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Abstract: The honey bee obtains food from bee forage, which comprises crops grown in multi-hectare
agricultural fields where various types of plant protection products such as pesticides are used.
Some of these negatively affect the honey bee organism. In our research, we aimed to evaluate the
effects of three pesticide groups: fungicides (tebuconazole), insecticides (acetamiprid), herbicides
(glyphosate), and their mixtures on the functioning of honey bee workers (A. mellifera carnica).
Pesticides in various proportions and dilutions were added to sugar syrups and then fed to the
bees. Mortality and food intake were recorded daily, while hemolymph analysis was performed
after seven days of exposure. Food intake, mortality, and the results of various biochemical analyses
differed between the experimental group and the control group receiving untreated sugar syrup.
PPP’s mixture of glyphosate tebuconazole and acetamiprid is more toxic to bees than single pesticides.
Certain protection products such as pesticides can disrupt the antioxidant and detoxification systems
associated with immunity in honey bees. Consequently, honey bees experience weaker conditions
and their proper functioning deteriorates. The results obtained from biochemical changes provide a
basis for field studies.
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1. Introduction

The spread of industrialized agriculture, also known as conventional or intensive agri-
culture, was introduced in the 19th century. Changes in agricultural technology contributed
to the significant development and revolution of this branch’s economy. Chemicalization
of agriculture using artificial fertilizers, plant protection products (PPPs), more advanced
machines, and the breeding of new varieties has also significantly progressed [1]. PPPs are
substances, mixtures of substances, or living organisms used to protect crops (including
seed treatment) and ornamental plants. They can be both natural and synthetic. Gener-
ally, they serve as an effective means of combatting or repelling undesirable organisms,
preventing their invasion, or reducing the damage they cause [2].

The use of PPPs in agricultural production is constantly increasing with the global
population, as well as industrial and scientific progress [3]. These elements contribute to
their economic success, which, unfortunately, poses various types of threats to humans and
animals [4]. One of the main disadvantages of PPPs is the risk of a non-selective mode of
action [5], in which PPPs can be dangerous to beneficial organisms such as honey bees [6,7].

As pollinators, the work of honey bees is valued at approximately USD 15 billion in
the United States of America, USD 19 billion in Europe, and USD 69 billion in East Asia [8].
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Honey bees pollinate many crop plants including vegetables and fruits, herbs and spices,
stimulants, fodder plants, oilseeds, and fiber plants. Therefore, honey bees are essential not
only to the production of human-grade food, clothes, or oil, but also for animal feed [7].

Plant protection products may change detoxification and antioxidant mechanisms
associated with immunity in the honey bee. According to numerous studies, PPPs may
increase or decrease enzyme activity and change key substance levels (e.g., ATP, proteins
and glutathione) [9-13]. Worker bees are the most vulnerable. While collecting food and
water, they are exposed to many biological (e.g., pathogens, parasites, and predators),
chemical (e.g., substances used in agriculture), and physical (e.g., electromagnetic fields)
stressors [7,14-16].

Honey bees’ body detoxification mechanisms primarily include enzymes involved in
metabolizing toxins or in the detoxification process, i.e., cytochrome P450 monooxygenase
(P450), glutathione transferase (GST), carboxylesterase (COE), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl
transpeptidase (GGTP), and bilirubin [13,14]. Antioxidants include enzymes such as
glutathione peroxidase (GPX), catalase (CAT), superoxide dismutase (SOD) or glucose-6-
phosphate dehydrogenase (GP6D), and non-enzymatic antioxidants (e.g., albumin, creati-
nine, glutathione, urinary tract, urea, and vitamins) [11,17]. PPPs” impact on detoxification
and antioxidant mechanisms, especially when mixed, is still unknown.

Most analyses of PPPs’ threats to honey bees have involved insecticides, whereas
other groups of pesticides, such as herbicides and fungicides, are less popular subjects of
research [18]. Tests mostly focus on situations where insects are exposed to high doses of
a single substance with a short-term exposure [19-21]. Meanwhile, honey bee workers,
while searching for food and water, are simultaneously exposed to many PPPs (including
fungicides and herbicides) in low concentrations [22].

Therefore, in this study, we assessed the chronic impact of selected pesticides and
their mixtures on mortality, food intake, and biochemical indicators in honey bee workers
(A. melifera carnica). We focused on three pesticide groups: fungicides (Tebu 250 EW, a.i.
tebuconazole), insecticides (Mospilan 20 SP, a.i. acetamiprid), and herbicides (Agrosar
360 SL, a.i. glyphosate).

2. Materials and Methods
2.1. Honey Bee Workers Rearing

Twenty-eight days before the experiment, colonies were checked for nosemosis infec-
tion using haemocytometry (bees were collected from peripheral combs and n = 30 bees
were tested from each colony) and were treated to reduce Varroa destructor using amitraz fu-
migation four times at 4-day intervals (12.5 mg/tablet; Apiwarol®, Biowet, Pulawy, Poland).
In June, an empty comb was placed in the colonies, where it was isolated with an Apis
mellifera carnica queen (originating from the same mother queen colony and inseminated
with drone semen from the same father queen colony) so that the queen could lay eggs on it.
The combs in which queens were isolated were marked. Nineteen days after the eggs were
laid, the combs were transported to an incubator and kept until workers emerged. The
temperature conditions in the incubator (Pol-Eko CLW 750, Wodzistaw Slaski, Poland) were
34 °C (£0.5), with a relative humidity of 70% (£5). Newly emerged workers were collected
and placed into wooden cages (65 x 145 x 175 mm) with two 5 mL feeders and a scale.
There were 150 workers in each cage, with three cages per group. The name of the group
was a combination of the first letter of the active substance and a number representing a
dilution relative to the maximum dose allowed for oilseed rape cultivation (e.g., GA 10~*
means that bees were fed a mixture of glyphosate and acetamiprid within the maximum
dose allowed for oilseed rape cultivation diluted ten thousand times).

2.2. Pesticide Exposure

Workers were exposed daily for 7 days to 5 mL of sugar syrup containing acetamiprid,
glyphosate, and/or tebuconazole (Scheme 1). The control group was fed untreated sugar
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syrup. Formulated acetamiprid (Mospilan® 20SP a.i. 20%; Target, Kartoszyno, Poland),
glyphosate (Agrosar® 360 SL a.i. 36%; CIECH Sarzyna, Nowa Sarzyna, Poland) and tebu-
conazole (Tebu® EW, a.i. 25.8%; HELM, Hamburg, Germany) were used in the experiment.
PPPs were dissolved in sugar syrup (2 M/dm?) at the maximum doses allowed for active
substances in oilseed rape cultivation, as recommended by the pesticide manufacturer. The
mixture was then diluted to obtain 0.001 and 0.0001 (g/ dm?) of this dose. PPP concentra-
tions used in the experiment corresponded with their residual concentrations in honey
nectar and/or pollen [6,23-30]. PPPs were administered alone or in binary or ternary mix-
tures, creating 14 experimental groups. PPP mixtures were made by combining dilutions in
1:1 or 1:1:1 ratios. The final concentrations of a.i. were:
In a single pesticide treatment:

acetamiprid: 250 or 25 ppb
tebuconazole: 1612.5 or 161.25 ppb
glyphosate: 7200 or 720 ppb

In a binary mixture treatment:

acetamiprid: 125 or 12.5 ppb
tebuconazole: 806.25 or 80.625 ppb
glyphosate: 3600 or 360 ppb

In a ternary mixture treatment:

acetamiprid: 83.33 or 8.33 ppb
tebuconazole: 537.5 or 53.75 ppb
glyphosate: 2400 or 240 ppb

Food intake and mortality were recorded daily.

B acetamiprid

O tebuconazole
worker bees O g|yphosate

[ sugar syrup

l |

0.001 of maximum dose of active substances 0.0001 of maximum dose of active substances
allowed for use in oilseed rape cultivation given by allowed for use in oilseed rape cultivation given by
the pesticide manufacturer the pesticide manufacturer

Scheme 1. Experimental setup.

2.3. Food Intake and Mortality

The daily volume of food consumed by bees in cages was controlled and recorded
during whole experiment. The number of dead bees was also recorded, then removed and
disposed of.
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2.4. Hemolymph Collection and Analysis

Hemolymph was collected after 7 days of exposure. To collect hemolymph, the
antenna of the bee was removed, and the abdomen was gently pressed (from back to front),
allowing hemolymph to flow out [31]. Hemolymph was collected in end-to-end glass
capillaries with a 20 puL capacity without anticoagulants. Capillaries (10 pieces) were placed
in a 1.5 mL Eppendorf tube with 150 uL of MiliQ water. Each group had 6 pulled samples
of 10 capillaries. To avoid hemolymph melanization, the entire process was performed on
cooling blocks. The material was stored at —80 °C until analysis.

2.5. Biochemical Analysis

Enzyme activity and non-enzymatic antioxidant content was measured with a Pentra
400 biochemical analyzer (HORIBA ABX Diagnostics, Montpellier, France) using original
manufacturers’ kits. Total antioxidant status was determined using a ready-made kit from
Randox Laboratories Ltd., Gortnagallon, Crumlin, UK.

2.6. Biochemical Analysis—Enzymes
Alanine aminotransferase (ALT)

ALT was determined using an enzymatic method (UV detection) without pyridoxal
phosphate following the International Federation of Clinical Chemistry (IFCC) guidelines.

L-alanine + 2—ox0glutamte<ﬂ>L—glutamate + pyruvate

Pyruvate + NADH + Ht &25 D-lactate + NAD*

ALT = alanine aminotransferase,
LDH = lactate dehydrogenase

Aspartate aminotransferase (AST)

AST was determined using an enzymatic method (UV detection) without pyridoxal
phosphate, as recommended by the IFCC.

L-aspartate + 2—0x0glutamteéqosg L-glutamate + 2-oxoacetate

Oxalateacetate + NADHEPE | _malate + NAD*

AST = aspartate aminotransferase
MDH = malate dehydrogenase

Alkaline phosphatase (ALP)

A photometric kinetic test was used to determine ALP following the recommendations
of the IFCC.

p-nitrophenylphosphate + H,O M>phosphate + p-nitrophenyl

ALP = alkaline phosphatase
Gamma-glutamyl transpeptidase (GGTP)

A kinetic photometric test was used to determine GGTP. The products” concentration
was determined by measuring the absorbance at a wavelength of A = 405410 nm.

Gamma—GT

L-gamma-glutamyl-3-carboxy-4-nitroanilide + Glycylglycines—————— Gamma-glutamyl-glycylglycine 4 5-amino-2-nitrobenzoate

2.7. Biochemical Analysis—Non-Enzymatic Antioxidant
2.7.1. Albumin

Albumin concentration was determined by colorimetry using bromocresol green
(BCG). Bromocresol green selectively binds to albumin at a pH of 4.2 and turned it blue.
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Urease

Urea +2H,O——

2.7.2. Creatinine

The concentration of creatinine was determined by kinetic analysis using alkaline pi-
crate. In an alkaline pH environment, creatinine reacts with picrate to form a Janovsky com-
plex. The rate of absorbance increases at 510 nm due to the formation of creatinine—picrate
complexes, which are directly proportional to the creatinine concentration in the sample.

creatinine + alkaline picrate — creatinine-picrate complex

2.7.3. Urea

Urea was determined using the “Ureasa-GLDH” UV enzymatic test.

GLDH

2NH4 " +2HCOj3 — 2-oxoglutarate + NHy© + NADH——"— L-glutamate + NAD" + H,O

GLDH = Glutamate Dehydrogenase

2.7.4. Uric Acid

Uric acid was determined using the enzymatic and Trinder methods.

Urate oxidase (uricase)

Uricacid + 2H,0 + O, Allantoin + CO, + H,0,

Peroxidase

2H>0, + 4-AAP + EHSPT———Quinonimine

Mg+ +

EHSPT = N-Ethyl-N-(2-hydroxy-3-sulfopropyl) n-toluidine
4 AAP = 4-amino antipyrine

2.8. Statistical Analysis

We used R 4.1.2 with RStudio (R Core Team 2021) for statistical analyses. In all tests, the
level of significance was o = 0.05. The normality of data distribution was tested using the
Shapiro-Wilk test. The Kruskal-Wallis test with Holm correction for multiple comparisons
was used to evaluate differences between groups (package “agricolae’). For data preparation
packages, ‘dplyr’, ‘tidyr” and ‘tibble” were used. Data visualization was performed using
the “ggplot2’ package.

3. Results
3.1. Food Intake and Mortality

Bees exposed to binary and ternary mixtures had significantly lower food intake than
the control group and bees exposed to single pesticides (Figure 1). Groups with more
diluted formulations (10~*) had lower food intake compared to those with less diluted
formulations (10~3), but this difference was not statistically significant. Groups with the
same pesticide mixture at different dilutions showed decreased food intake when the
pesticide was more diluted. The highest mortality, significantly different from the control
group, was observed in groups GTA 103 and GTA 10~* (Figure 2). Furthermore, groups
AT 1073, GA 103, and GA 10~* had significantly higher mortality than the control group.
Lower mortality was observed in groups G 103 and A 10~* compared to the control group.
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Figure 1. Daily mean syrup intake per honey bee in the examined groups. Error bars represent
the standard deviation. Lowercase letters on the right show the results of the Kruskal-Wallis test
with Holm correction for multiple comparisons, x = 0.05 (groups with the same letter do not differ
significantly). The control group was fed clear sugar syrup, whereas other syrups contained pesticide
formulations (G = glyphosate, T = tebuconazole, A = acetamiprid; combinations of letters represent a
mixture of pesticides, numbers represent a dilution relative to the maximum dose allowed for oilseed
rape cultivation).
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Figure 2. Kaplan-Meier survival curve during the 7-day experiment: (A) = experimental groups
with a higher pesticide concentration; (B) = experimental groups with a lower pesticide concen-
tration. The control group was fed clear sugar syrup, whereas other syrups contained pesticide
formulations (G = glyphosate, T = tebuconazol, A = acetamiprid; combinations of letters represent a
mixture of pesticides, numbers represent a dilution relative to the maximum dose allowed for oilseed
rape cultivation).
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3.2. Biochemical Analysis—Enzymes

In groups AT 1073, AT 10~*%, and GTA 102 ALT activity was significantly higher than
in the control group (Figure 3). Groups with the same pesticide mixture at different dilutions
showed significant differences in the ternary mixture. AST activity was significantly higher
in the groups AT 10~* and GTA 10~3. In the GTA 10~3 group, ALT and AST activities were
the highest. There were no significant differences between ALP and GGTP activities among
the groups.

AST
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Figure 3. Hemolymph enzyme activity: ALT = alanine aminotransferase; AST = aspartate amino-
transferase; ALP = alkaline phosphatase; GGTP = gamma-glutamyl transpeptidase. Bars demonstrate
the mean value and error bars represent the standard deviation. Lowercase letters on the right show
the results of the Kruskal-Wallis test with Holm correction for multiple comparisons, « = 0.05 (groups
with the same letter do not differ significantly). The control group was fed clear sugar syrup, whereas
other syrups contained pesticide formulations (G = glyphosate, T = tebuconazole, A = acetamiprid;
combinations of letters represent a mixture of pesticides, and numbers represent a dilution relative to
the maximum dose allowed for oilseed rape cultivation).

3.3. Biochemical Analysis—Non-Enzymatic Antioxidants

There were no significant differences between albumin and creatinine levels in the
experimental and control groups (Figure 4). No significant differences were found between
groups with the same pesticide mixture at different dilutions. Uric acid levels were signifi-
cantly lower in the GT 10~3 group than in the control group. Urea levels were significantly
higher in groups G 1073, GA 10—, and GTA 10~3.
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Figure 4. Non-enzymatic antioxidants in hemolymph concentrations. The bars demonstrate the
mean value and error bars represent the standard deviation. Lowercase letters on the right show the
results of the Kruskal-Wallis test with Holm correction for multiple comparisons, o = 0.05 (groups
with the same letter do not differ significantly). The control group was fed clear sugar syrup, whereas
other syrups contained pesticide formulations (G = glyphosate, T = tebuconazole, A = acetamiprid;
combinations of letters represent a mixture of pesticides, and numbers represent a dilution relative to
the maximum dose allowed for oilseed rape cultivation).

4. Discussion

Plant protection products can accumulate in ecosystems, mainly in soil, air, and living
organisms, e.g., plants. Systemic PPPs used in developed countries are spread in plant
tissues and accumulate in plant nectar and pollen [32-34]. The honey bee uses nectar or
pollen produced by many species, including crop plants on which PPPs are sprayed [35].
Therefore, together with plant juices, systemic PPPs can enter the bee’s body when searching
for pollen and nectar [34]. Honey bee workers are exposed to PPPs in low concentrations
while searching for food and water [22]. In this work, the maximum doses of PPPs allowed
in oilseed rape cultivation were diluted one thousand and ten thousand times. We aimed to
determine whether plant protection products found in the environment as residues affect
honey bee workers. The combination of PPPs was an important aspect because, in the
environment, bees are often exposed to many active PPP substances simultaneously [22,34].

Our findings suggest that PPPs’ mixture of glyphosate, tebuconazole, and acetamiprid
is more toxic to bees than single pesticides or binary mixtures (Figure 2). Individual active
substances are known to interact and change their toxicity to honey bees. The combined
effects can be additive (i.e., equal to the sum of the individual substances), synergistic
(greater effect than additive), or antagonistic (less effect than additive) [36]. Triazole
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fungicides can increase insecticide toxicity to honey bees [29,37-39]. Few studies have
focused on interactions between pesticide-active substances; however, they have indicated
the possibility of different effects when combined [9,12,40,41].

The mixture of acetamiprid and tebuconazole in our study synergistically affected
mortality in the AT 1073 group, whereas acetamiprid and glyphosate affected mortality
in the AG 10~* group. Furthermore, the same effect is noticeable in ternary mixtures
(groups ATG 102 and ATG 10~2). We observed an antagonistic effect on other groups.
Studies on the toxicity of combined insecticides and fungicides to larvae and adult honey
bees have shown that their mixture poses significant risks. Plant protection products that
initially appear safe for bees can be toxic to workers and larvae in combination. Com-
bining chlorantraniliprole with propiconazole or iprodione causes higher larval mortality.
Chlorantraniliprole—propiconazole mixtures are also known to be very toxic to workers [42].
Almasri et al. researched wintering bees. After 20 days of testing, mixtures of plant protec-
tion products caused a 52.9% mortality rate compared to single pesticides [9].

Some evidence suggests that bees prefer food containing neonicotinoids [43]. In our
study, the highest food intake was noticed in groups fed with acetamiprid, a neonicotinoid
insecticide (A 19=3 A 10-4) The difference was significant compared to the control group
(Figure 1).

It is worth noting that some effect on mortality was seen after 4 days of treatment
(Figure 2). In other words, pesticide effects on honey bees can be difficult to observe in
acute studies. Similar conclusions were drawn by Zhu et al.(2014) [44].

Hemolymph analysis plays a key role in monitoring the physiological status of honey
bees despite changes in the level and activity of biochemical indicators; it being one of
the least understood and difficult to interpret in the biology of this insect. Individual
detoxification mechanisms in the honey bee body primarily include enzymes involved in
metabolizing toxins or the detoxification process, i.e., cytochrome P450 monooxygenase
(P450), glutathione transferase (GST), carboxylesterases (COE), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl
transpeptidase (GGTP), and bilirubin. These antioxidant system mechanisms are designed
to remove free radicals from the body or limit their possible overactivity. Antioxidants can
be enzymes such as glutathione peroxidase (GPX), catalase (CAT), superoxide dismutase
(SOD), or glucose-6-phosphate dehydrogenase (GP6D), and non-enzymatic antioxidants
(e.g., albumin, creatinine, glutathione, uric acid, urea, and vitamins) [11,17].

In our work, we measured ALP, AST, ALT, and GGTP activities. These enzymes are
indicators of protein transformation and can be used as markers of all physiological and
pathological changes. They indicate the intensification of defensive, detoxification, and
inflammatory processes in the honey bee’s body [11]. In the literature, there are no data on
the effect of acetamiprid at this dose on the analyzed indicators. At higher concentrations
in an acute toxicity test (200,000 ppb), acetamiprid increased AST and ALT activities in
the hemolymph [45]. This insecticide (600, 1200, 2400, 6000, and 60,000 ppb) also affected
polyphenol oxidase, carboxylesterase, and the detoxification enzyme GST [46]. Glyphosate
can affect honey bees” antioxidant levels and detoxification indicators, depending on the
concentration, application method, and age of the bees [9,47]. AST, ALT, ALP, and GGTP
activities did not change in the acute toxicity test (20,000,000 ppb) [45]. Using glyphosate-
added syrup at concentrations of 0.1 and 1 ppb, Almasri et al. observed changes in ALP
activity in the intestinal tissue (usually an increase, but these changes were not statistically
significant). At 1 ppb, glyphosate increased GST activity in wintering bees, and at 0.1 ppb,
it also affected glucose-6-phosphate dehydrogenase activity [9]. On the other hand, it did
not affect GST activity in one-day-old bees after application by contact at 1,217,500 ppb [12].
At a concentration of 0.8 ppb [48] and 2500 ppb [49,50], the expression level of genes
encoding detoxification enzymes in larvae had changed. The effect of fungicides, including
tebuconazole, on honey bees’ biochemical markers has not been well-investigated [18]. In
an acute toxicity test (625,000 ppb), tebuconazole increased ALP activity in hemolymph [45].
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There is evidence that ALT, AST, and ALP activity in bee hemolymph decreases
in response to harmful substances, the parasitic activity of Varroa destructor [51,52], and
electromagnetic fields [53]. Conversely, it can increase from stressful factors (e.g., high tem-
peratures [54] and stimulating substances, such as curcumin [55-57]). Several studies have
examined GGTP activity in the honey bee hemolymph. Stress factors, such as high temper-
atures, can increase GGTP activity in the honey bee hemolymph. Sapcaliu et al.’s (2010)
research [54] revealed enzyme activity ranging from 2.56 to 3.33 U/L in the control group.
Additionally, GGTP activity was measured in wax moth larvae (Galleria mellonella L.). The
level of this enzyme also decreased under the influence of veterinary drugs [58]. Paleolog
etal. (2020) [11] studied the effects of imidacloprid, a neonicotinoid insecticide, on honey
bee colonies. Imidacloprid reduced ALP, ALT, and AST activities. In our study, ALT and
AST activities were similar or, in some cases, significantly higher than in the control group
(Figure 3). There were no significant differences in ALP and GGTP activities between
the groups.

Some elements complement the detoxification system, such as albumin and creatinine.
These are endogenous, non-enzymatic proteins that bind metals and have antioxidant
properties. Albumin, as an antioxidant, relinquishes its electrons to free radicals and
prevents free radical reactions. Creatinine is a product of muscle and protein metabolism
after the breakdown of creatine phosphate [59]. Increased activity can be determined based
on creatinine and albumin levels caused by unfavorable environmental conditions, diseases,
or poisoning of the organism. In our work, no statistically significant differences were
found in albumin and creatinine levels between the control group and groups exposed
to pesticides.

Strachecka et al. (2016) [52] researched honey bees infected with Varroa, which were
treated with bromfenvinphos, a commonly used acaricide. Reductions in the antioxidant
activity of enzymes AST, ALT, and ALP and the concentration of urea, uric acid, and
creatinine were observed. In our study, the uric acid level significantly decreased in the
GT 1073 group compared to the control group. By contrast, urea levels were significantly
higher in groups G 1073, GA 104, and GTA 10~3. Uric acid, similar to urea, is a product of
final nitrogen metabolism [60].

5. Conclusions

This study demonstrates the chronic oral effect of PPPs and their mixtures at low
concentrations on honey bee mortality, food intake, and biochemical markers. Our findings
suggest that even low concentrations (the maximum doses allowed for oilseed rape culti-
vation were diluted one thousand and ten thousand times) impact workers. Significantly
higher mortality rates were observed in groups fed with ternary mixtures and in the AT
1073, GA 1073, and GA 10~* groups than in the control group. We found that acetamiprid
and tebuconazole synergistically affected mortality in the AT 10~2 group, while acetamiprid
and glyphosate synergistically affected mortality in the AG 10~# group. In addition, the
same effect was also observed in ternary mixtures. Therefore, plant protection products
should be assessed according to the acute toxicity of single substances and the long-term
impact of pesticide mixtures. Contact with trace amounts of PPPs may affect the physiology
of the insect and, in many cases, when workers return to the hive, an entire bee colony can
be exposed to the harmful substance. Therefore, in future research, conducting field tests to
determine changes in honey bee colonies would be valuable.
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