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Abstract— Honey bees that leave the hive and collect nectar or pollen from pesticide-treated plants are susceptible to
be poisoned. Acetamiprid is a new class of insecticide and a member of the neonicotinoids that has been widely
applied in the field for pest control. However, effects of sublethal doses of acetamiprid on worker bees are not yet fully
understood. In this study, we examined effects of sublethal doses of acetamiprid on lifespan and memory-related
characteristics. Newly emerged worker bees from a single colony were randomly divided into four groups, and this
experiment was repeated three times using three different colonies. Three doses (0.5, 1, and 2 pg/bee) of acetamiprid
diluted by water were added on the thorax of worker bees while bees were exposed to pure water as a control (0 pg/
bee). The lifespan of bees treated with acetamiprid at a concentration over 1 pg/bee was significantly reduced, while
there was no significant difference between the 0.5 pg/bee group and 0 pg/bee group. All three doses of acetamiprid
affected the memory-related characteristics of bees, reduced the success of proboscis extension response (PER),
affected homing ability, and influenced expression levels of two learning- and memory-related genes compared with

the control group. This research confirms that sublethal doses of acetamiprid affect the survival of honey bees.
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1. INTRODUCTION

Honey bees play a significant role in agricultur-
al production and in maintaining ecological bal-
ance. Apiculture not only provides abundant hive
products, such as honey, pollen, royal jolly, wax,
and propolis, but also supports the pollination of
73% of crop species (Klein et al. 2007). In recent
years, insecticides have been used widely for pest
control, but bees being poisoned have been fre-
quently reported (Greig-Smith et al. 1995; Thomp-
son et al. 2010). Compared with other insect ge-
nomes, bee genomes are significantly deficient in
coding a number of detoxifying enzymes includ-
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ing cytochrome P450 monooxygenases (P450s),
glutathione-S-transferases (GSTs), and carboxyl/
cholinesterases (CCEs) (Claudianos et al. 2010;
Johnson et al. 2010). Pesticides applied to crops
mainly include neonicotinoids, pyrethroids, or-
ganophosphates, and carbamates, and among
them, neonicotinoids are the most widely used
around the world (Abrol 2013). Additionally,
neonicotinoids have higher selectivity for in-
sects versus mammals than other insecticides
(Tomizawa and Casida 2004), which includes
acetamiprid, imidacloprid, thiamethoxam,
clothianidin, thiacloprid, dinotefuran,
nitenpyram, and nithiazine, which are commer-
cially available and sold under a variety of trade
names (Fairbrother et al., 2014).

Increasing concerns have been raised about bee
declines, and researchers have focused on the new
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insecticide class that includes neonicotinoids (Tan
etal. 2014; Abdel-Kader et al. 2017). Researchers
have studied the differential toxicity of
neonicotinoid insecticides in honey bees through
determining the acute LD50 values, and the re-
sults showed that the nitro-substituted compounds
for imidacloprid, clothianidin, thiamethoxam,
dinotefuran, and nitenpyram were the most toxic
to honey bees under laboratory conditions, while
the cyano-substituted neonicotinoids for
acetamiprid and thiacloprid exhibited much lower
toxicities (Iwasa et al. 2004). In addition, scholars
not only have studied the acute toxicity of insec-
ticides to honey bees but also have paid more
attention recently to sublethal effects on honey
bees (Thompson 2003; Desneux et al. 2007;
Bohme et al. 2016). Sublethal effects have been
described as effects on physiology and behavior
of an individual that experienced pesticide expo-
sure not immediately resulting in death (Desneux
et al. 2007), especially for a bee exposed to field-
realistic doses of insecticides over the long term.
Hillier et al. (2013) found that the mortality of
honey bees exposed to fluvalinate rapidly in-
creased as dosages increased, and subsequently
negative effects of fluvalinate on learning and
memory of honey bees had been assessed using
PER conditioning techniques (Frost et al. 2013).
Moreover, the seed of crops treated with pesticide
also affect honey bees (Cutler and Scott-Dupree
2014; Cutler et al. 2014).

The fact that acetylcholine as an important neu-
rotransmitter in insect brains plays a key role in
insect daily behavior is generally acknowledged,
while neonicotinoids can selectively bind to insect
nicotinic acetylcholine receptors (nAChRs) for ef-
ficiently controlling pests (Breer 1987; Bicker
2015). However, neonicotinoids also have com-
monly potential effects on some non-target insects
such as bees (Hassani et al. 2008; Cutler and Scott-
Dupree 2014; Fischer et al. 2014). The
neonicotinoid insecticide acetamiprid is a member
of a new class of broad spectrum insecticides that
is widely applied in agricultural crops, and it is
popular due to specific effects on controlling pests
that become resistant to other classes of pesticides,
such as organophosphates, pyrethroids, and carba-
mates. Acetamiprid can be widely applied to crops
at different times throughout the year, but pollen
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and nectar from acetamiprid-treated crops can also
be contaminated. Therefore, it is inevitable that
bees will collect this contaminated food during
foraging. When foragers return to their hive after
collecting, pesticide-polluted pollen and nectar are
transferred to cells in combs. Furthermore, bee-
hives are usually placed near crops for improving
the collection efficiency. When crops are being
sprayed with pesticides, foraging bees are ex-
posed. Meanwhile, there will be pesticides that
diffuse in the air and bees in the beehive will also
contact aerosolized pesticides. Then, all individ-
uals in the colony will have been threatened by
pesticide residue. Researchers have found that
younger bees, especially newly emerged worker
bees, are deeply affected by pesticide-polluted bee
products (Girolami et al. 2009; Pohorecka et al.
2012). This study examined effects of sublethal
acetamiprid doses on honey bee lifespan, learning
and memory performance, homing ability, and
related gene expression of the glutamate receptor
A (GluRA) and the N-methyl-d-as-partic acid re-
ceptor (Nmdar) (Kucharski et al. 2007; Zachepilo
et al. 2008). The ionic receptor of Nmdar is one of
the important excitatory amino acid receptors in
the central nervous system, which plays a key role
in learning and memory processes. More impor-
tantly, the mRNA is expressed in whole brain
neurons and glial cells of bees (Zachepilo et al.
2008). GluRA is considered to be the main excit-
atory neurotransmitter in vertebrate brains in reg-
ulating learning and memory, as well as a metab-
otropic glutamate receptor presenting in inverte-
brate brains such as honey bees, and it also plays
an important role in cell differentiation and synap-
se formation during the development of the ner-
vous system (Danbolt 2001; Kucharski et al.
2007). The intention is to determine the dose range
of acetamiprid that is hazardous to honey bees.

2. METHODS
2.1. Experimental design

Experimental bee colonies (A. mellifera) were
kept in the apiary at the Honeybee Research Insti-
tute, Jiangxi Agricultural University, Nanchang,
China (28.46° N, 115.49° E). Three A. mellifera
colonies were selected to restrict queens in an



empty frame to lay eggs for 24 h. Approximately
19 days later, frames with capped brood were
removed from each colony and transferred into
an incubator (7 35 °C; RH 75%) for worker bee
emergence. Newly emerged worker bees from a
single colony were randomly divided into four
cages, and each cage had approximately 200 bees.
This experiment was repeated three times by
using three different colonies.

The acetamiprid (70% water dispersible granule)
used in this experiment was provided by Jiangxi
Heyi Chemical Co., Ltd. According to field-
realistic concentrations of acetamiprid provided by
the manufacturer (50~500 mg/L), we set three con-
centrations (333, 667, and 1333 mg/L) of
acetamiprid to apply to bees. Distilled water was
used to replace organic solvents to dissolve
acetamiprid and obtain desired concentrations. To
identify whether sublethal acetamiprid doses affect
lifespan and memory-related characteristics of work-
er bees of A. mellifera, bees of each treatment
received a drop of 1.5 pL acetamiprid solution
(containing 0.5, 1, and 2 pg/bee acetamiprid) on
the thorax respectively while bees received a drop
of distilled water as a control (0 pg/bee). After
thoracic application of all bees in each treatment,
all cages were transferred into an incubator (7
35 °C; RH 75%) for caged rearing.

2.2. The survival of worker bees

After newly emerged worker bees received the
topical treatment of acetamiprid, bees of each
treatment were kept in a wooden cage and were
fed with 50% sucrose water that did not contain
any acetamiprid. Bees were received adequate
syrup supply each day and records of mortality
were kept in each group until all of the bees died
(Liao et al., 2017, 2018).

2.3. The proboscis extension response
(PER) experiments of worker bees

Newly emerged worker bees were prepared
and then received a drop of different acetamiprid
doses (0, 0.5, 1, and 2 pg/bee) as described above.
When bees were kept in an incubator (7 35 °C;
RH 75%) for rearing to the seventh day, PER
conditioning experiments were conducted to

examine learning and memory performance of
worker bees from each treatment group. During
PER experiments, approximately 30 bees from
each treatment group were captured and
immobilized on ice to chill in a short time (3-5
min), because researchers have found that ice
chilling did not appear to affect the memory of
honey bees compared with other cold immobili-
zation methods (Frost et al. 2011). Each bee was
bound in a U-shaped metal tube with thin strips of
GAFFA tape so that the whole body was fixed,
but the head and two prolegs were free. Then,
worker bees were fed with two or three drops of
50% sucrose water and transferred into an incu-
bator (7" 35 °C; RH 75%) to recover. After more
than 2 h of fasting, bees were taken out of the
incubator, and those in a poor state (the head and
antennae were inactive when touched) were re-
moved. Finally, the remaining healthy bees were
trained and tested for olfactory learning according
to the PER method of Letzkus et al. (2006). Two
scents, limonene and vanilla, were used as a pos-
itive and negative unconditioned stimulus, respec-
tively. The positive stimulus (reward) was using
limonene plus 1 M sugar solution while the neg-
ative stimulus (punishment) was using vanilla
plus saturated salt solution. Bees were trained
three times repeatedly to discriminate between
these two different scents, and three repeats with
an interval of 6 min were given. Then, bees were
fed enough sugar and returned to the incubator for
overnight storage. Memory tests were performed
three times with an interval of 6 min in each group
on the second morning using the above two
scents. If a bee’s correct responses to the negative
and positive stimuli were more than incorrect
responses, this bee was considered PER success
(Liao et al. 2018).

2.4. The homing ability experiments

Approximately 800 fresh individuals from a
single colony were unevenly divided into four
groups. Bees were treated with different doses of
acetamiprid solutions in the same way as de-
scribed above. Then, bees treated with different
doses of acetamiprid were marked with different
colors and introduced into a colony (only two or
three combs). When marked bees were 20 days
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old, approximately 20 marked bees were caught
with tweezers and put into a dark styrofoam con-
tainers. A location precisely 1 km away from the
beehive was identified by a global positioning
system (GPS). Marked worker bees were released
from the location, and all of foragers returned to
the hive before dark according to the experimental
method adopted by He et al. (2016). We calculat-
ed homing rates in different groups. Each group
included three replicates with three different
colonies.

2.5. Relative gene expression related to
learning and memory of worker bees

Freshly worker bees were prepared and treated
as above, and then, bees were introduced to the
original colonies after being marked with different
colors corresponding to four different treatment
groups. The experiment colonies received stan-
dard breeding by a professional beekeeper. Nine
bees were collected from each group at stages of
7 days old and 20 days old, and the heads of three
bees from each group in the same day were pooled
to form a sample, so that each group included
three samples, and each group had three repeti-
tions. Relative expression levels of Nmdar and
GluRA were quantified in the heads of 7-day-old
and 20-day-old worker bees. RT-qPCR was ac-
complished by using CFX96 with gene-specific
primers listed in Table 1, and the (3-actin gene was
used as an internal control. All samples were
measured in triplicate. Relative expression levels
of these genes among four groups were calculated
with methods adopted by Huang et al. (2012).

2.6. Statistical analyses

We analyzed the survival of experimental
worker bees according to the Kaplan-Meier meth-
od using the SPSS17.0 software. We tested for
differences in survival among four groups using
log-rank tests in SPSS17.0. The PER, homing
rate, and gene expression were further analyzed
by using analysis of variance (ANOVA) and mul-
tivariate ANOVA; when P <0.05, we used the
ANOVA test followed with Fisher’s LSD test to
determine whether there were any differences
among different groups.
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3. RESULTS

3.1. Effect of acetamiprid on the lifespan of
A. mellifera worker bees

Average lifespans of the 1 pg/bee group
and 2 pg/bee group were significantly lower
than those of the 0 pg/bee group and 0.5 pg/
bee group (y*=85.15, df=3, P <0.001;
Table 2), and the average lifespan of the
2 pg/bee group decreased more significantly
than that of the 1 pg/bee group (x>=7.6,
df=1, P =0.007). There were no significant
differences between the 0 pg/bee group and
0.5 pg/bee group (y*=2.3, df=1, P =
0.102). Over half of the worker bees in the
2 pg/bee group died approximately at the age
of 15 days, while the highest mortality in bees
treated with acetamiprid in the 0 pg/bee
group and 0.5 pg/bee group was observed at
approximately day 20 and later (Fig. 1).

3.2. Effect of acetamiprid on the PER
success rate of A. mellifera worker bees

According to PER conditioning results, the
PER success rate of the 0 pg/bee group was
significantly higher than those of the other
acetamiprid-treated groups (F'5, §=19.5, df=
3, P <0.001; Fig. 2). In addition, PER success
rates of the 1 pg/bee and 2 pg/bee dose groups
were both significantly lower than that of the
0.5 npg/bee group (F,6=7.0, df=2, P =
0.027), while there was no significant differ-
ence between the 1 pg/bee group and 2 pg/bee
group (P =0.421).

3.3. Effect of acetamiprid on homing ability
in A. mellifera worker bees

Homing rates of worker bees in the 0 pg/bee
group was significantly higher than those in the
other groups (F3, g=7.2, df=3, P =0.012;
Fig. 3), while there were no significant differences
between the 0.5 pg/bee, 1 pg/bee, and 2 pg/bee
groups (£, ¢=0.1,df=2, P =0.885).



Table 1. Primer sequences of genes for real-time quantitative PCR.

Gene name Forward primer (5'-3") Reverse primer (5'-3")

Nmdar GATCTCAGAGTCGAAGCCCG ACAGCCTTGGTGTATTCCCG
GIuRA TTTCCGCGTCAGTAGCTCTC CGCATGCTGTATGTTCCACG
[-actin TCCTGCTATGTATGTCGC AGTTGCCATTTCCTGTTC

3.4. Effect of acetamiprid on the relative
expression of learning- and memory-
related genes in A. mellifera worker
bees

Relative expression levels of three acetamiprid-
treated groups of Nmdar and GluRA were both
significantly lower than that of the 0 pg/bee group
(Fig. 4a: F 5 3,=23.3,df=3, P <0.001; Fig. 4b:
F3’ 32 = 175, df= 3, P =0001, Flg 5b: F3’ 3=
20.8, df=3, P <0.001), except the expression of
Nmdar in 20-day-old worker bees between the
0.5 pg/bee and 0 pg/bee groups (Fig. 5a). Nmdar
relative expression levels of the 2 pg/bee group
were significantly lower than those of other
groups (F'3, 3,=23.3, df=3, P <0.001), and
there were no significant differences between the
0.5 pg/bee group and 1 pg/bee group (P =0.623;
Fig. 4a); GIuRA relative expression levels of the
1 pug/bee group and 2 pg/bee group were signifi-
cantly lower than those of the other groups (F 5,
3p=17.5,df=3, P =0.001), while there was no
significant difference in the expression level be-
tween the 1 pg/bee and 2 pg/bee groups (P =
0.257; Fig. 4b). Nmdar expression levels of the
1 pg/bee group and 2 pg/bee group were both

Table 2. Effects of different acetamiprid doses on the
average lifespan of Apis mellifera worker bees

Groups Average lifespan ~ Median Sample size
(ng/bee) (Mean + SE)

0.0 17.694+0.381° 20 599

0.5 18.657+0.426° 21 630

1.0 15.751+0.376° 18 738

2.0 13.673+0.446° 15 636

Values (mean + SE) in the same column with different letters
are significantly different (Log-rank test, P <0.05).

significantly lower than that of the 0 pg/bee group
(Fo24=11.9,df=3, P =0.008; Fig. 5a), and the
expression level in the 2 pg/bee group was signif-
icantly lower than that of the 0.5 pg/bee group
(P =0.016), while there were no significant dif-
ferences between the other groups (P, o5 =
0057, P(O.S, n= 0212, P(l, 2) = 0127) The Sig-
nificant difference in expression levels of the
GluRA gene among the four groups in Fig. S5b
were consistent with results shown in Fig. 4a.

4. DISCUSSION

A previous study showed that honey bees prefer
food containing neonicotinoid pesticides (Kessler
et al. 2015), which suggests that nectar and pollen
collected by honey bees may contain more
neonicotinoid pesticide residues. Overall,
contaminated nectar and pollen are inevitably
being collected and transported into the hive, and
all individuals are indirect affected in the hive by
contaminated nectar and pollen through the social
behavior of trophallaxis or food sharing. Wu et al.
(2011) have found that pesticide residues in contam-
inated brood comb could reduce worker bee longev-
ity and development. Recently, a newer work has
also found adverse effects of imidacloprid on
queens’ fecundity, worker bees foraging and hygien-
ic activities, and colony development (Wu-Smart
and Spivak 2016). In this paper, our results showed
adverse effects of acetamiprid on lifespan, olfactory
memory, homing ability, and two learning- and
memory-related genes of A. mellifera. Results of
the survival ability of newly emerged worker bees
showed that average lifespans of the higher doses
groups (2 pg/bee and 1 pg/bee) were significantly
lower than those of the lower dose groups (0.5 pg/
bee and 0 pg/bee), indicating that acetamiprid at
more than 1 pg/bee could affect the lifespan of
honey bees. However, bees that received a drop with
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Figure 1. Effects of acetamiprid on the survival of A. mellifera workers, using the Kaplan-estimator of the survival
function. N represents the total number of bees in each treatment group

an acetamiprid-treated solution of 0.5 pg/bee Social insects, especially for bees, have sophis-
showed no significant difference from bees in the ticated learning and memory abilities, which reg-
0 pg/bee group, and this result was identical to the  ulate complex social behaviors (Frost et al. 2012).

finding of Hassani et al. (2008). The olfactory conditioned PER can be used to
§ 80-
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Figure 2. Effects of different doses of acetamiprid on the success rate of PER conditioning. The X -axis represents
treated concentrations of each group, and the histogram shows the percentage of 7-day-old worker bees that
responded correctly in the PER memory test. Each group has a single error bar and shows the mean + SE of three

biological replicates. The different letters above the bars indicate significant differences (ANOVA, P <0.05). N
represents the sample size.
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Figure 3. Effects of different concentrations of acetamiprid on homing rates of worker bees released 1 km away
from the hive. The histogram shows the percentage of 20-day-old worker bees that successfully returned to the
original hive after being released at 1 km. Each bar shows mean + SE for each treatment group calculated from three
values (three biological replicates). The different letters above the bars indicate significant differences (P < 0.05). N

represents the total number of released bees.

assess effects of neurotoxic insecticides on learn-
ing and memory abilities of A. mellifera worker
bees (Lambin et al. 2001; Decourtye et al. 2002,
2004, 2005; Hassani et al. 2005). In this study, our
PER results showed that three acetamiprid-treated
groups exhibited obviously impaired olfactory
memory ability of worker bees. Similar results
reported by Thany et al. (2015) showed that lower
concentrations (100 ng/bee) of acetamiprid ap-
plied on honey bees could impair retention per-
formance. In contrast to results of survival exper-
iments, newly emerged worker bees treated with
sublethal doses of acetamiprid of 0.5 ug/bee in

PER were significantly affected. Additionally,
homing ability experiments revealed sublethal ef-
fects of acetamiprid on cognitive abilities of bees,
in which homing rates of three acetamiprid-treated
groups (0.5, 1, and 2 pg/bee) were significantly
decreased compared with that of the 0 ug/bee
group. This is a similar phenomenon to the effects
of neonicotinoids on the homing ability of bees
(Schneider et al. 2011; Fischer et al. 2014; Stanley
et al. 2016). However, there were no significant
differences among the three acetamiprid-treated
groups. We speculate that the 0.5 pg/bee
acetamiprid dose may reach a threshold value on

a b
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2 o044 [ L = 0204 +
= H b
2 2
7
2 03 b _13_ 2 0.154 c
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Concentrations (ug/bee)

Figure 4. Effects of different concentrations of acetamiprid on relative expression levels of learning- and memory-
related genes Nmdar (a ) and GIuRA (b)) of 7-day-old worker bees.
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Figure 5. Effects of different concentrations of acetamiprid on relative expression levels of learning- and memory-
related genes Nmdar (a) and GluRA (b ) of 20-day-old worker bees.

affecting the navigational behavior of bees and
that increasing the doses of acetamiprid (such as
1 ug/bee and 2 pg/bee) will increase risks of bee
death. Our research results also indicated that
acetamiprid as a new insecticide class had a neg-
ative effect on the cognitive ability of bees.
Genes involved in learning and memory of hon-
ey bee have been frequently reported (Fiala et al.
1999; Dacher and Gauthier 2008). Wang et al.
(2013) obtained hundreds of genes related to learn-
ing and memory in the A. mellifera using a tag-
based digital gene expression (DGE) method. In
this study, two learning- and memory-related
genes, N-methyl-d-aspartic acid receptor gene
(Nmdar) and glutamate receptor A gene (GluRA),
were selected for analysis. Results of the RT-qPCR
analysis showed that relative expression levels of
Nmdar and GluRA of 7-day-old worker bees in the
0 pg/bee groups were significantly higher than
those in the other dose groups (Fig. 4a, b), which
was consistent with results of the PER experiment
(Fig. 2). Nmdar is an important excitatory amino
acid receptor in the central nervous system and
GluRA is a metabotropic glutamate receptor gene
distributed in the central nervous system, the two
genes involve in processes of learning and memory
(Morris et al. 1990; Danbolt 2001; Kucharski et al.
2007; Zachepilo et al. 2008). These results also
indicated that the nervous system of bees can be
damaged by doses higher than 0.5 pg/bee of
acetamiprid, thereby reducing learning and memo-
ry abilities and homing ability. There were no
significant differences in relative expression levels
of the GluRA gene of 7-day-old worker bees be-
tween the 1 pg/bee and 2 pg/bee groups, while
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both were significantly lower than that of the
0.5 pg/bee group, which indicated that the 1 pg/
bee dose of acetamiprid more seriously affected
expression levels of GluRA. However, relative ex-
pression levels of the Nmdar gene in 7-day-old
worker bees in the 2 pg/bee group were signifi-
cantly lower than that in the 1 pg/bee group while
there was no significant differences between the
1 pg/bee group and 0.5 pg/bee group, which sug-
gested that there are different regulatory mecha-
nisms for the Nmdar gene and GluRA gene in
brains of honey bees. This difference may be relat-
ed to different responses of excitatory neurons in
the bee brain to external factors. Results in Fig. 5a
and b show that relative expression levels of Nmdar
and GIuRA genes of 20-day-old worker bees in the
0 pg/bee group were also significantly higher than
those in the 1 pg/bee group and 2 pg/bee group,
while there was no significant difference between
the 0.5 pg/bee group and 1 pg/bee group. Relative
expression levels of Nmdar of 20-day-old worker
bees show no significant difference between the
0 pg/bee group and 0.5 pg/bee group while the
expression of GluRA of 20-day-old worker bees in
the 0 ug/bee group was higher than that of the
0.5 pg/bee group. The reason may be that genes
of GluRA and Nmdar have different regulatory
mechanisms which need to be further studied.

5. CONCLUSIONS

Our results indicated that the exposure to
acetamiprid at a dose greater than 0.5 pg/bee to
newly worker bees negatively affect survival and
memory-related characteristics of worker bees. It



is worth mentioning that the field dosage of
acetamiprid directed by the manufacturer is the
range of 50~500 mg/L and bees in the beehive
around crops are easily poisoned when crops are
being sprayed with acetamiprid. We recommend
that bees should be moved away when crops are
sprayed with acetamiprid.
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