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Abstract – Imidacloprid (IMD) may affect proteolysis, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), and global DNAmethylation in honeybees. Queens, drones, andworkers aged 1
or 20 days were exposed (free-flying colonies) to IMD (5 ppb and 200 ppb) in their diet. As a result, the colony
depopulation did not occurred. IMD disturbed hemolymph/cuticle proteolysis; deactivated most of the cuticle
protease inhibitors, activated hemolymph thiol and metal proteases and cuticle thiol proteases; downregulated
ALP, ALT, AST; and increased DNAmethylation in a caste- and age-dependent manner. The response in queens and
workers differed, possibly due to eusocial evolution. Higher IMD dose had greater effects. The responses of ALP,
ALT, AST, and DNA may reflect acceleration of biochemical senescence and epigenetic adaptation to IMD. All
these biochemical side effects may lead to colony depopulation during future biotic/abiotic stress.

honeybee / imidacloprid / proteolysis / DNAmethylation / biomarker

1. INTRODUCTION

Imidacloprid (IMD) is a widely used
neonicotinoid insecticide in agriculture (Simon-
Delso et al . 2015). Sublethal doses of
neonicotinoids impaired larval development,
gland and neurobiological functions (Blacquière
et al. 2012; Henry et al. 2015; Mužinić and

Želježić 2018), longevity, resistance to biotic and
abiotic stress (Van der Sluijs et al. 2013; Dively
et al. 2015), foraging, and orientation (Colin et al.
2019; Jacob et al. 2019) in honeybee workers.
IMD also increased the replacement rate, impaired
reproductive traits, decreased body weight in
queens (Williams et al. 2015; Chaimanee et al.
2016), and handicapped the sperm quality of
drones (Ciereszko et al. 2017). Chronic, sublethal
effects were more prevalent than acute toxicity
(Hladik et al. 2018).

Because of all these harmful phenotypic effects,
the biochemical side effects of IMD have been
examined in honeybees, focusing on detoxification,
immunocompetence, and antioxidative barriers,
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three mutually dependent systems of biochemical
defense. Detoxification (Zhu et al. 2017) was im-
paired by IMD, consequently making bees more
vulnerable to this pesticide and to other xenobiotics.
Immunocompetence (Sánchez-Bayo et al. 2016;
O’Neal et al. 2018) was suppressed by IMD, which
in turn facilitated pathogen invasions, including
Varroa destructor and Nosema ceranae . Harmful
xenobiotics, including IMD, may induce oxidative
stress that disturbs many metabolic pathways, in-
cluding the antioxidative barrier itself (Chaimanee
et al. 2016; Balieira et al. 2018).

However, knowledge of the biochemical side
effects of IMD in honeybees is limited since we
expect that both hemolymph and cuticle proteol-
ysis, which are involved in honeybee resistance to
harmful xenobiotics (Davies 1986; Grzywnowicz
et al. 2009; Strachecka et al. 2010, 2012a), might
also be impaired by IMD. Consequently, we hy-
pothesized that exposure to IMD may lead to the
destabilization of the honeybee hemolymph pro-
teolytic system (hypothesis 1) and also impair the
cuticle proteolytic layer (hypothesis 2), which is a
crucial component of body surface defense
against environmental stress including pathogens
(Strachecka et al. 2012a, 2012b).

Metabolic disturbances caused by harmful xeno-
biotics in honeybees decreased the activities of the
following biomarkers: aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline
phosphatase (ALP) (Bajda et al. 2014; Strachecka
et al. 2016). Exposure of bees to IMD should also
change the activities of these biomarkers (hypothesis
3), but to our knowledge, this has not been studied.
To the best of our knowledge, IMD-induced meth-
ylation of DNA has not been studied in honeybees
either, only in target pests (Dong et al. 2013). How-
ever, DNA methylation is important for regulating
gene expression in bees (Lyko and Maleszka 2011;
Glastad et al. 2014; Cardoso-Júnior et al. 2018). It
can be altered quickly by environmental factors,
which may lead to further adaptation (Flores et al.
2013). Therefore, we hypothesized that exposure to
IMD affects global DNA methylation in honeybees
(hypothesis 4).

To examine these four hypotheses, we fed bees
food containing 5 ppb (trace) and 200 ppb (more
adverse) field relevent concentrations of IMD
(Tapparo et al. 2011; Pohorecka et al. 2012; Henry

et al. 2015; Colin et al. 2019) and monitored their
cuticle/hemolymph proteolytic compounds, hemo-
lymph ALP, ALT, and AST, and DNA global meth-
ylation in the free-flying colonies.

2. MATERIALS AND METHODS

2.1. Rearing colonies and experimental
design

Fifteen rearing colonies of equal strength and
structure, each headed by an Apis mellifera
carnica sister queen and populating 2 hive supers
(frame 360 × 260 mm), were divided into 3
groups of 5 colonies. The bees from two of these
groups were fed sugar-water syrup (5:3 w/w) con-
taining 5-ppb (IMD-5 group) or 200-ppb (IMD-
200 group) IMD (Bayer Health Care AG, Lever-
kusen, Germany) diluted in water. The third, con-
trol group, was fed syrup only. Feeders (capacity
0.5 kg, restricted bee access) were refilled every
5 days after removing the unused syrup. Pastry
made of the fresh pollen and bee food (API-For-
tune HF 1575; ICKO, Bollène, France) containing
0-ppb, 5-ppb, and 200-ppb IMD was given to
control, IMD-5, and IMD-200 colonies, respec-
tively. Levels of IMD in the syrup and pastry
amounted to 4.2 ppb and 196 ppb, respectively,
when determined 3 months after preparation,
using the method of Pohorecka et al. (2012).
IMD levels were assayed (Pohorecka et al. 2012)
in the bodies of about 100 workers at 1–10 days of
age, sampled from each rearing colony fed IMD-
200, and found to be 0.35 ± 0.24 ng/bee during
rearing of the workers. IMD residuals were not
found in bees feed IMD-5. The colonies were
located in a place where the natural bee food
was almost absent. In each group, 1-day-old
(preimaginal IMD exposure) and 20-day-old
(preimaginal + imaginal IMD exposure)
workers/queens/drones were reared and kept.
The experimental design was caste × age × group,
i.e., 3 × 2 × 3 = 18 subclasses.

2.2. Rearing workers and drones exposed to
IMD

Each queen was caged in a queen-excluder
comb cage (1 drone + 2 worker combs) for 24 h
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to lay eggs and 4 weeks after beginning the IMD
feeding in each of the rearing colonies. After
releasing the queens, combs containing the eggs
remained in the cages in their original colonies.
Then, 24 h before the worker/drone emergence,
the combs were artificially incubated (34.5 °C),
the emerging bees were captured at 6-h intervals
and either transported to the laboratory to assay 1-
day-old workers/drones or marked with the
colony-specific colors and returned into their orig-
inal colonies for future assaying of the 20-day-old
workers/drones. The drones were kept in lower
hive supers isolated from the bottom and the top
with queen excluders.

2.3. Rearing the queens exposed to IMD

Three queen-less nuclei were established in
each of the three groups and fed the same group
diet after the worker/drone examining was com-
pleted. Each of them contained a mix of workers
from their original group. Next, 1-day-old larvae
from all colonies in a given group were grafted
into the nuclei belonging to the same group. Sub-
sequently, the sealed queen cells were individually
caged and incubated (34.5 °C), and the emerging
queens were either transported to the laboratory
(1 day old) or returned to their original nuclei to
assay 20-day-old queens.

2.4. Sample processing

One pooled sample of fresh hemolymph was
obtained (Łoś and Strachecka 2018) from each
colony from the IMD-5, IMD-200, and control
groups from both the 1-day-old and 20-day-old
queens/drones/workers (90 pooled samples). He-
molymph from five queens/drones/workers consti-
tuted one pooled sample and was obtained using
five capillaries (one capillary per bee). All five
capillaries were placed into one sterile tube con-
taining 150 μl of ice-cooled 0.6% NaCl and im-
mediately frozen at – 80 °C for further analyses.

Ten workers/queens/drones were additionally
captured from each colony according to the scheme
described above, placed in a separate tube, and
frozen at – 80 °C (90 pooled samples per 10 bees).
Then, each sample was defrosted, shaken/rinsed in
10 ml of 1% (v/v) detergent (Triton X-100; Sigma-

Aldrich) solution in distilled water, and centrifuged
for 5 min at 775.44×g (3400 rpm). The solutions,
which contained the cuticle proteins, were filtered
through Miracloth and frozen again at – 40 °C for
further biochemical analyses. Finally, five workers/
queens/drones aged 1 and 20 days were acquired
from each colony for each group and age and then
frozen at – 40 °C for 1–2 months. After thawing,
DNA was individually extracted from their heads
and thoraces using the DNeasy Blood & Tissue Kit
(Qiagen, Germany) following the manufacturer’s
instructions. The DNA samples were stored at
– 25 °C and later used to determine the global
DNA methylation.

2.5. Biochemical analyses

The activities of acidic, neutral, and alkaline
proteases were assayed (substrate – hemoglobin)
in three respective buffers: 100-mM glycine-HCl
at pH 2.4, 100-mM Tris-HCl at pH 7.0, and 100-
mM glycine-NaOH at pH 11.2 using the methods
described by Łoś and Strachecka (2018). The
activities of the natural inhibitors of the acidic,
neutral, and alkaline proteases were determined
basing on the Lee and Lin (1995) method. In
addition, the proteolytic activities after the addi-
tion of pepstatin A, phenylmethylsulfonyl fluo-
ride, iodoacetamide, and o-phenanthroline were
determined to detect the active enzyme centers
(thiol, metal, asparagine, or serine proteases).
The global DNA methylation was determined
using the extracted DNA and the Imprint Methyl-
ated DNA Quantification Kit (MDQ1-96RXN,
Sigma, USA) following the manufacturer’s in-
structions. The protocol for determining the activ-
ities of AST, ALT, andALP and other details of all
analytical procedures used was previously de-
scribed by Łoś and Strachecka (2018).

2.6. Statistical analysis

One-way ANOVA and Duncan tests (p ≤ 0.05)
were used to compare the averages of the control,
IMD-5, and IMD-200 groups (treatment) nested
within each caste (workers, drones, queens) and
age (1 day old, 20 days old). The Bliss transforma-
tion was used in the case of DNA m5C. Principal
component analysis (PCA, correlation matrix) was
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performed (Statistica version 12.0, StatSoft Inc.,
USA) for all biochemical characteristics taking into
consideration treatment, caste, and age. The opti-
mal number of principal components was deter-
mined based on the Cattell criterion. The data
matrix for PCA had 11 columns and 90 rows for
hemolymph and 7 columns and 90 rows for cuticle.
Three-way ANOVA (treatment * caste * age) and
PCA rotation procedure were also performed, and
the results are shown in Online Resource 3, as they
did not change the main findings.

3. RESULTS

Amount of the consumed syrup, brood surface,
and area of combs fully populated by bees was
monitored during the IMD exposure in each of the
15 rearing colonies. We found no differences in
these traits between the groups (Tukey test p ≥
0.095). Therefore, IMD did not cause colony de-
population or differences in syrup consumption.

3.1. Effects of IMD on the proteolytic
systems: hypotheses 1 and 2

IMD downregulated most acidic and alkaline
hemolymph proteases in queens and all of them in
workers and drones (Table I). Neutral proteaseswere
upregulated in queens, independently of their age,
whereas the response was age-dependent in drones
and workers. IMD mostly downregulated all hemo-
lymph protease inhibitors in queens but upregulated
them in the other castes (in 100% in workers).

IMD downregulated the queen cuticle proteases,
but they were mostly upregulated in drones and
workers in IMD-200. Therefore, the responses were
caste- and treatment-dependent (interactions). The
neutral and alkaline cuticle protease inhibitors were
completely suppressed by IMD in all castes. The
acidic protease inhibitors were downregulated in
queens. In the other castes, the inhibitors were either
down- or upregulated depending on the treatment.
The characteristics’ values for Tables I and II are
given in Online Resource 1.

Table I. Deviations of activities (U/mg) of proteases and their inhibitors in bees exposed to imidacloprid from the
unexposed bees on cuticle and in hemolymph

Cuticle Hemolymph

Queens Workers Drones Queens Workers Drones

I-5 I-200 I-5 I-200 I-5 I-200 I-5 I-200 I-5 I-200 I-5 I-200

acP ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↓

nuP ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ = ↓

↓ ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑

alP ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓

acPI ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑

↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↑

nuPI – – – – – – ↑ ↑ ↑ ↑ ↑ ↑

– – – – – – ↓ ↓ ↑ ↑ ↑ ↑

alPI – – – – – – ↓ ↓ ↑ ↑ ↓ ↓

– – – – – – ↓ ↓ ↑ ↑ = ↑

Enzyme activity was lower (↓), higher (↑), or did not change (=) compared with controls; p ≤ 0.05. Doses of imidacloprid: 5 ppb
(I-5), 200 ppb (I-200). Transparent cells represent 1-day-old bees and shadowed cells 20-day-old bees

acP acidic proteases, nuP neutral proteases, alP alkaline proteases, acPI acidic protease inhibitors, nuPI neutral protease
inhibitors, alPI alkaline protease inhibitors
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Generally, (1) higher IMD dose had greater
effects, (2) protease downregulation was often
not accompanied by upregulation of their inhibi-
tors and vice versa, and (3) IMD influenced some
proteases or their inhibitors depending on the
enzyme type, bee age, and caste. The age-related
changes of the proteolytic systems were analyzed
in Online Resource 2.

Checking activities of protease centers shows
that thiol and metal proteases were activated by
IMD in hemolymph, but only the thiol proteases
on cuticles in all castes. Asparagine and serine
proteases were active, regardless of whether the
bees were exposed to IMD.

3.2. Effects of IMD on ALT, AST, ALP and
global DNA methylation: hypotheses 3
and 4

IMD downregulated ALT, AST, and ALP
(Table II) and increased global DNA methylation.
The higher the IMD dose, the greater the response.
The response of all characteristics did not depend on
caste and age. The values for all of these character-
istics increased with age (Online Resource 2).

3.3. Effects of experimental factors and the
trait correlation matrix

The first two PCA components (PC1 and PC2)
define 83%of the variation on cuticles but only 58%
of it in hemolymph; i.e., more factors influenced the
hemolymph trait variation. In hemolymph, positive
correlations (Figure 1) appeared betweenALT, AST,
and ALP and between all proteases, but negative
correlations appeared between proteases and the
global DNA methylation. Proteases were not corre-
lated with their inhibitors. The inhibitors did not
affect PC1 and PC2. ALT, AST, and ALP affected
PC1. The remaining traits affected PC2. On cuticles,
all proteases and the acid protease inhibitor were
positively correlated with each other (the remaining
inhibitors were not active); thus, the response to
IMD was more clear. Bee age directly affected
PC1 and PC2 only in hemolymph (Figure 2; Figs.
2, 3, and 4 should be analyzed together with the
Figure SM5 included in Online Resource 3), so on
cuticles, more inter-factor interactions might occur.
Direct effects of the treatment were revealed both in
hemolymph and on cuticles, but in hemolymph, the
gradient reflecting the IMD dose was observed,
whereas on cuticles, the only difference was be-
tween exposed and unexposed bees (Figure 3). No
direct effects of caste on PC1 and PC2 were re-
vealed, so caste has to affect the trait variation
interacting with other factors (Figure 4). ANOVA
confirmed all these findings (Online Resource 3).

4. DISCUSSION

4.1. Proteolysis: hypotheses 1 and 2

Downregulation of most hemolymph proteases in
workers exposed to IMD (Table I) is in line with the
findings of Wilde et al. (2016), although they ana-
lyzed homogenates from the entire worker body. So,
we have shown that efficient proteolysis of the toxic
peptides formed during antioxidative activity
(Davies 1986) can be indirectly impaired by IMD.
This side effect might be particularly harmful to
foragers facing toxic xenobiotics in ecosystems in-
cluding contemporary, intensive agriculture, as we
saw this impairment particularly in the 20-day-old
workers. Proper proteolysis is also necessary for
apoptosis (Eldeeb et al. 2018), phagocytosis, cellular

Table II. Deviations of activities of ALT, AST, and
ALP (U/mg) and percentages of the global DNA meth-
ylation in bees exposed to imidacloprid from the unex-
posed bees

Queens Workers Drones

I-5 I-200 I-5 I-200 I-5 I-200

AST ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↓ ↓ ↓ ↓

ALT ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↓ ↓ ↓ ↓

ALP ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↓ ↓ ↓ ↓

DNA ↑ ↑ ↑ ↑ ↑ ↑

↑ ↑ ↑ ↑ ↑ ↑

Characteristic values were decreased (↓) or increased (↑) com-
pared with controls; p ≤ 0.05. Doses of imidacloprid: 5 ppb
(I-5), 200 ppb (I-200). Transparent cells represent 1-day-old
bees and shadowed cells 20-day-old bees

AST aspartate aminotransferase,ALT alanine aminotransferase,
ALP alkaline phosphatase
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Figure 1. PCA for biochemical activities [U/mg] andDNA global methylation [%]. AST aspartate aminotransferase,
ALT alanine aminotransferase, ALP alkaline phosphatase, DNA-met DNA global methylation, prot protease, inh
protease inhibitor.

Figure 2. PCA of the effect of bee age. Circles, 1-day-old bees; triangles, 20-day-old bees.
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adhesion, molecular signaling, melanization,
zymogene activation, transport through the cell
membranes, activation of antimicrobial peptides,
etc. (see Bode et al. 1999; Evans et al. 2006;
Strachecka et al. 2012a). Therefore, it is essential
for worker bee’s metabolism and for expanding its
life span. Upregulation of the hemolymph protease
inhibitors by IMD occurred especially in workers,
which may be the additional factor disturbing the
balance between proteases and their inhibitors
(Farady and Craik 2010) and, consequently, worker
proteolytic activity. On the other hand, Bania and
Polanowski (1999) suggested that insects may pro-
tect their cuticles against external threats by synthe-
sizing protease inhibitors. Thus, our workers could
attempt to overcome the harmful effects of IMD in
this way.

The cuticle proteases and their inhibitors are es-
sential for the honeybee cuticle defense
(Grzywnowicz et al. 2009). Harmful xenobiotics
impaired this system, which facilitated pathogen in-
fections (Strachecka et al. 2012a, b; Frączek et al.
2013). The cuticle protease activities were disturbed
by IMD in workers and drones dependent on the
dose, caste, and age. In queens, the enzymes were
downregulated. The cuticle protease inhibitors were
almost all deactivated. Thus, IMDmay handicap the
cuticle defense, particularly in queens.

Balieira et al. (2018) showed that IMD decreases
the concentrations of thiol proteins in honeybees. In
this study, thiol and metal proteases were activated
by IMD in hemolymph and only thiol proteases in
the cuticle. This also occurred when bees were
treated with formic acid (Strachecka et al. 2012a).

Figure 3. PCA of the effect of exposure to imidacloprid (IMD). Circles, 0-ppb IMD (control); triangles, 5-ppb IMD;
squares, 200-ppb IMD.
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However, Balieira et al. (2018) employed different
protocols than we did (see conclusions of Henry
et al. 2015). Therefore, more studies are needed to
explain these discrepancies. Concluding, we have
confirmed our hypotheses 1 and 2 about the harmful
effects of IMD on the hemolymph and cuticle pro-
teolysis. Simon-Delso et al. (2015), Sánchez-Bayo
et al. (2016), and Mužinić and Želježić (2018) de-
scribed harmful effects of neonicotinoids in honey-
bees, but they did not mentioned about impairment
of the hemolymph and cuticle proteolysis. Thus, this
study provides new information. Van der Sluijs et al.
(2013) and Dively et al. (2015) demonstrated that
pesticides, even when they do not cause direct bee
mortality, make colonies potentially more sensitive
to future pathogens or xenobiotic stresses. There-
fore, we believe that, although colony depopulation
was not observed during the exposure time in the

present study, themetabolic side effects we observed
can potentially make colonies more sensitive to
future stressors, such as pathogens or xenobiotics.

The responses of the hemolymph and cuticle
proteases and their inhibitors to IMD differed be-
tween the castes, particularly between queens and
workers (Table I). This suggests that queens are
biochemically different from workers, which may
reflect different mechanisms of eusocial evolution
(Münch et al. 2008; Amdam 2011) at the biochem-
ical level. On the other hand, queens may have been
exposed to less IMD than workers, as they were fed
food processed by nurse bees. However, both 1-day-
old queens and workers emerged from larvae were
fed the processed food, but their responses to IMD
were different.

This may be surprising, as our bees were fed
with IMD, particularly in the bees fed during the

Figure 4. PCA of the effect of caste. Circles, queens; triangles, workers; squares, drones.
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preimaginal stages, though Colin et al. (2019)
revealed that IMD delivered only during the larval
stage strongly influences worker foraging. This
requires further study.

4.2. ALT, AST, ALP, and the global DNA
methylation: hypotheses 3 and 4

Similar to pathogens and other xenobiotics
(Bajda et al. 2014; Strachecka et al. 2015, 2016),
ALT, AST, and ALP were downregulated, indepen-
dent of the caste and age, when bees were exposed
to IMD (Table II). This confirmed our hypothesis 3
and pointed out the harmful, physiological side
effects of IMD. Strachecka et al. (2015) revealed
that the activities of these biomarkers increased from
the 1st to the 30th day of the workers’ lives but then
droppedwhen senescence became serious. A similar
drop was observed in this study as a result of expo-
sure to IMD (Online Resource 2), suggesting that
IMD accelerates biochemical senescence.

The IMD-induced increase in the DNA global
methylation (Table II) confirmed our hypothesis 4.
This also suggested that honeybees can adapt to IMD
through epigenetic mechanisms (Flores et al. 2013;
Dong et al. 2013) or that at least the far-reaching
IMD caused nonadaptive epigenetic changes occur.
Similar epigenetic responses have already been ob-
served in honeybees exposed to other harmful xeno-
biotics (Strachecka et al. 2012b, 2016). On the other
hand, the global DNA methylation level increased
with honeybee age in the present study (Online
Resource 2), which corresponds to the results of
Lyko and Maleszka (2011) and Cardoso-Júnior
et al. (2018). Glastad et al. (2014) showed that de-
methylation of the honeybee genome by RG108
increases worker life span. Curcumin decreased
globalDNAmethylationwhile increasing theworker
life span (Strachecka et al. 2015). Thus, IMD seems
to accelerate senescence at the epigenetic level.

In conclusion, considering that Jacob et al. (2019)
estimated median LC50 values for IMD of 22.78 ng
μL-1 and Tapparo et al. (2011) reported a lethal dose
of 102mg L-1, our results show that sublethal doses
of neonicotinoids may cause honeybee colony fail-
ure not only because the exposed workers start
foraging when younger, which unbalances the age-
based division of labor (Jacob et al. 2019), but also
because of faster biochemical/epigenetic bee

senescence. The impairment in proteolysis we re-
vealed here is also a new important fact that may
help explain controversial mechanisms of colony
depopulation when it is exposed to sublethal
neonicotinoid doses in rural regions.
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L'imidaclopride affecte de façon marquée la protéolyse
de l'hémolymphe, les biomarqueurs, la méthylation
globale de l'ADN et la couche protéolytique de la
cuticule chez les abeilles domestiques occidentales.
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abeille domestique / imidaclopride / protéolyse / méth-
ylation de l'ADN / biomarqueur.

Imidacloprid beeinflusst die Hämolymphproteolyse,
Biomarker, die globale DNA Methylierung und die
proteolytische Kutikulaschicht de Westlichen
Honigbiene.

Honigbiene / Imidacloprid / Proteolyse / DNA-
Methylierung / Biomarker.
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