We evaluated whether compounds 3c{3,6}, 3c{6,6}, 3b{2,2} and DEET had an 
inhibitory effect on AChE from varroa VdAChE, humans hAChE and bees AmAChE, using the Ellman assay 
(supplementary information, Fig. S1)48, which is widely used to monitor the effect of drugs on AChE  activity49. 
Having found no major effect of compound 3c{3,6} on AChE, but acaricidal activity against varroa mites, we then 
tested it in the field in 2019, in two locations: Langley, British Columbia (BC) and Beaverlodge, Alberta (AB).

Results
Assays with mites. Structure–activity relationship. An initial structure–activity survey was done in 2018 
with compounds 3c{2,6}, 3c{3,3}, 3c{3,4}, 3c{4,6}, 3c{3,6} and 3c{6,6}. The compounds were tested at 3 h and 5 h 
for their ability to affect the host choice made by the mite (Fig. S3A, B) and the paralysis and/or death of the mite 
(Fig. S3C, D). The compounds did not affect host choice, except 3c{2,6}, which discouraged any choice signifi-
cantly more (Kruskal–Wallis, P < 0.05) than the others, at both 3 h and 5 h. The compounds differed in their abil-
ity to paralyze the mites after 3 h of exposure: compounds 3c{3,3} and 3c{3,6} were the most active (Fig. S3C), 
whereas 3c{2,6} and 3c{3,4} were least active. At 5 h, the numbers of dead mites increased, and all compounds 
tested showed similar levels of mite paralysis and death (Fig. S3D). Only compound 3c{3,6} differed significantly 
from the blank at 5 h with regard to paralysis and combined death + paralysis (Kruskal–Wallis, P < 0.05).

Based on the initial survey, we expanded the set of compounds in 2020. The structure–activity survey (Fig. 2) 
was analyzed for the following activities: number of dead mites, the total number of dead and paralyzed mites, 
the number of mites found on the glass and the number of mites found on the abdomen of either of the bees 
provided as food. Data are graphed in Figs. 2 and 3, and they are listed in Table S1.

Mite death. At 3 h, thymol and 3c{3,6} showed significantly more dead mites than the control or any other 
compound (Fig. 2A, blue bars). At 5 h, thymol, 3c{3,6}, 3c{6,6} and 3c{3,3} had significantly more dead mites 
than the control or the remaining compounds (Fig. 2A, red bars). These four active compounds had significantly 
more dead mites at 5 h than at 3 h.

Mite death + paralysis. At 3  h, thymol, 3c{3,6}, 3c{6,6} and 3c{3,3} had significantly more paralyzed + dead 
mites than the control or the other compounds (Fig. 2B, blue bars). At 5 h, thymol, 3c{2,6}, 3c{3,6}, 3c{4,6}, 
3c{6,6}, 3c{3,3} and 3a{3,6} had significantly higher numbers of paralyzed + dead mites than the control (Fig. 2 B, 
red bars). Among the compounds active at 5 h, thymol, 3c{4,6}, 3c{6,6} 3c{3,3} and 3a{3,6} had more dead + par-
alyzed mites at 5 h than at 3 h.

Taken together, these results show that thymol and 3c{3,6} were most acaricidal and acted most quickly. 
Next in terms of acaricidal activity were 3c{6,6} and 3c{3,3}. The least active compounds were 3c{2,6}, 3c{4,6} 
and 3a{3,6}, their activity being detectable only after 5 h and by taking the total of dead and paralyzed mites. It 
is of note that DEET and 3b{2,2}, which had been assayed previously against mites (see “Introduction”), were 
not active in this assay.
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Mite location on the glass. At 3 h, thymol, 3c{6,6} and 3a{3,6} had significantly higher numbers of mites on the 
glass than the control or the other compounds (Fig. 3A, blue sections). At 5 h, thymol, 3c{3,6}, 3c{6,6}, 3c{3,3} 
and 3a{3,6} had significantly higher numbers of mites on the glass than the control or the other compounds 
(Fig. 3B, blue sections).

Mite location on the bee abdomen. At 3 h, thymol, 3c{2,6}, 3c{3,6}, 3c{6,6}, 3c{3,3}, 3a{3,6} and 3b{2,2} had sig-
nificantly fewer mites on the abdomen of the bees than the control (Fig. 3A, red sections). At 5 h, thymol, 3c{3,6}, 
3c{6,6}, 3c{3,3} and 3a{3,6} had significantly fewer mites on the abdomen of the bees (Fig. 3B, red sections).

Taken together, these results suggest that the acaricidal compounds also caused the mites to fail to arrest on 
the abdomens of the bees provided as food. Compound 3a{3,6} is of note, as it was very active in causing failure 
to arrest, yet was not very acaricidal. It is also interesting to note that, at 3 h, compound 3b{2,2} caused failure 
of the mites to arrest on the bee abdomen. Previously, this compound was shown to be among the strongest to 
alter the host choice of mites between a forager and a  nurse41. The effect of 3b{2,2} was short-lived, as it was not 
detected at 5 h. A quantitative structure–activity analysis revealed that compound activity correlated with total 
accessible surface area (ASA) and with hydrophobic accessible surface area of the compounds (Supplemental 
Fig. S4). Thus, the smaller the accessible surface area, the more active the compound. There was a modest nega-
tive correlation between the log of the octanol water partition coefficient (log  Pow) and paralysis + death of mites 
(Fig S4). The congeners with larger alkyl substituents (and larger log  Pow values) were less active. There was no 
correlation with the dipole moment of the compounds. Among the dialkoxybenzenes, the most active compounds 
were para substituted and had propoxy or allyloxy substituents. The activity of the compounds also did not cor-
relate with their volatility, as determined in this study (Supplemental Fig. S5). The most salient comparison is for 
thymol (most volatile) with 3c{3,6} (20× less volatile than thymol), both of which had equal acaricidal activity.

Time course of acaricidal activity and mite distribution. Results for the time course are shown in Fig. 4, for mite 
death (A), mite paralysis (B), number of mites on the glass (C) and number of mites on the abdomen of either 
bee provided as food (D).

At 1 h, the number of dead mites did not differ between 3c{3,6} treatment and the control (t-test, P > 0.05). At 
2, 3, 4 and 5 h the number of dead mites in the treatment was significantly higher than in the control (Fig. 4A). 

Figure 2.  Structure–activity relationship between the 15 compounds tested. The control received only solvent 
(see text). (A) Number of dead mites (out of a total of five mites/replicate), counted 3 h (blue) and 5 h (red) after 
start of the experiment. (B) Total number of paralyzed and dead mites counted 3 h (blue) and 5 h (red) after 
start of the experiment. Bars represent mean ± S.E. of 6–12 replicates. Letters: comparison between treatments 
in each time group—ANOVA Tukey, columns marked with different letters differ significantly P < 0.05: lower 
case = 3 h, upper case = 5 h. Brackets above the letters indicate a significant difference between the 3 h and 5 h 
measurements for that compound (P < 0.05).
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Comparing the time points within one treatment series, there was no significant change from 1 to 5 h in the 
control (P > 0.05), but there was a significant increase in the 3c{3,6} treatment (P < 0.05).

The number of paralyzed mites only differed significantly between treatment and control at 3 and 4 h. Within 
each series, there was no significant change in paralysis levels for the control, but there was a significant increase 
in the number of paralyzed mites from 1 to 5 h in the treatment (Fig. 4B).

The mites that were on the glass (Fig. 4C) did not differ significantly at the 1- and 2-h time points, but did 
differ at 3 h, 4 h and 5 h (P < 0.05). Within each treatment, there was no significant change in the control, but 
there was a significant increase of mites on the glass in the treatment (P < 0.05). For mites on the abdomen, there 
were significantly fewer mites in the treatment than in the control (P < 0.05) (Fig. 4D). Within the control series, 
there was no significant change over the 5 h period, but for the treatments there was a significant decrease of 
mites on the bee abdomen from 1 to 5 h (P < 0.05).

Dose responses. Dose responses were obtained for compounds 3c{3,6} and 3c{6,6} (Fig. 5). All assays revealed 
that compound 3c{3,6} is more active than 3c{6,6}. After 5 h of exposure, mites were significantly paralyzed/
killed by compound 3c{3,6} at concentrations ≥ 10 µg/plate with half of the mites dead at 100 µg/plate and 100% 
mortality at 1  mg/plate (Odds Ratio = 4.26; 95% CI = 2.30–10.41;  R2 = 0.492; Chi-square = 37.88; P < 0.0001), 
whereas compound 3c{6,6} reached 50% mortality at 1  mg/plate (Odds Ratio = 3.14; 95% CI = 1.67–8.09; 
 R2 = 0.338; Chi-square = 18.04; P < 0.0001) (Fig. 5A). After 3 h of exposure, the  EC50 obtained for compound 
3c{3,6} was 41.5 μg/assay dish, whereas the  EC50 for 3c{6,6} was 182 μg/assay dish, or ca. 4 times less active than 
3c{3,6} (Fig. 5B). It is important to note that mites generally did not come in contact with the compound (unless 
they climbed onto the lid of the dish and onto the Parafilm, which was rare). Thus, the compound most likely 
exerts its effect through the gas phase.

Direct contact assays. Direct contact assays (Figs. 6 and 7) for acaricidal activity of 3c{3,6} and 3c{6,6} were 
analyzed for the number of dead mites, the total number of paralyzed and dead mites, the number of mites found 
on the glass and the number of mites found on the abdomen of any bees provided as food. Data are shown in 
Tables S2 and S3.

Figure 3.  Distribution of mites in the structure–activity experiment. Mites found on the glass are shown in 
blue, mites found on the abdomen of either bee in the dish are shown in red and mites found on either bee 
but not on the abdomen are shown in green. Bars represent the mean ± S. E. of 6–12 replicates. Significant 
differences (P < 0.05) between the number of mites on the glass for a compound compared to the control are 
indicated with a star (*). Significant differences (P < 0.05) between the numbers of mites on the abdomen for a 
compound compared to the control are indicated with a dagger (†).
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Mite death. At 2 h, there was no significant change in the numbers of dead mites between control and the 
different doses of 3c{3,6}(Fig. 6A, blue bars). At 4 h, 1 ng, 100 ng and 1 µg of 3c{3,6} had significantly higher 
numbers of dead mites than the control (Fig. 6A, red bars). At 6 h, all the doses of 3c{3,6} had significantly more 
dead mites than the control or than a dose of 0.01 ng of 3c{3,6} (Fig. 6A, grey bars). Comparing the time points 
within each dose, there were significant differences in the numbers of dead mites between 2 h, 4 h and 6 h expo-
sures, starting at a dose of 0.01 ng. There was no significant increase in the number of dead mites for the control 
over the 6 h period.

At 2 h, the number of dead mites for any dose of 3c{6,6} did not differ from the control (Fig. 6B). At 4 h, 
100 ng and 1 µg of 3c{6,6} had significantly more dead mites than the control (Fig. 6B, red bars). At 6 h, only a 
dose of 1 µg of 3c{6,6} showed a significantly greater number of dead mites than the control (Fig. 6B, grey bars). 
Comparing the time points within one dose treatment, showed that there was no significant change in the number 
of dead mites in the control, and 0.01 ng and 0.1 ng doses of 3c{6,6} over the 6-h treatment. At 6 h, doses from 
1 ng to 1 µg of 3c{6,6} had more dead mites than 2 h, and 10 ng and 1 µg of 3c{6,6} had higher number of dead 
mites at 6 h than at 4 h. The doses of 100 ng and 1 µg of 3c{6,6} at 4 h had more dead mites than at 2 h treatment.

Mite paralysis + death. At 2 h, 1 µg of 3c{3,6} had significantly greater numbers of paralyzed + dead (P + D) 
mites than the control (Fig. 6C, blue bars). At 4 h, all the doses of 3c{3,6} showed significantly more P + D mites 
than the control and 0.01 ng of 3c{3,6} (Fig. 6C, red bars). At 6 h, all the doses had significantly higher numbers 
of P + D mites than the control (Fig. 6C, grey bars). Comparison within one dose treatment at different time 
points suggest no significant change in the numbers of P + D mites in the control at 2 h, 4 h or 6 h treatment 
times. Each dose of 3c{3,6} had more P + D mites at 6 h than 2 h. The doses from 0.01 ng to 10 ng of 3c{3,6} had 
significantly higher numbers of P + D mites at 6 h than 4 h. Each dose of 3c{3,6} from 1 ng to 1 µg had more P + D 
mites at 4 h than at 2 h. The  EC50 for death + paralysis of mites after 6 h of exposure for 3c{3,6} was 0.06 ng/mite.

The numbers of P + D mites did not differ between control and the different doses of 3c{6,6} at 2 h (Fig. 6D, 
blue bars). At 4 h, doses from 1 ng to 1 µg of 3c{6,6} had significantly greater P + D mites than the control. At 
6 h, each dose of 3c{6,6} showed a significant increase in the numbers of P + D mites, compared to the control 
and 0.01 ng of 3c{6,6}. Comparison within one dose treatment at different time points suggest no significant 
difference in the numbers of P + D mites in the control and 0.01 ng of 3c{6,6} at 2 h, 4 h or 6 h treatment times. 
At 6 h, doses from 1 ng to 1 µg of 3c{6,6} had higher numbers of P + D mites than 2 h. The dose of only 1 µg of 
3c{6,6} had more P + D mites at 6 h than 4 h. The doses of 10 ng, 100 ng and 1 µg of 3c{6,6} had significantly 
greater numbers of P + D mites at 4 h than at 2 h. The  EC50 for paralysis + death of mites after 6 h of treatment 
was 0.47 ng/mite.

Figure 4.  Time-course of mite death, paralysis and distribution, in the presence of compound 3c{3,6} at a 
constant dose of 1 mg/replicate (Treatment) or no compound (Control). Each replicate had 5 mites and two 
fresh freeze-killed nurse bees as food in a glass Petri dish. See “Methods” for compound delivery and incubation 
details. Data points are average ± S. E. (10 replicates). (A) Number of dead mites vs. time. (B) Number of 
paralyzed mites vs. time. (C) Number of mites found on the glass. (D) Number of mites found on the abdomen 
of either of the bees. *P < 0.05 and **P < 0.01 (paired t-test between treatment and control at one time point).
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Efficacy. At 4 h treatment, 70% of the mites were killed when treated with a dose of 1 µg of 3c{3,6} and only 
20% of the mites were killed with a dose of 1 µg of 3c{6,6}. Furthermore, at 6 h, 3c{3,6} showed 90% mortality 
of mites and 3c{6,6} had 50% mortality at a dose of 1 µg. Altogether, these results show that 3c{3,6} has higher 
acaricidal activity than 3c{6,6} even when the mites come in direct contact with the treatments. Similar to the 
above results from the structure activity assays and dose responses, 3c{3,6} acted faster than 3c{6,6} in paralysing 
and killing mites.

Mite location on the glass. At 2 h, 1 ng and at 4 h, 1 ng,100 ng and 1 µg of 3c{3,6} had significantly more mites 
on the glass than the control (Fig. 7 blue sections of the bars). At 6 h, all the doses of 3c{3,6} showed significantly 
more mites on the glass than the control (Fig. 7, blue sections).

At 2 h, all the doses of 3c{6,6} and the control showed no significant change in the number of mites on the 
glass (Fig. 7, blue sections). At 4 h, 0.1 ng, 100 ng and 1 µg of 3c{6,6} had more mites on the glass than the control 
(Fig. 7, blue sections). At 6 h, 1 ng and 1 µg of 3c{6,6} had significantly more mites on the glass than the control 
(Fig. 7, blue sections).

Mite location on the bee abdomen. At 2 h, 0.1 ng, 1 ng and 1 µg of 3c{3,6} had significantly fewer number of 
mites on the bee abdomen than the control (Fig. 7, red sections). At 4 h, 100 ng and 1 µg treatments of 3c{3,6} 
showed significantly fewer mites on the abdomen of the bees than the control (Fig. 7, red sections). At 6 h, all 
the doses of 3c{3,6} showed significantly fewer mites on the bee abdomen than the control or 0.1 ng of 3c{3,6}
(Fig. 7, red sections).

At 2 h, the number of mites on the abdomen of the bees did not differ significantly in all the treatment doses 
of 3c{6,6} and the control (Fig. 7, red sections). At 4 h, all the doses of 3c{6,6} had significantly fewer mites on 
the bee abdomen than the control (Fig. 7, red sections). At 6 h, 1 ng, 100 ng and 1 µg of 3c{6,6} had significantly 
lower number of mites on the bee abdomen than the control (Fig. 7, red sections).

Assays with blends. Because compounds 3c{3,6} and 3c{6,6} both had shown acaricidal activity (Fig. 2), we 
tested whether mixing the two compounds leads to synergism. Also, because 3b{2,2} had shown host choice 
alteration activity  previously41, we also checked if it is able to synergize with 3c{3,6}. The results are shown in 

Figure 5.  Dose responses of 3c{3,6} and 3c{6,6}. (A) Experiments done in AB. Points represent the total 
number of mites paralyzed and dead after 5 h of exposure, against the dose (average ± range, N = 2). (B) 
Experiments done in BC. Points represent the number of mites paralyzed and dead, minus the number of mites 
paralyzed and dead in the paired control without compound (see “Methods”), after 3 h of exposure. Points 
represent the average of 2–5 replicates per dose ± S.E. (for n ≥ 3) or range (for n = 2). The dark gray curve traces 
the calculated dose response, based on the  EC50 and the activity range obtained. The light gray, stippled curve 
shows the low activity model, whereas the black, dashed curve shows the high activity model within the 95% 
confidence limits. The  EC50 values obtained are indicated above the arrows.
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the Supplemental information (Figs. S5–S7). These assays showed that there is no synergism between the com-
pounds when they are mixed.

Acetylcholinesterase assays. Human AChE. A significant change in kinetics was only observed with 
DEET and 3b{2,2}. At 3 mM of DEET, KM was significantly increased, with no significant change in Vmax (Ta-
ble 1). Compound 3b{2,2} showed a significant increase of Vmax and kcat at 3 mM. Lower concentrations of DEET 
and 3b{2,2}, as well as the tested concentrations of 3c{3,6}, and 3c{6,6} did not have a significant effect on Vmax, 
KM, or kcat of hAChE. Michaelis–Menten and Lineweaver–Burk plots for these data are shown in Fig. S9.

Honey bee AChE. All three concentrations of 3c{3,6} caused a significant decrease in Vmax and specific activity, 
while 3 mM of 3b{2,2}caused an increase in Vmax and specific activity (Table 2). None of the tested compounds 
had a statistically discernible effect on KM of AmAChE, though 3.0 mM DEET did show a higher average value 
for KM, similar to the other forms of AChE tested here. Michaelis–Menten and Lineweaver–Burk plots for these 
data are shown in Fig. S10.

Varroa mite AChE. With VdAChE, Vmax values did not differ from the control in the presence of the various 
compounds (Table 3), except with 0.5 mM DEET (Vmax and the specific activity were higher than the control) 
and 3.0 mM 3c{6,6} (Vmax and the specific activity were lower than the control). Only DEET at 3.0 mM showed 
a significant increase in KM. Compound 3c{3,6} at any of the three concentrations tested had no effect on either 
Vmax or KM. Michaelis–Menten and Lineweaver–Burk plots for these data are shown in Fig. S11.

Field trials. Before treatment application on Day 0 of the field trials, phoretic mite levels on adult bees did not 
differ between control and treatment colonies in BC (1.6 ± 0.8 vs 1.6 ± 1.1; t18 = -0.016, P = NS) or AB (11.5 ± 9.9 
vs 11.6 ± 7.6; t18 = -0.021, P = NS) (Table 4). Nevertheless, at end of the experimental treatment period (Day 28), 
more mites were detected on bees from control than treatment colonies both in BC (3.5 ± 2.1 vs 1.3 ± 1.3; t18 = 2.8, 
P = 0.011) and AB (19.9 ± 13.6 vs 3.6 ± 2.5; t18 = 3.7, P = 0.041). On the final day of  Apivar® removal, similar num-

Figure 6.  Direct contact assays of 3c{3,6} and 3c{6,6}. A. Number of dead mites (out of a total of five mites/
replicate) treated with different doses of 3c{3,6}, counted at 2 h (blue), 4 h (red) and 6 h (grey) after start of 
the experiment. B. Number of dead mites (out of a total of five mites/replicate) treated with different doses 
of 3c{6,6}, counted at 2 h (blue), 4 h (red) and 6 h (grey) after start of the experiment. C. Total number of 
paralyzed and dead mites treated with different doses of 3c{3,6}, counted at 2 h (blue), 4 h (red) and 6 h (grey) 
after start of the experiment. D. Total number of paralyzed and dead mites when treated with different doses of 
3c{3,6}, counted at 2 h (blue), 4 h (red) and 6 h (grey) after start of the experiment. A dose of 0 ng is the control 
treatment that received only ethanol. Bars represent mean ± S. E. of 5 replicates. Letters: comparison between 
each treatment dose and control at one time point- one-way ANOVA, followed by Tukey’s test, columns marked 
with different letters differ significantly p < 0.05: lower case xyz letters = 2 h, upper case ABC letters = 4 h and 
lower case abc letters = 6 h. Brackets above the letters indicate significant differences between the 2 h, 4 h and 6 h 
measurements for that dose—one-way ANOVA, followed by Tukey test (P < 0.05).
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Figure 7.  Distribution of mites in the direct contact assays. Mites found on the glass are shown in blue, mites 
found on the abdomen of either bee in the dish are shown in red and mites found on either bee but not on 
the abdomen are shown in green. Bars represent the mean ± S. E. of 5 replicates. Data analysed by comparing 
between each treatment dose for mite distribution (glass, abdomen or not abdomen) and control at one time 
point by one-way ANOVA, followed by Tukey’s test. Significant differences between the number of mites on the 
glass for a treatment dose to the control are indicated with a star (*P < 0.01; **P < 0.001). Significant differences 
between the numbers of mites on the abdomen for a treatment dose to the control are indicated with a dagger 
(†P < 0.01; ††P < 0.001).

Table 1.  Michaelis–Menten parameters of recombinant human acetylcholinesterase, hAChE, in the presence 
of compounds active against varroa. Values were obtained using GraphPad Prism 5 software analysis of 
rates obtained at different substrate concentrations using the Ellman assay (see text). Values shown are the 
kinetic constants obtained by least-squares fitting ± standard error. kcat was calculated by dividing Vmax by the 
concentration of AChE present in each 1 mL reaction (1.48 ×  10–8 M). *Significant difference compared to all 
other treatment groups (Tukey, P < 0.05).

Test compound Vmax (×  10–5 M/min) KM (×  10–4 M) kcat (×  103  min−1)

None (control) 5.1 ± 0.2 1.0 ± 0.2 3.4 ± 0.2

0.5 mM DEET 6.5 ± 0.4 3.0 ± 0.4 4.4 ± 0.3

1 mM DEET 6.6 ± 0.7 4.0 ± 0.9 4.5 ± 0.5

3 mM DEET 7.9 ± 1.7 13.0 ± 4.0* 5.3 ± 1.1

0.5 mM 3c{3,6} 4.4 ± 0.3 2.0 ± 0.3 3.0 ± 0.2

1 mM 3c{3,6} 6.8 ± 0.6 4.0 ± 0.7 4.6 ± 0.4

3 mM 3c{3,6} 5.5 ± 1.0 3.0 ± 1.0 3.7 ± 0.7

0.5 mM 3c{6,6} 2.8 ± 0.2 1.0 ± 0.3 1.9 ± 0.1

1 mM 3c{6,6} 5.3 ± 0.4 2.0 ± 0.4 3.6 ± 0.3

3 mM 3c{6,6} 3.4 ± 0.5 0.7 ± 0.4 2.3 ± 0.3

0.5 mM 3b{2,2} 2.8 ± 0.7 0.6 ± 0.9 1.9 ± 0.5

1 mM 3b{2,2} 3.6 ± 0.3 0.8 ± 0.2 2.7 ± 0.2

3 mM 3b{2,2} 8.2 ± 1.2* 5.0 ± 2.0 5.6 ± 0.8*
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Table 2.  Michaelis–Menten parameters of extracted honey bee Apis meliffera acetylcholinesterase, AmAChE, 
in the presence of compounds active against varroa. Values were obtained using GraphPad Prism 5 software 
analysis of rates obtained at different substrate concentrations using the Ellman assay (see text). Values shown 
are the kinetic constants obtained by least-squares fitting ± standard error. Specific activity was calculated by 
dividing Vmax by the concentration of protein isolate present in each 1 mL reaction (22.25 μg). * Significant 
difference compared to all other treatment groups (Tukey, P < 0.05), *** (Tukey, P < 0.001).

Test compound Vmax (×  10–6 M/min) KM (×  10–5 M) Specific activity (μM/min μg)

None (control) 9.8 ± 0.4 2.2 ± 0.5 0.44 ± 0.02

0.5 mM DEET 10.9 ± 0.4 2.9 ± 0.5 0.49 ± 0.02

1 mM DEET 11.0 ± 0.3 4.4 ± 0.5 0.49 ± 0.01

3 mM DEET 9.7 ± 0.6 9.1 ± 1.8 0.44 ± 0.79

0.5 mM 3c{3,6} 7.8 ± 0.3* 2.0 ± 0.4 0.35 ± 0.01*

1 mM 3c{3,6} 6.7 ± 0.4*** 2.9 ± 0.8 0.30 ± 0.02***

3 mM 3c{3,6} 4.5 ± 0.2 *** 0.8 ± 0.3 0.20 ± 0.01***

0.5 mM 3c{6,6} 10.5 ± 0.3 1.7 ± 0.2 0.47 ± 0.01

1 mM 3c{6,6} 10.6 ± 0.2 1.4 ± 0.2 0.47 ± 0.01

3 mM 3c{6,6} 10.0 ± 0.3 1.9 ± 0.3 0.45 ± 0.01

0.5 mM 3b{2,2} 10.6 ± 0.2 1.5 ± 0.2 0.48 ± 0.01

1 mM 3b{2,2} 10.6 ± 0.2 1.3 ± 0.2 0.47 ± 0.01

3 mM 3b{2,2} 12.9 ± 1.2*** 2.7 ± 1.3 0.58 ± 0.05***

Table 3.  Michaelis–Menten parameters of extracted Varroa destructor acetylcholinesterase, VdAChE, in 
the presence of compounds tested against Varroa mites. Values were obtained using GraphPad Prism5 
software. Rates were obtained at different substrate concentrations using the Ellman assay. Specific activity 
was calculated by dividing Vmax by the weight of protein isolate present in each 1 ml reaction (6.86 μg). 
**Significant difference compared to all other treatment groups (P < 0.01), *** (P < 0.001).

Test compound Vmax (×  10−6 M/min) KM (×  10−5 M) Specific activity (μM/min μg)

None (control) 1.1 ± 0.1 1.4 ± 0.6 0.16 ± 0.01

0.5 mM DEET 1.4 ± 0.1*** 1.2 ± 0.4 0.20 ± 0.01***

1.0 mM DEET 1.2 ± 0.1 1.9 ± 0.6 0.17 ± 0.01

3.0 mM DEET 0.9 ± 0.1 5.4 ± 1.6*** 0.13 ± 0.01

0.5 mM 3c{3,6} 1.2 ± 0.1 1.2 ± 0.4 0.17 ± 0.01

1.0 mM 3c{3,6} 1.3 ± 0.1 1.1 ± 0.3 0.19 ± 0.01

3.0 mM 3c{3,6} 1.2 ± 0.1 1.2 ± 0.5 0.17 ± 0.01

3.0 mM 3c{6,6} 0.8 ± 0.1** 1.4 ± 0.5 0.12 ± 0.01**

3.0 mM 3b{2,2} 1.3 ± 0.1 1.4 ± 0.3 0.19 ± 0.01

Table 4.  Data from the field trials of compound 3c{3,6} in BC and AB. Means ± S.E. of 10 replicates, unless 
noted. Entries followed by * differed significantly between the 3c{3,6} treatment and control [*P < 0.05: 
**P < 0.01; ***P < 0.001; all comparisons by t-tests or Mann–Whitney U tests (pollen stores only)]. a n = 7; bn = 9; 
cn = 5.

Location

Experimental 
duration 
(2019) Treatment

Alcohol washes (%) Open brood  (cm2) Sealed brood  (cm2)

Pollen 
(frame 
sides)

Honey 
(frame 
sides)

Brood cells 
with mites 
(%)

Day 0 
(treatment 
application)

Day 28 
(treatment 
removal)

Final Day 
 (Apivar® 
removal) Day 0 Day 28 Day 0 Day 28 Day 0 Day 0 Day 28

BC Aug 7 –Oct 16
Control 1.6 ± 0.8 3.5 ± 2.1 1.7 ± 2.9 1379 ± 436 692 ± 539 2587 ± 317 1819 ± 290 0.7 ± 0.9 4.0 ± 0.8 18.7 ± 8.6

3c{3,6} 1.6 ± 1.1 1.3 ± 1.3* 0.5 ± 0.7 1308 ± 421 348 ± 396 3375 ± 338 1066 ± 341 0.2 ± 0.4 3.4 ± 1.6 3.7 ± 3.7***a

AB Aug 27–Nov 6
Control 11.5 ± 9.9 19.9 ± 13.6 0.8 ± 0.7 1274 ± 150 247 ± 80 1683 ± 158 671 ± 158 1.6 ± 0.6 2.3 ± 0.8 39.2 ± 21.3b

3c{3,6} 11.6 ± 7.6 3.6 ± 2.5** 0.0 ± 0.0** 1235 ± 143 121 ± 58 1470 ± 171 427 ± 180 1.8 ± 0.4 2.5 ± 0.8 7.8 ± 5.6**c
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bers of mites on adult bees were found in the control and treatment colonies in BC (1.7 ± 2.9 vs 0.5 ± 0.7; t18 = 1.3, 
P = NS), whereas in AB, slightly greater numbers of mites per bee were found in the untreated control colonies 
(0.8 ± 0.7 vs 0.0 ± 0.0; t18 = 85, P = 0.0022).

On Day 28, following removal of experimental treatments, we also examined the numbers of varroa mites 
in sealed brood cells, which is a measure of mite reproduction. The percentage of brood cells containing pupae 
infested with mites was significantly higher in control compared with treatment colonies in BC (18.7 ± 8.6 vs 
3.7 ± 3.7; t15 = 5.2, P = 0.00029) as well as AB (39.2 ± 21.3 vs 7.8 ± 5.6; t12 = 4.4, P = 0.0014) (Table 4). All mites 
detected were successfully reproducing, with no dead mites or foundresses without progeny. Areas of sealed and 
unsealed brood did not significantly differ between treatment and control colonies, within locations (see Table 4).

Analysis of daily mite fall from sticky boards revealed consistent trends between our test apiaries located 
in two separate provinces and having distinctly different climates. For BC, our generalized least squares model 
showed significant main effects for both Treatment (F = 38.32; df = 1, 252; P = 0.0383) and Day (F = 7.18; df = 13, 
252; P < 0.001), as well as the Treatment*Day interaction (F = 7.12; df = 13, 252; P < 0.001). In AB, similar sig-
nificant main effects were also seen for Treatment (F = 12.68; df = 1, 288; P < 0.001), Day (F = 5.49; df = 15, 288; 
P < 0.001) and Treatment *Day (F = 5.52; df = 15, 288; P < 0.001). In BC, there was significantly higher mite fall 
on Days 1, 3, 5, and 8 after installation of the 3c{3,6} treatment applicators compared with the controls, with very 
high rates of mite fall also seen in AB on Days 1, 3 and 5 (Fig. 8). By three weeks after treatment application, at 
both sites, the number of mites dropping to the bottom boards in the controls had risen above that of the treat-
ments, indicating that the 3c{3,6} was suppressing growth of the mite population. Reciprocal patterns for mite 
fall can be seen after the application of  Apivar® at each location, with significant differences on most sampling 
dates highlighting the greater density of mites remaining in colonies receiving the control treatments. In BC, 
despite the large spike in mite fall for the control caused by the introduction of  Apivar® as the finishing treat-
ment on Day 28, no statistical difference in this measure was detected on Day 29 because of the large treatment 
variances and the moderate mite populations still present within the 3c{3,6}-treated colonies. By day 56 in BC 
and Day 64 in AB, few mites remained in colonies with differences in daily mite fall no longer being detectable.

The overall efficacy of the compound in BC was calculated to be 51.2 ± 6.2%, whereas in AB it was 81.1 ± 2.9%, 
for a 4-week treatment (Table 5). Recovery of compound 3c{3,6} from the applicators after their removal from 
the colonies demonstrated that ~ 1.2 g of compound remained on the combined applicators from each replicate. 
This meant that ~ 3.8 g evaporated during the 4-week treatment. In turn, this corresponds to an average daily 
evaporation of ca. 130 mg/day (Table 5). The monitoring devices (Porapak) installed in the colonies also indicated 
that the compound did evaporate throughout the treatment period. We detected the compound as follows: BC 
1.0 ± 0.4 µg/device (week 1), 12.8 ± 1.8 µg/device (weeks 2–4) and for AB 0.24 ± 0.04 µg /device (week 1) with no 
compound detected from the devices covering weeks 2–4. In BC, 6.9 ± 2.9 µg/ ~ 1 g of compound was detected 
from beeswax, taken immediately after the experimental treatment, sampled near the location of the applica-
tors, whereas in the samples from AB 0.5 ± 0.3 µg/ ~ 1 g was detected. In BC, 0.8 ± 0.3 µg/ ~ 1 g of compound was 
detected from a mixture of wax and honey sampled immediately after the experimental treatment from frames 
next to the applicators. In AB, no traces were detected in the honey/wax mixture taken after experimental 
treatment. It is noteworthy that a compound from wax, whose structure is to be determined, eluted at the same 
retention time as compound 3c{3,6} in the GC–MS traces. Work is underway to optimize residue analysis of 
3c{3,6} in samples from hives.

In AB, control colonies suffered 100% mortality when evaluated the following spring (60% winter loss, 20% 
queenless, 20% very weak/functionally dead) while experimentally treated colonies had 40% colony mortality 
(30% winter loss, 10% very weak/functionally dead).

Discussion
Here we describe the discovery of the acaricidal activity of 1-allyloxy-4-propoxybenzene, 3c{3,6}, on Varroa 
destructor. Compound 3c{3,6} had been shown previously to be the most active cabbage looper feeding deter-
rent from a large structure–activity  survey42, as well as a mosquito  repellent43. As such, it had already been tested 
for its physical  properties50 and biodegradation by common environmental strains of the gram-negative soil 
bacterium Pseudomonas putida51. This compound was previously shown to decrease the olfactory responses of 
varroa mites to nurse bees and thereby to delay or even prevent host choice by varroa in choice  bioassays44. In 
those assays we noticed that the delay or failure to complete a host choice was due to paralysis of the mites. This 
prompted us to study the compound and its structurally similar relatives further.

The active compounds described here displayed two different activities in the in vitro assays: (1) paralysis 
and eventual death of the mites (acaricidal activity) and (2) distribution of the mites away from the host bees 
(alteration of behavior). These two activities had similar, though not identical, structure–activity relationships 
(SAR) and time courses.

Acaricidal activity requires a para disposition of the two alkoxy groups on the central benzene ring. One of 
the two alkoxy groups needs to be an allyloxy group, whereas the other one can be: ethoxy (3c{2,6}), allyloxy 
(3c{6,6}), propoxy (3c{3,6}) or butoxy (3c{4,6}). The compound with the highest activity was 3c{3,6}. Quan-
titative SAR revealed that the active compound needs to be within the size range of 3c{3,6} (see above). The 
time course for 3c{3,6} acaricidal activity (at ~ 50× the  EC50) revealed that, in the non-contact assay (Fig. 4), 
two hours passed until a significant level of mite death or death + paralysis occurred. The time course for the 
contact assay (Fig. 6) at 17× the  EC50 (1 ng applied) shows that four hours passed until a significant level of mite 
death + paralysis occurred. Thus, the acaricidal effect is not immediate. Similarly, the acaricidal effects of tau-
fluvalinate, coumaphos and amitraz take ~ 6 h to manifest  themselves33,34, as do the activities of hops extract 
 (Hopguard®) and  thymol34.
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The alteration of behavior of the mites caused them to distribute on the glass of the assay dish instead of 
remaining attached to the bees that were provided for food. The time course of 3c{3,6} activities showed that 
initially the mites did locate the bees and attached themselves, but after 3 h, they moved back onto the glass 
(Fig. 4). This observation is consistent with the host-seeking behavior of the mites, which is guided by odors 
emanating from  hosts52. Mites walk in straight lines, making few turns, when no attractant is present. When an 
attractant (e.g. cuticular hydrocarbons, alcohols or aldehydes) is present, the mites make many turns to ensure 
that they stay arrested on the  host52. It is also interesting to note that the mites on a bee were most often found 
on the abdomen in the controls or dishes with inactive compounds, consistent with other reports of preferences 
of phoretic mites for the abdomen of  bees6,7. When exposed to the active compounds (thymol, 3c{3,6}, 3c{6,6}, 

Figure 8.  Time courses of the field trials of compound 3c{3,6}, both performed in Canada. (A) Data from the 
trial in the lower Fraser Valley in British Columbia. (B) Data from the trial in Beaverlodge in Alberta. Points 
represent the average ± S. E. of 10 replicates. Blue: control devices, Orange: treatment devices containing 5 g of 
3c{3,6}. The experimental treatment lasted until the 28th day of the experiment, when the experimental devices 
were removed from the colonies and  Apivar® strips were installed for an additional 6 weeks. A generalized 
least squares model was fit to the untransformed results for mite fall. Pairwise comparisons between treatment 
and control were performed for each experimental day when sticky boards were counted from hives (t-tests, 
Bonferroni adjusted; *P < 0.05; **P < 0.01; ***P < 0.001; NS not significant).
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3c{3,3} and 3a{3,6}), the number of mites on the abdomen decreased, suggesting that these compounds interfere 
with arrestment of mites on a food source. How these compounds counter arrestment behavior of varroa is not 
known.

Compound 3c{3,6} can evaporate from a hexane solution (with a liquid/gas equilibrium constant,  Kl/g, of 
4.33 ± 0.12) or from solid surfaces to which it is  adsorbed50. It has an octanol/water partition coefficient, logP, 
of 2.40 ± 0.1750. Furthermore, the compound can be fully biodegraded by common strains of P. putida, which 
are widespread in the environment. For example, P. putida ATCC 17453, which contains cytochrome  P450cam 
(CYP101A1) and its redox partners, first hydroxylates the  CH2 group on the substituent chains next to the 
oxygen. This gives a hemiacetal, which loses the hydroxylated substituent group as an aldehyde. The resulting 
dihydroquinone was found to be completely degraded as well (i.e. it did not accumulate)51. Thus, compound 
3c{3,6} can evaporate, is of moderate hydrophobicity and can be biodegraded fully by common strains of bacte-
ria. In future it will be interesting to determine whether bees, mites and/or hive microbiome members can also 
biodegrade this compound.

The volatility of compound 3c{3,6} is important, as we noticed that the mites need not come in contact with 
the source of the compound during bioassays, for them to become paralyzed. Such a fumigant effect should be 
useful in a bee hive, as the compound could be released in the brood nest, evaporate and thereby diffuse to other 
parts of the colony. Another varroa acaricide that works through the gas phase is formic  acid53,54.

Because compounds 3c{3,6} and 3c{6,6} caused paralysis in the mites, an activity that involves the central 
nervous system, we studied the effect of these compounds on acetylcholine esterase (AChE). Inhibition of AChE 
can cause paralysis, among other  symptoms55, and it is important to ensure that neither human handlers nor 
honey bees will be negatively impacted by a varroa treatment. Also, as discovered in this and previous studies, 
a high concentration of DEET (≥ 3 mM) competitively inhibits  AChE47. This inhibition manifests itself as an 
increase in KM without a change in Vmax or kcat. We found that all three forms of the enzyme, hAChE, AmAChE 
and VdAChE, were competitively inhibited by DEET. Therefore, it was important to study the effect of the two 
paralysis-causing compounds (3c{3,6} and 3c{6,6}) as well as the host choice-altering compound (3b{2,2}) on 
the three forms of AChE.

There was no significant increase in KM, or decrease in Vmax or kcat with 3c{3,6}, and 3c{6,6}on hAChE and 
VdAChE, suggesting that they do not have an inhibitory effect on these enzymes. However, 3c{3,6} did cause a 
decrease in Vmax when tested on AmAChE. There are two forms of AChE in honey bees: one membrane-bound 
and one soluble. It is inconclusive from these studies what proportion of each was in the isolate we used for 
assays; therefore, it cannot be said whether one was more inhibited than the other. It does suggest that at least 
one AChE in honey bees is affected in an allosteric (i.e. non-competitive) mechanism, as has been seen in other 
 invertebrates56–58. Bees exposed to high levels of 3c{3,6} in their food for 1–2 weeks did not show higher mortal-
ity than  controls44. Thus, the effect of 3c{3,6} on AmAChE did not lead to acute symptoms. It remains to be seen 
whether there are behavioral or sublethal effects on bees. Compound 3c{3,6} did not cause significant changes in 
hAChE. However, it should not be used in quantities that can accumulate to concentrations higher than 0.5 mM 
in acetyl cholinergic synapses. Such a high level of accumulation in an aqueous extracellular compartment is 
unlikely, given the moderate hydrophobicity and volatility of compound 3c{3,6}50, as well as the low (μg)  EC50 
values we found in this study for varroa paralysis and death. The lack of any effect of 3c{3,6} on VdAChE indicates 
that this enzyme is not the target site of this compound in the mites. The mechanisms by which 3c{3,6} paralyzes 
or alters arrestment behavior of mites still need to be discovered.

Compound 3b{2,2}, showed a significant increase of Vmax in both hAChE and AmAChE at the highest con-
centration of 3 mM; however, there was no significant change in KM. This suggests that 3b{2,2} may have an 
allosteric effect on AChE which stimulates its  activity56,58. VdAChE was not affected by this compound. Although 
3b{2,2} did not cause inhibition of hAChE and AmAChE, and it altered the host choice of varroa  mites41, it did 
not show acaricidal activity against varroa, so it will not be perused further.

The field trials of 3c{3,6} emphatically demonstrated that this chemical causes mortality of phoretic mites in 
bee colonies, as measured by the numbers of mites dropping onto sticky boards. The efficacy of this compound 
in the field was 51.2 ± 6.2% in BC and 81.1 ± 2.9% in AB. These numbers are comparable to efficacies obtained 
by Gregorc et al.34 for  Apiguard® (thymol),  Apistan® (tau-fluvalinate),  Apivar® (amitraz) and  Hopguard® in similar 
experiments with 6-week experimental applications and 6-week follow-up treatments with coumaphos. In field 
trials during the fall of 2011 in Edmonton, AB, Vandervalk et al. (2014) tested  Apivar®, formic acid,  Hopguard® 
and  Thymovar® in a 6-week application, with a follow-up treatment with oxalic acid after queens had stopped lay-
ing. They reported efficacies of 87.1 ± 2.7%  (Apivar®), 78.5 ± 8.5 (formic acid), 88.9 ± 8.5  (Thymovar®), 43.0 ± 6.5% 

Table 5.  Overview of efficacy from the field trials of compound 3c{3,6} in BC and AB. Values represent 
means ± S.E. of 10 replicates per treatment. a Efficacy calculated as: mite fall during the treatment period/(mite 
fall during treatment period + mite fall during finishing period) × 100.

Location Treatment

Total mite fall 
per colony during 
treatment period

Total mite fall 
per colony during 
finishing period Efficacy (%)a

Amount recovered 
from devices (mg)

Amount evaporated 
(mg)

Length of treatment 
(d)

Amount 
evaporated/day 
(mg)

BC
Control 231 ± 29 2221 ± 280 9.5 ± 0.6 N/A N/A 28 N/A

3c{3,6} 495 ± 63 636 ± 207 51.2 ± 6.2 1234 ± 158 3766 ± 158 28 134.5 ± 5.7

AB
Control 1527 ± 237 3876 ± 544 28.6 ± 2.3 N/A N/A 28 N/A

3c{3,6} 2576 ± 342 552 ± 88 81.1 ± 2.9 1041 ± 172 3959 ± 172 28 132.0 ± 5.7
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 (Hopguard®) and 28.7 ± 7.3% (control)59. It is important to note that our trial only had a 4-week experimental 
treatment, rather than the 6 weeks more commonly used for other products. We also observed that the pattern 
of mite mortality at the two widely different geographic locations mirrored each other quite closely, even with 
the treatment periods being separated approximately 3 weeks in time. The lower efficacy of compound 3c{3,6}in 
BC compared with AB is not likely due to the different starting infestation levels of mites in colonies: 1.6 ± 1.1% 
(BC) vs. 11.6 ± 7.6% (AB). We feel the difference in efficacy is most likely due to higher ambient fall tempera-
tures in the Lower Mainland of BC which is conducive to the production of more late-season brood (Table 4), 
leading to greater mite reproduction thereby offsetting treatment-induced mite mortality. In both locations, 
3c{3,6}-treated colonies had significantly lower mite infestation levels at the end of the experimental treatment 
than the controls, and this pattern could also still be seen during and after the  Apivar® follow-up treatment. 
Similar patterns of infestation levels were observed by Gregorc et al.34 and Vandervalk et al.59 in their field trials 
of commercial acaricides.

In both provinces the number of mites found in sealed brood cells at the end of the experimental treatment 
was significantly lower in the treatment than in the controls. This phenomenon could be due to (1) the mites not 
arresting and entering the cells properly prior to cell capping, (2) fewer mites entering cells, or (3) a combination 
of (1) and (2). Given that mites failed to remain arrested on bees in the assays in dishes, it is plausible that the 
mites also failed to arrest on brood that was close to capping in the field trial. It is not known whether compound 
3c{3,6} can diffuse into sealed brood cells and/or affect mite reproduction, though we found no evidence of lack 
of mite fertility from 3c{3,6} treatments in our field study.

In conclusion, compound 3c{3,6} shows great promise in its ability to treat varroa infestations, by paralyzing 
the mites and causing them to eventually die. Additionally, the compound leads to mites not arresting on the 
abdomen of host bees, an activity that could synergize with paralysis and cause the dropping of mites onto the 
bottom board of a hive. Our field trial indicates that compound 3c{3,6} is active in a hive environment and does 
not cause acute symptoms in bees, but it is still not known whether it accumulates in wax over many treatments 
or is able to vent or be biodegraded over periods that bees are not treated. Furthermore, its target site in the mites 
still needs to be discovered. Nevertheless, we believe that compound 3c{3,6} is a promising lead in the search for 
new treatments against varroa infestations.

Materials and methods
Assays with mites. Bee and mite collection. Bees and mites for experiments performed in British Colum-
bia (BC) came from three beekeepers in the Lower Mainland of BC in Burnaby (49.249° N 122.980° W), Port 
Moody (49.285° N 122.868° W) and Langley (49.104° N 122.660° W)). In Alberta (AB), bees and mites were 
collected from apiaries operated by Agriculture and Agri-Food Canada’s Beaverlodge Research Farm (55.203° 
N 119.396° W).

Freely moving varroa were collected, using a fine brush, either from the bottom board of a hive treated with 
powdered sugar, from a comb with emerging infested bees or from caged infested bees treated with  CO2. Var-
roa were either used immediately or phoretically kept on young bees in cages until required. Forager bees were 
collected in front of the hive using a bee vacuum, and nurses observed to be feeding larvae were collected from 
a brood comb. For the bioassays, bees were frozen (−75 °C) and thawed just prior to experiments.

Bioassays in glass dishes with the compound evaporating from a source in the lid. To test host choice, paralysis 
or death of mites, assays were performed in glass Petri dishes (inner ∅ 9  cm), similarly to those previously 
 described41. It is of note that plastic dishes do not work for these assays, because mites acquire static charge, 
and this interferes with the assay. Each dish had a ~ 2 × 2 cm square of  Parafilm®, attached to the inner side of 
the lid, in the middle. Compounds were dispensed onto the  Parafilm® in 10 μL of hexane, using a glass syringe 
(Hamilton, Nevada). Control treatments received only solvent. The solvent was left to evaporate, then the lids 
were closed, and dishes were equilibrated at room temperature for 5–15 min. Next, one freshly thawed nurse and 
one forager were placed ~ 5 cm apart, equidistant from the center of the dish, and one live mite was taken from 
a holding dish (where mites were kept without food for 30 min) and placed in the middle of the dish. The dishes 
were placed in an incubator at 32–33 °C and ~ 40% to 70% humidity. In 2018, each replicate consisted of 5 dishes 
prepared in this way and each treatment replicate had a paired set of control dishes. Separate incubators were 
used for controls and treatments. Mite observations were carried out at various intervals ranging from 1 to 24 h 
(refer to “Results”). Net numbers of mites (see “Results”, Fig. S6 and Fig. 5B) were calculated by subtracting the 
numbers of dead or paralyzed mites in the paired control from those in the treatment.

In 2018, mites were observed with regard to whether they had made a host choice or not and their ability to 
move when touched with a fine brush. Mites that were paralyzed either moved slowly or twitched and moved 
their legs unproductively. Mites that did not move or twitch when touched were scored as dead. Occasionally, 
a mite could not be located and was scored as “lost”. Assays done in 2018 with this method were: (1) the initial 
screen of compounds 3c{2,6}, 3c{3,3}, 3c{3,4}, 3c{4,6}, 3c{3,6} and 3c{6,6}, (2) the dose responses of compounds 
3c{3,6} and 3c{6,6}, and (3) experiments with mixtures of 3c{3,6}, 3c{6,6} and 3b{2,2} (Fig. S8).

Structure–activity study in 2020. The same method of bioassay in the dishes as described above was used, 
except that each replicate consisted of five mites and two freshly freeze-killed nurse bees in one dish (i.e. no 
host choice was studied in these assays). The mites were placed in the middle and the bees on the periphery, as 
described above. The dose of the 15 compounds tested (Fig. 1) consisted of 5 μmol of compound in 10 μL of 
hexane (HPLC grade, distilled in glass), applied to the  Parafilm® square in the lid. The controls received 10 μL of 
distilled hexane. Six, nine or twelve replicates of each treatment were done. Dishes were set up and incubated as 
above and scored 3 h and 5 h after setup. Mites were scored for movement or death, as described above. Addi-
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tionally, mites were scored for their location relative to the bees: on the glass, on the abdomen of the bee, or on 
a bee but not on the abdomen.

Time course in 2020. To study the timing of mite movement, paralysis and death in this assay system, 1 mg of 
3c{3,6} in 10 μL of hexane was applied to the  Parafilm® square. The same method as for the structure–activity 
study in 2020 was used. Each treatment was replicated ten times and scored for mite movement (paralysis or 
death) and position relative to the bees, 1, 2, 3, 4 and 5 h after setup.

Bioassays with direct application of compounds onto the mites. Five live mites were placed on a weighing paper 
(VWR), and each mite received 0.1 μL of solution of 3c{3,6} or 3c{6,6} in ethanol (HPLC grade) (treatments) or 
only ethanol (controls), using a 1 μL glass syringe (Hamilton, Nevada). A fresh weighing paper was used for each 
treatment. Once solvent had evaporated for 10–15 s, each treated mite was placed on the abdomen of a freshly 
freeze-killed bee, and this individual was placed in a glass Petri dish (inner ∅ 9 cm). Each replicate dish had 
five freeze-killed bees, each with one treated mite on its abdomen. Doses of 3c{3,6} and 3c{6,6} applied were: 10 
ρg, 100 ρg, 1 ng, 10 ng, 100 ng and 1 μg. Five replicates of each dose of compound and of ethanol controls were 
tested. The experimental dishes were incubated at 32–33 °C and ~ 40% to 70% humidity. The mites were scored 
after 2, 3, 4, 5 and 6 h, for paralysis or death, and for location relative to the bees: on the glass, on the abdomen 
of the bee or on a bee but not on the abdomen.

Acetylcholinesterase assays. Buffer and stock solutions. Sodium phosphate buffer, 100 mM, pH 7.6 was 
used to make a 1 mM stock solution of acetylthiocholine iodide (Sigma Aldrich) substrate, and a 10 mM stock of 
5,5’-dithiobis-2-nitro-benzoic acid (DTNB), to produce a coloured anion for every acetylthiocholine hydrolyzed 
(Fig. S1). The DTNB stock also contained 18 mM  NaHCO3.

We tested the effect of four compounds on AChE; DEET (Sigma-Aldrich, Oakville, Ontario, Canada), 1-ally-
loxy-4-propoxy benzene (3c{3,6}), 1,4-diallyloxy benzene (3c{6,6}), and 1,3-diethoxy benzene (3b{2,2}) (Fig. 1). 
Stock solutions of 25 mM, 50 mM, and 150 mM were dissolved in ethanol, and 55% Tween 20 (v/v) was added 
to prevent precipitation of inhibitors during runs (Supplementary Information).

Human expressed AChE (hAChE), (C1682) was obtained from Sigma-Aldrich Canada Co. (Oakville, 
Ontario). The lyophilized powder was dissolved in sterile phosphate buffer with 10% (v/v) sterile glycerol, yield-
ing a concentration of 0.1 mg/ml. The hAChE was then aliquoted and flash-frozen before being stored at − 75 
°C until assays were performed.

Honey bee AChE (AmAChE) was isolated from pre-frozen nurse bees collected from multiple colonies in 
BC, and the concentration of the isolate was determined using the Bradford assay (Supplementary Information). 
Varroa destructor AChE (VdAChE) was isolated from pre-frozen mites collected from multiple colonies in BC 
as described for AmAChE (see Supplementary Information).

Ellman assays—human AChE. These assays were adapted from ones described  previously47–49. For hAChE, we 
tested ten different substrate concentrations of acetylthiocholine iodide substrate between 870 and 8.7 μM, and 3 
replicates were performed per substrate concentration. Substrate (870 μL of stock solutions, ranging from 10 μM 
to1.0 mM), DTNB (100 μL of 10 mM stock in buffer—see above), and the compound (20 μL stock in ethanol 
with Tween 20—see above) were added to the cuvette, the cuvette was inverted several times, and the solution 
was used to blank the spectrophotometer. Stock hAChE was added (10 μL to give 1.48 ×  10–6 M), the cuvette 
was inverted once, and the run was started as soon as possible. Runs were performed at 426 nm; the wavelength 
experimentally determined to give the highest absorption of 5-thiolate-2-nitrobenzoate (supplementary infor-
mation). Runs had duration of three minutes, and absorbance was measured every 5 s, yielding 36 data points 
per run.

An extinction coefficient of 11,792  cm−1  M−1 was used to convert absorbance to concentration (Supplementary 
Information). Concentration was plotted against time to determine the rate of the reaction. The first three data 
points were omitted due to variant mixing effects of AChE with the buffer, DTNB, and compound. The rate of 
product conversion was determined by examining the linear region of the kinetics curve, including as many data 
points as possible with an  R2 ≥ 0.99. The rates for the three replicates were then averaged before plotting them 
against substrate concentration to determine Vmax, KM and kcat using Grafit5 software analysis (Version 5.0.6, 
Erithacus Software Limited, West Sussex, UK). Errors are fitting errors.

Honey bee AChE. The same experimental procedure was used for AmAChE as for the human form. However, 
since the isolated AmAChE was not as concentrated, we used twice as much volume of protein solution in the 
cuvette. Therefore, the volumes and concentrations of solutions added to the cuvette were: substrate (860 μL, 
final concentration 8.6 μM to 0.86 mM), DTNB (100 μL, final concentration 1 mM), inhibitor (20 μL, final con-
centration 0.5–3.0 mM), AmAChE isolate (20 μL, 445 ng protein).

Varroa AChE. For this assay, we tested ten different concentrations of acetylthiocholine iodide substrate from 
10 μM to 1 mM, prepared from a 2 mM stock. DTNB stock (10 mM, 100 µL) was mixed in the cuvette with 20 
µL of ethanol/ 55%Tween 20 (v/v) solution of the test compound (see above) or control. Substrate solutions were 
added to the cuvette, followed by phosphate buffer pH 7.6 to make a total of 1.0 mL of solution. The cuvette was 
inverted three times and used to blank the spectrophotometer. After addition of 60 µL of varroa extract, the 
cuvette was inverted once, and the run was started as quickly as possible. All the runs were taken at 420 nm for 
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total 3 min. Absorbance was recorded every 5 s to yield 36 data points per run. Analysis was done by the same 
procedure as described for hAChE and AmAChE. Errors are fitting errors.

Field trials. In 2019, we performed two field trials at different geographic locations: (1) the Fraser Valley 
(Langley), BC and (2) Beaverlodge, AB (at AAFC’s Beaverlodge Research Farm). Bee colonies were infested with 
varroa earlier in the summer, to create populations of mites that would nominally exceed treatment thresholds 
for Canada during the  fall53. Colonies were standardized to six frames of bees, five frames of predominantly open 
brood and a 1-year-old locally-bred queen. Each trial consisted of ten single-brood chamber Langstroth colonies 
per treatment, with two treatments: no compound (control) and 5 g of compound/colony. The compound was 
delivered as a solid (83.3% w/w 3c {3,6} and 16.7% w/w glycerol), applied to large wooden craft sticks (Fig. S2). 
The controls received the wooden sticks with only glycerol. Each stick contained 500 mg of 3c{3,6}, applied 
evenly over both sides, and there were 10 sticks/hive. In each location there were ten colonies with 3c{3,6} treat-
ment and ten colonies with the control. Sticks were suspended between brood frames (Fig. S2). In BC, phoretic 
mite levels were assessed by alcohol washes of ~ 300 adult workers (isopropanol:water 1:1) in EasyCheck devices 
(Véto-pharma, Palaiseau, France), while in AB, mite levels were washed in 70% (v/v) ethanol using screened-
bottom containers placed on a laboratory benchtop shaker table. Brood areas were measured as 2.54 × 2.54 cm 
squares by comparison to a wooden frame threaded with a grid of that size. Areas of food stores were measured 
to the nearest quarter of a single frame side.

Both trials had an initial experimental treatment period for the application of 3c{3,6}, or control devices 
without any active compound. For BC, this phase of the trial started August 7, 2019 and ended September 4, 
2019. The trial in AB started August 27, 2019 and ended September 25, 2019. Within each location, 20 colonies 
with similar quantities of open brood, capped brood, pollen stores and honey stores, and having similar phoretic 
mite infestations were used to start the experiment (Day 0) (Table 4). Each colony had a removable sticky board 
placed beneath a screened bottom board to collect falling mites, which were counted on experimental days 1, 3, 
5, 8, 15, 22 and 28 (BC), or days 1, 3, 5, 9, 14, 21 and 28 (AB). On the last day of experimental treatment period 
(Day 28), the wooden sticks were removed and hives were assessed for phoretic mite levels, areas of brood and 
stores, general health, queen status and mite reproduction. The latter was done by choosing one comb of sealed 
brood from each colony and opening 100 cells containing purple-eyed pupae. Cells were uncapped and care-
fully examined under a dissecting microscope to verify the presence and number of foundresses, offspring, and 
any dead mites.

Following the experimental treatment period described above, all colonies were treated with  Apivar® strips 
(3.33% amitraz) as per manufacturer’s instructions (two strips/brood chamber; Véto-pharma, Palaiseau, France). 
This finishing period lasted 42 days in both locations. Monitoring of mite drop using sticky boards continued 
during the finishing period on experimental days 29, 31, 37, 42, 49, 56 and 70 (BC), or days 30, 32, 34, 36, 43, 
50, 57, 64 and 71 (AB).

Apart from monitoring mite drop, the rate of fumigation by 3c{3,6} was determined in two ways: (1) by using 
Pasteur pipettes filled with Porapak Q 80–100 mesh (Millipore, Oakville, Canada), a sorbent, and (2) by recov-
ering the release devices and analyzing how much compound was left. Wax and honey samples were collected 
on the last day of experimental treatment. These were extracted and analyzed for 3c{3,6} (see “Supplemental 
Methods” for the extraction and analysis method).

In AB, colonies were maintained as intact experimental groups for wintering. Following experimental activi-
ties, all colonies were fed sugar syrup (67 brix) and moved indoors to overwinter at 4 ± 1 °C on 7 November 
2019. Colonies were moved out of the wintering building on 15 April 2020 and visually assessed on 21 April and 
11 May 2020 for mortality. Those colonies not dead but weak (having less than one frame of bees) or queenless, 
were scored as being “functionally dead”.

Statistical analyses. For AChE assays, GraphPad Prism5 was used to perform all statistical analysis 
(GraphPad software Inc., La Jolla, CA, USA). One-way ANOVA, followed by Tukey’s test was performed to 
determine significant difference (P < 0.05) for Vmax, KM, kcat, and specific activity between each concentration of 
inhibitor and the control.

For behavioral assays, GraphPad Prism5 was used to perform analysis. Data from the structure–activity 
assays were analyzed by ANOVA and pairwise comparison using either Kruskal–Wallis or Tukey’s tests. For 
the dose responses (Fig. 5B) data were fitted to the dose response function in GraphPad Prism (Eq. 1), where 
E is the activity, Emax is the maximal activity, A is the dose of the compound in μg and EC50 is the dose at which 
half-maximal activity is attained.

A binomial logistic regression model was used to assess whether compounds 3c{3,6} and 3c{6,6} killed/
paralyzed Varroa after 5 h of exposure (Fig. 5A). These statistical analyses were carried out using SAS  JMP® 14.

For field experiments, comparisons between treatment means within sites for phoretic mite levels (% mites 
per adult bees from alcohol washes), as well as brood areas, areas of food stores and mite infestation densities 
(% sealed brood cells containing mites) were performed using two-sided, two-sample Student’s t-tests. In cases 
where sample sizes were unequal or standard error estimates for the treatments differed vastly, Welch’s t-test 
was applied. Mann–Whitney U tests were employed to compare areas of pollen stores because of the highly 
non-normal nature of the data.

(1)
E

Emax
= 1/(1+ (

logEC50

logA
)
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Data for mite fall on sticky boards were first normalized into mite fall per day by dividing the mite count by 
the number of days the board resided in the colony. A generalized least-squares model was fit to the untrans-
formed results for mite fall per day that included a two-level treatment factor (treatment vs control), a 14 level 
(for BC) or 16 level (for AB) categorical variable for experimental day, as well as their interactions as the pre-
dictor variables. Mite fall was analyzed separately for each location. To handle the range of variances for the 
large range of counts, a separate variance was estimated for each Treatment × Day (categorical) combination. 
Various correlation structures for the repeated measures on Colony were explored but were not successful at 
removing the very strong autocorrelation. A Bonferroni multiple testing adjustment was applied to the tests of 
differences between treatment vs. control as well as the 95% confidence intervals for the 14 or 16 comparisons 
at each experimental day. Analyses for field experiments were performed using R version 4.1.3 (2022-03-10)60 
and RStudio version 2022.2.1.461 (2022-03-17)61.

Data availability
The datasets used and/or analysed during the current study are available upon request from the corresponding 
author.
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