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Toxicological status changes the susceptibility of the honey bee Apis
mellifera to a single fungicidal spray application
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Abstract
During all their life stages, bees are exposed to residual concentrations of pesticides, such as insecticides, herbicides, and
fungicides, stored in beehive matrices. Fungicides are authorized for use during crop blooms because of their low acute toxicity
to honey bees. Thus, a bee that might have been previously exposed to pesticides through contaminated food may be subjected to
fungicide spraying when it initiates its first flight outside the hive. In this study, we assessed the effects of acute exposure to the
fungicide in bees with different toxicological statuses. Three days after emergence, bees were subjected to chronic exposure to the
insecticide imidacloprid and the herbicide glyphosate, either individually or in a binary mixture, at environmental concentrations
of 0.01 and 0.1 μg/L in food (0.0083 and 0.083 μg/kg) for 30 days. Seven days after the beginning of chronic exposure to the
pesticides (10 days after emergence), the bees were subjected to spraying with the fungicide difenoconazole at the registered field
dosage. The results showed a delayed significant decrease in survival when honey beeswere treated with the fungicide. Fungicide
toxicity increased when honey bees were chronically exposed to glyphosate at the lowest concentration, decreased when they
were exposed to imidacloprid, and did not significantly change when they were exposed to the binary mixture regardless of the
concentration. Bees exposed to all of these pesticide combinations showed physiological disruptions, revealed by the modulation
of several life history traits related mainly to metabolism, even when no effect of the other pesticides on fungicide toxicity was
observed. These results show that the toxicity of active substances may be misestimated in the pesticide registration procedure,
especially for fungicides.
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Introduction

During all of their life stages, honey bees are exposed to pes-
ticides used to protect agricultural crops against deleterious
species, including insects, mites, plant pathogens, and weeds
(Pimentel 2009). At the larval stage and after emergence, hon-
ey bees feed on stored honey and bee bread. These products
are frequently contaminated by residues of pesticides such as

insecticides, fungicides, and herbicides, leading to chronic
exposure to these pesticides (Ostiguy et al. 2019;
Piechowicz et al. 2018; Wintermantel et al. 2019). Countless
studies have shown sublethal effects of insecticides on honey
bees (Belzunces et al. 2012; Meikle et al. 2020). The effects of
herbicides have been less well investigated, but an increasing
number of studies have reported that these pesticides are toxic
to honey bees because they impair key functions, such as
metabolism and foraging activity, and negatively impact the
gut microbiota (Dornelles and Oliveira 2014; Gonalons and
Farina 2018; Motta et al. 2020). Honey bees rarely encounter
only a single pesticide in beehive matrices (Kanga et al. 2019;
Mullin et al. 2010), and combinations of pesticides, such as
insecticides along with herbicides or fungicides, may induce
synergistic and additive toxicities (Gonalons and Farina 2018;
Johnson et al. 2013; Wang et al. 2019; Wang et al. 2020).

In addition to chronic exposure to residual concentrations
of pesticides, honey bees may be acutely exposed to high
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concentrations of pesticides (mainly fungicides) during their
foraging flights. Fungicides are authorized for use during full
bloom, and many foraging crops require at least one fungicide
application during the blooming period to provide feasible
management of fungal diseases (Xavier et al. 2020). Based
on the standard test methods for the determination of acute
oral and contact toxicity to pesticides, fungicides are consid-
ered safe to honey bees, with median lethal doses (LD50)
higher than 100 μg/bee (Stanley et al. 2015). In these tests,
toxicity is generally based on mortality observed 48 h after a
single exposure to a pesticide, and the assessment may be
prolonged to 96 h after exposure if mortality continues to rise
(OCDE 1998; Rortais et al. 2017). However, delayed long-
term acute exposures to fungicides are underexamined. In ad-
dition, the toxic effects of fungicides are not restricted to their
impacts on survival. Fungicides affect larval development and
mortality (Mussen et al. 2004), reduce the number of workers
in the hive, perturb hive thermoregulation (Meikle et al. 2017),
reduce pollen consumption and ATP levels, and increase virus
titers in honey bees (Degrandi-Hoffman et al. 2015; Simon-
Delso et al. 2014).

Among the pesticides used for plant protection, three pes-
ticides could be considered of high interest because they are
widely used and they can induce toxicity in binary and ternary
mixtures (Almasri et al. 2020). Imidacloprid is a neonicotinoid
insecticide that disrupts the insect nervous system by acting as
an agonist of nicotinic acetylcholine receptors (Taillebois
et al. 2018). It is among the most frequently detected residues
in honey samples. It is detected at concentrations ranging from
0.14 to 0.7 μg/kg in honey and at a mean concentration of 0.9
μg/kg in pollen (Chauzat et al. 2011; Lambert et al. 2013;
Nguyen et al. 2009). Glyphosate is an herbicide that inhibits
the enzyme 5-enolpyruvyl-shikimate-3-phosphate synthase,
which is essential for the synthesis of some aromatic amino
acids in plants (Duke and Powles 2008). It is detected in 27%
of honey specimens, at concentrations ranging from 64 to 118
μg/kg, and in bee bread, at concentrations ranging from 52.4
to 58.4 μg/kg (Berg et al. 2018; El Agrebi et al. 2020; Rubio
et al. 2015). Score® 250 EC is a phytopharmaceutical fungi-
cide preparation containing difenoconazole. This fungicide
belongs to the triazole fungicides, which are among the most
widely used and ubiquitous fungicides worldwide. Triazoles
are active substances that block the conversion of lanosterol
into ergosterol in fungi by inhibiting 14α-demethylase (Zhang
2018). The Score fungicide is applied as a broad-spectrum
preventive and curative treatment in fruit trees such as apricot
and peach trees and in potato, sugar beet, lettuce, asparagus,
and tomato; its use is authorized during the flowering period at
label doses of 0.3 to 0.5 L per hectare (equivalent to 75 to
125 g of difenoconazole per hectare) (Anses 2014). Due to the
extensive use of difenoconazole during all plant developmen-
tal stages, it is frequently detected in beehive matrices at con-
centrations ranging from 2.8 to 6.7 μg/kg in honey and at a

mean concentration of 270 μg/kg in beebread (Abdallah et al.
2017; Kubik et al. 2000).

In this study, we focused on determining the acute toxicity
and long-term effects of a single spray application of a fungi-
cide preparation on honey bees. We aimed to study the influ-
ence of a past exposure of individuals to pesticides on the
toxicity induced by fungicides to determine whether the tox-
icological status of honey bees may significantly modulate the
toxicity of fungicides. Attention was focused on the effect of
these exposure combinations on survival, food consumption,
and metabolism by analyzing the variations in six life history
traits. In this protocol, we intentionally omitted the chronic
treatments applied alone because, in the toxicity tests used in
the pesticide registration procedure, the history of the bees is
not known. We aimed only to determine the extent to which
the toxicological status of the bees could modulate the appar-
ent toxicity of fungicides to elucidate toxicological impacts
for the pesticide registration.

Materials and methods

Materials

Imidacloprid (CAS No. 138261-41-3) and glyphosate (CAS
No. 1071-83-6) were purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). Score® 250 EC (difenoconazole) was
purchased from Syngenta France S.A.S. Bee food® Protein
solution was purchased from Remuaux Ltd. (Barbentane,
France). The Bee Boost® (PseudoQueen) pheromone prepa-
ration was purchased from Intko Supply Ltd. (Vancouver,
Canada).

Honey bees

The study was conducted on emergent Apis mellifera honey
bees (less than 24 h old) collected from brood frames from
three beehives that were continuously checked for their health
status in the experimental apiary of the Abeilles &
Environnement Research Unit (Bee & Environment
Research Unit) of INRAE (Avignon, France). Emergent hon-
ey bees were collected, inmid-April 2018, directly from brood
frames devoid of adult bees and placed in an incubator at 33 ±
2 °C with 60 ± 5% relative humidity. The emerging bees from
the three beehives were mixed together and randomly distrib-
uted in groups of 30 honey bees housed in plastic cages (6 × 8.5
× 10 cm). A small piece of Bee Boost® (PseudoQueen), releas-
ing queen mandibular pheromone, and a small wax foundation
sheet were deposited on the top of the cage to mimic the hive
environment. For hygienic purposes, a sheet of filter paper was
placed on the bottom of each cage and changed daily. During
the first 2 days post-emergence, the honey bees were fed water,
pollen, and candy ad libitum, and the few dead bees were
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removed and replaced with bees of the same age set aside for
this purpose. It should be noted that the genetic differences
between the three colonies are levelled out by the mixing of
the bees from these colonies during sampling.

Chronic exposure to pesticides

At the beginning of the third day after emergence, water, pol-
len, and candy were removed from the cages and replaced
with a 60% (w/v) sucrose solution containing 0.1% (v/v) di-
methyl sulfoxide (DMSO) and 1% (v/v) Bee Food® protein
solution, to which imidacloprid and glyphosate were added,
either alone or in binary mixtures, at concentrations of 0 (con-
trol), 0.01, and 0.1 μg/L. These two concentrations were
equivalent to 0.0083 and 0.083 μg/kg, respectively, calculated
according to a sucrose solution density of 1.23 ± 0.02 (n = 10).
They were chosen because imidacloprid and glyphosate are
frequently found in honey and pollen at these contamination
levels (Bridi et al. 2018; Karise et al. 2017; Pareja et al. 2019).
Chronic exposure was maintained until day 30 after emer-
gence. Each treatment consisted of 14 cages (n = 14) with
30 honey bees per cage. The 10-fold (10×) concentrated work-
ing pesticide solutions were prepared in 1% (v/v) DMSO via
the serial dilution of primary mother solutions and were stored
at − 20 °C. The 10× working solutions were diluted 10-fold in
a 66.67% (w/v) sucrose solution to obtain a feeding syrup
containing 60% sucrose, 0.1% DMSO, and 1% (v/v) Bee
Food® protein solution, plus or minus the pesticides at the
desired concentrations. The working and feeding solutions
were checked by GC-MS/MS and LC-MS/MS according to
two analytical methods, with RSD < 10% (Oulkar et al. 2017;
Paradis et al. 2014).

Exposure to fungicide spraying

Wemimicked an environmental situation in which honey bees
were firstly chronically exposed to pesticides (imidacloprid
and glyphosate) through food from the time of their emer-
gence. The bees were then exposed to the fungicide when they
were 10 days old, an age at which they can initiate their first
flight outside the hive (Requier et al. 2020).

Honey bees were exposed to Score® 250 EC by spraying
in a Potter-type tower at an application rate of 0.3 L/ha (75
g/ha), which is the application rate recommended for use on
peach, apricot, and cherry trees to fight fungal diseases such as
Monilia spp. during flowering. The Potter-type tower mimics
agricultural spray application during which foragers are ex-
posed by contact to pesticides at the field application rate. The
formulation was freshly prepared before spraying using tap
water to mimic the method performed by the farmers when
treating their crops. Spray application was performed 10 days
after emergence on honey bees that were chronically exposed
to imidacloprid or glyphosate, either alone or in a binary

mixture, for 1 week. The honey bees in each cage were slight-
ly anesthetized with CO2 and placed together on a 200 cm2

Plexiglas disc. The disc was immediately subjected to rotation
at 23 rpm to achieve homogenous spraying (Colin and
Belzunces 1992; Poquet et al. 2014). Deposition was previ-
ously calibrated to achieve a rate of 2.14 ± 0.14 μL/cm2 (214
L/ha). The calibration accuracy was checked after every three
spraying events. The bees that were exposed to the fungicide
by spray application without being chronically exposed to the
other pesticides were designated group F. The bees that were
chronically exposed to the insecticide (imidacloprid) at 0.01
or 0.1 μg/L and then to the fungicide were designated groups
I0.01F and I0.1F, respectively. The bees that were chronically
exposed to the herbicide (glyphosate) at 0.01 or 0.1 μg/L and
then to the fungicide were designated groups H0.01F and
H0.1F, respectively. The bees that were chronically exposed
to the insecticide-herbicide mixture at 0.01 or 0.1 μg/L and
then to the fungicide were designated groups IH0.01F and
IH0.1F, respectively. Control honey bees (C) were fed a
60% sucrose solution containing 0.1% (v/v) DMSO and 1%
(v/v) Bee Food® protein solution from the third day after
emergence onward. Then, 10 days after emergence, they were
slightly anesthetized with CO2 and sprayed with tap water
using the Potter-type tower.

Survival and food consumption

The number of dead bees was recorded daily at 8:30 a.m. until
the end of the chronic exposure period. Dead bees were re-
moved, and the sheet of filter paper was replaced to maintain
hygienic conditions. The sucrose solutions were replaced with
freshly prepared solutions, and individual food consumption
was calculated by dividing the total daily food consumed per
cage by the number of honey bees remaining alive each day.
To obtain an accurate measurement of food consumption, an
evaporation control was included.

Choice of physiological markers

The effects of the three pesticides on bee physiology were
assessed by investigating the activity of six life history traits,
mainly related to metabolism. These physiological markers
are relevant for assessing the physiological perturbations in-
duced by pesticides in different honey bee compartments
(Almasri et al. 2020; Badiou-Beneteau et al. 2012; Carvalho
et al. 2013; Degrandi-Hoffman et al. 2015; Kairo et al. 2017;
Nicodemo et al. 2014). Glyceraldehyde-3-phosphate dehydro-
genase (GA3PDH) was analyzed in the head, abdomen, and
thorax. Carboxylesterases (CaE-2, CaE-3) were analyzed in
the abdomen and midgut. Glucose-6-phosphate dehydroge-
nase (G6PDH) was analyzed in the head. Lactate dehydroge-
nase (LDH) was analyzed in the head and midgut, and
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adenosine triphosphate (ATP) was analyzed in the thorax
(Table 1).

GA3PDH plays an important role in energetic metabolism.
It catalyzes the sixth step of glycolysis through the reversible
conversion of glyceraldehyde-3-phosphate into 1,3-
biphosphoglyceric acid with nicotinamide adenine dinucleo-
tide (NAD+) as a cosubstrate (Nicholls et al. 2012). CaEs are
multifunctional enzymes with different isoforms involved in
the detoxification of xenobiotics, such as pesticides, and in
lipid metabolism (Badiou-Beneteau et al. 2012; Ross et al.
2010). G6PDH is involved in metabolism and antioxidant
defense. It catalyzes the first step of the pentose phosphate
pathway, thus generating precursors for nucleotide synthesis
and reduced nicotinamide adenine dinucleotide phosphate
(NADPH); NADPH is in turn used to generate reduced gluta-
thione (GSH), which plays an important role in protection
against oxidative damages (Efferth et al. 2000). LDH is a
metabolic enzyme involved in the regeneration of NAD+ by
catalyzing the reduction of pyruvate into lactate under anaer-
obic conditions. NAD+ is used by GA3PDH during glycolysis
(Tornheim 2018). ATP is the molecular unit of the intracellu-
lar energy currency, and it plays a role in signal transduction
involving kinases and adenylate cyclase (Dunn and Grider
2020).

Tissue preparation and enzyme extraction

On days 20 and 30 after the start of chronic exposure (23 and
33 days after emergence), the surviving bees were sampled.
Their heads, abdomens, and midguts were extracted according
to Almasri et al. (2020). Briefly, to avoid animal suffering, the
bees were first anesthetized with carbon dioxide, and their
heads were separated from the rest of their bodies using a
scalpel. Then, their midguts were obtained by pulling on the
stinger, and the abdomen was recovered. The heads, midguts,
and abdomens (devoid of the intestinal tract) were separately
placed in 2 mL microfuge tubes, weighed, and stored at – 80
°C until analysis. For each treatment and each type of tissue, 3
tissue specimens were pooled to prepare the sample. Seven
samples (7 × 3 tissues) were prepared (n = 7) for each treat-
ment. During enzymatic analyses, each sample was assayed in
triplicate. For each sample, the pooled tissues were homoge-
nized in the extraction medium to prepare a 10% (w/v) tissue
extract using a high-speed Qiagen TissueLyser II operated at

30 Hz in 5 periods of 30 s with 30 s intervals. The extraction
medium consisted of 10 mM NaCl, 1% (w/v) Triton X-100,
40 mM sodium phosphate, pH 7.4, and protease inhibitors (2
μg/mL pepstatin A, leupeptin, and aprotinin, 0.1 mg/mL soy-
bean trypsin inhibitor, and 25 units/mL antipain). The extracts
were then centrifuged at 4 °C for 20 min at 15,000×gav, and
the supernatants were kept on ice for further enzyme assays.

Analysis of physiological life history traits

Physiological traits were spectrophotometrically assayed at 25
°C in the head, thorax, midgut, and abdomen tissues of the
same bees. GA3PDH was assayed on the basis of the conver-
sion of 1,3-bisphosphoglyceric acid (1,3-BPG) into
gylceraldehyde-3-phosphate (GA3P). In this reaction, 3-
phosphoglyceric acid (3-PGA) is converted into 1,3-BPG by
phosphoglycerate kinase (PGK), and 1.3-BPG is converted
into glyceraldehyde-3-phosphate (GA3P) by GA3PDH in
the presence of reduced nicotinamide adenine dinucleotide
(NADH), whose transformation into its oxidized form
(NAD+) is followed at 340 nm. The reaction medium
contained 7 mM 3-PGA, 120 μM NADH, 2 mM magnesium
sulfate (MgSO4), 1.2 mM ATP, 4 mM L-cysteine-HCl neu-
tralized with sodium bicarbonate (NaHCO3), 1 mM ethylene-
diaminetetraacetic acid (EDTA), 5 units·mL−1 3-
phosphoglyce ra te k inase (3 -PGK) , and 80 mM
triethanolamine buffer, pH 7.6 (Kairo et al. 2017; Renzi
et al. 2016). CaE-2 and CaE-3 were monitored according to
their specific respective substratesβ–naphthyl acetate (β-NA)
and p–nitrophenyl acetate (p-NPA) at 515 and 410 nm, re-
spectively (Badiou-Beneteau et al. 2012). G6PDH activity
was determined by following the formation of the reduced
form of NADP+ (NADPH) at 340 nm. The reaction medium
contained 10 mMmagnesium chloride (MgCl2), 0.5 mM nic-
otinamide adenine dinucleotide phosphate (NADP+), 1 mM
glucose-6-phosphate (G6P), and 100 mM Tris-HCl pH 7.4
(Renzi et al. 2016). LDH activity was determined by measur-
ing the regeneration of NAD+ at 340 nm. The reaction medi-
um contained 0.2 mM NADH, 5 mM disodium ethylenedi-
aminetetraacetate dihydrate (EDTA), 2 mM sodium pyruvate,
and 50 mM triethanolamine, pH 7.6 (Al-Lawati et al. 2009;
Bergmeyer and Gawehn 1978). ATP concentrations were
quantified using an ATPliteTM assay kit (PerkinElmer®,
MA, USA) by comparing luminescence values to a seven-
point standard curve (0.01–2 μM).

Statistical analysis

Statistics were performed using RStudio version 1.1.463 sta-
tistical software. Survival analyses were performed using the
packages survival and survminer (Kassambara and Kosinski
2018; Therneau 2015), and the Kaplan-Meier method follow-
ed by a post hoc test was used for the comparison of survival

Table 1 Distribution of common and specific physiological markers in
honey bee tissues

Head Abdomen Midgut Thorax

GA3PDH GA3PDH LDH GA3PDH

G6PDH CaE-3 CaE-3 ATP

LDH CaE-2 CaE-2

42810 Environ Sci Pollut Res (2021) 28:42807–42820



between treatments. The Kruskal-Wallis test followed by
pairwise comparisons using the Wilcoxon rank test (with
Benjamini-Hochberg correction) was employed to compare
the cumulative individual food consumption between treat-
ments. The effects of the treatments on enzymatic activities
were determined by ANOVA followed by Tukey’s HSD test
when the data followed a normal distribution or by the
Kruskal-Wallis test followed by the post hoc Dunn’s test (with
Benjamini-Hochberg correction using the agricolae package
(de Mendiburu 2013)) when the data followed a nonnormal
distribution. Principal component analyses (PCAs) were per-
formed using the FactoMineR package to compare the differ-
ent treatments according to their effects on physiological
markers.

Results

Effects of exposure to pesticides on honey bee
survival

The results regarding the toxicity of difenoconazole, either
alone or preceded by chronic exposure to imidacloprid and
glyphosate, are summarized in Table S1. The mortality re-
corded under all treatments was higher than that in the control
group, which was below 15% at 30 days after emergence. The
spray application of difenoconazole (F) induced a cumulative
mortality of 37.8%. The I0.01F and I0.1F treatments induced
toxicities lower than that induced by F. The IH0.01F and
IH0.1F treatments induced a toxicity identical to that induced
by F. Chronic exposure to glyphosate followed by the spray
application of difenoconazole (H0.01F and H0.1F) induced
toxicities higher than that induced by F, but the difference
was only significant under H0.01F, which induced mortality
exceeding 49% after 30 days (Fig. 1 and Table S1).

Effects of exposure to pesticides on food
consumption

The effects of the pesticide treatments on the feeding behavior
of the honey bees were determined by comparing individual
cumulative food consumption between the different treat-
ments (Fig. 2 and Table S2). The honey bees exposed to the
different pesticide treatments consumed an amount of food
equal to that of the control group. When we compared the
cumulative food consumption between honey bees that were
chronically exposed to the pesticides at 0.01μg/L followed by
the spray application of difenoconazole, we noted significant-
ly higher food consumption in the honey bees that were chron-
ically exposed to glyphosate at 0.01 μg/L than in those sub-
jected to the other treatments (Fig. 2 and Table S2).

Physiological effects

To determine the physiological effects of chronic exposure to
pest ic ides fol lowed by the spray appl icat ion of
difenoconazole, we examined the modulation of six bio-
markers mainly involved in metabolism. The responses of
the physiological markers were determined at 20 and 30 days
after the start of chronic exposure, which corresponded to 10
and 20 days, respectively, after the spray application of
difenoconazole. The concentration of 0.01 μg/L was chosen
because a higher mortality was recorded when this concentra-
tion was used than when the concentration applied was 0.1
μg/L. The enzymatic activities recorded on days 20 and 30
were expressed as percentages of their respective control
values to render the data comparable (Fig. 3, Fig. 4,
Table S3, and Table S4).

GA3PDH showed changes on days 20 and 30 in the heads,
abdomens, and thoraxes. Head GA3PDH activity increased to
127% of the control activity under I0.01F at day 20 and de-
creased to 81.2% under H0.01F at day 30. At day 20, abdo-
men GA3PDH activity decreased to 18.3% and 42% of the
control activity under I0.01F and IH0.01F, respectively. At

Fig. 1 Effect of chronic exposure of honey bees to pesticides on the
toxicity of difenoconazole. Three days after emergence, honey bees
were chronically exposed to food containing no pesticides (C),
imidacloprid (I), glyphosate (H), or a binary mixture of imidacloprid +
glyphosate (IH) at 0.01 or 0.1 μg/L. On the 10th day after emergence,
honey bees were exposed to the fungicide Score® 250 EC (F) via spray
application at a field application rate of 0.3 L/ha (75 g/ha). The survival
rate was followed for 33 days after emergence (30 days after the start of
chronic exposure). The data represent the mean proportion of surviving
honey bees. The mortalities were analyzed from 7 replicates of 30 bees
per treatment using the Kaplan-Meier method followed by a post hoc test
for the comparison of survival between treatments. The numbers after the
abbreviations for each treatment refer to the concentrations of the pesti-
cides in the feeding solution. Treatments with different letters are signif-
icantly different (p < 0.05)
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day 30, abdomen GA3PDH activity increased to 748.6% of
the control activity under H0.01F. At day 20, thoraxGA3PDH
activity increased to 130.8% of the control activity under the
I0.01F and decreased to 57.6% of the control activity under
IH0.01F. At day 30, the activity of this enzyme increased to
110.6% and 104% of the control activity under H0.01F and
IH0.01F, respectively. LDH activity showed no change in the
head at day 20 but it increased under all exposure modalities at
day 30, with 191.6% of the control activity observed under F,
207.7% under I0.01F, 266.8% under H0.01F, and 221.8%
under IH0.01F.

LDH activity showed no change in the midgut at days 20
and 30. CaE-2 activity showed no change in the abdomen at
days 20 and 30 or in the midgut at day 20 but it increased in
the midgut to 124.3% of the control activity under F at day 30.
CaE-3 activity showed no change in the abdomen at day 30.
However, it increased to 160% of the control activity under
H0.01F at day 20. In the midgut, CaE-3 activity showed no
change at day 20, but it decreased to 65.5% of the control
activity under H0.01F at day 30.

G6PDH activity showed no change at day 30, but it de-
creased to 68.1% of the control activity at day 20 under
IH0.01F. At day 20, ATP level decreased to 21.6% and
34.9% of the control level under F and I0.01F, respectively.
However, at day 30, it increased to 227% of the control level
under IH0.01F.

PCA was conducted to differentiate the treatments based
on their effects on the physiological markers (Fig. 5a and c).
The correlation circles obtained at days 20 and 30 were not
sufficient to distinguish the physiological activity levels, as
the sum of the two axes on the two sampling dates did not
exceed 42% (Fig. 5b and d). The results of PCA at day 20
(Fig. 5a) indicated similarity of the physiological status of the
honey bees under the different treatments 20 days after the
beginning of chronic exposure, while the results of PCA at
day 30 (Fig. 5c) indicated the separation of I0.01F and
IH0.01F from the other treatments.

Discussion

Honey bees are exposed to a wide variety of fungicides during
their foraging activity, especially when farmers treat their
crops in the blooming period to fight fungal diseases (Fisher
et al. 2017; Xavier et al. 2020). Despite reports on the frequent
acute exposure of foragers to fungicides and their persistence
in hive environments (Blaga et al. 2020; Piechowicz et al.
2018), the majority of studies on fungicides have focused on
their potential to increase the toxicity of other pesticides, such
as neonicotinoids and pyrethroids (Biddinger et al. 2013;
Colin and Belzunces 1992; Manning et al. 2017; Wade et al.
2019; Zhu et al. 2017a), instead of studying their individual
effects. Our study of the effect of a single spray application of
difenoconazole at the recommended field application rate re-
vealed delayed toxicity. Mortality started to occur 3 days after
spray application and continued to rise, reaching 23.4%
(corrected mortality) 20 days after spray application, which
is a far-from-negligible effect. To the best of our knowledge,
no previous studies have evaluated the possible delayed tox-
icity of difenoconazole, particularly in its Score® 250 EC
form, to honey bees. Studies on other triazole fungicides, such
as propiconazole, have failed to demonstrate significant tox-
icity to honey bees (Ladurner et al. 2005; Stanley et al. 2015).
However, these studies were based on an observation period
not exceeding 72 h following topical propiconazole applica-
tion. Thus, considering the relatively high and delayed toxic-
ity of difenoconazole, it is legitimate to hypothesize that the
toxicity of all fungicides is likely underestimated. This em-
phasizes the importance of further studies aimed at investigat-
ing the long-term effects of acute exposure to pesticides, es-
pecially to reveal the actual toxicity of fungicides.

In this study, we clearly show that the toxicological status
of bees influences the apparent toxicity of pesticides. Prior
chronic exposure situations have induced three clear cases of
interaction between the fungicide and the other pesticides: (i)
toxicity lower than that of the fungicide alone, for an insecti-
cide; (ii) toxicity higher than that of the fungicide alone, for an
herbicide, and (iii) no change in fungicide toxicity, for a pes-
ticide mixture. However, the past exposure and toxicological

Fig. 2 Effect of exposure to pesticides on food consumption. Three days
after emergence, honey bees were chronically exposed to food containing
no pesticides (C), imidacloprid (I), glyphosate (H), or a binary mixture of
imidacloprid + glyphosate (IH) at 0.01 or 0.1 μg/L. On the 10th day after
emergence, honey bees were exposed to the fungicide Score® 250 EC (F)
via spray application at a field application rate of 0.3 L/ha (75 g/ha). Box
plots represent the cumulative individual consumption (mg/bee) at day 30
determined from 7 cages of 30 bees per treatment. Statistical analyses
were performed using the Kruskal-Wallis test followed by pairwise com-
parisons using the Wilcoxon rank sum test with Benjamini-Hochberg
correction. The numbers after the abbreviations for each treatment refer
to the concentrations of the pesticides in the feeding solution. Treatments
with different letters are significantly different (p < 0.05)
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status of bees are not known when performing toxicity tests
for pesticide registration procedures. Thus, these three cases
would have resulted in the underestimation of fungicide tox-
icity, overestimation of fungicide toxicity, or no effect on the
toxicity estimation, respectively, regardless of the effects that
the prior chronic exposures would have been able to induce.
This highlights the importance of not using only one or a few
toxicological studies in the registration dossier to assess the
acute toxicity of pesticides to bees before assigning a first tier
value. This is particularly true if we consider that very large
variations in the estimates of acute toxicity can be observed,
independent of the quality of the experimenter. These

variations could be attributed in part to genetic differences in
the bees used in toxicological studies. However, considering
the huge variation in the 48-h contact LD50 values of sub-
stances such as the pyrethroid insecticide deltamethrin (1.5
to 67 ng/bee) or the nicotinoid insecticide imidacloprid (6.7
to 102 ng/bee) (Atkins et al. 1981; European commission
2002; Nauen et al. 2001; Suchail et al. 2000), the toxicological
past of an individual could also play a role in the observed
heterogeneity of pesticide toxicity.

This study on the influence of the toxicological status of
honey bees on the toxicity of difenoconazole revealed several
unexpected and interesting findings. First, chronic exposure to

Fig. 3 Physiological effects of exposure to pesticides in honey bees at
day 20. Three days after emergence, honey bees were chronically
exposed to food containing no pesticides (C), imidacloprid (I),
glyphosate (H), or a binary mixture of imidacloprid + glyphosate (IH)
at 0.01 or 0.1 μg/L. On the 10th day after emergence, honey bees were
exposed to the fungicide Score® 250 EC (F) via spray application at a
field application rate of 0.3 L/ha (75 g/ha). Glyceraldehyde-3-phosphate
dehydrogenase (GA3PDH) was analyzed in the head (h), abdomen (a),
and thorax (t). Carboxylesterases (CaE-2, CaE-3) were analyzed in the

abdomen and midgut (m). Glucose-6-phosphate dehydrogenase
(G6PDH) was analyzed in the head. Lactate dehydrogenase (LDH) was
analyzed in the head and midgut, and adenosine triphosphate (ATP) was
analyzed in the thorax. The data represent the mean tissue activities from
7 repetitions (n = 7) performed in triplicate at day 20 and are expressed as
percentages of the mean control value. Data with different letters are
significantly different (p < 0.05). Asterisks indicate significant differences
from the control group: *, p < 0.05; **, p < 0.01; ***, p < 0.001. The
dotted lines indicate the levels in controls
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the insecticide imidacloprid at both tested doses in association
with difenoconazole resulted in toxicity lower than that in-
duced by the fungicide alone. This result is very surprising
considering that neonicotinoids, including imidacloprid, and
azole fungicides have been shown to induce synergistic inter-
actions (Schmuck et al. 2003; Thompson et al. 2014; Zhu et al.
2017b). Second, for the herbicide glyphosate, the association
of chronic exposure with difenoconazole induced the greatest
effect at the lowest dose. Third, exposure to a greater number
of substances did not consistently cause higher toxicity be-
cause no modulation of difenoconazole toxicity was observed
when the binary mixture was used, regardless of the

concentration. These results demonstrate that the effects in-
duced by mixtures of toxic substances are difficult to predict;
they do not vary in a predicable manner according to the dose
or number of substances involved, and they result from com-
plex interactions that may increase or decrease the toxicity of
the substances.

The mechanism by which difenoconazole toxicity is dif-
ferentially influenced by imidacloprid and glyphosate
might involve the metabolism of xenobiotics. In this study,
chronic exposure to glyphosate made honey bees more
susceptible to difenoconazole, whereas imidacloprid made
honey bees less susceptible, and the binary imidacloprid-

Fig. 4 Physiological effects of exposure to pesticides in honey bees at
day 30. Three days after emergence, honey bees were chronically
exposed to food containing no pesticides (C), imidacloprid (I),
glyphosate (H), or a binary mixture of imidacloprid + glyphosate (IH)
at 0.01 or 0.1 μg/L. On the 10th day after emergence, honey bees were
exposed to the fungicide Score® 250 EC (F) via spray application at a
field application rate of 0.3 L/ha (75 g/ha). Glyceraldehyde-3-phosphate
dehydrogenase (GA3PDH) was analyzed in the head (h), abdomen (a),
and thorax (t). Carboxylesterases (CaE-2, CaE-3) were analyzed in the

abdomen and midgut (m). Glucose-6-phosphate dehydrogenase
(G6PDH) was analyzed in the head. Lactate dehydrogenase (LDH) was
analyzed in the head and midgut, and adenosine triphosphate (ATP) was
analyzed in the thorax. The data represent the means of tissue activities
from 7 repetitions (n = 7) performed in triplicate at day 30 and are
expressed as percentages of the mean control value. Data with different
letters are significantly different (p < 0.05). Asterisks indicate significant
differences from the control group: *, p < 0.05; **, p < 0.01; ***, p <
0.001. The dotted lines indicate the levels in controls
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glyphosate mixture did not affect difenoconazole toxicity.
This complex type of interaction could be linked to the
inhibition of cytochrome P450 (CYP450) enzymes in-
volved in the metabolism of glyphosate and imidacloprid
by difenoconazole (Berenbaum and Johnson 2015). The
inhibition of CYP450 can lead to the accumulation of
g lyphosa te ins tead of i t s less tox ic metabol i t e
aminomethylphosphonic acid (AMPA) (Blot et al. 2019)
and, hence, to a high impact of the glyphosate-
difenoconazole interaction on mortality. Conversely, the
accumulation of imidacloprid instead of its toxic metabo-
lites (5-OH-imidacloprid and an olefin derivative) moder-
ates imidacloprid-difenoconazole toxicity (Suchail et al.
2001). The absence of an effect of the binary mixture on

difenoconazole toxicity could be due to a compensation
mechanism mediating a trade-off between an increase in
toxicity associated with glyphosate and a decrease in tox-
icity associated with imidacloprid. Thus, the physiological
parameters of the bees (including vitality) might exhibit
very different responses, depending both on the type of
parameter and the toxicant. Therefore, the presence of pes-
ticides at residual concentrations in the hive environment
during early developmental stages could result in two sit-
uations dramatic for honey bees. The first situation would
involve adult honey bees, which would be more suscepti-
ble to fungicidal spray application during foraging. The
second situation would result in the use of honey bees less
susceptible to the fungicide, during the toxicity tests

Fig. 5 Physiological effects of pesticides in honey bees exposed to a
concentration of 0.01 μg/L. Three days after emergence, honey bees
were chronically exposed to food containing no pesticides (C),
imidacloprid (I), glyphosate (H), or a binary mixture of imidacloprid +
glyphosate (IH) at 0.01. On the 10th day after emergence, honey bees
were exposed to the fungicide Score® 250 EC (F) via spray application at
a field application rate of 0.3 L/ha (75 g/ha). Glyceraldehyde-3-phosphate
dehydrogenase (GA3PDH) was analyzed in the head (h), abdomen (a),
and thorax (t). Carboxylesterases (CaE-2, CaE-3) in the abdomen and

midgut (m). Glucose-6-phosphate dehydrogenase (G6PDH) in the head.
Lactate dehydrogenase (LDH) in the head and midgut and adenosine
triphosphate (ATP) in the thorax. Principal component analyses (PCAs)
(a and c) provide visual representations of the physiological states of
honey bees exposed to pesticides at day 20 (a) and day 30 (c). The
correlation circles (b and d) indicate the significance of the enzymes in
the PCA representations in honey bees exposed to the pesticides at day 20
(b) and day 30 (d)
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applied in the registration procedure for pesticides, which
would lead to an underestimation of fungicide toxicity.

The modulation of physiological life history traits may indi-
cate the involvement of metabolic disruption in the modulation
of fungicide toxicity according to the toxicological status of
honey bees. Overall, the results of the present study revealed
some modulation of all studied physiological markers in honey
bees exposed to difenoconazole either alone or associated with
prior chronic exposure to glyphosate and/or imidacloprid (indi-
vidually or in a binary mixture). The spray application of
difenoconazole alone induced delayed metabolic changes in
honey bees, reflected by a decrease in ATP levels in the thorax
at day 20 and increases in LDH in the head and CaE-2 in the
midgut at day 30. These results are consistent with previous
findings showing the alteration of honey bee thermoregulation
by difenoconazole via the modulation of energetic metabolism,
possibly by inhibiting ATPases (Olivari et al. 1991; Vandame
and Belzunces 1998). Difenoconazole and other triazole fungi-
cides, such as propiconazole, also alter the levels of metabolites
such as lactate and acetate, which are associated with energy
metabolism in fish (Souders et al. 2019; Tabassum et al. 2016;
Teng et al. 2018).

Difenoconazole induced physiological alterations that were
more pronounced when the bees were chronically exposed to
imidacloprid and glyphosate, either individually or in a binary
mixture, from the time of emergence. The increase in the
negative physiological impacts of difenoconazole resulting
from chronic exposure to pesticides was expected because
both glyphosate and imidacloprid are known to induce meta-
bolic disruptions and oxidative stress in honey bees and other
animals (Avigliano et al. 2014; Burchfield et al. 2019;
Nicodemo et al. 2014; Powner et al. 2016).

The differences in the effects of the different treatments on
the physiological markers, between day 20 and day 30 after
emergence, allow an estimation of the effects linked to honey
bee aging. The difference in the effects of treatments associ-
ated with honey bee aging was examined via PCAs at days 20
and 30. At day 20, the analysis groups all of the treatments
together, whereas at day 30, H0.01F and IH0.01F were clearly
separated from the other treatments, reflecting distinct physi-
ological conditions. At day 20, I0.01F had the greatest phys-
iological impact on the honey bees, mainly through the dis-
ruption of metabolism revealed by the modulation of
GA3PDH and LDH in the head, GA3PDH and ATP in the
thorax, and GA3PDH in the abdomen. At day 30, H0.01F and
IH0.01F had the greatest impacts on honey bee physiology,
resulting in a higher number of affected enzymes than in the
control and the other treatments. At day 30, the major changes
in physiological markers observed in honey bees exposed to
treatments H0.01F and IH0.01F coincided with higher mor-
talities under these treatments. This may reflect a strong cor-
relation between the observed lethal effects and the metabolic
alterations. Thus, the interference between pesticides and

metabolism could induce symptoms similar to nutrient defi-
ciency (Degrandi-Hoffman et al. 2015). This phenomenon
could disrupt key physiological functions that rely on carbo-
hydrate oxidation, such as flight (Thompson and Suarez 2009)
and honey bee thermoregulation (Heinrich and Esch 1994),
which are two essential functions at both the individual and
colony levels. Flight, which involves muscle contractions at
high frequency, and thermoregulation, which involves a tetan-
ic contraction of flight muscles, are great consumers of carbo-
hydrates (Brandt and Huber 1979; Suarez et al. 2005). Hence,
all toxicants that can negatively interfere with carbohydrate
metabolism could potentially alter these functions. It has been
previously demonstrated that hypothermia can be induced in
the honey bee by pesticides acting at neural level (organo-
phosphorus and pyrethroid insecticides) and at metabolic level
(azole fungicides) (Schmaranzer et al. 1987; Vandame and
Belzunces 1998). However, the possibility of a hypothermia
elicited by pesticides that impair the mobilization of energetic
resources, such as the pyrethroid insecticide deltamethrin,
must be carefully considered (Bounias et al. 1985).

Conclusion

This study demonstrates that a single spray application of a
fungicide at a registered field dosage induces delayed toxicity
that compromises the survival of foragers. The toxicological
status of individuals may change the susceptibility of bees to
the fungicide by increasing, decreasing, or not affecting the
toxicity of the fungicide. The effects of prior exposure to dif-
ferent pesticides on the susceptibility of bees to a fungicide are
not directly linked to the concentration or the number of sub-
stances to which bees are exposed. The fungicide
difenoconazole elicits delayed metabolic disruptions that are
more pronounced when honey bees are exposed to residual
concentrations of other pesticides, such as imidacloprid and
glyphosate. These findings emphasize the importance of put-
ting more effort toward adopting new risk assessment ap-
proaches that take into consideration the delayed and long-
term effects of acute exposures to fungicides at their field
application rates. It appears necessary to extend the period
during which the effects are observed to more than 96 h and
to include several studies in the pesticide registration dossier
to consider possible coexposure situations that could lead to
an underestimation of the toxicity of fungicides.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-021-13747-3) contains supplementary
material, which is available to authorized users.

Acknowledgements The authors would like to thank Jacques Sénéchal
andAlexandre Gorit, who are beekeepers at the UR 406 INRAEResearch
Unit, for their expert beekeeping.

42816 Environ Sci Pollut Res (2021) 28:42807–42820

https://doi.org/10.1007/s11356-021-13747-3


Availability of data and materials The datasets used and/or analyzed
during the current study are available from the corresponding author on
reasonable request.

Author contribution Conceptualization: Luc P. Belzunces and Jean-Luc
Brunet; formal analysis: Hanine Almasri and Luc P. Belzunces; funding
acquisition: Luc P. Belzunces; investigation: Hanine Almasri, Daiana
Antonia Tavares, Deborah Sené, and Sylvie Tchamitchian; methodology:
Hanine Almasri and Luc P. Belzunces; project administration: Luc P.
Belzunces; resources: Sylvie Tchamitchian, Marianne Cousin, and
Michel Pélissier; supervision: Luc P. Belzunces and Jean-Luc Brunet;
visualization: Hanine Almasri and Luc P. Belzunces; writing — original
draft: Hanine Almasri and Luc P. Belzunces; writing— review& editing:
Luc P. Belzunces, Hanine Almasri, and Jean-Luc Brunet.

Funding This study was supported in part by recurrent funding from the
Institut National de Recherche pour l’Agriculture, l’Alimentation et
l'Environnement (INRAE) and by the Agence Nationale de la
Recherche (ANR) (grant ANR-15-CE34-0004-01). Hanine Almasri was
supported by grants from Lebanese University (grant number 2364) and
the PACA region. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of the
manuscript.

Declarations

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Abdallah OI, Hanafi A, Ghani SBA, Ghisoni S, Lucini L (2017)
Pesticides contamination in Egyptian honey samples. J Consum
Prot Food S 12:317–327. https://doi.org/10.1007/s00003-017-
1133-x

Al-Lawati H, Kamp G, Bienefeld K (2009) Characteristics of the
spermathecal contents of old and young honeybee queens. J
Insect Physiol 55:117–122. https://doi.org/10.1016/j.jinsphys.
2008.10.010

Almasri H, Tavares DA, Pioz M, Sené D, Tchamitchian S, Cousin M,
Brunet J-L, Belzunces LP (2020) Mixtures of an insecticide, a fun-
gicide and a herbicide induce high toxicities and systemic physio-
logical disturbances in winter Apis mellifera honey bees. Ecotoxicol
Environ Saf 203:111013. https://doi.org/10.1016/j.ecoenv.2020.
111013

Anses (2014) Avis de l’Agence nationale de sécurité sanitaire de
l’alimentation, de l’environnement et du travail relatif à une
demande d’autorisation de mise sur le marché pour la préparation
SCORE, de la société Syngenta France S.A.S. après approbation du
difénoconazole au titre du règlement (CE) n°1107/2009.

Atkins EL, Kellum D, Atkins K (1981) Reducing pesticide hazards to
honey bees: mortality prediction techniques and integrated manage-
ment strategies.

Avigliano L, Fassiano AV, Medesani DA, Ríos de Molina MC,
Rodríguez EM (2014) Effects of glyphosate on growth rate, meta-
bolic rate and energy reserves of early juvenile crayfish, Cherax
quadricarinatus M. Bull Environ Contam Toxicol 92:631–635.
https://doi.org/10.1007/s00128-014-1240-7

Badiou-Beneteau A, Carvalho SM, Brunet JL, Carvalho GA, Bulete A,
Giroud B, Belzunces LP (2012) Development of biomarkers of ex-
posure to xenobiotics in the honey bee Apis mellifera: application to
the systemic insecticide thiamethoxam. Ecotox Environ Safe 82:22–
31. https://doi.org/10.1016/j.ecoenv.2012.05.005

Belzunces LP, Tchamitchian S, Brunet JL (2012) Neural effects of insec-
ticides in the honey bee. Apidologie 43:348–370. https://doi.org/10.
1007/s13592-012-0134-0

Berenbaum MR, Johnson RM (2015) Xenobiotic detoxification path-
ways in honey bees. Curr Opin Insect Sci 10:51–58. https://doi.
org/10.1016/j.cois.2015.03.005

Berg CJ, King HP, Delenstarr G, Kumar R, Rubio F, Glaze T (2018)
Glyphosate residue concentrations in honey attributed through
geospatial analysis to proximity of large-scale agriculture and trans-
fer off-site by bees. PLoS One 13:e0198876. https://doi.org/10.
1371/journal.pone.0198876

Bergmeyer HU, Gawehn K (1978) Principles of enzymatic analysis.
Verlag, Chemie

Biddinger DJ, Robertson JL, Mullin C, Frazier J, Ashcraft SA, Rajotte
EG, Joshi NK, Vaughn M (2013) Comparative toxicities and syn-
ergism of apple orchard pesticides to Apis mellifera (l.) and Osmia
cornifrons (Radoszkowski). PLoS One 8. https://doi.org/10.1371/
journal.pone.0072587

Blaga GV, Chitescu CL, Lisa EL, Dumitru C, Vizireanu C, Borda D
(2020) Antifungal residues analysis in various Romanian honey
samples analysis by high resolution mass spectrometry. J Environ
Sci Health Part B-Pestic Contam Agric Wastes 11. https://doi.org/
10.1080/03601234.2020.1724016

Blot N, Veillat L, Rouze R, Delatte H (2019) Glyphosate, but not its
metabolite AMPA, alters the honeybee gut microbiota. PLoS One
14:16. https://doi.org/10.1371/journal.pone.0215466

Bounias M, Dujin N, Popeskovic DS (1985) Sublethal effects of a syn-
thetic pyrethroid, deltamethrin, on the glycemia, the lipemia, and the
gut alkaline-phosphatases of honeybees. Pestic BiochemPhysiol 24:
149–160. https://doi.org/10.1016/0048-3575(85)90124-5

Brandt N, Huber R (1979) Carbohydrate utilization in the thoraces of
honey bees (Apis mellifera) during early times of flight. J Insect
Physiol 25:483–486

Bridi R, Larena A, Pizarro PN, Giordano A, Montenegro G (2018) LC-
MS/MS analysis of neonicotinoid insecticides: residue findings in
chilean honeys. Cienc Agrotec 42:51–57. https://doi.org/10.1590/
1413-70542018421021117

Burchfield SL, Bailey DC, Todt CE, Denney RD, Negga R, Fitsanakis
VA (2019) Acute exposure to a glyphosate-containing herbicide
formulation inhibits Complex II and increases hydrogen peroxide
in the model organism Caenorhabditis elegans. Environ Toxicol
Pharmacol 66:36–42. https://doi.org/10.1016/j.etap.2018.12.019

Carvalho SM, Belzunces LP, Carvalho GA, Brunet JL, Badiou-Beneteau
A (2013) Enzymatic biomarkers as tools to assess environmental
quality: a case study of exposure of the honeybee Apis mellifera to
insecticides. Environ Toxicol Chem 32:2117–2124. https://doi.org/
10.1002/etc.2288

Chauzat MP, Martel AC, Cougoule N, Porta P, Lachaize J, Zeggane S,
Aubert M, Carpentier P, Faucon JP (2011) An assessment of hon-
eybee colony matrices, Apis mellifera (hymenoptera apidae) tomon-
itor pesticide presence in continental france. Environ Toxicol Chem
30:103–111. https://doi.org/10.1002/etc.361

ColinME, Belzunces LP (1992) Evidence of synergy between prochloraz
and deltamethrin in Apis mellifera L.: a convenient biological ap-
proach. Pestic Sci 36:115–119. https://doi.org/10.1002/ps.
2780360206

de Mendiburu F (2013) Statistical procedures for agricultural research.
Package “Agricolae” Version 1.44. Comprehensive R Archive
Network. Institute for Statistics and Mathematics, Vienna, Austria.
http://cran.r-project.org/web/packages/agricolae/agricolae.pdf

42817Environ Sci Pollut Res (2021) 28:42807–42820

https://doi.org/10.1007/s00003-017-1133-x
https://doi.org/10.1007/s00003-017-1133-x
https://doi.org/10.1016/j.jinsphys.2008.10.010
https://doi.org/10.1016/j.jinsphys.2008.10.010
https://doi.org/10.1016/j.ecoenv.2020.111013
https://doi.org/10.1016/j.ecoenv.2020.111013
https://doi.org/10.1007/s00128-014-1240-7
https://doi.org/10.1016/j.ecoenv.2012.05.005
https://doi.org/10.1007/s13592-012-0134-0
https://doi.org/10.1007/s13592-012-0134-0
https://doi.org/10.1016/j.cois.2015.03.005
https://doi.org/10.1016/j.cois.2015.03.005
https://doi.org/10.1371/journal.pone.0198876
https://doi.org/10.1371/journal.pone.0198876
https://doi.org/10.1371/journal.pone.0072587
https://doi.org/10.1371/journal.pone.0072587
https://doi.org/10.1080/03601234.2020.1724016
https://doi.org/10.1080/03601234.2020.1724016
https://doi.org/10.1371/journal.pone.0215466
https://doi.org/10.1016/0048-3575(85)90124-5
https://doi.org/10.1590/1413-70542018421021117
https://doi.org/10.1590/1413-70542018421021117
https://doi.org/10.1016/j.etap.2018.12.019
https://doi.org/10.1002/etc.2288
https://doi.org/10.1002/etc.2288
https://doi.org/10.1002/etc.361
https://doi.org/10.1002/ps.2780360206
https://doi.org/10.1002/ps.2780360206
http://cran.r-project.org/web/packages/agricolae/agricolae.pdf


Degrandi-Hoffman G, Chen YP, Dejong EW, Chambers ML, Hidalgo G
(2015) Effects of oral exposure to fungicides on honey bee nutrition
and virus levels. J Econ Entomol 108:2518–2528. https://doi.org/10.
1093/jee/tov251

Dornelles MF, Oliveira GT (2014) Effect of atrazine, glyphosate and
quinclorac on biochemical parameters, lipid peroxidation and sur-
vival in bullfrog tadpoles (Lithobates catesbeianus). Arch Environ
Contam Toxicol 66:415–429. https://doi.org/10.1007/s00244-013-
9967-4

Duke SO, Powles SB (2008) Glyphosate: a once-in-a-century
herbicide. Pest Manag Sci 64:319–325. https://doi.org/10.
1002/ps.1518

Dunn J, Grider MH (2020) Physiology, adenosine triphosphate (ATP).
StatPearls Publishing, Treasure Island (FL)

Efferth T, Osieka R, Beutler E (2000) Molecular characterization of a
German variant of glucose-6-phosphate dehydrogenase deficiency
(G6PD Aachen). Blood Cells Mol Dis 26:101–104. https://doi.org/
10.1006/bcmd.2000.0281

El Agrebi N, Tosi S,Wilmart O, ScippoM-L, de Graaf DC, Saegerman C
(2020) Honeybee and consumer’s exposure and risk characterisation
to glyphosate-based herbicide (GBH) and its degradation product
(AMPA): residues in beebread, wax, and honey. Sci Total Environ
704:135312. https://doi.org/10.1016/j.scitotenv.2019.135312

European commission (2002) Review report for the active substance
deltamethrin. Finalised in the standing committee on the food chain
and animal health at its meeting on 18 October 2002 in view of the
inclusion ofdeltamethrin in annex i of directive 91/414/eec

Fisher A, Coleman C, Hoffmann C, Fritz B, Rangel J (2017) The syner-
gistic effects of almond protection fungicides on honey bee
(Hymenoptera: Apidae) forager survival. J Econ Entomol 110:
802–808. https://doi.org/10.1093/jee/tox031

Gonalons CM, Farina WM (2018) Impaired associative learning after
chronic exposure to pesticides in young adult honey bees. J Exp
Biol 221:8. https://doi.org/10.1242/jeb.176644

Heinrich B, Esch H (1994) Thermoregulation in bees. American Scientist
82:164–170

Johnson RM, Dahlgren L, Siegfried BD, Ellis MD (2013) Acaricide,
fungicide and drug interactions in honey bees (Apis mellifera).
PLoS One 8:10. https://doi.org/10.1371/journal.pone.0054092

Kairo G, Biron DG, Ben Abdelkader F, Bonnet M, Tchamitchian S,
Cousin M, Dussaubat C, Benoit B, Kretzschmar A, Belzunces
LP, Brunet JL (2017) Nosema ceranae, fipronil and their com-
bination compromise honey bee reproduction via changes in
male physiology. Sci Rep 7:8556. https://doi.org/10.1038/
s41598-017-08380-5

Kanga LH, Siebert SC, Sheikh M, Legaspi JC (2019) Pesticide residues
in conventionally and organically managed apiaries in South and
North Florida. Current investigations in Agriculture and current re-
search. 10.32474/CIACR.2019.07.000262

Karise R, Raimets R, Bartkevics V, Pugajeva I, Pihlik P, Keres I,
Williams IH, Viinalass H, Mänd M (2017) Are pesticide residues
in honey related to oilseed rape treatments? Chemosphere 188:389–
396. https://doi.org/10.1016/j.chemosphere.2017.09.013

Kassambara A, Kosinski M (2018) “Survminer”: drawing survival curves
using “ggplot2” R package version 0.4.2. https://CRAN.R-project.
org/package=survminer.

Kubik M, Nowacki J, Pidek A, Warakomska Z, Michalczuk L,
Goszczynski W, Dwuznik B (2000) Residues of captan (contact)
and difenoconazole (systemic) fungicides in bee products from an
apple orchard. Apidologie 31:531–541. https://doi.org/10.1051/
apido:2000144

Ladurner E, Bosch J, Kemp WP, Maini S (2005) Assessing delayed and
acute toxicity of five formulated fungicides to Osmia lignaria Say
andApis mellifera. Apidologie 36:449–460. https://doi.org/10.1051/
apido:2005032

Lambert O, PirouxM, Puyo S, Thorin C, L’Hostis M,Wiest L, Bulete A,
Delbac F, Pouliquen H (2013) Widespread occurrence of chemical
residues in beehive matrices from apiaries located in different land-
scapes of western France. PLoS One 8:12. https://doi.org/10.1371/
journal.pone.0067007

Manning P, Ramanaidu K, Cutler GC (2017) Honey bee survival is
affected by interactions between field-relevant rates of fungicides
and insecticides used in apple and blueberry production. Facets 2:
910–918. https://doi.org/10.1139/facets-2017-0025

Meikle WG, Adamczyk JJ, Weiss M, Ross J, Werle C, Beren E (2020)
Sublethal concentrations of clothianidin affect honey bee colony
behavior and interact with landscapes to affect colony growth.
bioRxiv:2020.2006.2005.136127. https://doi.org/10.1101/2020.06.
05.136127

Meikle WG, Weiss M, Maes PW, Fitz W, Snyder LA, Sheehan T, Mott
BM, Anderson KE (2017) Internal hive temperature as a means of
monitoring honey bee colony health in a migratory beekeeping op-
eration before and during winter. Apidologie 48:666–680. https://
doi.org/10.1007/s13592-017-0512-8

Motta EVS, Mak M, De Jong TK, Powell JE, O’Donnell A, Suhr KJ,
Riddington IM, Moran NA (2020) Oral and topical exposure to
glyphosate in herbicide formulation impact the gut microbiota and
survival rates of honey bees. Appl Environ Microbiol:AEM.01150-
01120. https://doi.org/10.1128/AEM.01150-20

Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R,
vanEngelsdorp D, Pettis JS (2010) High levels of miticides
and agrochemicals in North American apiaries: implications
for honey bee health. PLoS One 5:19. https://doi.org/10.1371/
journal.pone.0009754

Mussen EC, Lopez JE, Peng CYS (2004) Effects of selected fungicides
on growth and development of larval honey bees, Apis mellifera L.
(Hymenoptera: Apidae). Environ Entomol 33:1151–1154. https://
doi.org/10.1603/0046-225x-33.5.1151

Nauen R, Ebbinghaus-Kintscher U, Schmuck R (2001) Toxicity and
nicotinic acetylcholine receptor interaction of imidacloprid and its
metabolites in Apis mellifera (Hymenoptera: Apidae). Pest Manag
Sci 57:577–586. https://doi.org/10.1002/ps.331.abs

Nguyen BK, Saegerman C, Pirard C, Mignon J, Widart J, Thirionet B,
Verheggen FJ, Berkvens D, De Pauw E, Haubruge E (2009) Does
imidacloprid seed-treated maize have an impact on honey bee mor-
tality? J Econ Entomol 102:616–623. https://doi.org/10.1603/029.
102.0220

Nicholls C, Li H, Liu J-P (2012) GAPDH: A common enzyme with
uncommon functions. Clin Exp Pharmacol P 39:674–679. https://
doi.org/10.1111/j.1440-1681.2011.05599.x

Nicodemo D, Maioli MA, Medeiros HCD, Guelfi M, Balieira KVB, De
Jong D, Mingatto FE (2014) Fipronil and imidacloprid reduce hon-
eybee mitochondrial activity. Environ Toxicol Chem 33:2070–
2075. https://doi.org/10.1002/etc.2655

OCDE (1998) Test No. 213: Honeybees, acute oral toxicity test. https://
doi.org/10.1787/9789264070165-en

Olivari C, Pugliarello MC, Cocucci MC, Rasicaldogno F (1991) Effects
of penconazole on plasma-membranes isolated from radish seed-
lings. Pestic Biochem Physiol 41:8–13. https://doi.org/10.1016/
0048-3575(91)90054-p

Ostiguy N, Drummond FA, Aronstein K, Eitzer B, Ellis JD, Spivak M,
Sheppard WS (2019) Honey bee exposure to pesticides: a four-year
nationwide study. Insects 10:34. https://doi.org/10.3390/
insects10010013

Oulkar DP, Hingmire S, Goon A, Jadhav M, Ugare B, Thekkumpurath
AS, Banerjee K (2017) Optimization and validation of a residue
analysis method for glyphosate, glufosinate, and their metabolites
in plant matrixes by liquid chromatography with tandem mass spec-
trometry. J AOAC Int 100:631–639. https://doi.org/10.5740/
jaoacint.17-0046

42818 Environ Sci Pollut Res (2021) 28:42807–42820

https://doi.org/10.1093/jee/tov251
https://doi.org/10.1093/jee/tov251
https://doi.org/10.1007/s00244-013-9967-4
https://doi.org/10.1007/s00244-013-9967-4
https://doi.org/10.1002/ps.1518
https://doi.org/10.1002/ps.1518
https://doi.org/10.1006/bcmd.2000.0281
https://doi.org/10.1006/bcmd.2000.0281
https://doi.org/10.1016/j.scitotenv.2019.135312
https://doi.org/10.1093/jee/tox031
https://doi.org/10.1242/jeb.176644
https://doi.org/10.1371/journal.pone.0054092
https://doi.org/10.1038/s41598-017-08380-5
https://doi.org/10.1038/s41598-017-08380-5
https://doi.org/10.1016/j.chemosphere.2017.09.013
https://cran.r-project.org/package=survminer
https://cran.r-project.org/package=survminer
https://doi.org/10.1051/apido:2000144
https://doi.org/10.1051/apido:2000144
https://doi.org/10.1051/apido:2005032
https://doi.org/10.1051/apido:2005032
https://doi.org/10.1371/journal.pone.0067007
https://doi.org/10.1371/journal.pone.0067007
https://doi.org/10.1139/facets-2017-0025
https://doi.org/10.1101/2020.06.05.136127
https://doi.org/10.1101/2020.06.05.136127
https://doi.org/10.1007/s13592-017-0512-8
https://doi.org/10.1007/s13592-017-0512-8
https://doi.org/10.1128/AEM.01150-20
https://doi.org/10.1371/journal.pone.0009754
https://doi.org/10.1371/journal.pone.0009754
https://doi.org/10.1603/0046-225x-33.5.1151
https://doi.org/10.1603/0046-225x-33.5.1151
https://doi.org/10.1002/ps.331.abs
https://doi.org/10.1603/029.102.0220
https://doi.org/10.1603/029.102.0220
https://doi.org/10.1111/j.1440-1681.2011.05599.x
https://doi.org/10.1111/j.1440-1681.2011.05599.x
https://doi.org/10.1002/etc.2655
https://doi.org/10.1787/9789264070165-en
https://doi.org/10.1787/9789264070165-en
https://doi.org/10.1016/0048-3575(91)90054-p
https://doi.org/10.1016/0048-3575(91)90054-p
https://doi.org/10.3390/insects10010013
https://doi.org/10.3390/insects10010013
https://doi.org/10.5740/jaoacint.17-0046
https://doi.org/10.5740/jaoacint.17-0046


Paradis D, Berail G, Bonmatin JM, Belzunces LP (2014) Sensitive ana-
lytical methods for 22 relevant insecticides of 3 chemical families in
honey by GC-MS/MS and LC-MS/MS. Anal Bioanal Chem 406:
621–633. https://doi.org/10.1007/s00216-013-7483-z

Pareja L, Jesus F, Heinzen H, Hernando MD, Rajski L, Fernandez-Alba
AR (2019) Evaluation of glyphosate and AMPA in honey by water
extraction followed by ion chromatography mass spectrometry. A
pilot monitoring study. Anal Methods 11:2123–2128. https://doi.
org/10.1039/c9ay00543a

Piechowicz B, Wos I, Podbielska M, Grodzicki P (2018) The trans-
fer of active ingredients of insecticides and fungicides from an
orchard to beehives. J Environ Sci Health Part B-Pestic Contam
Agric Wastes 53:18–24. https://doi.org/10.1080/03601234.
2017.1369320

Pimentel D (2009) Pesticides and pest control. In: Integrated pest man-
agement: innovation-development process. Springer. pp 83-87.
https://doi.org/10.1007/978-1-4020-8992-3

Poquet Y, Bodin L, Tchamitchian M, Fusellier M, Giroud B, Lafay
F, Buleté A, Tchamitchian S, Cousin M, Pélissier M, Brunet
JL, Belzunces LP (2014) A pragmatic approach to assess the
exposure of the honey bee (Apis mellifera) when subjected to
pesticide spray. PLoS One 9:12. https://doi.org/10.1371/
journal.pone.0113728

Powner MB, Salt TE, Hogg C, Jeffery G (2016) Improving mito-
chondrial function protects bumblebees from neonicotinoid
pesticides. PLoS One 11:e0166531. https://doi.org/10.1371/
journal.pone.0166531

Renzi MT, Amichot M, Pauron D, Tchamitchian S, Brunet JL,
Kretzschmar A, Maini S, Belzunces LP (2016) Chronic toxicity
and physiological changes induced in the honey bee by the exposure
to fipronil and Bacillus thuringiensis spores alone or combined.
Ecotox Environ Safe 127:205–213. https://doi.org/10.1016/j.
ecoenv.2016.01.028

Requier F, Henry M, Decourtye A, Brun F, Aupinel P, Rebaudo F,
Bretagnolle V (2020) Measuring ontogenetic shifts in central-place
foragers: a case study with honeybees. J Anim Ecol 89:1860–1871.
https://doi.org/10.1111/1365-2656.13248

Rortais A, Arnold G, Dorne JL, More SJ, Sperandio G, Streissl F, Szentes
C, Verdonck F (2017) Risk assessment of pesticides and other
stressors in bees: principles, data gaps and perspectives from the
European Food Safety Authority. Sci Total Environ 587:524–537.
https://doi.org/10.1016/j.scitotenv.2016.09.127

Ross MK, Streit TM, Herring KL (2010) Carboxylesterases: dual roles in
lipid and pesticide metabolism. J Pestic Sci 35:257–264. https://doi.
org/10.1584/jpestics.R10-07

Rubio F, Guo E, Kamp L (2015) Survey of glyphosate residues in honey,
corn, and soy products. Abstr Pap Am Chem Soc 250. https://doi.
org/10.4172/2161-0525.1000249

Schmaranzer S, Stabentheiner A, Heran H (1987) Effect of Roxion-S
(dimethoate) on the body temperature of the honey bee. Chem
Biol Soc Insects:241.

Schmuck R, Stadler T, Schmidt HW (2003) Field relevance of a synergistic
effect observed in the laboratory between an EBI fungicide and a
chloronicotinyl insecticide in the honeybee (Apis mellifera L,
Hymenoptera). Pest Manag Sci 59:279–286. https://doi.org/10.1002/
ps.626

Simon-Delso N, San Martin G, Bruneau E, Minsart L-A, Mouret C,
Hautier L (2014) Honeybee colony disorder in crop areas: the role
of pesticides and viruses. PLoS One 9:e103073. https://doi.org/10.
1371/journal.pone.0103073

Souders CL, Xavier P, Perez-Rodriguez V, Ector N, Zhang J-L,
Martyniuk CJ (2019) Sub-lethal effects of the triazole fungicide
propiconazole on zebrafish (Danio rerio) development, oxidative
respiration, and larval locomotor activity. Neurotoxicol Teratol 74:
106809. https://doi.org/10.1016/j.ntt.2019.106809

Stanley J, Sah K, Jain SK, Bhatt JC, Sushil SN (2015) Evaluation of
pesticide toxicity at their field recommended doses to honeybees,
Apis cerana and A-mellifera through laboratory, semi-field and field
studies. Chemosphere 119:668–674. https://doi.org/10.1016/j.
chemosphere.2014.07.039

Suarez RK, Darveau CA, Welch KC, O’Brien DM, Roubik DW,
Hochachka PW (2005) Energymetabolism in orchid bee flight mus-
cles: carbohydrate fuels all. J Exp Biol 208:3573–3579. https://doi.
org/10.1242/jeb.01775

Suchail S, Guez D, Belzunces LP (2000) Characteristics of imidacloprid
toxicity in two Apis mellifera subspecies. Environmental
Toxicology and Chemistry 19:1901–1905. https://doi.org/10.1897/
1551-5028(2000)019<1901:coitit>2.3.co;2

Suchail S, Guez D, Belzunces LP (2001) Discrepancy between acute and
chronic toxicity induced by imidacloprid and its metabolites in Apis
mellifera. Environ Toxicol Chem 20:2482–2486. https://doi.org/10.
1002/etc.5620201113

Tabassum H, Khan J, Salman M, Raisuddin S, Parvez S (2016)
Propiconazole induced toxicological alterations in brain of freshwa-
ter fish Channa punctata Bloch. Ecol Indic 62:242–248. https://doi.
org/10.1016/j.ecolind.2015.11.001

Taillebois E, Cartereau A, Jones AK, Thany SH (2018) Neonicotinoid
insecticides mode of action on insect nicotinic acetylcholine recep-
tors using binding studies. Pest Biochem Physiol 151:59–66. https://
doi.org/10.1016/j.pestbp.2018.04.007

Teng M, Zhu W, Wang D, Qi S, Wang Y, Yan J, Dong K, Zheng M,
Wang C (2018) Metabolomics and transcriptomics reveal the toxic-
ity of difenoconazole to the early life stages of zebrafish (Danio
rerio). Aquat Toxicol 194:112–120. https://doi.org/10.1016/j.
aquatox.2017.11.009

Therneau T (2015) “Survival”: a package for survival analysis in S. R pack-
age version 2:38 https://CRAN.R-project.org/package=survival

Thompson HM, Fryday SL, Harkin S, Milner S (2014) Potential impacts
of synergism in honeybees (Apis mellifera) of exposure to
neonicotinoids and sprayed fungicides in crops. Apidologie 45:
545–553. https://doi.org/10.1007/s13592-014-0273-6

Thompson SN, Suarez RK (2009) Metabolism. In: Resh VH, Cardé RT
(eds) Encyclopedia of insects, Second edn. Academic Press, San
Diego, pp 623–627. https://doi.org/10.1016/B978-0-12-374144-8.
00174-0

Tornheim K (2018) Glucose metabolism and hormonal regulation. In:
Huhtaniemi I, Martini L (eds) Encyclopedia of endocrine diseases,
Second edn. Academic Press, Oxford, pp 87–94. https://doi.org/10.
1016/B978-0-12-801238-3.03816-2

Vandame R, Belzunces LP (1998) Joint actions of deltamethrin and azole
fungicides on honey bee thermoregulation. Neurosci Lett 251:57–
60. https://doi.org/10.1016/s0304-3940(98)00494-7

Wade A, Lin C-H, Kurkul C, Regan ER, Johnson RM (2019) combined
toxicity of insecticides and fungicides applied to California almond
orchards to honey bee larvae and adults. Insects 10:20. https://doi.
org/10.3390/insects10010020

Wang Y, Zhang W, Shi T, Xu S, Lu B, Qin H, Yu L (2019)
Synergistic toxicity and physiological impact of thiamethoxam
alone or in binary mixtures with three commonly used
insecticides on honeybee. Apidologie:1–11. https://doi.org/10.
1007/s13592-019-00726-4

Wang YH, Zhu YC, Li WH (2020) Interaction patterns and combined
toxic effects of acetamiprid in combination with seven pesticides on
honey bee (Apis mellifera L.). Ecotox Environ Safe 190:10. https://
doi.org/10.1016/j.ecoenv.2019.110100

Wintermantel D, Odoux J-F, Decourtye A, Henry M, Allier F,
Bretagnolle V (2019) Neonicotinoid-induced mortality risk for bees
foraging on oilseed rape nectar persists despite EU moratorium. Sci
Total Environ:135400. https://doi.org/10.1016/j.scitotenv.2019.
135400

42819Environ Sci Pollut Res (2021) 28:42807–42820

https://doi.org/10.1007/s00216-013-7483-z
https://doi.org/10.1039/c9ay00543a
https://doi.org/10.1039/c9ay00543a
https://doi.org/10.1080/03601234.2017.1369320
https://doi.org/10.1080/03601234.2017.1369320
https://doi.org/10.1007/978-1-4020-8992-3
https://doi.org/10.1371/journal.pone.0113728
https://doi.org/10.1371/journal.pone.0113728
https://doi.org/10.1371/journal.pone.0166531
https://doi.org/10.1371/journal.pone.0166531
https://doi.org/10.1016/j.ecoenv.2016.01.028
https://doi.org/10.1016/j.ecoenv.2016.01.028
https://doi.org/10.1111/1365-2656.13248
https://doi.org/10.1016/j.scitotenv.2016.09.127
https://doi.org/10.1584/jpestics.R10-07
https://doi.org/10.1584/jpestics.R10-07
https://doi.org/10.4172/2161-0525.1000249
https://doi.org/10.4172/2161-0525.1000249
https://doi.org/10.1002/ps.626
https://doi.org/10.1002/ps.626
https://doi.org/10.1371/journal.pone.0103073
https://doi.org/10.1371/journal.pone.0103073
https://doi.org/10.1016/j.ntt.2019.106809
https://doi.org/10.1016/j.chemosphere.2014.07.039
https://doi.org/10.1016/j.chemosphere.2014.07.039
https://doi.org/10.1242/jeb.01775
https://doi.org/10.1242/jeb.01775
https://doi.org/10.1897/1551-5028(2000)019<1901:coitit>2.3.co;2
https://doi.org/10.1897/1551-5028(2000)019<1901:coitit>2.3.co;2
https://doi.org/10.1002/etc.5620201113
https://doi.org/10.1002/etc.5620201113
https://doi.org/10.1016/j.ecolind.2015.11.001
https://doi.org/10.1016/j.ecolind.2015.11.001
https://doi.org/10.1016/j.pestbp.2018.04.007
https://doi.org/10.1016/j.pestbp.2018.04.007
https://doi.org/10.1016/j.aquatox.2017.11.009
https://doi.org/10.1016/j.aquatox.2017.11.009
https://cran.r-project.org/package=survival
https://doi.org/10.1007/s13592-014-0273-6
https://doi.org/10.1016/B978-0-12-374144-8.00174-0
https://doi.org/10.1016/B978-0-12-374144-8.00174-0
https://doi.org/10.1016/B978-0-12-801238-3.03816-2
https://doi.org/10.1016/B978-0-12-801238-3.03816-2
https://doi.org/10.1016/s0304-3940(98)00494-7
https://doi.org/10.3390/insects10010020
https://doi.org/10.3390/insects10010020
https://doi.org/10.1007/s13592-019-00726-4
https://doi.org/10.1007/s13592-019-00726-4
https://doi.org/10.1016/j.ecoenv.2019.110100
https://doi.org/10.1016/j.ecoenv.2019.110100
https://doi.org/10.1016/j.scitotenv.2019.135400
https://doi.org/10.1016/j.scitotenv.2019.135400


Xavier KV, Kc AN, Vallad GE (2020) Fungicide application timing
essential for the management of leaf spot and fruit rot on pomegran-
ate (Punica granatum L.) in Florida. Plant Dis 104:1629–1637.
https://doi.org/10.1094/PDIS-10-19-2224-RE

Zhang W (2018) Global pesticide use: Profile, trend, cost/benefit and
more. Proc Int Acad Ecol Environ Sci 8:1 http://www.iaees.org/
publications/journals/piaees/articles/2018-8(1)/global-pesticide-
use-Profile-trend-cost-benefit.pdf

Zhu YC, Yao JX, Adamczyk J, Luttrell R (2017a) Feeding toxicity and
impact of imidacloprid formulation and mixtures with six represen-
tative pesticides at residue concentrations on honey bee physiology

(Apis mellifera). PLoS One 12:19. https://doi.org/10.1371/journal.
pone.0178421

Zhu YC, Yao JX, Adamczyk J, Luttrell R (2017b) Synergistic toxicity
and physiological impact of imidacloprid alone and binary mixtures
with seven representative pesticides on honey bee (Apis mellifera).
PLoS One 12:e0176837. https://doi.org/10.1371/journal.pone.
0176837

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

42820 Environ Sci Pollut Res (2021) 28:42807–42820

https://doi.org/10.1094/PDIS-10-19-2224-RE
http://www.iaees.org/publications/journals/piaees/articles/2018-8(1)/global-pesticide-use-Profile-trend-cost-benefit.pdf
http://www.iaees.org/publications/journals/piaees/articles/2018-8(1)/global-pesticide-use-Profile-trend-cost-benefit.pdf
http://www.iaees.org/publications/journals/piaees/articles/2018-8(1)/global-pesticide-use-Profile-trend-cost-benefit.pdf
https://doi.org/10.1371/journal.pone.0178421
https://doi.org/10.1371/journal.pone.0178421
https://doi.org/10.1371/journal.pone.0176837
https://doi.org/10.1371/journal.pone.0176837

	Toxicological status changes the susceptibility of the honey bee Apis mellifera to a single fungicidal spray application
	Abstract
	Introduction
	Materials and methods
	Materials
	Honey bees
	Chronic exposure to pesticides
	Exposure to fungicide spraying
	Survival and food consumption
	Choice of physiological markers
	Tissue preparation and enzyme extraction
	Analysis of physiological life history traits
	Statistical analysis

	Results
	Effects of exposure to pesticides on honey bee survival
	Effects of exposure to pesticides on food consumption
	Physiological effects

	Discussion
	Conclusion
	References


