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Abstract Substantial percentage of world food production
depends on pollinating service of honeybees that directly de-
pends on their health status. Among other factors, the success
of bee colonies depends on health of developed larvae. The
crucial phase of larval development is the first 6 days after
hatching when a worker larva grows exponentially and larvae
are potentially exposed to xenobiotics via diet. In the present
study, we determined the lethal concentration LCsq (72 h)
following single dietary exposure of honeybee larvae to
formetanate under laboratory conditions, being also the first
report available in scientific literature. Activities of antioxi-
dant enzymes, superoxide dismutase (SOD), catalase (CAT)
and glutathione-S-transferase (GST) were also measured in
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the homogenates of in vitro reared honeybee larvae after sin-
gle formetanate exposure. Decreased specific activity of SOD
and increased activities of CAT and GST suggest the induction
of oxidative stress. Higher levels of thiobarbituric reactive
species in all samples supported this fact. Comparing deter-
mined larval toxicity (LCso of 206.01 mg a.i./kg diet) with
adult toxicity data, we can suppose that the larvae may be less
sensitive to formetanate than the adult bees.

Keywords Honey bee larvae - Enzymes - Carbamate -
Dietary exposure

Introduction

The extensive use of pesticides raises many problems due to
their potential harmful effects on non-target organisms, persis-
tence and combined effects with other agrochemicals and en-
vironmental factors. Insecticides are thought to be among the
major factors contributing to current declines in honeybee
populations. Their residues were reported in the wax, honey,
beebread and pollen usually taken from in-hive environment
(Johnson et al. 2010; Mullin et al. 2010; Pisa et al. 2015,
Goémez-Ramos et al. 2016). Among other factors, the success
of bee colonies depends on health of developed larvae.
Larvae, far from being protected from pesticides in the colony,
may be chronically exposed to an accumulation of chemical
residues (Human et al. 2014). The first 6 days after hatching
are very important because the larvae are potentially exposed
to xenobiotics via diet. There are few data concerning the
effect of pesticides on honeybee larvae.

Formetanate and formetanate hydrochloride, respectively,
belong to the class of a formamidine acaricide and a carbamate
insecticide. Both functional groups (formamidine and carba-
mate) act by permitting constant impulse transmission at
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synapses leading to convulsions in insects. Good water solu-
bility and poor soil adsorption give to formetanate hydrochlo-
ride a high environmental contamination potential. The pres-
ence of two functional groups means that selective degrada-
tion of only one group may yield decomposition products with
an intact pesticide-active site (Divito et al. 2007). The hazard
of pesticide poisoning to honeybees results not only from
direct contact poisoning but also from the intake of certain
contaminated nectar, pollen and water and the transport of
contaminated products into the hive (Suchail et al. 2001).
The hazard of different chemicals is commonly expressed in
terms of acute toxicity (LDs). According to EFSA scientific
report (2006), pesticides containing formetanate should not be
applied later than 2 weeks before flowering of ornamental
shrubs to protect honeybees because of potential harmful ef-
fects to adult bees and their developmental stages. Kinetics of
formetanate in insects is not fully elucidated. In mammals,
formetanate is rapidly and extensively absorbed after oral ad-
ministration (>96% within 120 h). The major route of excre-
tion is urine (>92% of the dose), predominantly during the
first 24 h postadministration. No evidence of bioaccumulation
was observed (EFSA 2006). The metabolites formed in plants
are very similar to those formed in mammals and insects
(Kuhr 1970), but the toxicological impact of residues resulting
from the use of formetanate is essentially due to the parent
compound (EFSA 2006).

Metabolism or biotransformation does not necessary result
in less toxic compounds (Park et al. 2014). It has been reported
that many organic cyclic compounds can induce oxidative
stress by enhancing reactive oxygen species (ROS) in tissues
(Bus and Gibson 1984; Cheung et al. 2001). Organisms have a
variety of antioxidant and detoxifying enzymes (e.g. superox-
ide dismutase, catalase and glutathione-S-transferase). They
represent one part of the natural endogenous defence system
and are expressed in a response to ROS production to neutral-
ize the oxidative effect of oxygen and its reactive metabolites
(Sies 1993). All of these enzymes have been reported to occur
in insects (Weirich et al. 2002). Carbamates can generate ROS
and can change the antioxidant enzyme activities (Sobekova
et al. 2009).

The potential hazard to honeybees from the use of the pes-
ticide is identified in risk assessment. Risk assessment is a
simple calculation of likelihood that “bad things” will happen
to honeybees based on a specific hazard or dose. The honey-
bee is generally considered as extremely sensitive to pesti-
cides compared to other insect species, making this species a
good environmental indicator of pesticide pollution (Porrini
et al. 2003). The high sensitivity of honey bees seems to be
confirmed by the lower number of genes encoding xenobiotic
detoxifying enzymes in the Apis mellifera genome compared
with other insect species (Claudianos et al. 2006; Arena and
Sgolastra 2014). Despite that, Hardstone and Scott (2010)
who compared the relative sensitivity of A. mellifera to

insecticides using adult available data (overall across the six
classes of insecticides) observed no evidence that A. mellifera
is more sensitive to insecticides relative to other insects. Even
though honey bees have a lower number of cytochrome P450
genes, this does not reflect a greater sensitivity to insecticides.
No data are available about the effect of formetanate on the
enzyme activities in insect species, particularly in the honey-
bee larvae. Only some reports on insect susceptibility to
formetanate are available (Bielza et al. 2008; Contreras et al.
2010; Guillén et al. 2014).

The goal of the present study was to determine the dietary
toxicity of formetanate (LCs, 72 h) on honeybee larvae reared
in vitro and to assess the effect of formetanate on the antiox-
idant enzyme activities of honeybee larvae after single dietary
exposure.

Materials and methods

Acquisition and grafting of the first instar larvae and test
units

The honeybee larvae were reared in vitro using the methodol-
ogy described by Aupinel etal. (2007) and OECD 237 (2013).
Synchronized first instar larvae of A. mellifera carnica were
collected separately from three healthy queen-right colonies
(each representing a replicate) reared in experimental apiary of
University of Veterinary Medicine and Pharmacy in Kosice
(Slovakia) during the summer of 2015. Each queen was con-
fined to a defined area on a comb containing empty cells for
30 h to control the age of the brood. At day 1 the combs,
containing the synchronized first instar larvae (no more than
24 h), were transferred to experimental laboratory for grafting
of the larvae into the testing units. During the test, larvae were
maintained in 48-well culture plates with commercial grafting
cells with an internal diameter of 9 mm (ref CNE/3,
NICOTPLAST/France). Before grafting, the grafting cells
were disinfected for a minimum of 2 h in a
methylbenzethonium chloride (MBC) (Sigma Aldrich). The
disinfected grafting cells were dried and distributed thereafter
into the wells of a 48-well culture plate, which were previous-
ly half-filled with a piece of a dental roll (cellulose, wetted
with a 15% glycerol solution (Sigma Aldrich) in aqueous so-
lution of MBC (4 g L™")). Single first instar larvae were placed
onto the surface of the diet A (20 pL) in each grafting cell
using sterile grafting spoon for transfer.

Diet preparation and larval feeding
Honey bee larval diet was prepared using royal jelly (obtained
from Institute of Apiculture in Liptovsky Hradok, Slovakia),

D-glucose (mikroCHEM), D-fructose (mikroCHEM), yeast
extract (Fisher Scientific) and distilled water. The diet
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compositions (A, B, C) used for feeding the bee larvae and
feeding scheme used in our experiment were identical as
described by Aupinel et al. (2007) and OECD 237 (2013) as
follows:

Diet A (day 1) is 50% weight of fresh royal jelly +50%
weight of an aqueous solution containing 2% weight of yeast
extract, 12% weight of glucose and 12% weight of fructose.

Diet B (day 3) is 50% weight of fresh royal jelly +50%
weight of an aqueous solution containing 3% weight of yeast
extract, 15% weight of glucose and 15% weight of fructose.

Diet C (from day 4 to day 6) is 50% weight of fresh royal
jelly +50% weight of an aqueous solution containing 4%
weight of yeast extract, 18% weight of glucose and 18%
weight of fructose.

Multi-residues analysis of royal jelly originated from
Institute of Apiculture in Liptovsky Hradok (Slovakia) was
not conducted. Royal jelly was freshly collected from healthy
colonies kept in Tatra National Park (TANAP) with known
treatment history.

Preparation of the spiking solutions and spiked diets

Test item formetanate hydrochloride (analytical standard in
99.7% purity, Fluka) in five test concentrations plus control
group (Co) and reference item group (Co+) dimethoate (ana-
lytical standard in 99.5% purity, Supelco) were tested in range
finding bioassay. All spiking solutions for the preparation of
spiked diets were prepared freshly on the day of spiking. First,
the stock solution of formetanate (24.24 mg mL ") in distilled
water was prepared. Subsequently, a serial dilution was made
from the stock solution using the freshly prepared diet C as a
solvent. In such way, five final concentrations of formetanate
(0, 151.52, 303.03, 606.06, 1212.12 and 2424.24 mg a.i./kg)
in the diet were obtained. The choice of tested concentrations
was based on result obtained from independent preliminary
test with nominal concentrations of 3030.3, 432.90, 61.80 and
8.80 mg a.i./kg in a diet on day 4 (OECD 237, 2013). The
preparation of spiked diets was the same as in range finding
test.

The larvae in preliminary and range finding bioassays were
fed with untreated diets A and B on day 1 and day 3, respec-
tively. The larval food contaminations were done from one
respective solution from five solutions previously prepared
on the day 4 of the experiment. For each concentration, three
replicates of 12 larvae were used and larval mortality was
recorded 24, 48 and 72 h post application. Each day, larval
survival was recorded and dead individuals together with
commercial grafting cells were removed. Dead larvae were
recognized by immobility of their stigmata, and dead
prepupae and pupae by occasional black or white subdermal
necrotic stains or visible wilting (by using stereomicroscope).
On day 7, the uneaten diet was weighed after pipeting from the
cells of the alive larvae in both experiments. Uneaten diet is
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expressed as a proportion (%) of diet offered during the whole
bioassay per one tested individual (i.e. according to OECD
237 (2013), single larva should be fed with total volume of
160 pL, i.e. with density of about 1.1 mg puL ™' (OECD 239
2016), it is 176 mg/larva for the whole bioassay). The diet of
the control group was prepared in the same way as described
for the test item treatment level, but instead of test item con-
taining spiking solution an equivalent quantity of distilled
water was added to the untreated diet (= diet C) of the control
group.

For the reference item group, in preliminary and range
finding tests, one dimethoate-containing spiking solution
was prepared (OECD 237 2013). From spiking solution, a
defined quantity was used to spike untreated diet (= diet C)
in order to obtain a dimethoate-containing diet of nominally
266.7 mg dimethoate a.i./kg diet, corresponding to a feeding
dose of nominally 8.8 pug dimethoate a.i./larva.

On days 5 and 6, all the larvae in the different test groups
were fed with untreated diet C (OECD 237 2013).

Experimental conditions

From day 1 to day 7, the larvae were incubated in a hermetic
container (Sicco) at +34.5 °C, containing a Petri dish filled
with a saturated solution of potassium sulphate (mikroCHEM)
in order to keep a relative humidity of 90 + 5%. In order to
avoid any potential contamination of the control larvae or
cross-contamination of the reference item larvae, the control
group and reference item group were stored in separate con-
tainers with the same test conditions as described above. The
desired test conditions were recorded with suitable and cali-
brated instruments. The preliminary and range finding bioas-
says were done under the same testing conditions.

Mortalities were expressed in number of dead larvae and in
a corrected percentage according to OECD 237 (2013).
Determination of growth delay degree was not part of these
bioassays.

Enzyme assays

Alive larvae of three concentration groups in range finding
bioassay were frozen (=50 °C) and then homogenized in
5 mmol L™' TRIS-HCI buffer pH 7.8 containing
0.15 mol L' KCI, 1 mmol L Na,EDTA and 2 mmol L!
reduced glutathione using Ultra-Turrax T25 homogenizer.
Homogenates (25% w/v) were ultracentrifuged at 105,000xg
for 1 h (4 °C). Supernatants were stored at =50 °C until using
for enzyme assays. The total proteins were quantified accord-
ing to Bradford (1976) using bovine serum albumin as a
standard.

Enzyme assays were performed in a UV-Vis spectropho-
tometer Helios-beta. Superoxide dismutase activity (SOD, EC
1.15.1.1) was determined by measuring the inhibition of
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cytochrome ¢ reduction using xanthine/xanthine oxidase O,
generating system at 550 nm (25 °C) (Flohé and tting 1984).
Aliquots of the supernatants were added to a cuvette contain-
ing a 50 mmol L' phosphate buffer supplemented
0.1 mmol L™! Na,EDTA (pH 7.8), 20 pumol L' cytochrome
cand 50 umol L™ xanthine. Final volume of reaction mixture
was 1 mL. The reaction was initiated by addition of xanthine
oxidase. One unit of SOD activity was defined as the amount
of enzyme that causes 50% inhibition of cytochrome c reduc-
tion under the assay conditions. Catalase activity (CAT, EC
1.11.1.6) was assayed by monitoring the decrease in absor-
bance at 240 nm (30 °C) due to the consumption of H,O,
(Sizer and Beers 1952) in a medium containing
10 mmol L™ H,0, and 20 mmol L' phosphate buffer at
pH 7.0. Final volume of reaction mixture was 3 mL and quartz
cuvette was used for determination. Glutathione-S-transferase
activity (GST, EC 2.5.1.18) was measured at 340 nm (30 °C)
according to Habig and Jacoby (1981). Reaction medium with
total volume 1 mL was containing 1 mmol L™" of 1-chloro-
2 4-dinitrobenzene as the substrate and 1 mmol L™ of reduced
glutathione in 0.2 mol L' phosphate buffer supplemented
1 mmol L™" Na,EDTA (pH 6.5). One unit of enzyme activity
was defined as the amount of enzyme that catalyses the for-
mation of 1 umol of product per minute under assay condi-
tions. Specific enzyme activities were expressed in units per
milligram of protein. Lipid peroxidation products were mea-
sured as thiobarbituric acid reactive substances (TBARS) that
absorb at 535 nm (Gutteridge 1984). The content of TBARS
was expressed as As3s/mg of protein. All used reagents were
of the highest purity from Sigma, Merck and Boehringer.

Statistical evaluation

The statistical processing of the obtained data was performed
by using ToxRat Professional, Version 3.2.1, (® ToxRat
Solutions GmbH) and EPA Probit Analysis, version 1.5. The
data of the test item treatment group (formetanate) were sta-
tistically evaluated and compared to the control data by using
a Fisher’s exact binomial test with Bonferroni correction, one-
sided greater, o = 0.05.

The results of the enzyme analysis were expressed as
mean = SD (n = 6) of three independent determinations.
Statistical analysis was done by Student’s ¢ test (*P < 0.05;
*#P < 0.01; #*%P < 0.001).

Results

The effects of formetanate exposure on honeybee larvae
reared with contaminated food were assessed according to
the OECD 237 (2013). The results of the independent prelim-
inary test showed 100% mortality on day 5 in tested nominal
concentration of 3030.3 mg a.i./kg diet and no mortality at

lowest tested concentration of 8.80 mg a.i./kg diet. Based on
mortality observed in preliminary test, the LCs, was expected
to be between concentrations of 303.03 and 606.06 mg a.i.’kg
diet in a range finding test. Because range finding test showed
cumulative mortality on day 7 over 50% in all tested concen-
trations (Table 1), we decided to pool mortality data obtained
from our preliminary test together with those obtained in
range finding test in a final LCs, calculation. We tried to use
as originally data as possible and thereby, the controls were
also pooled, i.e. there were total 72 larvae introduced. The
established LCs (72 h) for formetanate for A. mellifera larvae
was 206.01 mg a.i./kg diet with a 95% confidence interval of
114.51-316.36 mg a.i./kg diet (x* = 18.3; df = 7; P < 0.001)
(Fig. 1).

Observed range of uneaten diet on day 7 (Table 2) was
from 51.9 to 81.0 mg/larva in test concentration of 432.9
and 1212.12 mg a.i./kg diet, respectively. During the both
bioassays, larval mortality in the control group from day 4 to
day 7 was <15% (no larvae died until day 7) and the larval
mortality in the reference group was >50% from day 4 until
day 7, thus validating the test (Table 1). On day 7, no statistical
significance between the control and the lowest tested concen-
tration was shown (Table 1). Determined no observed effect
concentration (NOEC) of 8.8 mg a.i./kg diet was based on
cumulative mortality observed on day 7.

Enzymes that protect against xenobiotics are recognized as
sensitive biomarkers, especially those involved in oxidative
stress and detoxification processes. The effect of formetanate
(151.52-2424.24 mg a.i./kg diet) and dimethoate
(266.7 mg a.i./kg diet) on antioxidative enzyme system of
in vitro reared honeybee larvae was tested 72 h after single
exposure to contaminated diet. Because of high cumulative
mortality observed on day 7 (Table 1), activities of antioxidant
enzymes were tested only for three different concentrations. In
this study, homogenates of whole insects were used to obtain
the enzyme preparations.

Significantly lower activity of SOD (3.3—4.5 times) was
determined in homogenates of larvae fed on treated diet (di-
methoate—organophosphate as positive control Co+—and
formetanate—carbamate as tested active ingredient) when
compare with the control Co (untreated diet) (Fig. 2).
Specific activity of catalase statistically decreased
(237 Umg ) at the lowest tested concentration of formetanate
when compared with the control (288 U mg ). The activity of
CAT was rising up with the tested concentrations of
formetanate (305 and 334 U mgﬁl, respectively). All tested
concentrations of formetanate caused increasing activity of
glutathione-S-transferase (Fig. 2). TBARS is a marker of lipid
peroxidation. Higher TBARS content in tested homogenates
of honeybee larvae were in good correlation with changed
enzymes activities (Fig. 2). The highest changes of all deter-
mined parameters were observed at formetanate concentration
0f 303.03 mg a.i./kg diet.
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Table 1 Mortality of honeybee

larvae (Apis mellifera carnica) Test concentration (nominal)* Mortality Rearing day Statistic
after single exposure of (mg a.i/kg diet)
formetanate (preliminary and 4 5 6 7 P Significance*
range bioassays) (exact)
Co* Mortality 0 0 0 0 --- ---
(larvae)
Formetanate tech
8.80 Mortality 0 0 0 0 1.000 -
(larvae)
Corrected 0 0 0 0 --- ---
mortality (%)
61.80 Mortality 0 0 0 6 0.006 +
(larvae)
Corrected 0 0 0 16.7  --- ---
mortality (%)
151.52 Mortality 0 0 12 20 <0.001 +
(larvae)
Corrected 0 0 333 556  --- ---
mortality (%)
303.03 Mortality 0 6 12 23 <0.001  +
(larvae)
Corrected 0 16.7 333 639 --- ---
mortality (%)
432.90 Mortality 0 7 15 17 <0.001 +
(larvae)
Corrected 0 19.4 41.7 472 --- ---
mortality (%)
606.06 Mortality 0 6 22 29 <0.001 +
(larvae)
Corrected 0 16.7 61.1 80.6 --- ---
mortality (%)
1212.12 Mortality 0 8 28 35 <0.001 +
(larvae)
Corrected 0 22.2 77.8 972 --- ---
mortality (%)
242424 Mortality 0 18 36 36 <0.001 +
(larvae)
Corrected 0 50.0 100 100 --- ---
mortality (%)
3030.30 Mortality 0 36 36 36 <0.001 +
(larvae)
Corrected 0 100 100 100 --- ---
mortality (%)
Co+ (dimethoate tech.)
266.7% Mortality 0 5 18 23 n.d. n.d.
(larvae)
Corrected 0 13.9 50.0 639 --- ---
mortality (%)

Co control group, Co+ positive control (dimethoate), n.d. not determined

#Pooled mortality data from preliminary and range bioassays

*Fisher’s exact binomial test with mortality on day 7; two-sample comparisons between sample and control (alpha
is 0.050; one-sided greater); Ho (no effect) is accepted, if the probability p(exact) > alpha; p(exact) is the
probability that the increase in category “Dead” observed in the treatment(s) is due to chance

+ Significant (P < 0.05, one-sided greater); — non-significant; - - - not relevant

Discussion

All the developmental stages of honeybee are exposed to a wide
range of agrochemicals and veterinary medicinal products used
in agriculture and apiculture through contaminated food, wax,
etc. Multiple chemical residues present in wax may interact to
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cause a delay in the development of larvae reared in old combs
(Wu et al. 2011).

In the present study, we determined the lethal concentration
seventy-two hours (72 h, LCs) following single exposure of
honeybee larvae to formetanate in the laboratory conditions,
being also the first report available in the scientific literature.
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Fig. 1 Effect of formetanate on survival of honeybee larvae (Apis
mellifera carnica) (day 7)

Determined LCso was calculated by using a pooled mortality
data obtained from two bioassays (preliminary and range find-
ing tests), both done in summer 2015 (June and July) using
fresh hatched larvae from the same colonies (the same biolog-
ical material). During both bioassays, observed larval mortal-
ity in the control group was 0% and in the reference group was
>50% from day 4 until day 7. In our opinion, observed cumu-
lative mortality of 17 larvae in concentration of 432.9 mg a.i./
kg diet on day 7 in a preliminary test is maybe just

“accidental” and that is why we decided to pool data in
LCso determination. As for mortality, 100% larval mortality
was observed on day 5 in tested nominal concentration of
3030.3 mg a.i./kg diet, in lower tested concentration of
2424.24 mg a.i./kg diet on day 6 and no mortality at lowest
tested concentration of 8.80 mg a.i./kg diet on day 7. The
highest larval mortality and visible growth delay in both bio-
assays were observed between days 5 and 6 (Table 1). The
same finding was observed in positive control (pooled data)
on day 6.

Comparing determined LCsy (72 h) for larvae
(206.01 mg a.i./kg diet) with those one for adult of
A. mellifera 72 h LCsy of 11.17 mg a.i./kg diet (data not
published), we can suppose that the larvae seem to be less
sensitive to formetanate than the adults. This finding is in line
with results presented by Tavares et al. (2015), who observed
that the larvae were more tolerant to thiamethoxam when
compared with the adults of Africanized A. mellifera.
Similarly, Yang et al. (2012) observed that larvae were more
tolerant to the imidacloprid when compared with adults of
A. mellifera. The second-instar larva of western flower thrips,
Frankliniella occidentalis (Pergande), was also less suscepti-
ble to the formetanate than the adults (Contreras et al. 2010).
Identical principle of different sensitivity of larva vs. adult bee
can be observed for toxic standard dimethoate preferred in
both OECD 213 (1998) (acute oral adult bee) and OECD
237 (2013) (honeybee larvae) tests. Reported oral LDsg
(24 h) for adult worker honeybee is in the range of 0.10—
0.35 pg a.i./bee and for honeybee larvae is 8.8 £ 0.5 ug a.i./

Table 2 Number of alive larvae

with uneaten diet and the weight Test Larvae Number of cells with Total weight ~ Total weight of Uneaten
of uneaten diet on day 7 concentration  mortality  uneaten diet at day 7 of uneaten uneaten diet per diet per
(nominal)* at day 7 (alive larvae only) diet (mg) larva (mg/larva) larva(%)*
(mg a.i/kg
diet)
Co 0 0 0 - -
Formetanate tech.
8.8 0 0 0 - -
61.8 6 0 0 - -
151.52 20 8 435 54.8 309
303.03 23 6 323 53.8 30.6
4329 17 12 623 51.9 295
606.06 29 3 205 68.3 388
1212.12 35 1 81 81.0 46.0
2424.24 36 0 n.d. - -
3030.3 36 0 n.d. - -
Co+ (dimethoate tech.)
266.7° 23 5 341 68.2 38.8

n.d. not determined

#Percentage of diet offered during the whole bioassay per one tested individual

°Pooled data from preliminary and range bioassays
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larva. In contrary to that findings, approximately 50 times
higher LCs, for selenium were observed for adult foragers
compared with larvae (Hladun et al. 2013).

Different susceptibility observed between larvae and adults
can be explained by the presence of the insect fat body, a
unique tissue to insects, which plays major role in intermedi-
ary metabolism and it is the central storage depot of nutrients
and energy reserves. The storage function of the fat body is
essential for the life of holometabolous insects (butterflies,
flies, fleas, bees, ants, beetles etc.), which must accumulate
at least a minimal amount of nutrients in the larval stages to
survive during periods of starvation and metamorphosis.
Lipids always represent the major component of the fat body
and the main source of metabolic fuel (Arrese and Soulages
2010). The absolute amounts of lipids increase in both worker
and drone larva as they increase in weight in the course of
larval development, and the amounts decrease during meta-
morphosis (Hrassnigg and Crailsheim 2005). For a number of
other insect species, the lipid content corrected for dry weight
is higher in larvae compared with adults (Fast 1964;
Hardstone et al. 2010). According to Hardstone and Scott
(2010), to gain a greater understanding of the relative sensi-
tivity of honey bees, it would be desirable to evaluate other life
stages, e.g. larval and/or bioassays endpoints other than
mortality.

In our opinion, larval phase is crucial from toxicological
point of view. A worker larva grows about 900—1100 times the
weight of an egg or newly hatched larva coupled with

@ Springer

formetanate concentration (mg a.i./kg diet)

increasing fat body. During pupal phase, fat body energy re-
serves are mobilized in response to the energy demands of
other tissues. At the same time, the fat body responds to the
metabolic requirements of the organ itself. Therefore, the mo-
bilization of energy stores must be tightly coupled to a number
of metabolic pathways (Arrese and Soulages 2010).

Repeated exposure scenario according to OECD 239
(2016) seems to be more realistic, if in reality, potential resi-
dues present in larval diet are consumed daily over the first
6 days after hatching where except for the larval mortality
recorded from day 4 to day 8, a mortality of non-emerged bees
(pupal mortality) are counted on day 22 of bioassay.
Appropriateness of chronic exposure scenario was confirmed
in a study using larval rearing method adapted by Zhu et al.
(2014) to assess the chronic oral toxicity to honeybee larvae of
the four most common pesticides detected in pollen and wax
(fluvalinate, coumaphos, chlorothalonil and chloropyrifos).
Authors observed a significant increase in larval mortality at/
or beyond day 4 of feeding. According to these authors, chron-
ic toxicity is likely to be undetected in a conventional acute
toxicity study, resulting in potential underestimation of pesti-
cide effects to larvae.

Even with the discrepancy in the sensitivity of the honey-
bee during its development, Yang et al. (2012) highlight that
the toxic effect of imidacloprid at low doses may be harmful
and may affect the larvae. Results obtained from the study
done by Tavares et al. (2015) support this finding, since the
sublethal doses of thiamethoxam caused atypical progression
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of developmental stages and the development of the optic
lobes larvae.

Beside the larval mortality, also the presence of uneaten
diet of alive larvae on day 7 was observed (Table 2). The range
of uneaten diet ranged from 29.5 to 46.0% of total weight of
diet one larva should be fed with during the bioassay (i.e. total
weight of 176 mg diet for one larva during the whole bioas-
say). The uneaten diet was present with alive larvae with
inhibited growth. The lower cumulative mortality observed
at concentration of 432.9 mg a.i./kg diet (preliminary test) in
comparison to mortality observed at two lower concentrations
can be explained by higher number of larvae with uneaten diet
on the bottom of their cells (Table 2). At this concentration, 19
out of 36 larvae survived on day 7 but as much as 12 of them
were inhibited in their growth, probably due to the insufficient
intake of contaminated diet. There are some not answered
questions. How to handle with these data when assessing
acute/dietary toxicity to in vitro reared larvae? Would
in vitro reared larvae inhibited in growth develop to mature
stage? More important question is how to apply this observa-
tion to reality, from organism level (larva) to colony level?
And to which extent will be relevant? This should be reflected
in some next studies.

Exposure to sublethal concentrations of pesticides and their
metabolites within brood tissues may result in continuous pesti-
cide stress (Wu et al. 2011) or reduction of bee’s lifespan
(Oliveira et al. 2014). Some data on formetanate hydrochloride
residues in pomes, citrus, strawberries and stone fruits were re-
ported (Niemann 1993; Hu et al. 1996). Undeterminably long
dissipation value of the residues on citrus foliage (given as
formetanate equivalents with dissipation curve followed first-
order kinetics) was observed (Hadjidemetriou et al. 1985). The
metabolites formed in plants (foliar application) are very similar
to those formed in mammals and insects. The major constituent
of the residue was formetanate in all the investigated crops (to-
matoes, lemons, peaches and alfalfa) and the main found metab-
olites resulting from the hydrolysis of formetanate were N'-(3-
hydroxyphenyl)-N',N-dimethylformamidine, 3-
formamidophenylmethyl-carbamate and 3'-hydroxyformanilide
(Kuhr 1970; EFSA 2006). No data on presence of formetanate
in wax, pollen, nectar, royal jelly or propolis are published in
scientific studies to that time, so it is difficult to estimate potential
exposure to larvae. Our data on mortality in honeybee’s larvae
peaked about 2 days following single exposure. There is no
evidence that the observed effects are induced by parent com-
pound or its metabolite(s).

A large number of organic cyclic compounds can stimulate
the generation of ROS by redox cycling of biotransformed
organic molecules (Park et al. 2014). In insects, increased
ROS production has also been associated with detoxification
processes (Du Rand et al. 2015). Antioxidant enzymes play
key roles in regulation of the intracellular ROS balance to
prevent ROS-mediated damage and are produced by cells in

response to oxidative stress (Corona and Robinson 2006).
Superoxide dismutase and catalase are considered as the pri-
mary defence against oxidative damage, and glutathione-S-
transferase is an early marker of induction of detoxifying sys-
tem and also appears to contribute to cellular protection of
oxidative damage (Badiou-Bénéteau et al. 2012).

Superoxide dismutase (SOD) has particular value as an
antioxidant that can help to protect against cell destruction.
The substrate of SOD is the superoxide radical anion. It is
responsible both for direct damage of biological macromole-
cules and for generating other reactive oxygen species. SOD
keeps the concentration of superoxide radicals in low level.
The inhibition of the SOD activity may result from the in-
creased production of superoxide anion radical. The extent
of the decrease of SOD activity depends on the degree of
oxidative stress (Pracasam et al. 2001). Accumulation of su-
peroxide anion radical leads to damage of the mitochondrial
membrane and apoptosis (Huang et al. 2000). It has been
shown that SOD is inhibited by H,O, because of the reduction
of copper ions in the active centre of the enzyme (Hodgson
and Fridovich 1975).

Catalase activity has been reported to be present in honey.
Honey contains H,O, produced by glucose oxidase, an en-
zyme present in honey (Weirich et al. 2002). Catalase perhaps
acts to keep H,O, levels in honey below toxic level. The
enzyme is very active in the honeybee and can be modulated
by environmental pollutants (Carvalho et al. 2013). Catalase
prevents hydroxyl radical formation by breaking down hydro-
gen peroxide into oxygen and water (Corona and Robinson
2006). Increased activity of catalase (Fig. 2) could provide
protection against H,O, generated internally or entering the
cell by diffusion. Higher activity of CAT suggested a high
dietary exposure to H,O, or H,O,-generating chemicals.
Increased CAT activity could be partially explained by the
ability of formetanate to induce oxidative stress.

The GST family is a multifunctional cytosolic enzyme su-
perfamily that plays important roles in the detoxification of
insecticides and secondary metabolites, as well as in protec-
tion against oxidative stress (Badiou-Bénéteau et al. 2012).
GSTs act by conjugating the thiol group from glutathione to
ROS and wide variety of xenobiotics, resulting in more polar
compounds being excreted or further metabolized (Du Rand
et al. 2015; Mittapalli et al. 2007). Some isoenzymes of GST
also have glutathione peroxidase activity (Corona and
Robinson 2006). This activity is particularly important in in-
vertebrates because they are deficient in the other (vertebrate-
type, selenium-dependent) glutathione peroxidases (Pardini
1995; Weirich et al. 2002). Insect GSTs are classified into at
least six classes: delta, epsilon, omega, sigma, theta and zeta,
of which the delta and epsilon classes are unique to insects
(Du Rande et al. 2015). Delta GSTs have been implicated in
insecticide resistance in several insects. At the metabolic level,
resistance mechanisms of insects to both plant toxins and
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synthetic insecticides involve the induction of detoxification
enzymes which transform xenobiotics into less toxic and more
soluble compounds that can be excreted (Human et al. 2014).
In our experiment, formetanate increased total GST activity
from 0.21 U mg™" in control group to 0.33; 0.38 and
0.33 Umg ', respectively, in experimental groups. This could
be explained by the fact that some part of formetanate metab-
olism involves conjugation to glutathione. Increased specific
activity of GST was also observed in honeybees poisoned with
permethrin, deltamethrin and flumethrin (Yu et al. 1984;
Nielsen et al. 2000; Papadopoulos et al. 2004). GSTs from
the sigma class have a high affinity for lipid peroxidation
products and because of their localization in metabolically
active tissues in flies it can be supposed that these enzymes
may play a role in protection against oxidative stress (Du
Rand et al. 2015). The enzyme activities were determined
in vitro reared larvae on day 7. Maximum absolute amounts
of lipids are characterized for this larval stage (Hrassnigg and
Crailsheim 2005). Lipids are considered to be the most sensi-
tive macromolecules to oxidative damage. Increased levels of
TBARS (marker of lipid peroxidation) in experimental groups
pointed to harmful effect of formetanate to larval tissue.

Enzymatic detoxification in the eusocial A. mellifera
may be complemented by behaviours comprising a “social
detoxification system”, including forager discrimination,
dilution by pollen mixing and colony food processing
via microbial fermentation that reduces the number or
quantity of ingested chemicals requiring detoxification
(Berenbaum and Johnson 2015).

Conclusion

To study the life cycle of honeybee is still a challenge for
scientists. Xenobiotics with long half-life of degradation are
potentially hazardous for the larvae despite that they are not
directly exposed in contrary to adult foraging honeybees. The
crucial phase of larval development is the first 6 days after
hatching when a worker larva grows exponentially and larvae
are potentially exposed to xenobiotics via diet. Pesticide resi-
dues in larval diet/wax can potentially have adverse effects on
larvae (e.g. growth delay), which may secondary inhibit col-
ony development, health and overwintering success. While
adult foraging bees are targeted directly during the collection
of nectar or pollen, the larvae are protected from high xenobi-
otics exposure using the “social detoxification system”. Only
a few data on acute or chronic toxicity of pesticides orally
administered to honeybee larvae are known. In the present
study, we determined dietary LCsy (72 h) following single
dietary exposure of honeybee larvae to formetanate under lab-
oratory conditions. The decrease in SOD activity and increase
in CAT and GST activity suggest the induction of oxidative
stress in honeybee larvae after single exposure to formetanate.

@ Springer

Higher level of TBARS in samples strongly supports this
hypothesis.

Because the success of colonies depends on the health of
developed larvae, potential adverse effects of pesticides must
be considered for a complete analysis. Our findings can po-
tentially contribute to policies regarding pesticide registration
purposes by the regulatory agencies.
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