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Simple Summary: There may be high amounts of fluvalinate residue in bee colonies and products.
It is usually used to control the varroa parasite on bees, but it may lead to adverse effects on both
larvae and adults. In this study, we found that feeding with fluvalinate at a dose of 40 ng/larva could
result in declined brood-capping, pupation, and eclosion rates. In addition, the olfactory associative
behavior of adult bees was impaired after they were treated with a sublethal dose of 0.004 ng/larva
in the larval stage. These findings suggest that a sublethal dose of fluvalinate given to larvae has a
huge negative effect on adult honey bee workers, affecting their subsequent associative ability. It may
further lead the entire colony to a detrimental developmental trend.

Abstract: Fluvalinate is a widely used insecticide for varroa mite control in apiculture. While most
beekeepers have ignored the effects of low levels of fluvalinate on bees, this study aims to demonstrate
its effects at very low concentrations. We first used fluvalinate doses ranging from 0.4 to 400 ng/larva
to monitor the capping, pupation, and emergence rates of larval bees. Second, we used the honey
bees’ proboscis extension reflex reaction to test the learning ability of adult bees that were exposed
to fluvalinate doses from 0.004 to 4 ng/larva in the larval stage. The brood-capped rate of larvae
decreased dramatically when the dose was increased to 40 ng/larva. Although no significant effect
was observed on brood-capping, pupation, and eclosion rates with a dose of 4 ng/larva, we found
that the olfactory associative behavior of adult bees was impaired when they were treated with
sublethal doses from 0.004 to 4 ng/larva in the larval stage. These findings suggest that a sublethal
dose of fluvalinate given to larvae affects the subsequent associative ability of adult honey bee
workers. Thus, a very low dose may affect the survival conditions of the entire colony.

Keywords: fluvalinate; honey bee; sublethal dosage; proboscis extension reflex

1. Introduction

Exposure of honey bees (Apis mellifera) to various environmental pesticides when they
are collecting nectar and pollen represents a serious problem [1–3]. Honey bees can be
affected by contaminated nectar and pollen that are brought back to the hive from foraging
on flowers that have been sprayed with pesticides. Moreover, they are also affected by
applications of medicine aimed at controlling the widespread honey bee parasite varroa
mite (Varroa destructor), which has been closely linked to colony losses and the mortality
of honey bees [4–6]. Some medicines or pesticides are applied inside bee colonies by the
beekeepers themselves. Among these in-hive pesticides, fluvalinate is one the agents used
worldwide to control V. destructor in honey bee colonies [7].
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Fluvalinate belongs to the pyrethroid family of neurotoxins, which prolong membrane
depolarization by targeting voltage-gated sodium channels [8–10]. Pyrethroids decrease
the kinetics of channel closure and block channels in their existing state. Through its
mode of action, fluvalinate mainly results in hyperexcitability and can lead to musculature
changes that culminate in paralysis or death. However, after several decades of intensive
and repetitive use of fluvalinate, a reduction in its efficacy and the impact of selective
pressure may favor the emergence of resistant mite populations [11–16], since it has been
thought to have low toxicity in bees [17]. Currently, some investigations have reported
fluvalinate-resistant mites [18–23]. The potential routes of exposure and corresponding
responses of honey bee larvae have not been thoroughly studied [24].

The hive is a shelter for bees, and fluvalinate is used as a medicine to control varroa
mites by applying it to the bee colony. Honey bees come in direct contact with fluvalinate
during in-hive applications. Adult honey bees pass over the commercial fluvalinate strips
used by beekeepers, then spread the chemical throughout the hive and subsequently to the
mites. Newly emerged generations may also be exposed through contact with fluvalinate
residue in honey and bee wax [25,26]. Treatment with fluvalinate can have negative effects
on the short-term learning, long-term responsiveness to sucrose, and survival of adult
honey bees [27]. Moreover, fluvalinate can be transmitted to larvae through bee wax [24]
and food by trophallaxis in the colony after sub-lethal exposure [28]. Few studies have
investigated the effects of fluvalinate on adult bee cognition [27,29–31] and the effects of
sublethal doses of fluvalinate on bee larvae [24,32–34]. Therefore, we evaluated the effects
of exposing larvae to fluvalinate contamination in the field by feeding purified fluvalinate
to honey bee larvae during their development and examined the learning ability of adult
bees that emerged from fluvalinate-polluted larvae.

2. Materials and Methods
2.1. Experimental Honey Bees

Healthy honey bees (Apis mellifera) were selected from the NIU experimental apiary
colonies (National Ilan University, Taiwan; GPS coordinates: N24.747278, E121.746200).
There were 7 combs in each experimental colony, containing over 20,000 bees and a healthy
laying queen. Oxalic acid was the only reagent used to control varroa mites in the ex-
perimental apiary. The tested colonies did not experience contact with fluvalinate before
treatment and they were without varroa mite control for 8 weeks. Before starting the exper-
iments, all colonies were checked to make sure they were not parasitized by the varroa mite
by washing them with water [35]. The colonies underwent normal management weekly
without mobilization.

2.2. Preparation of the Fluvalinate Solution
2.2.1. Purification of Fluvalinate

Since the price of fluvalinate standard powder is USD 81.40 for 100 mg (purity = 96.3%),
we prepared purified fluvalinate as a stock solution for subsequent experiments. In order
to obtain the amount of fluvalinate to meet the needs of the field experiment, the powder
was purified from the commercial fluvalinate pesticide (24% w/w emulsion, Makhteshim
Chemical Works Ltd., Beer Sheva, Israel). Briefly, 5 g of commercial fluvalinate was diluted
10-fold in double-distilled H2O (ddH2O) and mixed well with 60 g silica gel (Silicycle
R10040B, Midland Scientific Inc., La Vista, NE, USA). Next, the mixed fluvalinate–silica
gel was transferred into a burette (24/40 2.5 mm) and eluted with 500 mL of n-hexane (J.T.
Baker®, Inc 222 Red School Ln., Phillipsburg, NJ, USA). The eluted solvent was collected
and the purification procedure was repeated twice. The total eluted solvent was collected,
then evaporated by using a rotary evaporator system (Buchi Rotavapor R-215, BUCHI
Taiwan Ltd. Taipei, Taiwan) under reduced pressure to obtain purified fluvalinate. The
purified product was yellowish in color. One gram of purified fluvalinate was dissolved
in 1 mL of dimethyl sulfoxide (DMSO, purity 99.9%, Merck Ltd. Taiwan, Taipei, Taiwan)
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and prepared as a stock solution at a concentration of 1 g/L in ddH2O for the consequent
experiments and high-performance liquid chromatography (HPLC) assay.

2.2.2. High-Performance Liquid Chromatography (HPLC) Assay

Fluvalinate standard (Chem Service, https://www.chemservice.com/tau-fluvalinate-
n-13263-100mg.html (accessed on 8 March 2022) and purified fluvalinate stock solution
(1 g/L) were subjected to HPLC analysis by an Agilent 1200 Series chromatograph (Agilent,
Santa Clara, CA, USA). Sample separations were performed on an Agilent ZORBAX SB-C
18 (Agilent, Santa Clara, CA, USA)5 µm, 4.6 mm × 250 mm reversed-phase analytical
column. For chromatographic conditions, the elution was carried out with a fixed ratio
mixture consisting of 2 solvents (A + B = 70 + 30, v/v). Solvent A was 100% acetonitrile
and solvent B was 2% acetic acid in acetonitrile. The flow rate was 1.5 mL/min, the column
was kept at room temperature, and detection was performed at a wavelength of 230 nm.
The injection volume consisted of 10 µL. HPLC patterns of the fluvalinate standard and
purified fluvalinate stock solution were compared at a concentration of 1 g/L. HPLC results
indicated that the patterns of purified fluvalinate stock solution and fluvalinate standard
were identical (Figure S1), suggesting that the purification method was workable and
efficient (purity > 90%).

2.2.3. Preparation of Working Fluvalinate Solution

Fluvalinate stock solution (1 g/L) was serially diluted to final concentrations of 0, 0.1,
1, 10, and 100 mg/L in 0.1% DMSO for the following experiment; 0.1% DMSO in water was
prepared as the negative control (0 g/L).

2.3. Fluvalinate Feeding and Adult Bee Collection

Feeding and recording were performed according to our previous report [36]. Each
treatment included 4 replicates (4 colonies) and 50 cells containing 1-day-old worker larvae
in a comb, which were randomly selected and marked. For every dose, 1 µL of fluvalinate
solution was pipetted per cell once a day from day 1 to day 4. Control larvae (0 mg/mL)
received the same amount of 0.1% DMSO. This resulted in total fluvalinate concentrations
of 0.4, 4, 40, and 400 ng per larva for the 4 treatment doses. After adding fluvalinate, the
treated combs were returned to their original hives. The mortality and capping rates of
marked cells were assessed on day 7. On day 15, the pupae in the marked areas were
taken out from capped cells and put into 24-well tissue culture plates with double-layer
tissue papers (Kimwipes, Kimberly-Clark Corporation, Irving, TX, USA) at the bottom of
each well. The plates were kept in an incubator at 34 ◦C and 70% relative humidity until
emergence to record the eclosion rate. The adult honey bees were collected and subjected
to the following experiment.

Capping rate = (count of capped brood cells/number of marked cells) × 100%

Pupation rate = (count of pupae/number of marked cells) × 100%

Eclosion rate = (count of alive honey bees/number of marked cells) × 100%

2.4. Proboscis Extension Reflex (PER) Test

To investigate the effect of a sublethal dosage of fluvalinate on honey bees, their larvae
were treated as described above but with different concentrations of fluvalinate, from 0.0001
to 1 mg/L, equivalent to a total of 0.0004 to 4 ng of fluvalinate received by each larva. Newly
emerged honey bees were labeled with different colors on the scutum of the mid-thorax
and then put back into a normal colony to experience the same socialization. After 15 days,
the honey bees were collected into a plastic box until processing for the experiment. The
numbers of adult bees collected in each experimental group were as follows: 30 in the
blank unfed group, 30 in the 0.1% DMSO group, 37 in the 4 ng/larva group, 37 in the
0.4 ng/larva group, 25 in the 0.04 ng/larva group, 26 in the 0.004 ng/larva group, and

https://www.chemservice.com/tau-fluvalinate-n-13263-100mg.html
https://www.chemservice.com/tau-fluvalinate-n-13263-100mg.html
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30 in the 0.0004 ng/larva group. Conventional conditioning of the PER was performed
to test the olfactory associative behavior of fluvalinate-treated honey bees. Honey bees
were placed in a dark incubator at 25 ◦C and 40% relative humidity, where they were
starved for 4 h before the test. At the third hour of the starving period, the honey bees
were anesthetized by being placed in a 4 ◦C ice bucket for 5 to 10 min. After anesthesia,
they were fixed onto 1000 µL pipette tips by a beeswax/resin mixture and left for 1 h
until their physiological condition recovered. Cotton swabs dipped in 50% (w/v) sucrose
solution were applied to the honey bees’ antennae. Honey bees with a normal PER were
tested for their olfactory associative behavior, whereas those that could not produce a PER
response were eliminated. Approximately 30 honey bees per group were tested for their
olfactory associative behavior after various treatments. The PER training method of Yang
et al. [37] was used. The test for PER using odorous stimulation was only conducted once
the honey bees associated this stimulation with sugar water. Each honey bee went through
4 associative tests (conditioning 1–4) and the tests were held 20 min apart.

PER response rate = (count of honey bees with response/number of tested honey bees) × 100%

2.5. Statistics

The effects of fluvalinate on the larval capping, pupation, and eclosion rates were
analyzed by using Tukey’s honestly significant difference test (p < 0.05). The honey bees’
olfactory associative behavior 15 days after emergence was analyzed by the two-tailed
Kruskal–Wallis H test (p < 0.001) and two-tailed Mann–Whitney U test with Dunn–Šidák
correction at the 95% confidence level as a post hoc test. The data analysis was performed
using SPSS (Version 20.0.0) to analyze statistical differences among treatments.

3. Results
3.1. Effects of Fluvalinate on Honey Bee Larvae Development

During this study, 0.1% DMSO, a chemical solvent, was used to confirm the non-
effective influence of fluvalinate on honey bee development. According to our data, 0.1%
DMSO had no significant effect on the brood-capping, pupation, and eclosion rates com-
pared to the unfed control group (Table 1). The two higher doses (40 and 400 ng/larvae)
caused high mortality during the larval stage. The brood capping rates were 3.33% for
the 40 ng/larva group and 0% for the 400 ng/larva group (Table 1). The capping rates of
these two groups were significantly lower than those for the other groups (p < 0.05). In the
second high-dose group, even though the pupation rate was 3.33%, no pupa could enter
the next instar for eclosion (Table 1). There were no eclosed adults at both higher doses;
thus, the pupation and eclosion rates could not be measured (Table 1). For the two lower
dosages (0.4 and 4 ng/larva), the brood-capping, pupation, and eclosion rates were not
significantly different from either those of the 0.1% DMSO or unfed control group (Table 1).
As shown in Table 1, the dose of 4 ng/larva was the lethal threshold. Thus, we further
processed PER experiments for a dose of fluvalinate not exceeding 4 ng/larva.

Table 1. Effects of consecutive 4-day feeding of fluvalinate on 1-day-old larvae.

Fluvalinate
(ng/Larva)

Larval Development

Capping Rate (%) Pupation Rate (%) Eclosion Rate (%)

400 0 b 0 b 0 b

40 3.33 ± 6.7 b 3.33 ± 6.7 b 0 b

4 92.3 ± 6.5 a 88.5 ± 5.7 a 80.00 ± 5.9 a

0.4 95.7 ± 4.2 a 86.7 ± 3.4 a 82.68 ± 5.7 a

0.1% DMSO 96.3 ± 4.3 a 86.3 ± 8.6 a 82.00 ± 8.7 a

Unfed control 97.7 ± 2.9 a 91.2 ± 3.9 a 84.68 ± 5.7 a

Once a day, 1 µL of fluvalinate per concentration was added to each larval cell from day 1 to day 4. Each assay
contained 50 larvae in a colony and 4 replicates were tested. Mean ± SD are presented. Different letters in the
same column indicate significant differences by Tukey’s honestly significant difference test (p < 0.05).
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3.2. Influence of Fluvalinate on Olfactory Associative Behavior of Honey Bees

The olfactory associative behavior of 15-day-old adult honey bees that emerged from
larvae is shown in Figure 1. For the blank (unfed) treated group, the PER rate was 0%
for conditioning trial 0 (T0), 27.2% for T1, 45.45% for T2, 45.45% for T3, and 81.8% for
T4. For the 0.1% DMSO treated group, PER rates were 0, 33, 46, 43, and 70% for T0
to T4, respectively. The PER responses of these two groups showed a similar increased
pattern of learning ability. Our results indicate that the influence of 0.1% DMSO on the
olfactory associative behavior after eclosion can be ignored. The response rates of larvae
treated with the lowest dose of 0.0004 ng fluvalinate were 0, 50, 53, 56.6, and 63.33% for
T0 to T4, respectively (Figure 1). The rates for larvae treated with the dose of 0.004 ng
fluvalinate were 0, 31.25, 25, 12.5, and 31.25% for T0 to T4, respectively (Figure 1). When
the dose was increased to 0.04 ng, the response rates decreased to 0, 7.14, 14.2, 14.2, and
28.57% for T0 to T4, respectively. With the relatively high dose of 0.4 ng, the response
rates further dropped to 0, 5.4, 16.2, 10.8, and 13.51% for T0 to T4, respectively. With the
4 ng fluvalinate treatment, the response rates were 0, 24.2, 36.3, 21.21, and 24.2% for T0 to
T4, respectively (Figure 1). These results indicate that the PER rates of fluvalinate-treated
groups were dose dependent. There were no significant differences in PER rates among
the non-fluvalinate-treated groups (0.1% DMSO and blank) and the group treated with
0.0004 ng/larva of fluvalinate (p > 0.001) (Figure 1). The bees in the 0.1% DMSO, blank, and
0.0004 ng fluvalinate groups showed better olfactory associative ability than those treated
with doses higher than 0.0004 ng/larva (p < 0.001).

Figure 1. Olfactory associative behavior in honey bee adults following larval contamination with
fluvalinate. T0 is trial to test normality of honey bees. T1, T2, T3, and T4 are conditioning trials. A
and B indicate significant differences (p < 0.001) between treatments (two-tailed Kruskal–Wallis H
test, p < 0.001, compared with two-tailed Mann–Whitney U test with Dunn–Šidák correction at a 95%
confidence level).
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4. Discussion
4.1. Effects of Fluvalinate on Honey Bee Larval Development

The tested larvae were mostly raised by the colony, except when they were fed with
fluvalinate by the experimenters. This direct feeding method is as close as possible to the
natural conditions of a honey bee colony [37], in which the survival, capping, pupation,
and eclosion rates of larvae can be affected by the hygienic behavior of nurse bees. The
damage caused by nursing cannot be excluded when the nursing behavior is not measured.
Our study showed no effect on larval development in the group receiving 0.1% DMSO
(Table 1). Similar results were also reported when 1% or 0.1% DMSO was applied to honey
bee larvae [37], demonstrating that 0.1% DMSO was not the affecting factor. Fluvalinate is
commonly applied by beekeepers before the winter season to control the bee parasite V.
destructor. Generally, fluvalinate can still be detected 30 days after application in the hive
at an average (±SD) concentration of 1.29 ± 1.93 ng/bee [38]. This raises a concern that a
sublethal dose existed in the bee colony for a long time, and the fluvalinate residue may
exceed the doses used in this study. Benito-Murcia et al. [11] found the highest amount
of fluvalinate residue in bee bread (1960.5 ± 139.2 ng/mL), which is the main source of
nutrition for honey bee development. This might result in a cumulative effect of fluvalinate
in the food storage system of honey bees. In our research, we found that 40 ng/larva of
fluvalinate was a lethal dose to larval bees (Table 1). Compared to adults, larvae have up
to 7-fold increased sensitivity to pesticides [34,39]. Since fluvalinate is more widely used
in bee colonies and has been used for decades, these negative effects on bees should be
noticed. In this study, we observed that the groups receiving doses lower than 4 ng/larva
showed no significant decreases in the capping and pupation rates, motivating us to study
other non-lethal effects of these doses.

4.2. Influence of Fluvalinate on the Olfactory Associative Behavior of Honey Bees

Since no significant lethal effect was observed on development with the 4 ng/larva
treatment (Table 1), our data suggest that the olfactory associative behavior of adults was
impaired by sublethal doses (4 to 0.004 ng/larva) of fluvalinate treatment in the larval stage
(Figure 1). The Pavlovian conditioning method is widely used to assess honey bees’ ability
to learn, wherein they are trained to respond to a sensory cue, typically an odor, paired with
a nutritional reward [27,37]. Our understanding of the sublethal effect of fluvalinate on
honey bee larvae is relatively poorer compared to what has been reported for adult honey
bees. The olfactory associative ability results revealed that the groups receiving fluvalinate
in doses over 0.004 ng/larva had a significantly lower ability than non-fluvalinate-treated
groups (unfed and 0.1% DMSO) (Figure 1).

Lin et al. [40] indicated that olfactory modulation in honey bees under sublethal
exposure to fluvalinate is through the short neuropeptide F (sNPF) signaling pathways.
Topical application of fluvalinate at sublethal doses is known to reduce the movement of
individuals and their social exchanges with nest mates [41], which may lead to insufficient
socialization, resulting in decreased learning capacity. However, the learning ability of the
group treated with 0.0004 ng/larva of fluvalinate was not significantly different than the
blank and unfed control groups. We found that there was dose-dependent effect in the
groups treated with 0.004–0.4 ng/larva of fluvalinate, and the group with 0.4 ng/larva of
fluvalinate had the worst PER response (Figure 1).

Because the load of larval food before pupation is about 160 µL [42], it is possible that
bee larvae are contaminated by environmental fluvalinate residue. We did not monitor
the fluvalinate residue in the hive before the experiment. Fluvalinate could accumulate
in colony products, especially in bee wax [11]. Although the pesticide had never been
applied in these experimental colonies, it might have come from the foraging behavior of
adult workers. Surprisingly, in the group treated with 4 ng/larva of fluvalinate, the level
was a little higher than that in the groups with 0.4–0.004 ng/larva of fluvalinate groups,
but it was not statistically significant. This is the first finding that has never been seen
before, but we can still see a downward trend in the group’s PER response, which should
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predict a decreasing response if it continued for more trials. Compared to the result of
Yang et al. [37], imidacloprid at a dose of 0.004 ng/larva did not cause impaired olfactory
associative behavior, but in our study, only four trials of the PER experiment showed
a dramatically decreased PER response under the same fluvalinate dose. This finding
suggests that fluvalinate is a key influencing factor that is unfavorable to bees. The bee
larvae would be exposed to high risk in their developmental environment, which could
affect the subsequent associative ability of the adult bee workers. In this paper, we suggest
that a very low dose of fluvalinate could also modulate the development of honey bee
larvae, resulting in impaired PER.

5. Conclusions

The low level of fluvalinate application in honey bee colonies in the field may lead
to adverse effects on both larvae and adults. The brood-capped rate of larvae was found
to decrease dramatically when the treatment dose increased to at least 40 ng/larva of
fluvalinate. Moreover, we found that the olfactory associative behavior of adult bees was
impaired when they had been treated with fluvalinate at doses from 0.004 to 4 ng/larva
in the larval stage. These results demonstrate that a sublethal dose of fluvalinate given to
larvae affects the subsequent associative ability of adult honey bee workers. A sublethal
dose of fluvalinate may indirectly affect the survival condition of the entire colony by
reducing the learning behavior of fluvalinate-polluted workers. Thus, we suggest that
beekeepers should reduce the use of fluvalinate. The efficacy of various organic materials
in controlling varroa mites has been proven, thus mitigating undesired residues that may
exert harmful effects on honey bees.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13030273/s1, Figure S1. Comparison of high performance
liquid chromatography (HPLC) pattern of fluvalinate standard (A) and the purified fluvalinate stock
(B) at the concentration of 1 g/L (in 0.1% DMSO).

Author Contributions: Conceptualization, Y.-W.C.; methodology, C.-T.C. and Y.-W.C.; validation,
Y.-S.N. and Y.-W.C.; formal analysis, W.L. and C.-T.C.; investigation, W.L.; data curation, C.-Y.K. and
Y.-S.N.; writing—original draft preparation, C.-Y.K. and Y.-S.N.; writing—review and editing, Y.-S.N.
and Y.-W.C.; visualization, Y.-S.N.; supervision, Y.-W.C.; project administration, Y.-W.C.; funding
acquisition, Y.-W.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grant 107AS-1.2.7-S-aZ from the Council of Agriculture, Ex-
ecutive Yuan, and grant MOST 110-2313-B-197-001-MY3 from the Ministry of Science and Technology.

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Material.

Acknowledgments: This research was supported by grant 110B4011-1 from the Bureau of Animal and
Plant Health Inspection and Quarantine, Council of Agriculture, Executive Yuan, and grant MOST
110-2313-B-197-001-MY3 from the Ministry of Science and Technology, National Science Council
of Taiwan.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Kevan, P.G. Forest application of the insecticide fenitrothion and its effect on wild bee pollinators (Hymenoptera: Apoidea) of

lowbush blueberries (Vaccinium spp.) in Southern New Brunswick, Canada. Biol. Conserv. 1975, 7, 301–309. [CrossRef]
2. Bitterman, M.E.; Menzel, R.; Fietz, A.; Schafer, S. Classical conditioning of proboscis extension in honeybees (Apis mellifera). J.

Comp. Psychol. 1983, 97, 107–119. [CrossRef] [PubMed]
3. Lu, C.; Chang, C.-H.; Tao, L.; Chen, M. Distributions of neonicotinoid insecticides in the Commonwealth of Massachusetts: A

temporal and spatial variation analysis for pollen and honey samples. Environ. Chem. 2016, 13, 4–11. [CrossRef]
4. Currie, R.W.; Pernal, S.F.; Guzmán-Novoa, E. Honey bee colony losses in Canada. J. Apic. Res. 2015, 49, 104–106. [CrossRef]

https://www.mdpi.com/article/10.3390/insects13030273/s1
https://www.mdpi.com/article/10.3390/insects13030273/s1
http://doi.org/10.1016/0006-3207(75)90045-2
http://doi.org/10.1037/0735-7036.97.2.107
http://www.ncbi.nlm.nih.gov/pubmed/6872507
http://doi.org/10.1071/EN15064
http://doi.org/10.3896/IBRA.1.49.1.18


Insects 2022, 13, 273 8 of 9

5. Guzmán-Novoa, E.; Eccles, L.; Calvete, Y.; McGowan, J.; Kelly, P.G.; Correa-Benítez, A. Varroa destructoris the main culprit for
the death and reduced populations of overwintered honey bee (Apis mellifera) colonies in Ontario, Canada. Apidologie 2010, 41,
443–450. [CrossRef]

6. Le Conte, Y.; Ellis, M.; Ritter, W. Varroa mites and honey bee health: Can Varroa explain part of the colony losses? Apidologie 2010,
41, 353–363. [CrossRef]

7. Adamczyk, S.; Lazaro, R.; Perez-Arquillue, C.; Bayarri, S.; Herrera, A. Impact of the use of fluvalinate on different types of
beeswax from Spanish hives. Arch. Environ. Contam. Toxicol. 2010, 58, 733–739. [CrossRef]

8. Davies, T.G.; Field, L.M.; Usherwood, P.N.; Williamson, M.S. DDT, pyrethrins, pyrethroids and insect sodium channels. IUBMB
Life 2007, 59, 151–162. [CrossRef]

9. Ray, D.E.; Fry, J.R. A reassessment of the neurotoxicity of pyrethroid insecticides. Pharmacol. Ther. 2006, 111, 174–193. [CrossRef]
10. Sherby, S.M.; Eldefrawi, A.T.; Deshpande, S.S.; Albuquerque, E.X.; Eldefrawi, M.E. Effects of pyrethroids on nicotinic acetylcholine

receptor binding and function. Pestic. Biochem. Physiol. 1986, 26, 107–115. [CrossRef]
11. Benito-Murcia, M.; Bartolome, C.; Maside, X.; Bernal, J.; Bernal, J.L.; Del Nozal, M.J.; Meana, A.; Botias, C.; Martin-Hernandez, R.;

Higes, M. Residual tau-fluvalinate in honey bee colonies is coupled with evidence for selection for Varroa destructor resistance to
pyrethroids. Insects 2021, 12, 731. [CrossRef] [PubMed]

12. Tremolada, P.; Bernardinelli, I.; Colombo, M.; Spreafico, M.; Vighi, M. Coumaphos distribution in the hive ecosystem: Case study
for modeling applications. Ecotoxicology 2004, 13, 589–601. [CrossRef] [PubMed]

13. Sammataro, D.; de Guzman, L.; George, S.; Ochoa, R.; Otis, G. Standard methods for tracheal mite research. J. Apic. Res. 2015, 52,
1–20. [CrossRef]

14. Gonzalez-Cabrera, J.; Rodriguez-Vargas, S.; Davies, T.G.; Field, L.M.; Schmehl, D.; Ellis, J.D.; Krieger, K.; Williamson, M.S. Novel
mutations in the voltage-gated sodium channel of pyrethroid-resistant Varroa destructor populations from the Southeastern USA.
PLoS ONE 2016, 11, e0155332. [CrossRef]

15. Kamler, M.; Nesvorna, M.; Stara, J.; Erban, T.; Hubert, J. Comparison of tau-fluvalinate, acrinathrin, and amitraz effects on
susceptible and resistant populations of Varroa destructor in a vial test. Exp. Appl. Acarol. 2016, 69, 1–9. [CrossRef]

16. Higes, M.; Martin-Hernandez, R.; Hernandez-Rodriguez, C.S.; Gonzalez-Cabrera, J. Assessing the resistance to acaricides in
Varroa destructor from several Spanish locations. Parasitol. Res. 2020, 119, 3595–3601. [CrossRef]

17. Trouiller, J. Monitoring Varroa jacobsoni resistance to pyrethroids in western Europe. Apidologie 1998, 29, 537–546. [CrossRef]
18. Millan-Leiva, A.; Marin, O.; Christmon, K.; vanEngelsdorp, D.; Gonzalez-Cabrera, J. Mutations associated with pyrethroid

resistance in Varroa mite, a parasite of honey bees, are widespread across the United States. Pest Manag. Sci. 2021, 77, 3241–3249.
[CrossRef]

19. Elzen, P.J.; Eischen, F.A.; Baxter, J.R.; Elzen, G.W.; Wilson, W.T. Detection of resistance in US Varroa jacobsoni Oud.(Mesostigmata:
Varroidae) to the acaricide fluvalinate. Apidologie 1999, 30, 13–17. [CrossRef]

20. Bell, J.; Gloor, S.; Camazine, S. Biochemical mechanisms of fluvalinate resistance in Varroa jacobsoni mites. Am. Bee J. 1999, 139,
308–309.

21. Elzen, P.; Eischen, F.; Baxter, J.; Pettis, J.; Elzen, G.; Wilson, W. Fluvalinate resistance in Varroa jacobsoni from several geographic
locations. Am. Bee J. 1998, 138, 674–676.

22. Martin, S.J. Acaricide (pyrethroid) resistance in Varroa Destructor. Bee World 2004, 85, 67–69. [CrossRef]
23. Macedo, P.; Ellis, M.; Siegfried, B. Detection and quantification of fluvalinate resistance in Varroa mites in Nebraska. Am. Bee J.

2002, 142, 523–526.
24. Fulton, C.A.; Huff Hartz, K.E.; Reeve, J.D.; Lydy, M.J. An examination of exposure routes of fluvalinate to larval and adult honey

bees (Apis mellifera). Environ. Toxicol. Chem. 2019, 38, 1356–1363. [CrossRef]
25. Bogdanov, S. Contaminants of bee products. Apidologie 2005, 37, 1–18. [CrossRef]
26. Korta, E.; Bakkali, A.; Berrueta, L.A.; Gallo, B.; Vicente, F.; Kilchenmann, V.; Bogdanov, S. Study of acaricide stability in honey.

Characterization of amitraz degradation products in honey and beeswax. J. Agric. Food Chem. 2001, 49, 5835–5842. [CrossRef]
27. Frost, E.H.; Shutler, D.; Hillier, N.K. Effects of fluvalinate on honey bee learning, memory, responsiveness to sucrose, and survival.

J. Exp. Biol. 2013, 216, 2931–2938. [CrossRef]
28. Smodis Skerl, M.I.; Kmecl, V.; Gregorc, A. Exposure to pesticides at sublethal level and their distribution within a honey bee (Apis

mellifera) colony. Bull. Environ. Contam. Toxicol. 2010, 85, 125–128. [CrossRef]
29. Decourtye, A.; Devillers, J.; Cluzeau, S.; Charreton, M.; Pham-Delegue, M.H. Effects of imidacloprid and deltamethrin on

associative learning in honeybees under semi-field and laboratory conditions. Ecotoxicol. Environ. Saf. 2004, 57, 410–419.
[CrossRef]

30. Taylor, K.S.; Waller, G.D.; Crowder, L.A. Impairment of a classical conditioned response of the honey bee (Apis mellifera L.) by
sublethal doses of synthetic pyrethroid insecticides. Apidologie 1987, 18, 243–252. [CrossRef]

31. Zhou, T.; Zhou, W.; Wang, Q.; Dai, P.-L.; Liu, F.; Zhang, Y.-L.; Sun, J.-H. Effects of pyrethroids on neuronal excitability of adult
honeybees Apis mellifera. Pest. Biochem. Physiol. 2011, 100, 35–40. [CrossRef]

32. Dai, P.; Jack, C.J.; Mortensen, A.N.; Bustamante, T.A.; Ellis, J.D. Chronic toxicity of amitraz, coumaphos and fluvalinate to Apis
mellifera L. larvae reared in vitro. Sci. Rep. 2018, 8, 5635. [CrossRef] [PubMed]

33. Dai, P.; Jack, C.J.; Mortensen, A.N.; Ellis, J.D. Acute toxicity of five pesticides to Apis mellifera larvae reared in vitro. Pest Manag.
Sci. 2017, 73, 2282–2286. [CrossRef] [PubMed]

http://doi.org/10.1051/apido/2009076
http://doi.org/10.1051/apido/2010017
http://doi.org/10.1007/s00244-009-9387-7
http://doi.org/10.1080/15216540701352042
http://doi.org/10.1016/j.pharmthera.2005.10.003
http://doi.org/10.1016/0048-3575(86)90082-9
http://doi.org/10.3390/insects12080731
http://www.ncbi.nlm.nih.gov/pubmed/34442297
http://doi.org/10.1023/B:ECTX.0000037193.28684.05
http://www.ncbi.nlm.nih.gov/pubmed/15526863
http://doi.org/10.3896/IBRA.1.52.4.20
http://doi.org/10.1371/journal.pone.0155332
http://doi.org/10.1007/s10493-016-0023-8
http://doi.org/10.1007/s00436-020-06879-x
http://doi.org/10.1051/apido:19980606
http://doi.org/10.1002/ps.6366
http://doi.org/10.1051/apido:19990102
http://doi.org/10.1080/0005772X.2004.11099632
http://doi.org/10.1002/etc.4427
http://doi.org/10.1051/apido:2005043
http://doi.org/10.1021/jf010787s
http://doi.org/10.1242/jeb.086538
http://doi.org/10.1007/s00128-010-0069-y
http://doi.org/10.1016/j.ecoenv.2003.08.001
http://doi.org/10.1051/apido:19870304
http://doi.org/10.1016/j.pestbp.2011.02.001
http://doi.org/10.1038/s41598-018-24045-3
http://www.ncbi.nlm.nih.gov/pubmed/29618776
http://doi.org/10.1002/ps.4608
http://www.ncbi.nlm.nih.gov/pubmed/28485079


Insects 2022, 13, 273 9 of 9

34. Zhu, W.; Schmehl, D.R.; Mullin, C.A.; Frazier, J.L. Four common pesticides, their mixtures and a formulation solvent in the hive
environment have high oral toxicity to honey bee larvae. PLoS ONE 2014, 9, e77547. [CrossRef]

35. Dietemann, V.; Nazzi, F.; Martin, S.J.; Anderson, D.L.; Locke, B.; Delaplane, K.S.; Wauquiez, Q.; Tannahill, C.; Frey, E.; Ziegelmann,
B.; et al. Standard methods for varroa research. J. Apic. Res. 2015, 52, 1–54. [CrossRef]

36. Ko, C.Y.; Chen, Y.W.; Nai, Y.S. Evaluating the effect of environmental chemicals on honey bee development from the individual to
colony level. J. Vis. Exp. 2017, 122, e55296. [CrossRef]

37. Yang, E.C.; Chang, H.C.; Wu, W.Y.; Chen, Y.W. Impaired olfactory associative behavior of honeybee workers due to contamination
of imidacloprid in the larval stage. PLoS ONE 2012, 7, e49472. [CrossRef]

38. Erban, T.; Vaclavikova, M.; Tomesova, D.; Halesova, T.; Hubert, J. tau-Fluvalinate and other pesticide residues in honey bees
before overwintering. Pest Manag. Sci. 2019, 75, 3245–3251. [CrossRef]

39. Atkins, E.L.; Kellum, D. Comparative morphogenic and toxicity studies on the effect of pesticides on honeybee brood. J. Apic. Res.
2015, 25, 242–255. [CrossRef]

40. Lim, S.; Yunusbaev, U.; Ilyasov, R.; Lee, H.S.; Kwon, H.W. Abdominal contact of fluvalinate induces olfactory deficit in Apis
mellifera. Pestic. Biochem. Physiol. 2020, 164, 221–227. [CrossRef]

41. Teeters, B.S.; Johnson, R.M.; Ellis, M.D.; Siegfried, B.D. Using video-tracking to assess sublethal effects of pesticides on honey
bees (Apis mellifera L.). Environ. Toxicol. Chem. 2012, 31, 1349–1354. [CrossRef] [PubMed]

42. Aupinel, P.; Fortini, D.; Dufour, H.; Tasei, J.; Michaud, B.; Odoux, J.; Pham-Delegue, M. Improvement of artificial feeding in a
standard in vitro method for rearing Apis mellifera larvae. Bull. Insectol. 2005, 58, 107.

http://doi.org/10.1371/journal.pone.0077547
http://doi.org/10.3896/IBRA.1.52.1.09
http://doi.org/10.3791/55296
http://doi.org/10.1371/journal.pone.0049472
http://doi.org/10.1002/ps.5446
http://doi.org/10.1080/00218839.1986.11100725
http://doi.org/10.1016/j.pestbp.2020.02.005
http://doi.org/10.1002/etc.1830
http://www.ncbi.nlm.nih.gov/pubmed/22488825

	Introduction 
	Materials and Methods 
	Experimental Honey Bees 
	Preparation of the Fluvalinate Solution 
	Purification of Fluvalinate 
	High-Performance Liquid Chromatography (HPLC) Assay 
	Preparation of Working Fluvalinate Solution 

	Fluvalinate Feeding and Adult Bee Collection 
	Proboscis Extension Reflex (PER) Test 
	Statistics 

	Results 
	Effects of Fluvalinate on Honey Bee Larvae Development 
	Influence of Fluvalinate on Olfactory Associative Behavior of Honey Bees 

	Discussion 
	Effects of Fluvalinate on Honey Bee Larval Development 
	Influence of Fluvalinate on the Olfactory Associative Behavior of Honey Bees 

	Conclusions 
	References

