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Abstract – As one of the most widely used insecticides, thiamethoxam (Th) plays an important role in agriculture
pest control but is hazardous to the health of honeybees (Apis mellifera ligustica ). In agricultural practice, several
types of insecticides are often applied simultaneously, but their synergistic effects on honeybees remain elusive.
Here, we treated honeybees with various binary mixtures of insecticides in which a sublethal dose of Th was mixed
with three other common insecticides: λ-cyhalothrin (λ-cy), β-cypermethrin (β-cy), and abamectin (Ab). The
mortality rates of the groups treated with the insecticide mixtures were higher than that obtained with the pesticides
alone. Specifically, the Th + λ-cy and Th + Ab combinations exerted a synergistic effect (P < 0.05) on bees and
resulted in significantly higher mortality than that obtained with the single treatments. However, the Th + β-cy
mixture had no synergistic effect (P > 0.05) on bees, and the mortality rate of this group was almost identical to those
of the groups administered these pesticides alone. Furthermore, the Th + λ-cy and Th + Ab mixtures significantly
suppressed the activity and expression of glutathione S-transferases (GSTs), which are key detoxification enzymes in
insects. This result suggests that the Th + λ-cy and Th + Ab combinations at a given concentration adversely affect
the survival of honeybees. Our study provides novel information for the selection of pesticide combinations based on
protecting honeybee populations.
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1. INTRODUCTION

Honeybees are important pollinators of crops and
wild plants. Due to their specificity for pollination,
relocation, and domestication, honeybees are the
most ideal pollinators for agricultural production.
Bees simultaneously provide various high value-
added products, such as honey, royal jelly, and
beeswax. However, bees have recently been affect-
ed by a wide range of biological and abiotic factors
(Moritz et al. 2010), such as insecticides, pathogens,

and parasites (Nazzi and Le Conte 2016), and the
separate and combined effects of these factors have
led to a significant reduction in the number of bees
worldwide (Goulson et al. 2015). This issue should
be highlighted and has thus attracted international
attention. The abuse of insecticides is probably one
reason for the observed reduction in bees. The
neonicotinoid insecticides function as nicotinic ace-
tylcholine receptor (nAChR) agonists that selective-
ly bind to nAChRs (Millar & Denholm 2007). Due
to their high affinity to nAChRs and their inability to
be degraded by acetylcholinesterase, neonicotinoid
insecticides induce continued excitation of the in-
sect’s nervous system and block central nervous
signal transduction, which eventually leads to death
(Elbert et al. 2008; Matsuda et al. 2001). λ-
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cyhalothrin andβ-cypermethrin belong to the group
of pyrethroid insecticides, which is considered a
type of broad-spectrum efficient insecticide whose
mode of action is mainly to tag and stomach poison.
Pyrethroid insecticides modify the functioning of
the voltage-gated ion channels, leading to the inter-
ruption of the nerve impulse conduction along the
axons. In honeybees, survival and high brain func-
tions like memory are impaired after exposure to
lambda-cyhalothrin (Liao et al. 2018). These pesti-
cides are most widely used in agricultural produc-
tion due to their high efficacy, long-lasting effects,
and low toxicity to mammals (Christen et al. 2018).

Due to the large-scale use of these pesticides in
the field, the pests can be effectively controlled,
but nontarget insects, such as pollinating bees, can
also be hurt (Goulson et al. 2015). Based on the
residues of neonicotinoid insecticides in the field
and the amount of nectar and pollen consumed by
the bees per day, field residues do not induce the
immediate death of the bees but rather chronic
effects and damage (Cresswell 2011). It has been
reported that field-dose neonicotinoid insecticides
do not cause acute mortality in bees, but
neonicotinoids can induce sublethal effects, such
as a reduction in the number of synaptic units in
the calyces of mushroom bodies (Peng and Yang
2016). Decreased bee immunity, diminished resis-
tance to disease (Brandt et al. 2016), and reduced
learning and memory are also consequences of
neonicotinoid pesticide field residues (Aliouane
et al. 2009; Alkassab and Kirchner 2016;
Mengoni Gonalons and Farina 2015). Additional-
ly, the use of neonicotinoid insecticides signifi-
cantly reduces the foraging and homing capacity
of collected bees (Fischer et al. 2014; Henry et al.
2012; Tison et al. 2016) and affects the hygiene
behavior of bee colonies (Tsvetkov et al. 2017).

At present, the effects of pesticides, including
neonicotinoids, on the health and physiology of bees
are mainly evaluated by research on single pesti-
cides. However, a broader spectrum of pesticides is
widely used to protect crops during agricultural
production, and the practice might include formu-
lated mixtures and pesticides in the field. In fact,
bees are exposed to more than 150 types of pesti-
cides in their natural environments (Biddinger et al.
2013; Thompson et al. 2014), as demonstrated by
the detection of a number of germicides, herbicides,

and insecticides in honeybee beehives (Kaya et al.
2015). The toxicity of the neonicotinoids
thiamethoxam and clothianidin is greatly enhanced
in honeybees after the long-term application of field
doses of some fungicides (Tsvetkov et al. 2017).
The difference between the observed and predicted
effect concentrations was rarely more than tenfold,
and 95% of 69 mixtures of pesticides that exerted
synergistic effects included cholinesterase inhibitors
or azole fungicides (Cedergreen 2014). Other stud-
ies have shown that the long-term exposure of bum-
blebees to two insecticides (neonicotinoids and py-
rethroids) at concentrations close to field levels can
impair their natural foraging behavior and increase
worker mortality, and these effects result in signifi-
cant reductions in hatching development and popu-
lation success. Moreover, the foraging performance
of worker bees, particularly the efficiency of pollen
collection, was significantly reduced (Gill et al.
2012). Because bees are subjected to a variety of
pesticides in their natural environment, it is neces-
sary to understand the synergistic effects of pesti-
cides on bee health and physiology. Insecticide-
fungicide synergy is well-established (Raimets
et al. 2018), but insecticide-insecticide synergy has
not previously been widely established.

In this study, we investigated the mortality of a
mixture of thiamethoxam (Th) with one of the
three commonly used insecticides, namely, λ-
cyhalothrin (λ-cy), β-cypermethrin (β-cy), and
abamectin, and we then examined the effects of
these insecticides on the activity and expression of
acetylcholinesterase (AChE), glutathione-S trans-
ferases (GSTs), polyphenol oxidase (PPO), and
alkaline phosphatase (ALP), which are typical
enzymes involved in metabolism and detoxication
processes in honeybees. Our work aimed to pro-
vide a theoretical basis for further research on the
effects of mixtures of insecticides on the physical
health of honeybees and to provide guidance for
the selection of pesticide combinations with re-
spect to the protection of honeybee populations.

2. MATERIAL AND METHODS

2.1. Sample collection

Healthy honeybee (Apis mellifera ligustica )
colonies were maintained in the apiary at the

396 Y. Wang et al.



Apicultural Research Institute, Anhui Agricultural
University, Anhui, China. The population had not
previously been exposed to any pesticide. We
selected three healthy bee colonies, chose frames
with freshly capped worker broods and moved
them into an incubator with constant temperature
and humidity (35 °C, RH 60%, darkness). The
newly emerged worker bees (within 12 h) were
obtained.

2.2. Acute (48-hour) oral toxicity (LD50) test

The worker bees were divided into 24 groups
for different treatments. Each group consisted of 30
1-day-old worker bees caged in a plastic box (12 ×
10 × 8 cm) and fed in an incubator (28 °C, RH
60%, darkness). The top of the plastic box was
replaced with gauze, and a square gap was then
cut on the side of the box. Two small holes were cut
on the side of the bottom of the 10-mL centrifuge
tube (Biosharp, Hefei, China), and the tube was
then filled with sucrose solution and laid flat in the
bee cage for feeding. A gap was also cut on the
other side to replace the pollen. During the first
three days, the bees were regularly fed fresh su-
crose solution (50%, w/w) and pollen. The pesti-
cide treatments were conducted on day 4 after
emergence. For the treatments, four toxicants, Th,
λ-cy, β-cy, and Ab (analytically pure, Beijing
Bellingway Technology Co., Ltd.), were used. All
the original toxicants were dissolved in acetone to
obtain stock solutions with a concentration of 1 ×
106 μg/L. We diluted the stock solution with 50%
sucrose solution to obtain five gradient concentra-
tions (Th 1000, 750, 400, 200, 100 μg/L; λ-cy 7.5
× 104, 6 × 104, 4 × 104, 2 × 104, 1 × 104 μg/L;β-cy
2.5 × 104, 1.5 × 104, 1 × 104, 5 × 103, 2.5 × 103

μg/L; and Ab 100, 50, 25, 15, 10 μg/L), The bees
in the control group were fed a 50% sucrose solu-
tion and an equal amount of 0.03% solvent. All
groups of bees were starved for 2 h, and each group
of bees was then fed one of the different solutions
of sucrose with pesticides at different concentra-
tions for 4 h using a feeding tube. The weight of
these tubes was measured before and after feeding
to determine the average amount of insecticides
consumed by each bee, and the feed intake of each
group of bees was calculated and recorded. Forty-
eight hours after the pesticide-containing syrupwas

removed, the number of deaths in each treatment
group was counted. The data provided statistically
significant information only if the mortality of the
control group was less than 5%.

2.3. Exposure of honeybees to sublethal
doses of insecticides

We prepared a single pesticide-sucrose solution
and binary mixtures of thiamethoxam with one of
the three other insecticides for the sublethal dose
treatments. All four toxicants were dissolved in
acetone to obtain stock solutions with concentra-
tions of 1 × 106 μg/L and then diluted with 50%
sucrose solution to the following solutions: 300
μg/L Th, 2.64 × 104 μg/L λ-cy, 1.04 × 104 μg/L
β-cy, 33 μg/L Ab, 300 μg/LTh + 2.64 × 104 μg/L
λ-cy, 300 μg/L Th + 1.04 × 104 μg/L β-cy, and
300 μg/L Th + 33 μg/L Ab. All the solutions
contained a final volume ratio of acetone of
0.03%, and 50% sucrose solution containing
0.03% acetone was used as the control. The ex-
periment included seven treatment groups and one
control group and three replicates of each group.
Twenty-five 4-day-old bees from each replicate
were starved for 2 h, and each group of bees was
fed 250 μL of the corresponding contaminated
50% sugar water and sugar water for 4 h through
feeding tubes. The dose of each insecticide fed to
each bee was equal to the LD10 determined in the
acute oral test. The bees were then switched to
50% sugar water for 48 h, the number of deaths in
each group of bees was counted, and the live bees
in each group were divided into two batches.

2.4. Detection of enzymatic activity

We dissected different tissues (heads or abdo-
mens) to extract protein as an enzyme solution,
and the protein content of each solution was then
quantified using a BCA quantification kit
(Beyotime, Shanghai, China). The activities of
AChE, GSTs, ALP, and PPO were tested using
corresponding kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, Chi-
na). Due to the differential expression of these
enzymes, five bee heads from each replicate were
pooled to measure the activities of AChE, and
three abdomens were used to measure the GST,
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ALP, and PPO activities. The preparation of the
enzyme solution, protein quantification, and en-
zymatic activity assays were performed according
to the manufacturer’s handbook.

2.5. RNA extraction, cDNA synthesis, and
qRT-PCR analysis

The brain (with the hypopharyngeal glands re-
moved) andmidgut were collected, dissected on ice,
and homogenized using an electric grinder. Ten
brains and five midguts from each replicate were
pooled for total RNA extraction. The AChE2 gene
in the RNA samples extracted from the brain was
detected, whereas the GST, PPO , and ALP genes
in the RNA samples extracted from the midguts
were detected. cDNA synthesis was performed
using the TRIzol reagent (Tiangen, Beijing, China)
and a first-strand cDNA synthesis kit (Toyobo,Ōsa-
ka, Japan) according to the manufacturer’s instruc-
tions. Real-time quantitative PCRs were performed
in triplicate using a StepOne Plus Real-time PCR
instrument (Life Technologies, CA, USA) and a
SYBRGreenMix ExTaq kit (Toyobo).We adopted
a two-step method for the amplification process: 40
cycles of denaturation for 10 sec at 95°C and exten-
sion for 30 sec at 60°C. Rps5 was used as the
reference gene in the qRT-PCR assay, and relative
gene expression was calculated using the 2−ΔΔCt

method. The primers used for the qRT-PCR assay
are shown in Table III.

2.6. Statistical analysis

All statistical analyses were performed using
SPSS.24 software. The level of significance in all
the tests was set to P < 0.05. Probit regression was
used to calculate the LD50 and LD10 values and the
95% confidence intervals of the four toxicants on
honeybees, and one-way ANOVA was used to as-
sess the differences in enzyme activity and gene
expression between the bees in each group. The
significance of the differences was tested using
Duncan’s method. The synergistic effect of
thiamethoxam with the three other insecticides was
assessed on bee toxicity using the “modified bino-
mial proportion” recommended by Sgolastra et al.
(2016). All the graphs shown in this manuscript
were prepared using GraphPad Prism 5 software.

3. RESULTS

3.1. Determination of the toxicity of four
insecticides on honeybees

The values of the LD50 (ng/bee) and the LD10
(ng/bee) for each insecticide are presented in the
Table I. These data clearly showed among the four
tested insecticides, Ab was the most lethal to
honeybees, whereas λ-cy clearly showed the least
toxicity.

3.2. Effects of insecticides on survival of
honeybees

In practice, a mixture of insecticides is usually
used to achieve better effects in pest control.
Therefore, we subsequently focused on determin-
ing the combined effects of a mixture of Th with
one of the three other insecticides. We prepared
binary mixtures based on the LD10 concentrations
obtained from the acute toxicity data. As shown in
Figure 1, the mortality rates of the bees in each
insecticide treatment group were significantly
higher than that of the control group (P < 0.05),
and the highest mortality rate, which reached
44.4%, was obtained with the Th + Ab mixture,
which was consistent with the results shown in
Table I. In addition, the mortality rates of the
groups treated with the Th + λ-cy and Th + Ab
mixtures were significantly increased compared
with those of the three single-treatment groups,
which suggested that these two combinations ex-
hibited enhanced toxicity.

We also assessed the synergistic effects of
thiamethoxam with the three other insecticides
on bee toxicity using the “modified binomial pro-
portion” recommended by Sgolastra et al. (2016).
The Th + λ-cy (χ2 = 4.65, P < 0.05) and Th + Ab
(χ2 = 9.96, P < 0.01) combinations exerted syn-
ergistic effects on bee toxicity, whereas the Th +
β-cy mixture did not exert a synergistic effect (χ2

= 0.53, P > 0.05; Table II).

3.3. Effects of insecticides on enzyme
activity in honeybees

To better understand the molecular basis of the
effects of the mixtures, we tested the PPO, ALP,
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and GST enzyme activities in the midgut and the
AChE activity in the brain after pesticide
treatment.

As shown in Figure 2a, the PPO activity of the
bees was significantly increased after treatment
with Th, λ-cy, or Ab alone (P < 0.05). However,
the activity of PPO in the β-cy-treated group was
equal to that of the control group and significantly
lower than that of the other treatment groups (P <
0.05). Interestingly, the groups treated with the Th
+ λ-cy and Th + Ab combinations showed clearly
decreased PPO activity compared with the groups

administered the corresponding single-pesticide
treatments (P < 0.05). In contrast, the Th + β-cy
combination had an intermediate effect on PPO
activity.

The AChE activity of the bees treated with Th
or λ-cy was higher than that of the other treatment
groups (P < 0.05). The enzyme activities of the
groups treated with the binary mixtures were sig-
nificantly lower than those of the group treated
with Th alone but showed no significant differ-
ence (P < 0.05) compared with the control group
(Figure 2b).

Table I. Oral toxicity of four insecticides to honeybees

Insecticides Time (h) Regression equation LD50 (ng/bee) (95% CL) LD10 (ng/bee)

Th 48 y = 2.68 × −2.56 9.02 (5.87 ~ 13.04) 3

λ-cy 48 y = 2.52 × −7.38 854.63 (546.64 ~ 1270.59) 264.46

β-cy 48 y = 3.02 × −7.34 277.28 (197.98 ~ 406.86) 104.26

Ab 48 y = 3.33 × −0.34 0.79 (0.58 ~ 1.13) 0.33

Figure 1. Effect of thiamethoxam and three insecticides administered as single and mixed treatments on the survival
of Apis mellifera . The data in the graph are shown as the means ± standard errors. Different capital letters indicate a
significant difference (P < 0.05) among all the treatment groups, and different lowercase letters indicate a significant
difference between the single- and mixed-pesticide treatments (P < 0.05). This information also applies to the rest of
the figures. X-axis, pesticide treatment; y-axis, mortality rate. Th thiamethoxam, λ-cy lambda-cyhalothrin, β-cy
beta-cypermethrin, Ab abamectin.
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The activity of GSTs after Th treatment was
similar to that of the control group (Figure 2c),
which was consistent with previous studies
(Tavares et al. 2017). Similar results were found
in the groups administered the β-cy and Ab single
treatments, but the administration of β-cy de-
creased the activity of GSTs. Moreover, the GST
activities of the three groups treated with the bi-
nary mixtures were significantly lower than those
of the control group (P < 0.05).

The activity of ALP was affected by all the
treatments. Specifically, ALP activity was re-
duced after all the pesticide treatments, particular-
ly the Th + Ab and Th + β-cy mixtures.

3.4. mRNA expression level of enzymes
after administration of the four
insecticides

To further assay whether insecticides affect the
mRNA expression of enzymes, the mRNA levels

of the four enzymes after administration of the
four tested insecticides were tested, and the results
showed that the insecticides significantly affected
the mRNA expression levels of the four enzymes
(Figure 3). Compared with the control group, the
expression level of all four enzymes was affected
by the administration of Th alone; specifically, Th
alone increased the expression of AChE2 and
decreased the expression of the other three en-
zymes. The single administration of λ-cy reduced
the expression level of PPO , increased the ex-
pression level of AChE2 and GST , and did not
affect the expression level of ALP. The expression
level of ALP was slightly elevated by the admin-
istration of β-cy alone. However, the single ad-
ministration of Ab, which was the most toxic
pesticide among those evaluated in this study,
did not disturb the gene expression of the four
enzymes.

As shown in Figure 3a–3c, the gene expression
ofPPO andGST was significantly reduced by the

Table II.Mortality of thiamethoxam and three pesticides administered alone and in a mixture on honeybees

Pesticide Number of bees Mortality Rate ± SE (%) χ2 P -value

Th 75 11.11 ± 0.01

λ-cy 75 8.88 ± 0.02

β-cy 75 11.11 ± 0.01

Ab 75 11.11 ± 0.02

Th + λ-cy 75 34.44 ± 0.03 4.65 P < 0.05

Th + β-cy 75 15.56 ± 0.03 0.53 P > 0.05

Th + Ab 75 44.44 ± 0.04 9.96 P < 0.01

Table III. Primers for qRT-PCR

Gene name Sequence Annealing temperature Gene ID

PPO F: 5'-GGAGGTGATAGTTTGGAACGA-3' 53 GB43738
R: 5'-TTGAGGCATCCTTACAACCA-3'

AChE2 F: 5'-GACGCGAAGACCATATCCGT-3' 56 GB41856
R: 5'-TCTGTGTCCTTGAAGTCCGC-3'

GST F: 5'-TGCATATGCTGGCATTGATT-3' 55 GB48904
R: 5'-TCCTCGCCAAGTATCTTGCT-3'

ALP F: 5'-GATTCCATTCAGAGACGAATGC-3' 53 GB52063
R: 5'-GCATTCTCCAGTAGATCTTTCAG-3'

RpS5 F: 5'-AATTATTTGGTCGCTGGAATTG-3' 56 GB11132
R: 5'-TAACGTCCAGCAGAATGTGGTA-3'

400 Y. Wang et al.



three binary mixture treatments, but none of these
treatments affected the expression of AChE2 .
Specifically, ALP expression was weakly reduced
after treatment with Th + λ-cy and was not affect-
ed by Th + β-cy. In contrast, the gene expression
of ALP in honeybees was elevated up to twofold
after treatment with the Th + Ab combination
relative to the control.

4. DISCUSSION

Our findings indicated that the Th + λ-cy and
Th + Ab combina t i ons cou ld induce

synergistically increased toxicity, as demonstrated
by the finding that the mortality in the groups
exposed to both insecticides is greater than the
sum of the mortalities induced by each insecticide
taken separately. This result is similar to that ob-
ta ined for the neonicot inoid pes t ic ide
imidacloprid, andmixtures with λ-cy significantly
increase the mortality of bees (Zhu et al. 2017).
Furthermore, the highest bee mortality was ob-
tained with the Th + Ab treatment, and this treat-
ment resulted in significantly higher mortality
compared with the other treatments. However,
no significant difference in bee mortality was

Figure 2. Effects of insecticides on enzyme activity in Apis mellifera . The activities of the four indicated enzymes
after different pesticide treatments were tested. X-axis, pesticide treatment; y-axis, enzyme activity (U/mg for PPO/
AChE/GSTs; K/g for ALP). Th thiamethoxam, λ-cy lambda-cyhalothrin, β-cy beta-cypermethrin, Ab abamectin,
PPO polyphenol oxidase, AChE acetylcholinesterase,GSTs glutathione S-transferases, ALP, alkaline phosphatase.
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found between the Th + β-cy mixture and the
single-treatment groups, which suggested that
the Th + λ-cy and Th + Ab binary mixtures
exerted more adverse effects than the individual
insecticides. Thus, these combinations are more
lethal to bee colonies. Nevertheless, the doses of
the single treatments were based on the LD10 data
and were slightly higher than the doses used in the
field. Whether the use of different doses would
change the effects will be investigated in a future
study.

The pharmacological mechanisms of individu-
al insecticides have been thoroughly studied, but
the toxic effects of pesticide mixtures on organ-
isms are frequently unclear. The use of enzyme

activities as an indicator in toxicology studies
could improve our understanding of the toxic
effects caused by mixtures of insecticides. The
exposure of bees to insecticides rapidly activates
signal pathways related to detoxification and me-
tabolism to eliminate or minimize the effects of
the toxins in vivo, and during this exposure, the
activity of relevant enzymes shows changes to
varying extents (Boily et al. 2013; Li et al.
2017). The treatment of bees with different pesti-
cides alone exerts various effects on enzymes, and
these effects depend on the mechanisms of the
insecticides and the properties of the enzymes.
Numerous factors, including the cell status, sub-
strate concentration, enzyme structure, cofactor

Figure 3. Relative mRNA expression of enzymes. The relative mRNA expression levels of four enzymes after the
different pesticide treatments were tested by qRT-PCR. X-axis, pesticide treatment; y-axis, relative mRNA expres-
sion level. Th thiamethoxam, λ-cy lambda-cyhalothrin, β-cy beta-cypermethrin, Ab abamectin, PPO polyphenol
oxidase, AChE acetylcholinesterase, GSTs glutathione S-transferases, ALP alkaline phosphatase.
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levels, and changes in enzyme expression, affect
enzyme activity. In our study, we assayed various
enzyme activities and various mRNA expression
levels after treatment with the binary mixtures of
insecticides to provide initial insights into this
reaction. Our subsequent in vitro examinations
of the activities of one detoxification enzyme
(GST), one insecticide-target enzyme (AChE),
and two immunity enzymes (PPO and ALP) in
the bees that survived after treatment with
thiamethoxam or the various mixtures provided
substantial additional knowledge on the impact of
insecticides on honeybee physiology. In insects,
PPO is an important innate immune protein that is
involved in cellular and humoral defenses. Expo-
sure of a host to exogenous substances rapidly
activates PPO in vivo to protect it from infection
(Hillyer et al. 2003; James and Xu 2012). AChE
mainly controls the neural activity of cholinergic
synapses (Badiou et al. 2008) and can rapidly
hydrolyze acetylcholine (Ach) in the insect’s cen-
tral nervous system, thereby terminating the
excitotoxic effects of Ach on the postsynaptic
membrane and ensuring the normal transmission
of nerve signals (Casida and Durkin 2013). Glu-
tathione S-transferase is an important detoxifica-
tion enzyme in honeybees that reflects the antiox-
idant stress of bees. The GSTO1 family is vital for
protecting the body from oxidative damage (Jia
et al. 2014). The bee GSTs which are the major
detoxification enzymes in the second detoxifica-
tion phase catalyze the breakdown of metabolic
toxins produced by the first-stage detoxification
e n z yme s , s u c h a s c y t o c h r ome P450
monooxygenase and ca rboxy les t e r a se
(Berenbaum and Johnson 2015). GST activity
could be enhanced by flumethrin and is thought
to be involved in the detoxification and metabo-
lism of certain toxins by bees (Nielsen et al. 2000).
ALP is a type of nonspecific phosphate hydrolytic
enzyme that can hydrolyze and transfer phosphate
groups. This highly conserved enzyme family,
which is directly involved in the transfer and
metabolism of phosphate groups in organisms, is
generally regarded as a hydrolytic enzyme related
to insect resistance (Lalles 2010; Millan 2006).
ALP is mainly associated with the hydrolysis of
phosphate groups in different substrates, and this
reaction is involved in substance absorption,

intestinal integrity and homeostasis, and immune
processes (Zibaee et al. 2011). The effect of the Th
+ Ab mixture, which was the most toxic combi-
nation, on PPO and AChE activities was not
clearly different from that of the control group
but significantly repressed the activity of GST
and ALP. Based on this result, we hypothesized
that the Th + Ab combination disturbed the nor-
mal function of GSTs andALP and aggravated the
damage to detoxification and the immune system,
which resulted in the highest mortality rate. The
analysis of the mRNA expression levels showed
that this treatment exerted distinct effects on the
expression of all four enzymes. As mentioned
above, alterations in enzyme expression levels
are one of the reasons for the observed changes
in enzyme activity. Changes in enzyme activities
might be a passive process caused by deterioration
of the cell microenvironment, which explains the
seemingly irregular correlation between enzyme
activity and expression changes. Therefore, the
complexity of the effects of pesticides on organ-
isms appears more apparent. In contrast, changes
in enzyme activity are rapid and dynamic process-
es that are accurately regulated, and our data pro-
vide basic or probable evidence explaining the
elevation in the mortality rate obtained with the
binary mixtures; however, this approach was not
sufficient for clearly solving this problem. In fu-
ture research, we will consider the dose and time
effects of the insecticide mixtures and will study
the effects of the insecticide mixtures in more
detail.

5. CONCLUSION

In summary, the combination of a lethal dose of
Th with λ-cy or Ab showed synergistically in-
creased toxicity to honeybees, but the Th + β-cy
mixture did not significantly affect bee mortality.
Exposure of the bees to the stress induced by
administration of the insecticides alone or in mix-
tures also changed the activities of all of the four
enzymes studied here. The results suggest that the
Th + λ-cy and Th + Ab combinations at a known
dose will adversely affect bee survival, which
raises the risk for apiculture. Taken together, our
findings provide a theoretical basis for the in-
depth study of the effects of insecticide mixtures
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on the health and physiology of honeybees. The
results also have a certain guiding significance for
the rational application of insecticides for bee
protection in agricultural production.
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Toxicité synergique et impact physiologique sur les
abeilles mellifères du thiaméthoxame seul ou en mé-
lange binaire avec trois insecticides d'usage courant.

abeille mellifère / insecticides / thiaméthoxame / mé-
lange binaire / effet synergique.

Synergistische Toxizität und physiologischer Einfluss
auf Honigbienen von Thiamethoxam allein oder in
Mischung mit jeweils einem von drei häufig genutzten
Insektiziden.

Honigbiene / Insektizide / Thiamethoxam / Mischung
aus zwei Komponenten / synergistischer Effekt.
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