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Handling editor: Marisa Passos Agrochemicals play a vital role in protecting crops and enhancing agricultural production by reducing threats

from pests, pathogens and weeds. The toxicological status of honey bees can be influenced by a number of

factors, including pesticides. While extensive research has focused on the lethal and sublethal effects of in-
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secticides on individual bees and colonies, it is important to recognise that fungicides and herbicides can also
affect bees’ health. Unfortunately, in the field, honey bees are exposed to mixtures of compounds rather than
single substances. This study aimed to evaluate the effects of a commercial fungicide and a commercial herbicide,
both individually and in combination, on honey bees. Mortality assays, biomarkers and learning and memory
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Commercial pesticides
Integrated approach
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tests were performed, and the results were integrated to assess the toxicological status of honey bees. Neuro-
toxicity (acetylcholinesterase and carboxylesterase activities), detoxification and metabolic processes (gluta-

thione S-transferase and alkaline phosphatase activities), immune system function (lysozyme activity and
haemocytes count) and genotoxicity biomarkers (Nuclear Abnormalities assay) were assessed. The fungicide
Sakura® was found to activate detoxification enzymes and affect alkaline phosphatase activity. The herbicide
Elegant 2FD and the combination of both pesticides showed neurotoxic effects and induced detoxification pro-
cesses. Exposure to the herbicide/fungicide mixture impaired learning and memory in honey bees. This study
represents a significant advance in understanding the toxicological effects of commonly used commercial pes-
ticides in agriculture and contributes to the development of effective strategies to mitigate their adverse effects

on non-target insects.

1. Introduction

Agrochemical products play a crucial role in agricultural systems
worldwide. These compounds help safeguard crops against pests and
pathogens and eliminate weeds, leading to increased agricultural pro-
duction (Alexandratos and Bruinsma, 2012; Carvalho, 2017). In-
secticides, including organochlorines, organophosphates, carbamates,
pyrethroids, neonicotinoids, and biopesticides, are widely used to con-
trol insect pests. In addition to insecticides, fungicides, herbicides,
nematicides, rodenticides and acaricides, designed to target other or-
ganisms, are used. Herbicides, fungicides and insecticides account for
more than 95% of the global pesticide market (Delso et al., 2022). Over
the years, the use of synthetic and biological herbicides has expanded
the most, followed by insecticides and fungicides (Cappa et al., 2022;
Carvalho, 2017). Unfortunately, the residues of these agrochemical
compounds can spread in the environment, causing significant
contamination and harm to terrestrial ecosystems (Cappa et al., 2022;
Carvalho, 2017).

Pesticides have a significant impact on various terrestrial organisms,
including earthworms, nematodes, and insect pollinators such as honey
bees, all of which are essential for the ecosystem services they provide
(Cappa et al., 2022; Daam et al., 2011). Honey bees in particular can be
affected by a variety of stressors, including pathogens, habitat loss and
poor nutrition and the presence of pesticides (Goulson et al., 2015; Potts
et al., 2010). Bees can come into contact with these compounds in a
variety of ways, including airborne particles like dust and spray drop-
lets, volatile compounds diluted in the air, contaminated surfaces,
nesting materials, and food like nectar, pollen and water. Claudianos
et al. (2006) hypothesise that honey bees are more vulnerable to pesti-
cides because they possess a limited number of genes, with respect to
other insects. Haplodiploid genetic system of honey bees may also
contribute to reduced genetic diversity specifically related to xenobiotic
detoxifying systems. However, it is worth noting that the low number of
detoxification genes in honey bees could be due to their social lifestyle
and their organisational, behavioural and physiological adaptations
(termed “social immunity™) to prevent the establishment and spread of
parasites and pathogens (Baracchi and Tragust, 2017; Cremer et al.,
2007; Otti et al., 2014). Numerous studies have focused on the lethal and
sublethal effects of insecticides on honey bees at both individual (Al
Naggar et al., 2015; Badawy et al., 2015; Qi et al., 2020)) and colony
level (Imran et al., 2019; Ingram et al., 2015; Monchanin et al., 2019). In
addition, fungicides and herbicides have been shown to affect honey
bee’s health status through behavioural, molecular, biochemical and
cellular changes (Di Noi et al., 2021); these effects could develop into
irreversible physiological alterations and permanent damage to honey
bee populations (Caliani et al., 2021a).

In the environment, it is common to find not only individual com-
pounds, but also mixtures of pesticides, which honey bees are exposed
to. These mixtures may have similar modes of action or synergistic,
antagonistic or additive interactions (Piggott et al., 2015). Various
studies have evaluated the effects of mixtures of different insecticides
(Christen et al., 2017; Wang et al., 2020, 2021; Yao et al., 2018a, 2018b;
Zhu et al., 2017a) and the interactions between insecticides and fungi-
cides (Bjergager et al., 2017; Colin and Belzunces, 1992; Iwasa et al.,

2004; Meled et al., 1998; Schmuck et al., 2003; Thompson et al., 2014;
Zhuetal., 2017a, 2017b). However, despite the high likelihood of honey
bees being exposed to mixture of fungicides and herbicides, there is a
significant gap in the assessment of these mixtures.

Under natural conditions, honey bees are exposed to commercial
pesticides containing both active ingredients and co-formulants or ad-
juvants, also known as “inerts”, which are added to enhance the ab-
sorption and stability of the active ingredient (Travlos et al., 2017).
These co-formulants can be toxic to non-target species (Mesnage and
Antoniou, 2018), as also reported in several studies on adjuvants in
commercial formulations (Nagy et al., 2020). Up to date, to the best of
our knowledge, the study of the effects of commercial formulations used
in agriculture on honey bees are extremely limited. Recently, the Eu-
ropean Food Safety Authority (EFSA Working GroupDraft Guidance
Document) published a guidance document for the risk assessment of
plant protection products (PPPs), highlighting the importance of eval-
uating the effects of mixtures on domestic and wild bees, with a
particular attention to synergistic effects (EFSA, Draft).

Biomarkers are sensitive and useful tools to study the sublethal ef-
fects of pollutants on the ecotoxicological health status of pollinators.
They provide a better understanding of the effects of anthropogenic
stressors (Cajaraville et al., 2000; Caliani et al., 2021a, 2021b; Campani
et al., 2017; Sanchez and Porcher, 2009; Tlili et al., 2013). In honey
bees, biomarkers have been developed to assess the exposure to and
effects of various contaminants (Badawy et al., 2015; Caliani et al.,
2021a; Carvalho et al., 2013; Roat et al., 2017). Yet, so far, only a limited
number of studies have used a multi-biomarker approach to gain a
thorough understanding of the extent of chemical stress caused by the
exposure of honey bees to pesticide active ingredient, both individually
and in combination (Badiou-Bénéteau, 2013; Badiou-Bénéteau et al.,
2012; Qi et al., 2020; Yao et al., 2018a). Nevertheless, only Caliani et al.
(2021a) have investigated the sublethal effects of commercial PPPs
using a biomarker approach. To date, no data are available on the effects
of mixtures of commercial pesticides using biomarker assays.

A wide variety of enzymes and of cellular processes are commonly
used as biomarkers in many species. For instance, acetylcholinesterase
(AChE) is a key enzyme that controls and modulates neural transmission
(Badiou et al., 2008) and can be inhibited not only by organophosphorus
and carbamate insecticides, but also by other contaminants such as
fungicides and metals (Boily et al., 2013; Caliani et al., 2021a; Carvalho
et al., 2013; Frasco et al., 2005; Fukuto, 1990), making it a sensitive
biomarker of neurotoxicity. Carboxylesterases (CaEs) are hydrolases
catalysing the reactions of a wide range of aliphatic/aromatic esters and
choline esters, as well as some xenobiotics (Dauterman and Hodgson,
1990). They are involved in phase I of detoxification processes but also
have a defensive function, protecting AChE from its inactivation
(Jackson et al., 2013; Yan et al., 2009). Glutathione S-transferase (GST)
is an enzyme involved in phase II biotransformation processes, in fact it
is responsible for detoxifying various contaminants and most likely
contributes to cellular protection against oxidative damage (Babczynska
et al., 2006; Barata et al., 2005). The lipophilic compounds are able to
induce GST activity, as GST is involved in the conjugation of a wide
variety of drugs and metabolites with GSH (Letelier et al., 2010).
Alkaline phosphatase (ALP) is a member of a family of enzymes involved
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in digestive processes, cell signalling, and the transport of metabolites
and antioxidants through the hydrolysis of phosphate groups (Bounias
et al., 1996). Although ALP is not involved in detoxification processes, a
change in its activity has been observed following exposure of honey
bees to pesticides and metals (Bounias et al., 1996; Caliani et al., 2021a),
making it a good biomarker of exposure to these compounds (Suresh and
Reju, 1993). The immune system of bees includes a humoral component,
with enzymes such as lysozyme and phenoloxidase, and a cellular
component, characterised by haemocytes. While lysozyme (LYS) acts
against bacteria, by degrading the bacterial cell wall, with its synthesis
occurring throughout development (Lazarov et al., 2016), the haemo-
cytes (prohemocytes, plasmatocytes, granulocytes, oenocytoids and
macrophage-like cells) are involved in phagocytosis, encapsulation,
nodulation, and wound repair processes (Marmaras and Lampropoulou,
2009; Strand, 2008)). Among the different haemocytes, plasmatocytes
and granulocytes are the most abundant circulating cell types (Giglio
et al., 2015). Granulocytes have a relevant role in phagocytosis, being
the first cells to come into contact with a foreign body at the onset of
nodule formation, while plasmatocytes in encapsulation response
(Richardson et al., 2018). When in contact with the foreign body,
granulocytes release their granular content, attracting plasmatocytes or
helping them to build the capsule (Ribeiro and Brehélin, 2006). The
number of circulating haemocytes reflects the ability of organisms to
cope with immunogenic challenges (Doums et al., 2002; Kraaijeveld
et al.,, 2001). Exposure to genotoxic compounds may alter the DNA
integrity of an organism and Nuclear Abnormalities (NA) assay is a valid
tool to assess the presence of genetic damage, counting the number and
types of abnormalities of haemocyte nuclei. There are very few studies
on this test applied to Apis mellifera. Caliani et al. (2021a) observed a
significant increase in nuclear abnormalities after treatment with 0.1
g/L and 2.5 g/L CdSO4, and 200 g/L Amistar®Xtra, almost double the
control and with a frequency of 50%o.

In the context of above, which emphasises the importance of a better
understanding of potential negative effects of commercial pesticide use
on bees, we investigated the toxicological effects of a commercial
fungicide (Sakura®) and a commercial herbicide (Elegant 2FD), alone
and in combination, on honey bees. We performed a mortality assay, and
evaluated detoxification and metabolic alterations (GST and ALP ac-
tivities, respectively), immune system (LYS activity and haemocytes
count) and genotoxicity responses (NA assay), neurotoxicity effects
(AChE and CaEs activities) and learning and memory abilities (Proboscis
Extension Reflex - PER). The biomarkers used in this study were selected
to provide a complete overview of the possible effects of these pesticides
on Apis mellifera, which is not the target of these compounds. For this
reason, we chose more general biomarkers, such as GST and CaE, which
give an indication of detoxification activities, and more specific ones,
such as AChE and NA assay, to observe if fundamental processes of the
organisms were damaged. Neurotoxicity and DNA damage have been
observed in honey bees following exposure to compounds with similar
modes of action to ours, such as cyproconazole (Caliani et al., 2021a).
Neurotoxicity was also observed in non-target vertebrates exposed to 2,4
D (United States Environmental Protection Agency), the active ingre-
dient of our herbicide, whereas only the LD50 assay was performed on
Apis mellifera. The ALP activity was already been used as a biomarker of
exposure to pesticide toxicity. We also focused on learning and memory
because the study of cognition provides a sensitive approach to in-
vestigates toxicological and sublethal effects (Cappa et al., 2022; Des-
neux et al., 2007; Tosi et al., 2022). As central-place foraging animals,
social pollinators rely heavily on learning and memory, which are
fundamental requirements to optimise foraging and ensure colony suc-
cess (Baracchi, 2019; Klein et al., 2017). Consequently, the detection of
even minor impairments in these cognitive abilities would signal their
vulnerability and place them at significant risk (Klein et al., 2017).
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2. Material and methods
2.1. Chemicals

All of the following compounds were purchased from Sigma-Aldrich
(St. Louis, MO, USA): monobasic and dibasic sodium phosphate, sodium
chloride (NaCl), Triton X-100, protease inhibitor cocktail powder; ace-
tylthiocholine iodide (AcSCh.I), 5,5-dithiol-bis (2, nitrobenzoic acid)
(DTNB); 1-chloro-2,4-dinitrobenzene (DNCB), reduced ti-glutathione
(GSH); Fast Garnet GBC, sodium dodecyl sulphate (SDS), a-naphthyl
acetate (a-NA); tris-hydroxy-methyl-aminomethane (Tris), magnesium
chloride (MgCly), p-nitrophenyl phosphate (p-NPP); Micrococcus lyso-
deikticus solution, egg whites from chicken (HEL); monobasic potassium
phosphate and bovine serum albumin (BSA) for enzymatic assays. Also
BioRad Protein stain (BioRad, Segrate, Italy) was used for enzymatic
assays. For the NA assay, Diff-Quick dye from Bio-optica, Milano, Italy
was used. Sakura® was obtained by Nufarm S.A.S. (France) while
Elegant 2FD was obtained by Adama Agan L.t.d. (Israel).

2.2. Honey bees

For the biomarker’s experiments, honey bee foragers (Apis mellifera
ligustica) were collected from the hives of a beekeeper located close to a
nature reserve area (Pisa, Tuscany, Italy). The bees were collected on the
day before the experiment and placed in seven cages (75 cm x 75 cm x
115 cm, Bug-Dorm-2400 Insect Rearing Tent, MegaView Science Co.,
Ltd., Taiwan), to rest overnight at 25 °C and 60% relative humidity with
honey and water ad libitum. A leafless branch of Prunus spinosa (Rosa-
ceae) was placed in the cages as a support for the bees.

For the mortality and the behavioural experiments, honey bee for-
agers were collected when they landed on a feeder containing a 50%
sucrose solution (w/w), located about 10 m away from a small apiary
(Department of Biology, University of Florence). The bees were imme-
diately transported to the laboratory and randomly assigned to either
the experimental or control groups and processed according to the
experiment.

2.3. Pesticides

The pesticides used in the experiments were commercial formula-
tions; the fungicide Sakura® and the herbicide Elegant 2FD. These two
pesticides are widely used in wheat crops and are often sprayed in
overlapping periods during the uprooting stage of the plant. Bees can be
accidently exposed to these two chemicals because the pesticides can
reach flowers near wheat crops, where pollinators collect pollen and
nectar. In this way, foraging bees could transport the pesticides to the
hive, exposing the entire colony, from larvae to the queen, to the risk of
contamination.

The active ingredients of Sakura® are bromuconazole (15,86%) and
tebuconazole (10,17%), while Elegant 2FD consists mainly of 2,4D
(42,3 g/100 g of product) and florasulam (0,6 g/100 g of product). The
commercial pesticides mentioned above also contain co-formulants, the
composition of which is not specified on the labels.

In all experiments, bees were exposed topically to: 1) the fungicide
Sakura® at two concentrations, 200 g/L and 400 g/L; 2) the herbicide
Elegant 2FD at two concentrations, 225 g/L and 450 g/L; 3) the mixture
of the pesticides at two concentrations, Sakura® 200 g/L + Elegant 2FD
225 g/L and Sakura® 400 g/L + Elegant 2FD 450 g/L; 4) acetone 80%,
considered as control. All the pesticides were dissolved in 80% acetone.
The topical treatment was chosen because these compounds are sprayed
on crops and therefore contact is one of the main routes of exposure for
honey bees.

The lowest concentrations used were those recommended for field
use in cereal crops, while the highest concentrations were twice those
recommended for field use, which could represent a potential over-
exposure of honey bees to these compounds.
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2.4. Exposure protocols

2.4.1. Experiment for mortality assay

According to standard methods for toxicology research in A. mellifera
(Williams et al., 2013), bees were collected and treated topically on the
thorax with experimental solutions or the solvent solution as described
above. Subsequently, they were housed in groups of 10 individuals in
120 ml Plexiglas cages. Each cage was equipped with a 20 ml syringe
providing unrestricted access to a 50% sucrose solution. To facilitate
easy access to food while preventing any sugar solution leakage, the
syringes were deprived of the cone luer (Carlesso et al., 2020). A total of
490 cages, each containing 10 bees, were used (7 cages per group).
Mortality and sucrose consumption were measured daily for ten days by
counting dead bees and weighing the syringes, respectively. Daily su-
crose consumption was normalized to the number of live bees in each
cage on that day (Carlesso et al., 2020). Bees were kept in a dark and
humid place (~60%) at 23 + 2 °C throughout the assay.

2.4.2. Experiment for biomarker analysis

On the day of the experiment, the honey bees were mildly anes-
thetized with CO4 and 2 pL of each contaminant solution, was applied to
the dorsal thorax of bees from each experimental group using a Burkard
hand micro applicator equipped with a one-mL syringe (Bedini et al.,
2017). Each group of treated bees (50 each) was put in a separate cage
for four days before biomarkers analysis. At the end of the exposure,
bees were anesthetized in ice (4 °C) for 30 min before being handled.
When asleep, the back of the thorax was incised with a scalpel and the
haemolymph was collected with a micropipette and used to perform the
haemocytes differential count and Nuclear Abnormalities (NA) assay.
The midgut was then removed with tweezers and the head was sepa-
rated from the rest of the body. The samples, head and midgut, were
immediately frozen and stored at -80 °C. The haemolymph was used for
the differential haemocytes count and NA assay; the extract from head
nervous tissues were used to evaluate esterase activity (AChE and CaE).
GST, ALP and lysozyme activities were evaluated on midgut extracts.
For the preparation of each extract, tissue samples from 3 specimens
were pooled and supernatants were obtained according to methods by
Caliani et al. (2021a). All the enzymatic assays were performed ac-
cording to Caliani et al. (2021a). Acetylcholinesterase (AChE) activity
was measured at 412 nm in a medium containing 0.1 M sodium phos-
phate buffer (pH 7.4), 10 mM DTNB, 41.5 mM acetylthiocoline. The
carboxylesterase (CaE) enzyme was quantified at 538 nm adding 100
mM sodium phosphate buffer (pH 7.4) to the head extract and incu-
bating at 25 °C for 5 min. The reaction was started by adding 0.4 mM
a-NA as a substrate and stopped by adding 1.5% SDS and 0.4 mg/L Fast
Garnet GBC. GST activity was measured at 340 nm in a medium con-
taining 8 mM GSH (reduced glutathione), 8 mM DNCB (2,4-dinitro-
chlorobenzene) as substrate, and 100 mM sodium phosphate buffer (pH
7.4). ALP was monitored at 405 nm in a medium containing 100 mM
MgCl,, 100 m Mp-nitrophenyl phosphate as substrate, and 100 mM
Tris-HCl pH 8.5. AChE, CaE, GST and ALP activities were quantified
spectrophotometrically with a Cary UV 60 Agilent spectrophotometer.
LYS activity was measured using a turbidity test and the absorbance was
monitored at 450 nm with a Microplate Reader (Multiskan Skyhigh
Thermo Scientific). Protein concentrations were estimated using the
method described by Bradford (1976), with bovine serum albumin as the
standard.

The NA assay and the differential count of granulocytes and plas-
matocytes were performed on the same slide for each sample. 10 pL of
two honey bees’ haemolymph were placed on a slide previously spread
with poly-lysine (2.5 mg/mL). The slides were left to dry and stained
with Diff-Quick stain (Bio-Optica).

The NA assay was performed following the procedure according to
Pacheco and Santos (1997) with some modifications. Cells were counted
using an immersion light microscope (Olympus BX41) and abnormal-
ities were assigned to one of the following categories according to
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Caliani et al. (2021a): micronuclei, lobed nuclei, segmented nuclei and
kidney-shaped nuclei. Apoptotic cells were also counted. The results
were expressed as the number of nuclear abnormalities/1000 cells.

Granulocytes and plasmatocytes were counted following Sapcaliu
et al. (2009). One thousand blood cells were counted, and the results
expressed as the number of cells/1000.

2.4.3. Experiment for learning and memory assay

On the day of the experiment, immediately after collection, the
honey bees were cold anesthetized in ice for 5 min, and 2 pL of every
contaminant solution was applied on the dorsal thorax of the bees as
previously described (see 2.4.2 section). The animals were put in sepa-
rate cages (50 animals each) and kept in a dark and humid place (~60%)
at 23 + 2 °C for four days. Immediately after exposure, cold-
anesthetized bees were individually placed inside 3D-printed tubes
with a strip of duct tape placed between their head and thorax (Balzani
et al., 2022). A small drop wax was applied behind the head to prevent
free movement, except for their antennae and mouthparts. The bees
were then fed with 5 pl of 50% sucrose solution to equalize their level of
hunger and rested for 2 h in a dark and humid place (~60%) at room
temperature (23 + 2 °C). To test whether fungicides and herbicides
affect bees’ learning and memory abilities, the bees were subjected to
differential olfactory conditioning of the proboscis extension reflex
(PER) (Balzani et al., 2022). The bees were trained to discriminate a
rewarding odor (CS+) from a non-rewarding odor (CS-) during ten trials
(5 CS + trials and 5 CS- trials). Both odors (nonanal and 1-hexanol,
Sigma Aldrich, Italy) were used either as CS + or CS- in a counter-
balanced design. Odor presentations were spaced by 10 min and were
pseudorandomized according to their contingency (i.e., rewarded vs.
unrewarded) so that the same stimulus was never presented more than
twice consecutively (Balzani et al., 2022). An odor releaser controlled by
the microcontroller board Arduino Uno was used to deliver the two
odors to the bees. At the beginning of the training, a bee was placed 2 cm
in front of the odor releaser, which provided a continuous airflow of
clean air. After 10 s of familiarization, a CS (either 1-hexanol or nonanal)
was provided for 4 s and continuously carried away through an exhaust
system. In the reinforced trials, after 3 s from the odor onset, the bee was
stimulated with a 30% sucrose solution (unconditioned stimulus, US) by
means of a toothpick on the antennae and proboscis for 4 s. To account
for the existing laterality in sucrose responsiveness, only the same
antennae (left) was stimulated using a wooden toothpick during each
presentation (Baracchi et al., 2018). The bee was left in position with
clean airflow for a further 10 s. In the unreinforced trials, no US was
provided to the bee after the onset of the CS-. For each bee, PER
occurrence during the CS presentation was recorded over the 10 con-
ditioning trials. Bees that showed PER to the first presentation of the
CS+ were immediately discarded as learning could not be addressed
(Balzani et al., 2022). After conditioning, the bees were kept under the
same condition (in the dark, 60% humidity, 23 + 2 °C) and tested 2 and
24 h later for short-term and mid-long term memory retention respec-
tively. During the test, each bee was presented with both CS+ and CS-
without reinforcement with an inter-trial interval of 10 min, and the PER
occurrence was recorded for each individual. The order of the presen-
tation of the two CSs was randomized between bees (Balzani et al.,
2022). We tested a total of 727 bees: 85 bees as a control group for the
fungicide, and 81 and 86 bees with a low and a high dose treatment
respectively. For the herbicide, we tested 74 bees as a control group, 73
bees with a low concentration treatment, and 76 bees with a high con-
centration treatment. Finally, for the combination of both pesticides, we
tested 82 bees as a control group, 83 bees with a low concentration
treatment, and 87 bees with a high concentration treatment.

2.5. Statistical analysis

We tested for significant differences in each biomarker between
control group, the fungicide Sakura®, the herbicide Elegant 2FD and the
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mixture samples using Kruskal-Wallis (KW) test (Kruskal and Wallis,
1952). This is a non-parametric test, and it is used when the data does
not satisfy the normality property and contains outliers. Furthermore,
Dunn’s test with a Benjamini-Hochberg stepwise adjustment (Benjamini
and Hochberg, 1995) was applied for pairwise multiple-comparison
when the null hypothesis of the KW test was rejected. Linear mixed
model (LMM) was used for studying the dependence of food consump-
tion on groups (Raudenbush and Bryk, 2002). A mixed effects Cox
regression (Allison, 2014; Fox and Weisberg, 2002; Lin and Zelterman,
2002) was used to estimate the effect of groups on mortality rate. The
odd ratios, their confidence intervals and p-values were represented
using the function “ggforest” (available in the R package “survminer”).
Finally, generalized linear mixed models (GLMM) were estimated for
studying the response PER occurrence (PER, 1 = response, 0 = no
response) over trials on groups controlling for other regressors (Garson,
2013). Precisely, in the GLMM models for acquisition, ’treatment’
(control, dose 1, dose 2) and 'CS’ (CS+, CS-) as fixed factors, and
’conditioning trial’ (1, 2, 3, 4, 5) as a covariate. Interaction between
*trial” and *CS’ was also considered. In all models, individual identity
’ID’ was included as a random factor to account for repeated measures.
Statistical analyses have been implemented by STATA 17-software
(StataCorp, 2021) and R (Core Team, 2021).

3. Results
3.1. Mortality assay

Exposure to pesticides may cause alterations in honey bees sucrose
intake and lifespan. To investigate this further, we compared the daily
food consumption and mortality rates of exposed and control bees over a
10-day observation period. For all groups of caged bees, the food con-
sumption decreased over the course of the test (LMM, day: y2 = 18.80,
df =1, p <0.001, Supp. Fig. 1S). The treatment with the fungicide or the
herbicide or both did not affect the per capita daily food consumption
regardless of the concentration used (LMM: treat: y2 =1.79,df =6, p =
0.93, Suppl. Fig. 18).

By contrast, the estimated mixed effects Cox regression suggested
that mortality rate differed between groups (LR test: y2 = 17.41, df =6,
p = 0.008). The detailed results of the mixed effects Cox regression are
presented in Table 1.

In the model the reference group is the “control” group. All estimated
hazards are statistically significant and greater than 1, except one.
Accordingly, the results suggest that five treatments are negatively
associated with the length of survival. The mortality of bees treated with
the fungicide at both doses is higher than the control group (FUNG 200
g/L: p = 0.006; FUNG 400 g/L: p = 0.001). Whereas the mortality of
bees treated with herbicide at the highest dose (HERB 450 g/L: p =
0.006) is significantly higher than the control group, the herbicide at the
lower dose did not affect bee survival (HERB 225 g/L: p = 0.33). Bees
exposed to the combination of the two pesticides died faster than control
bees, but the effect was comparable to the one by the fungicide alone
(MIX 200 g/L+225 g/L: p = 0.006; MIX 400 g/L+450 g/L: p = 0.003).

Table 1

Estimated hazard ratios and p-values which are derived from the mixed effects
Cox regression. Hazard ratio >1 indicates an increased risk of death for bees
belonging to the experimental groups. A Hazard ratio <1, on the other hand,
indicates a decreased risk compared to the reference group (i.e., Control bees).

GROUP Hazard ratio p-values

Control (reference group)

FUNG 200 g/L 1.72 0.006 e
FUNG 400 g/L 1.85 0.001 o
HERB 225 g/L 1.23 0.326

HERB 450 g/L 1.74 0.006 e
MIX 200 g/L+225 g/L 1.69 0.006 il
MIX 400 g/L+450 g/L 1.74 0.003 o
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3.2. Biomarker responses

We assessed whether exposure to Sakura®, Elegant 2FD and the
combination of the two, causes neurotoxicity (AChE and CaE), alters bee
metabolism (ALP and GST), affects the immune system (LYS and hae-
mocytes count) and induces genotoxicity (NA assay).

Fig. 1 (a and b) shows the results obtained for AChE and CaE activ-
ities. AChE activity was found to be statistically different in bees exposed
to both doses of the fungicide (p < 0.01; Table 1S). In contrast to the
fungicide, HERB 450 g/L showed significant AChE inhibition compared
to the control and to HERB 225 g/L (Fig. 1a, p < 0.01). The MIX highest
dose was significantly inhibited compared to the control (p < 0.05) and
to FUNG 400 g/L (p < 0.01), and the MIX lowest dose showed a sig-
nificant inhibition compared to FUNG 200 g/L (p < 0.01).

Groups treated with fungicides only (at both concentrations) and
mixture treatment (high concentration) showed lower CaE activity
compared to the control group (Fig. 1b) (p < 0.01, Table 1S). MIX lowest
concentration showed a significant induction with respect to FUNG 200
g/L treatment group (p < 0.01) while the MIX highest dose showed a
statistically significant inhibition with respect to HERB 450 g/L (p <
0.05) and the MIX lowest one (p < 0.01) and induction with respect to
FUNG 200 g/L (p < 0.01).

The enzymatic assay results also showed that GST followed different
patterns depending on the exposure to fungicide and herbicide. Indeed,
GST activity was inhibited after treatment with FUNG 400 g/L, with a
statistically significant difference compared to the control while HERB
450 g/L, and both mixture treatments showed significant induction
(Fig. 2a; p < 0.01, Table 1S). A statistically significant difference was
observed between the two herbicide doses, with HERB 450 g/L showing
higher values compared to HERB 225 g/L (p < 0.05). Similarly, there
was a significant difference between the two fungicide doses (p < 0.01),
with GST activity decreasing from FUNG 200 g/L to FUNG 400 g/L.
Furthermore, GST activity increased significantly from the MIX lowest
concentration to the MIX highest one (p < 0.05). The two MIX doses
showed activities similar to those of the herbicide, and each of them
showed a statistically significant difference with respect to the corre-
sponding fungicide dose.

Both fungicide treatments significantly inhibited ALP activity in a
dose-dependent manner (p < 0.01, Table 1S). The two different mix
doses showed values that were similar to the herbicide and control
values and statistically different from the corresponding fungicide dose
(Fig. 2b; p < 0.01).

Lysozyme activity did not show differences among the treatments
(Fig. 3a).

Plasmatocytes (Supplementary material, Table 5) showed a statisti-
cally significant decrease in FUNG 200 g/L group with respect to the
control and MIX at the lowest concentration (p < 0.05, Table 1S).

The Nuclear Abnormalities (NA) assay values didn’t show differences
among the treatments (Fig. 3b).

Table 2 summarize the statistically significant differences found
between the control and each treatment. Table 3 report the differences
observed in FUNG 200 g/L and HERB 225 g/L compared to MIX 200 g/L
+ 225 g/L, as well as in FUNG 400 g/L and HERB 450 g/L with respect to
MIX 400 g/L + 450 g/L.

3.2.1. Cognition and behaviour

To assess whether exposure to Sakura®, Elegant 2FD and the com-
bination of the two, would cause cognitive deficits (learning and
memory) 4 days after treatment, bees were subjected to a differential
conditioning procedure in which they had to learn to discriminate be-
tween two olfactory stimuli, one rewarding (CS+) and one unrewarding
(CS-). Fig. 4 (a, c, e) shows the percentage of PER to the CS+ (solid lines)
and CS- (dotted lines) exhibited over the five conditioning trials by bees
exposed to the fungicide, the herbicide and a mixture of the two and the
corresponding control bees. Different model specifications were
compared for estimating the response PER across trials on groups
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Fig. 1. AChE (a) and CaE (b) activities measured in the head of honey bees (Apis mellifera) exposed to the fungicide Sakura® (200 and 400 g/L), the herbicide Elegant
2FD (225 and 450 g/L), and their mixtures. Different letters indicate a statistically significant difference (p < 0.05). “*” indicates differences with respect to control;
“A,B” indicate differences between the fungicide doses; “a,b” indicate differences between the herbicide doses; “c,d” indicate differences between FUNG 200 g/L and
MIX 200 g/L+225 g/L; “C,D” indicate differences between FUNG 400 g/L and MIX 400 g/L+450 g/L; “e,f” indicate differences between HERB 225 g/L and MIX 200
g/L+225 g/L; “E,F” indicate differences between HERB 450 g/L and MIX 400 g/L+450 g/L; “G,H” indicate differences between MIX 200 g/L+225 g/L and MIX 400
g/L+450 g/L.
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Fig. 2. GST (a) and ALP (b) activity measured in the midgut of honey bees (Apis mellifera) exposed to the fungicide Sakura® (200 and 400 g/L), the herbicide Elegant
2FD (225 and 450 g/L), and their mixtures. Different letters indicate a statistically significant difference (p < 0.05). “*” indicates differences with respect to control;
“A,B” indicate differences between the fungicide doses; “a,b” indicate differences between the herbicide doses; “c,d” indicate differences between FUNG 200 g/L and
MIX 200 g/L+225 g/L; “C,D” indicate differences between FUNG 400 g/L and MIX 400 g/L+450 g/L; “e,f” indicate differences between HERB 225 g/L and MIX 200
g/L+225 g/L; “E,F” indicate differences between HERB 450 g/L and MIX 400 g/L+450 g/L; “G,H” indicate differences between MIX 200 g/L+225 g/L and MIX 400
/L4450 g/L.
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Fig. 3. LYS activity (a) and NA assay (b) measured in the midgut of honey bees (Apis mellifera) exposed to the fungicide Sakura® (200 and 400 g/L), the herbicide
Elegant 2FD (225 and 450 g/L), and their mixtures. Different letters indicate a statistically significant difference (p < 0.05). “*” indicates differences with respect to
control; “A,B” indicate differences between the fungicide doses; “a,b” indicate differences between the herbicide doses; “c,d” indicate differences between FUNG 200
g/L and MIX 200 g/L+225 g/L; “C,D” indicate differences between FUNG 400 g/L and MIX 400 g/L+450 g/L; “e,f” indicate differences between HERB 225 g/L and
MIX 200 g/1L+225 g/L; “E,F” indicate differences between HERB 450 g/L and MIX 400 g/L+450 g/L; “G,H” indicate differences between MIX 200 g/L+225 g/L and
MIX 400 g/L+450 g/L.

controlling for other regressors (see Supplementary Tables 2, 3 and 4).
Based on the selected model (model N°5), all groups of bees learned to
respond differently to CS+ and CS- over the conditioning trials (the
interaction effect between CS and trial was statistically significant at p
< 0.001). However, in all cases we found a significant difference be-
tween bees treated with compounds, regardless of concentration and

combination, and control bees. Specifically, control bees performed
better than bees exposed to the fungicide regardless of its dose (FUNG
200 g/L: p = 0.02; FUNG 400 g/L: p = 0.005) and better than bees
exposed to the highest dose of the herbicide (HERB 225 g/L: p = 0.14;
HERB 450 g/L: p = 0.02). Bees exposed to the mixture of the two pes-
ticides performed worse than control bees (MIX 200 g/L + 225 g/L: p =
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Table 2

Statistically significant differences in the seven analysed biomarkers in each
treatment compared to acetone. Red “+” are for differences where the values are
higher than the control ones; green “-” are for values lower compared to the
control; no ticks are for the absence of statistically significant differences.

FUNG HERB MIX FUNG HERB MIX
200 g/L 225g/ 200g/ 400 g/L 450 g/L 400 g/
L L L
+ 225 + 450
g/L g/L
AChE + (%) + (%) - (%) -
CaE - (%) - () - (%)
GST + () - () + (%) + (%)
ALP - (**) - (**)
LYS
PLASM -
NA
assay
Table 3

Statistically significant differences in the seven analysed biomarkers compared
to MIX. FUNG 200 g/L and HERB 225 g/L are compared to MIX 200 g/L+ 225 g/
L; FUNG 400 g/L and HERB 450 g/L are compared to MIX 400 g/L+ 450 g/L. Red
“+” are for differences where the values are higher than the mix ones; green “-”
are for values lower compared to the mix; no ticks are for the absence of sta-
tistically significant differences.

FUNG 200 g/L HERB FUNG 400 g/L HERB
225 g/L 450 g/L
AChE + (%) + (*%)
CaE ) - +(9
GST - - (*%)
ALP - - (%)
LYS
PLASM -(%)
NA assay

0.02; MIX 400 g/L + 450 g/L: p = 0.03).

Furthermore, control bees and bees exposed to the fungicide differed
in the 2-h memory test (specific learners: p = 0.06, Fig. 4b). At 24 h this
difference disappeared specific memory: p = 0.88). The herbicide at the
high dose impaired memory recall (specific memory: p = 0.003, Fig. 4d).
As with the fungicide, this effect disappeared after 24 h (specific
memory: p = 0.55). The mixture had a stronger effect especially at 24 h
(2h: specific memory: p = 0.0098; 24h: p = 0.0002p = 0.0057, Fig. 4f).

4. Discussions

The overall aim of this study was to investigate the effects of two
commercial pesticides, alone and as mixtures, on honey bees, evaluating
responses ranging from molecular and physiological changes to behav-
ioural alterations. The selected fungicide Sakura® was shown to affect
the metabolism and the detoxification system of A. mellifera, mostly at
the highest dose. Elegant 2FD at the highest dose caused neurotoxic
damage and also activated the detoxification system. The results showed
that the herbicide and the mixtures had no effects on the immune sys-
tem. In addition, the herbicide appeared to play a significant role in the
responses observed following the combination treatments.

AChE activity was found to be statistically different in bees exposed
to both doses of the fungicide. The result differs from that obtained by
Caliani et al. (2021a), who showed that the commercial fungicide
Amistar®Xtra, composed mainly of azoxystrobin, a strobilurin,
co-formulated with cyproconazole, inhibited AChE activity. On the
contrary, no changes in AChE activity were observed after the 10 days of
treatment with difenoconazole, a curative and preventive fungicide
belonging to the triazoles class (Almasri et al., 2020). The results of our
work suggest that the triazoles, unlike the strobilurins, are not able to
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cause variations in AChE activity. HERB 450 g/L showed significant
AChE inhibition compared to the control and to HERB 225 g/L. To the
best of our knowledge, the sublethal effects of Elegant 2FD and the
active principle 2,4 D have never been investigated in Apis mellifera
before. Recently, Almasri et al. (2020) exposed A. mellifera specimens to
the herbicide glyphosate (0.1 and 1 pg/L) for 10 and 20 days, and
observed AChE inhibition at the highest dose. The results obtained in
our study lead us to hypothesise that the herbicide is capable of causing
neurotoxicity. Both mixture treatments showed an inhibition compared
to the corresponding fungicide concentrations. The neurotoxic effects
after both mix treatments could be attributed to the herbicide, as the
fungicide alone showed no changes, while the herbicide was able to
inhibit this enzyme activity.

The effects of these two pesticides on AChE activity may partly
explain their effects on honeybee cognition. Notably, the only treatment
that had no significant effect on AChE activity (HERB 445 g/L) was also
the only treatment that had no significant effect on honeybee learning
and memory. Although the causal relationship between AChE and
learning is not immediately obvious and remains inconclusive based on
our experiments, we can understand the potential link between AChE
enzyme activity and learning and memory in bees through the role of
acetylcholine (ACh), a key neurotransmitter in the bee nervous system.
ACh is a primary excitatory neurotransmitter in the insect brain and is
closely associated with learning, memory and cognitive processes
(Gauthier, 2010). AChE plays a critical role in rapidly terminating the
action of AChE at the synaptic cleft, preventing prolonged stimulation of
the postsynaptic neuron. An imbalance in AChE activity could lead to
excessive ACh degradation, impairing neurotransmission and poten-
tially affecting the bee’s ability to acquire and retrieve information.
Indeed, for example, agonists of nACh receptors such as nicotine,
caffeine and nicotine-derived neonicotinoid pesticides such as imida-
cloprid, thiamethoxam and clothianidin have been shown to affect
learning and memory in bees (Baracchi et al., 2017; Blacquiere et al.,
2012; Griinewald and Siefert, 2019; Wright et al., 2013).

In particular, our PER conditioning was based on olfactory cues
(odors). It’s well known that projection neurons from the antennal lobes,
responsible for processing olfactory information, connect to Kenyon
cells in the mushroom bodies, which are involved in sensory integration
and learning in insects (Hourcade et al., 2010; Oleskevich, 1999). These
projection neurons release ACh, which binds to ACh receptors in the
dendrites of Kenyon cells. Therefore, we hypothesise that altered ACh
activity at the level of the antennal lobes or mushroom bodies may
contribute to the observed impairment in olfactory appetitive learning
and memory in honey bees exposed to the fungicide and herbicide
compared to control bees. However, it’s important to recognise that
there are other plausible hypotheses to consider. In particular, the
in-cage mortality data highlight the high toxicity of these compounds,
with the exception of the low-dose herbicide, which doesn’t cause
increased mortality. The bees were, therefore, significantly weakened,
suggesting that the observed cognitive changes may be an indirect
consequence (secondary effect) of either the general poor condition
and/or the increased energy demands associated with detoxification
processes. On the other hand, it’s worth noting that there were no dif-
ferences in average daily food intake between the different treatments.

The induction of CaE activity observed in our study is consistent with
that obtained by various authors after the exposure of A. mellifera
samples to different classes of pesticides (Badiou-Bénéteau et al., 2012;
Carvalho et al., 2013; Hashimoto et al., 2003; Roat et al., 2017). In
particular, the induction observed after treatment with our lowest
mixture cannot be compared with any study. The inhibition obtained
after both fungicide treatments and mix highest one is in agreement with
the results reported by Caliani et al. (2021a) and Almasri et al. (2020),
who observed a decrease in CaE activity after exposure to the fungicide
Amistar®Xtra (200 g/L) and the difenoconazole (0.1 and 1 pg/L),
respectively. The lack of reduction in AChE and concomitant reduction
in CaE activity after exposure to the fungicide may indicate that CaE acts
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Fig. 4. Effects of the pesticides on associative learning and memory retention in honey bees. Percentage of PER evoked by the five CS+ (rewarded odorant, solid
lines) and the five CS- (unrewarded odorant, dotted lines) presentations in control bees and bees exposed to the fungicide (A), the herbicide (C) and a mixture of them
(E). Specific 2h and 24h memory recall of control bees and bees exposed to the fungicide (B), the herbicide (D) and a mixture of them (F). Sample sizes of the memory
test are indicated inside the bars. * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

as detoxifying enzyme rather than to protect AChE. The only author who
evaluated sublethal effects in honey bees after exposure to the herbicide
glyphosate (0.1 and 1 pg/L) found a decrease in CaE (Almasri et al.,
2020), while no changes were found after Elegant 2FD treatments. The
observed AChE reduction and no increase in CaE activity after the her-
bicide and mix treatments could indicate that CaE did not provide a
protection to AChE activity, demonstrating that these compounds could
affect bees. The highest concentration of each compound caused a
decrease in CaE activity compared to those found at the field

concentrations, especially the fungicide showed the most evident inhi-
bition at both doses. Carvalho et al. (2013) observed CaE1 inhibition in
honey bees at the lowest deltamethrin dose (5.07 ng/bee); similarly, the
lowest CaE levels were observed at the highest pesticide doses in our
study. These results may indicate that high concentrations of these
compounds can modulate this phase I biotransformation enzyme.

The two mix doses showed GST activities similar to the herbicide
ones, and each of them showed a difference with respect to the corre-
sponding fungicide dose, as already observed in the AChE results. This
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suggests that the herbicide is mainly responsible for the GST increase
observed in the mix treatments. GST induction is a well-known process
in vertebrate species exposed to lipophilic compounds (Topic¢ Popovic¢
etal., 2023), while in pollinator species there are few publications on the
modulation of GST activity after the exposure to chemical compounds
(Koirala et al., 2022) and especially to pesticides (Aratjo et al., 2023;
Caliani et al., 2021a; Martins et al., 2022). Caliani et al. (2021a)
observed an increase in GST activity in honey bees exposed to a fungi-
cide containing cyproconazole and azoxystrobine. On the contrary, in
agreement with our results, Martins et al. (2022) observed a decrease in
this activity in Osmia bicornis samples exposed to an insecticide, the
Confidor® (the main active principle is imidacloprid), and a fungicide,
the Folicur® SE (consisting of tebuconazole). The reduced GST activity
in bees exposed to fungicides could be related to, or a manifestation of,
an adaptation mechanism to a condition of oxidative stress. Indeed,
triazole fungicides have been shown to cause oxidative stress in zebra-
fish specimens (Huang et al., 2022; Zhu et al., 2021). This type of
pesticide may indeed be able to exceed the ability of the enzyme to
detoxify, resulting in a decrease in the GST levels. On the other hand, our
results suggest that the herbicide and consequently the mix treatments
are able to induce and activate the detoxification processes.

The decrease in ALP response obtained after Sakura® treatments was
also observed by Caliani et al. (2021a) following the treatment of honey
bees with the fungicide Amistar®Xtra. Although ALP is not known to be
involved in pesticide detoxification (Caliani et al., 2021a), the fungicide
Sakura® could affect the ALP activity in honey bees. This could poten-
tially cause irregularities in nutrient transport and absorption at the
intestinal level, ultimately weakening the animals. Regarding the mix
treatments, the herbicide appears to counteract the effects of the
fungicide in response to the combination treatments.

Lysozyme and haemocytes are the fundamental components of the
immune system of honey bees. Lysozyme activity in honey bees
decreased after the exposure to a fungicide, as did the number of plas-
matocytes by Caliani et al. (2021a), suggesting that pesticide exposure
may cause an alteration in immune responses. To the best of our
knowledge, no other ecotoxicological studies have examined these types
of responses to evaluate the effects of pesticide treatments in honey bees.
In this work, no changes in lysozyme activity and haemocyte counts
were observed, indicating that the investigated compounds did not
affect the immune system.

To date, no genotoxic effects on terrestrial organisms have been re-
ported for commercial pesticide formulations. However, Caliani et al.
(2021a) observed an increase in NA assay values after exposure of honey
bees to the commercial fungicide Amistar®Xtra. The absence of nuclear
changes in all treatment groups in of our study suggests that both
fungicide and herbicide, alone and in combination, did not cause gen-
otoxic effects in honey bees.

The obtained results permitted to study the ecotoxicological effects
of these commercial compounds. In future research, it is crucial to test
commercial pesticides and active ingredients separately, in order to gain
the full understanding of the potential effects of co-formulants on non-
target species. Indeed, “inerts” used to enhance the effects of active
principles have biological activity of their own and may be even more
toxic to non-target organisms than the active ingredients (Adams et al.,
2021; Wagner et al., 2015).

5. Conclusions

The results of this study provide valuable insights into the potential
impact of herbicides, fungicides and pesticide mixtures on honey bee
health. They also highlighted the effectiveness of using a set of bio-
markers to monitor sublethal effects in Apis mellifera. Specifically, the
study showed that the fungicide Sakura® activated both the detoxifi-
cation enzymes (CaE and GST) and affected the ALP activity. The her-
bicide Elegant 2FD was able to cause a neurotoxic effect and to activate
detoxification processes. The combination of these compounds shows

Chemosphere 359 (2024) 142307

the same effects of the herbicide treatments for all the biomarkers except
for the ALP activity, where the herbicide appears to counteract the ef-
fects of the fungicide in the mixed treatments. Our results also showed
that exposure to the herbicide and the pesticide mixture can undermine
honey bee behaviour, particularly cognitive skills such as learning and
memory. These cognitive skills are essential for the foraging flexibility
and ecological success of honey bees and other wild pollinators. It is
therefore important and urgent to consider the potential adverse effects
of these chemicals on the behaviour of pollinators, which play a crucial
role in maintaining ecosystem health and biodiversity. Overall, our re-
sults reinforce the idea that there is an urgent need for more in-depth
investigation and research into the effects of pesticides like fungicides
and herbicides, which are widely used in agriculture, on pollinators. We
strongly recommend that future studies investigating the effects of
pesticides on non-target insects should not only test the active in-
gredients, but also focus on the investigation of commercial pesticides,
including their co-formulants or adjuvants.
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