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Abstract

The global pollinator decline is linked to intensive farming and the high use of plant
protection products (PPPs), necessitating risk assessment and mitigation. This study in-
vestigates the potential negative impacts of agricultural practices on pollinator health,
specifically focusing on the effects of PPPs used in viticulture on the honey bee, Apis mel-
lifera, despite grapevines’ lack of reliance on bee pollination. The beehives sampled were
from two farms with vineyards under different management regimes: one transitioning
from conventional to organic practices and an organic-biodynamic site with pollinator
mitigation measures. Sampling was conducted during three phases, pre-, during, and post-
PPP application, to evaluate biomarkers of neurotoxicity (AChE), detoxification enzymes
(CaE, GST), metabolic stress (ALP), and immune markers (Lys, PO, proPO). Comparison
between the organic-biodynamic farm and the transitioning one revealed a pattern sug-
gesting significant neurotoxic effects in the transitioning farm characterised by a trend
of decreased AChE activity during treatments and the subsequent induction of GST post
exposure. Crucially, both PO and proPO were induced post treatment, but with a lower
PO/proPO ratio compared to previous seasons, suggesting inefficient proPO activation
and potentially weakened immune competence that could favour pathogen proliferation.
Bee health appeared to deteriorate most at the transitioning farm post treatment, while
the biodynamic site remained relatively stable; these differences are likely associated with
legacy residues and drift, exacerbated by overwintering stress and summer heat. Given
the specific environmental and management characteristics of these two farms, the results
provide an indicative comparison of how different agronomic approaches may influence
bee health. Moreover, these results support the multi-biomarker approach for detecting
potential PPP impacts, suggesting that organic transitions and mitigation strategies could
play a role in pollinator conservation.
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1. Introduction

Ecosystem services are formally defined as any ecological process that provides ben-
efits to humans [1]. Insect pollination is one of these vital services. Regrettably, recent
years have seen a marked decline in both the abundance and diversity of insect pollinators,
thereby threatening their essential ecological roles. Among the most vital pollinating agents
are wild insects, including bees, wasps, certain hoverfly species, butterflies, moths, and
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beetles. Owing to their dependence on nectar and pollen, bees—comprising approximately
20,000 described species—are widely recognised as the most significant of these pollinators,
contributing to the production of nearly one-third of global food crops [2]. Managed bees,
maintained by beekeepers, are no exception, as they likewise play a crucial role in pollinat-
ing a wide range of both wild and cultivated plant species [3]. The decline in pollinators has
become a subject of significant scientific and societal concern due to the critical ecological,
social, and economic importance of pollination. An estimated 84% of European crops
depend on pollinator activity [4], while, on a global scale, approximately 70% of crops
intended for human consumption rely on insect pollinators. The global economic value of
pollination services has been estimated at around €153 billion [5]. The current condition
of pollinator decline is attributed to several factors: climate change, intensive agriculture,
excessive pesticide use, habitat loss, parasites, and the introduction of alien species [6].
Climate change introduces various issues, such as the arrival of non-native exotic species
that compete with indigenous ones. These non-native species often prevail as native species
are already stressed by rising temperatures and imbalances within the terrestrial ecosystem.
Habitat loss is directly linked to human activity, both directly (the conversion of natural
environments into substrates for agriculture or other anthropogenic uses) and indirectly
(pollution, the alteration of environmental conditions that constitute and characterise the
habitat). The overuse of pesticides (insecticides, herbicides, fungicides) in agriculture, in
particular through intensive farming, stands out as having the greatest impact on polli-
nators [7-9]. These chemicals can produce detrimental health effects on both target and
non-target organisms [10]. To halt the decline in pollinators, the European Union (EU)
has developed and issued directives, the most notable being the EU Pollinators Initiative,
which is part of the EU Biodiversity Strategy. This strategy, enacted in 2018 and reviewed
multiple times, aims by 2030 to achieve a more comprehensive global understanding of the
causes and consequences of the numerical decline in pollinators [11].

From an agricultural standpoint, the protection of pollinators has been addressed
through specific measures within the framework of the Common Agricultural Policy (CAP).
In accordance with European directives, Italy has implemented pollinator conservation
strategies under Eco-scheme 5, which promotes the adoption of mitigation practices within
agroecosystems, including the maintenance of plants beneficial to apiculture, the preserva-
tion of uncultivated meadows, and the cultivation of inter-row crops. Farmers who adopt
these measures receive financial incentives to support their participation [12].

Although viticulture often shows a greater propensity for sustainable practices com-
pared to other agricultural sectors, conventional viticulture relies on materials and ma-
chinery that significantly impact the environment. The primary sources of contamination
include the use of pesticides, the application of copper (Cu) and copper-based compounds,
and the use of fossil fuels [13-15].

While pesticide use varies between conventional and organic farms, their dispersal
causes considerable environmental effects. Copper is also a major contaminant, and its toxic
effects are less widely known, yet it is often applied in larger quantities [16]. Furthermore,
fuel combustion is an unavoidable factor, as traditional and intensive viticulture necessitate
high volumes of diesel fuel to power agricultural machinery within a vineyard [17]. It is
crucial to note that viticulture, as conventionally practised, represents an intensive monocul-
ture. This involves exploiting agricultural land for the cultivation of a single plant species
or variety for multiple years without crop rotation [18]. This practice introduces additional
risks such as the weakening of the agroecosystem and reduced soil fertility, the inhibition of
wild plant flowering, the loss of pollinators due to the severe decrease in adequate foraging
sources and the reliance on pesticides [19]. Monocultures are characteristic of intensive
agriculture, with their sole purpose being the satisfaction of human needs.
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In contrast to conventional methods, certain agricultural and viticultural approaches
prioritise environmental sustainability. These include organic and biodynamic farming. Or-
ganic agriculture is regulated at the European level [20]. This practice focuses on minimising
environmental impact, emphasising product quality and authenticity for both producers
and consumers. The key tenets of the regulation are protecting the soil ecosystem and
maintaining its natural fertility (via crop rotation, cover crops, and nitrogen-fixing plants),
minimising the use of non-renewable resources, limiting the use of synthetic fertilisers and
plant protection products (PPPs), recycling waste and plant by-products, and safeguarding
plant health through preventive techniques (e.g., selecting suitable species, maintaining
resistant varieties, and fostering natural enemies of pests). Organic viticulture adheres to
the same regulation, with specific rules for wine production: organic wine must be made
exclusively from organically grown grapes, and certain practices common in conventional
production, such as cooling condensation or the physical removal of sulphur dioxide,
are forbidden [20]. Biodynamic viticulture is an advanced form of organic farming, first
conceptualised by Steiner in the 1920s [21]. Its ultimate goal transcends quality production,
aiming for the maintenance and restoration of the involved ecosystems, explicitly focusing
on increasing biodiversity, evaluating the sustainability of every input, and minimising the
use of xenobiotics, often substituting them with products of exclusively vegetal origin. The
overarching objective is to maintain, implement, or reconstruct ecosystemic harmony [22].

Among pollinators, the honey bee (Apis mellifera Linnaeus, 1758) stands as the most
studied species and a model organism for evaluating pollinator health and decline. Owing
to its well-documented ecological and biological characteristics, A. mellifera has become a
model species for studies on pollinator health and population decline [23-25]. Particularly
noteworthy are studies assessing the impacts of pesticide exposure on A. mellifera health
using biomarkers [26-28].

This work aims to evaluate the health status of A. mellifera in relation to the use of
PPPs in viticulture. These practices conducted in vineyards could generate a substantial
environmental impact capable of affecting the health of pollinating insects, including
A. mellifera, even though the grape crop is not directly dependent on honey bee pollination.
An in situ monitoring study was conducted, using beehives strategically placed within two
viticultural farms with different management approaches. One farm was in conversion from
conventional to organic farming, while the second was an organic-biodynamic farm that
applied specific mitigation measures for pollinators. Sample collections were structured
across three distinct temporal phases: before the application of PPPs to the vines, during
the treatments, and after the treatments. Honey bee health status was assessed using a
comprehensive multi-biomarker approach, including the analysis of acetylcholinesterase
(AChE), carboxylesterase (CaE), glutathione S-transferase (GST), and alkaline phosphatase
(ALP), alongside the immune-related indicators lysozyme (Lys), phenoloxidase (PO), and
prophenoloxidase (proPO). The ultimate objective was to analyse and compare the health of
the sampled bees based on the different sampling locations and periods. This comparison
will demonstrate how varying viticultural practices and the associated use of PPPs result in
differential impacts on A. mellifera health, specifically by contrasting the outcomes between
the two farms and across the three time points.

2. Materials and Methods
2.1. Apiary Sites, Management Practices, and Sampling Protocol

The sampled apiaries are situated near the vineyards that employ distinct agri-
cultural management practices and are characterised by different pressures in the
surrounding environment.
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The selected farms include one operating under biodynamic organic management and
one under conventional management that is currently transitioning to organic certification.

One farm has been using a biodynamic approach for 25 years. Given the high priority
placed on minimising the environmental impact inherent to the biodynamic method, this
farm does not use metal-based or synthetic PPPs, and applies only plant-based products to
defend the vineyard and the surrounding environment is a low-pesticide impact area.

Conversely, the other farm, while currently undergoing conversion to organic practices,
has historically employed conventional vineyard management. In the monitored year, the
conventional farm exclusively applied copper-based treatments (specifically, solutions of
copper oxychloride and copper hydroxide) during the growing season, typically every
two weeks between June and July. Furthermore, the area surrounding the conventional
farm contains numerous other agricultural properties that continue to utilise conventional
practices, raising the potential for contamination drift.

2.2. Sampling Design and Schedule

Sampling was conducted between April and July 2023 during the regional viticultural
treatment schedule as reported in Table 1.

Table 1. Sampling schedule across seasons in the conventional vineyard and the organic vineyard.
The table indicates the season in which the bees were sampled (v') or not () in each vineyard.

Vineyard Conventional Organic
Early spring v ®
Sampling season Spring v v
Summer v v

In each sampling period conducted across different seasons, we sampled three hives
per vineyard from the farm-owned apiaries at each site; apiaries were fixed and site-specific,
not translocated between vineyards. From every hive, approximately 50 worker bees were
randomly collected across the three main castes, namely builder bees, foragers, and nurse
bees, to ensure a heterogeneous and representative sample of the colony. These castes were
identified both visually and by sampling from different frames within each hive.

2.3. Sample Processing and Biochemical Analysis
2.3.1. Sample Preparation

All A. mellifera specimens, before dissection, were placed into sealed glass jars with
perforated lids and anaesthetised on ice at 4 °C for approximately 15-30 min. The head
and the body were separated and stored at —80 °C until biomarker analysis.

2.3.2. Sample Homogenization

The head, body, and thorax of the bees were homogenised for the biomarker analysis.
Approximately 50 honey bees were analysed for each apiary. Heads and midguts were
pooled using three samples for each pool, which was weighed using an analytical balance,
and 40 mM phosphate buffer (pH = 7.4) (Merck KGaA, Darmstadt, Germany) was added
at a 1:10 ratio (w/v). The pools were homogenised using a Tissue Lyser (Qiagen, Hilden,
Germany) for three 30 s cycles at a frequency setting of 40 Hz, with 30 s rest intervals
between cycles. Head homogenates were centrifuged at 13,000 x ¢ for 20 min at 4 °C, while
intestines were centrifuged at 15,000 g for 20 min at 4 °C. The resulting supernatant was
stored at 80 °C. Thoraxes were homogenised individually after the removal of wings and
legs, and 400 pL of phosphate buffer saline (PBS-1X) was added to each thorax before being
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homogenised in the Tissue Lyser as previously described. Samples were then centrifuged at
15,000 rpm for 15 min at 4 °C. Finally, the supernatant was collected and stored at —80 °C.

2.3.3. Enzymatic Biomarker Analysis

All the reagents were purchased from Merck KGaA (Darmstadt, Germany) and Biorad
(Hercules, CA, USA). Acetylcholinesterase (AChE) activity was measured in brain ho-
mogenates using a modified Ellman method [29]. This spectrophotometric assay tracks the
hydrolysis of acetylthiocholine at 410 nm after 5 min. Results are expressed as nmol/min/g
of tissue. Carboxylesterase (CaE) activity was assessed in brain homogenates by mea-
suring the hydrolysis rate of two different substrates, p-nitrophenyl acetate (pNPA) and
p-nitrophenyl butyrate (pNPB), following the methods of Solé et al. [30] with some modifi-
cations. The formation of p-nitrophenol was quantified at 405 nm, with results expressed
in nmol/min/mg tissue. Glutathione-S-transferase (GST) activity was assessed in intestine
homogenates according to Caliani et al. [27], which measures the conjugation of GSH with
1-Chloro-2,4-dinitrobenzene (CDNB) at 340 nm. Results are reported as nmol of GS-DNB
conjugates/min/mg protein. Alkaline phosphatase (ALP) activity was determined in the
intestine homogenates, monitoring the hydrolysis of p-NPP para-nitrophenyl phenol, at
405 nm for 5 min [27]. Results are expressed in nmol/min/mg protein. Lysozyme (Lys)
activity was measured in intestine homogenates via a standard turbidity assay [27]. This
assay measures the decrease in turbidity of a Micrococcus lysodeikticus bacterial suspension
at 450 nm and is quantified using an HEL standard curve pg/mL.

Prophenoloxidase (proPO) and phenoloxidase (PO) activities were measured in tho-
racic homogenates using a modified L-DOPA assay [31]. ProPO requires alpha chy-
motrypsin activation. Instead, the PO activity is measured directly. Both kinetics are
recorded at 490 nm, and activity is expressed as V/max.

Total protein concentration was measured in the intestinal homogenates using the
Bradford method [32] with the BioRad Protein Assay. This is critical for normalising GST
and ALP enzyme activities. Measurements were taken at 595 nm and expressed in mg/mL
relative to a bovine serum albumin (BSA) standard curve.

2.3.4. Statistical Analysis

Statistical analyses were performed using RStudio (version 2023.06.0) and R (ver-
sion 4.2.2). Prior to group comparisons, data normality and homogeneity of variance
were assessed using the Shapiro-Wilk test and Levene’s test, respectively. Since the data
did not meet the assumptions for parametric analysis (non-normal distribution and/or
heteroscedasticity), the non-parametric Kruskal-Wallis (KW) test was applied to each
biomarker with a significance level of o = 0.05. The null hypothesis of equal distributions
was rejected when p < 0.05. When the null hypothesis of the KW test was rejected, Dunn’s
test with a Benjamini-Hochberg’s stepwise adjustment was applied for pairwise multiple
comparisons. All analyses and graphical representations were implemented within the
R environment.

3. Results and Discussion

The results of the described biomarkers are presented in figures, where the biodynamic
farm is regarded as the control and represented in the graphs by the codes C_SPRING for
the April 2023 sampling and C_SUM for the post-treatment sampling in July 2023. The
conventional farm is indicated by the codes E_SPRING23 for the April 2023 treatment,
SPRI_23 for the sampling during treatment of June 2023 and SUM_23 for the post-treatment
period of July 2023.
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3.1. Acetylcholinesterase (AChE)

Figure 1 summarises AChE activities, highlighting statistically significant differences
observed between the spring control (C_SPRING) and the summer control (C_SUM),
as well as between the summer control and the summer sampling (SUM_23). Further-
more, the activity recorded in SUM_23 statistically differs from all other sampling at the
conventional farm.
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Figure 1. AChE activity expressed as nmol min~! mg tissue~! was evaluated in brain tissue across

the various sampling sites. Results are presented with boxplots and open circles represent outliers.
Same letters show a statistically significant difference (p < 0.05).

ACHE activity (K-W chi-squared = 122.3752, df = 4, p-value = 0) is inhibited if the
organism comes into contact with substances that bind to the enzyme’s active site, thereby
preventing its lytic activity and causing neurotoxic damage [33,34]. The most substantial
decrease in activity is observed in SUM_23, a period during which a greater impact on bee
health was due to the treatments applied in that area between the second (SPRING_23)
and third (SUM_23) sampling times. Locally applied copper-based PPPs are unlikely to
directly inhibit AChE. This is confirmed by Nikoli¢ et al. [35], who found no inhibition
after exposing A. mellifera to various CuCl, concentrations, and by Campani et al. [26],
who reported the same following exposure to a copper-based fungicide. The marked
inhibition observed here therefore suggests contributions from pesticide drift of neurotoxic
compounds (e.g., organophosphate or carbamate metabolites) from nearby conventional
farms. Residue analysis (e.g., LC-MS for OP/carbamates vs. ICP-MS for Cu) would be
essential to quantify these sources and disentangle local vs. off-site effects.

This hypothesis was confirmed considering the statistical difference found between
SUM_23 and its corresponding control C_SUM, which is a farm that uses no chemical
treatments and is considered reasonably isolated. Copper-specific studies indicate mini-
mal direct neurotoxicity, supporting drift as the primary driver here, though cumulative
exposure cannot be ruled out [26,35]. The results indicate a gradual decreasing trend in
ACHhE activity in the specimens sampled at the conventional farm during the progression
of treatment with PPPs in the vineyard.

It is also noted that the C_SPRING control exhibits lower activity compared to the
C_SUM control. This is hypothesised to be a result of the bees sampled in spring having a
generally weakened state of health due to surviving the cold winter months, which may
manifest as reduced AChE enzyme activity [36,37].

The findings observed at the conventional farm diverge from those reported by
Nikoli¢ et al. [35], whose experimental exposures of A. mellifera to various concentrations
of copper (CuCly) did not result in AChE inhibition. In contrast, their work demonstrated
significant AChE inhibition following exposure to 0.1 mg/L PbCl, and 0.001-0.01 mg/L
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CdCl,, while treatment with 10 mg/L PbCl; led to the induction of AChE activity. Likewise,
Caliani et al. [27] reported statistically significant inhibition of AChE in bees following
treatments with Amistar® Xtra, cadmium, and ethyl methanesulfonate (EMS). Further sup-
porting evidence has been provided by Benito-Murcia et al. [38] and Benchadbane et al. [39],
who both documented the enzymatic inhibition of AChE after exposure to coumaphos and
tau-fluvalinate (acaricides) and thiamethoxam (insecticide), respectively.

The most vulnerable site and period appear to be the post-treatment phase at the
conventional farm, which uses copper-based PPPs and is located near conventional farms
that may contribute to contamination drift from other PPPs that can threaten the bees’
nervous systems. Notably, neurotoxic risk is heightened by the metabolic bioactivation of
certain pesticide classes present in these environments. For instance, Williamson et al. [33]
demonstrated that honey bee exposure to the active metabolites of organophosphates
(chlorpyrifos oxon and coumaphos oxon) and carbamates (aldicarb sulfoxide) resulted in
pronounced AChE inhibition, underscoring the metabolic activation in vivo that enhances
the potency of these compounds. The recent literature confirms that many classes of
pesticides compromise neural function in honey bees by inactivating AChE and disrupting
cholinergic signalling [36,40,41].

3.2. Carboxylesterase (CaE)

Higher CaE activity was recorded in bee specimens sampled from the conventional
farm compared to the control group, as shown in Figure 2 (K-W chi-squared = 166.8248,
df = 4, p-value = 0) and Figure 3 (K-W chi-squared = 160.0369, df = 4, p-value = 0). This
outcome is probably linked to CaE'’s role in the phase I detoxification process; conse-
quently, the contamination present in the studied environment may have triggered an
induction of this enzyme, particularly evident in the SUM23 sampling, which occurred
following the PPP treatment. This CaE induction aligns with copper-specific effects, as
Campani et al. [26] observed increased CaE activity in A. mellifera following exposure to a
copper-based fungicide (Ramedit®), usually used in vineyard contexts. It is important to
note, however, that a statistically significant difference relative to the C_SPRING control
was already observed in the initial sampling E_SPRING23 before any treatments, where
CaE activity was notably higher. This is not entirely unexpected, given that the collection
area transitioned to organic farming only one year prior and is situated near numerous con-
ventional agricultural farms. Both factors suggest a higher environmental contamination
load and a potential compromise in bee health, leading to the compensatory activation of
CaE as a detoxification mechanism.

The observed increase in CaE activity is highly pertinent, particularly when considered
alongside the corresponding reduction in AChE activity discussed previously. Unlike pure
Cu effects, which consistently induce rather than inhibit CaE [26], the reciprocal low AChE
and high CaE pattern in SUM_23 may implicate drifted neurotoxic compounds alongside
local copper stress. The sampling location and period that showed the lowest AChE activity
also registered the highest CaE activity. This reciprocal relationship lends support to the
hypothesis of a substantial presence of treatment-related contaminants capable of causing
both AChE inhibition and the induction of CaE’s detoxifying function in A. mellifera.

Despite the general trend of induction, the data also displayed a statistically significant
inhibition of CaE between E_SPRING23 and SPRING_23 with both substrates. As part of
the B-esterase family, CaE is susceptible to inhibition by xenobiotics like organophosphate
and carbamate insecticides [42]. Given its often-higher affinity for these compounds
compared to AChE, CaE can serve a “scavenging” role, offering protection against AChE
inhibition. The finding of reduced CaE activity in SPRING_23 is hypothesised to stem from
the herbicide treatments (personal communication) applied during this time at adjacent
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conventional farms. It is thus posited that contamination drift of these herbicides led to
CaE inhibition in a majority of the SPRING_23 specimens.
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Figure 2. Carboxylesterase (CaE) activity was evaluated in brain tissue of A. mellifera specimens
using the substrate (p-nitrophenyl acetate). The enzyme activity is expressed as nmol min~! mg
tissue 1. Results are presented with boxplots and open circles represent outliers. Same letters indicate

a statistically significant difference (p < 0.05).
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Figure 3. Carboxylesterase (CaE) activity was evaluated in brain tissue of A. mellifera specimens using
the substrate p-NPB (p-nitrophenyl butyrate). The enzyme activity is reported as nmol min~! mg
tissue ™. Results are presented with boxplots and open circles represent outliers. Same letters signify
a statistically significant difference (p < 0.05).

The findings confirm the biphasic response modality of CaE observed in previous
investigations. Benito-Murcia et al. [38] assessed CaE activity in A. mellifera following
exposure to the acaricides coumaphos and tau-fluvalinate. Coumaphos exposure resulted
in a dose-dependent inhibition of the enzyme in vivo and in vitro, whereas tau-fluvalinate
exposure led to CaE induction in in vitro samples. The authors suggested that the induction
data support a specific detoxification pathway for such compounds. Caliani et al. [27]
observed CaE induction following treatment with EMS, cadmium (g/L), and AmistarXtra
(100 and 200 g/L). Conversely, older studies, [42,43] documented a decrease in CaE activity
in A. mellifera after exposure to thiamethoxam or fipronil.
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3.3. Glutathione-S-Transferase (GST)

Glutathione-S-transferase (GST) is a crucial enzymatic component of the phase II
detoxification pathway in many species and also in insects [44]. The induction of this
enzyme serves as a biomarker of exposure to pesticides and other xenobiotics, reflecting the
organism’s activation of detoxification pathways required to manage these compounds [45,46].

The analyses conducted in this study (Figure 4) revealed that the highest GST values
(K-W chi-squared = 143.3785, df = 4, p-value = 0) were found in SUM_23 with a statistically
significant difference with respect to the C_SUM control. In addition, a statistically signifi-
cant increase in GST activity was observed between the SPRING_23 and SUM_23 samplings.
Furthermore, SUM_23 showed a statistically significant difference when compared to both
E_SPRING23 and SPRING_23 (which exhibited similar values to each other).
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Figure 4. Glutathione S-transferase (GST) activity was evaluated in midgut of A. mellifera specimens.
The enzyme activity is reported as nmol min~! mg protein—!. Results are presented with boxplots
and open circles represent outliers. Same letters indicate a statistically significant difference (p < 0.05).

GST levels were significantly higher in SUM_23, providing additional evidence of
impaired health status in the specimens sampled during this period. The statistically
significant increase between SPRING_23 and SUM_23 supports the hypothesis that the
cumulative treatments applied between these two periods resulted in a greater impact on
bee health. The observed difference between C_SUM (control) and SUM_23 indicates that
the type of agricultural management strongly influences bee health outcomes. Although
both groups were sampled following the main treatment season, GST values were substan-
tially lower in the control, underscoring a greater degree of environmental exposure in
SUM_23. Given that the application of PPPs constituted the main documented change at
the sampling site, the pronounced increase in GST activity observed in SUM_23 relative to
E_SPRING23 and SPRING_23 is interpreted as strong evidence that the applied chemicals
act as potent inducers of detoxification enzymes.

The GST induction observed aligns with findings from Caliani et al. [27], where
GST induction was reported in A. mellifera exposed to AmistarXtra, cadmium, and EMS.
Similarly, Benito-Murcia and collaborators [38] observed GST induction following exposure
to tau-fluvalinate. However, the literature presents mixed findings: the same study by
Benito-Murcia et al. [38] reported GST inhibition due to coumaphos, and Nikolic et al. [35]
documented GST inhibition in A. mellifera following exposure to 1 g/L copper solution.
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3.4. Alkaline Phosphatase (ALP)

Alkaline phosphatase (ALP) is an enzyme with a primary function of the hydrolysis
of phosphate compounds in a basic pH environment [47]. In insects, including honey bees,
ALP is widely used as a biomarker of metabolic alteration because of its involvement in key
processes such as digestion and nutrient transport, cell maintenance and growth, immune
function, and other essential physiological activities [26,46,48]. Consequently, the presence
of contaminants can disrupt its activity.

Figure 5 shows the ALP activity (K-W chi-squared = 147.5838, df = 4, p-value = 0)
evaluated in the intestinal tissues of honey bees sampled at the two farms at different
times. A statistically significant decrease was observed between the C_SPRING control
and all other sampling groups. The differences observed between the C_SPRING group
with respect to the other sampling periods could be attributable to the action of stressors
such as suboptimal temperatures [49], nutritional restriction [50,51], or PPP exposure that
reduced metabolic activity in the bees sampled. These reductions are commonly associated
with physiological stress and impaired condition, and are therefore interpreted as indica-
tive of a suboptimal health status [46,52]. Our findings partially align with Caliani and
collaborators [27], where an inhibition was observed following treatments with AmistarX-
tra, cadmium, and EMS. Conversely, research by Migdal et al. [53], involving A. mellifera
exposure to single solutions and mixtures of acetamiprid, glyphosate, and tebuconazole,
generally showed an induction of ALP activity, likely reflecting its detoxification role.
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Figure 5. Alkaline phosphatase (ALP) activity was evaluated in midgut of A. mellifera specimens. The
enzyme activity is reported as nmol min~! mg protein—!. Results are presented with boxplots and
open circles represent outliers. Same letters indicate a statistically significant difference (p < 0.05).

3.5. Lysozyme (Lys)

The results obtained for lysozyme activity (Figure 6) showed a generally low activity
(K-W chi-squared = 14.1714, df = 4, p-value = 0.01), but the values are consistent with
those published in the limited existing literature which analyses this enzyme’s activity [54].
The activity of Lys was investigated as a biomarker of immune defence in honey bees. Its
specific function is the lytic activity directed against the cell wall of Gram-positive bacteria,
achieved by cleaving peptidoglycan components. Its action is therefore specialised against
bacterial infections [55].
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Figure 6. Lysozyme (Lys) activity, measured in pg mL~!, was evaluated in midgut of A. mellifera.
Results are presented with boxplots and open circles represent outliers. Same letters indicate a
statistically significant difference (p < 0.05).

Lytic activity decreased from the C_SPRING control to the C_SUM control. This
change likely reflects the resolution of a bacterial infection over that period, restoring Lys
activity to a lower baseline. The study by Caliani et al. [27] reported a decrease in lysozyme
activity following the exposure of A. mellifera to AmistarXtra, cadmium, and EMS. This
suggests a possible direct correlation between decreases in lysozyme activity and exposure
to PPP treatments. While this specific hypothesis is not statistically confirmed in the present
thesis, a slight decrease in enzyme activity is observable between SPRING_23 and SUM_23,
following the period of treatments.

3.6. Prophenoloxidase (proPO) and Phenoloxidase (PO)

Figure 7 shows the proPO activity measured in VMAX (K-W chi-squared = 67.2908,
df = 4, p-value = 0), representing the amount of proPO potentially activatable by naturally
present pathogens, with SUM_23 recording the highest activity values with statistically
significant differences with respect to the control C_SUM. The activities of PO (K-W chi-
squared = 76.9786, df = 4, p-value = 0) (Figure 8) were lower than proPO, indicating only the
partial expression of the defence potential. Similar to proPO, SUM_23 exhibited statistically
significant differences with respect to the control C_SUM, registering the highest activity
values of PO.

The activities of phenoloxidase and prophenoloxidase were investigated as biomarkers
of the immune system in honey bees. As integral parts of the cellular innate immune
system, they are specifically involved in pathogen nodulation and encapsulation [56]. Their
function is to catalyse melanin synthesis, which forms the protective envelope surrounding
foreign materials. ProPO is the inactive form of PO, often referred to as a zymogen [57]. Its
activation is triggered by contact with substances like LPS, peptidoglycan, or 1,3-glucan,
injtiating a cascade that includes serine-proteinase to catalyse the transformation of proPO
into its active form, PO [31,58-60].

The PO/proPO ratio (Figure 9), indicating transformation efficiency, reaches its maxi-
mum as it approaches unity. Although values generally trended toward unity, most did
not attain it. The SUM_23 sampling notably exhibited a lower median and deviated further
from unity than other samplings.
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Figure 7. Prophenoloxidase (proPO) activity evaluated in thorax of A. mellifera samples, measured
as the maximal reaction velocity (V_MAX). Results are presented with boxplots and open circles
represent outliers. Same letters indicate a statistically significant difference (p < 0.05).
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Figure 8. Phenoloxidase (PO) activity evaluated in thorax of A. mellifera samples, measured as the
maximal reaction velocity (V_MAX). Results are presented with boxplots and open circles represent
outliers. Same letters indicate a statistically significant difference (p < 0.05).
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Figure 9. PO/proPO ratio, evaluated in A. mellifera samples, indicating transformation efficiency,
reaches its maximum as it approaches unity. Results are presented with boxplots and open circles
represent outliers. Same letters indicate a statistically significant difference (p < 0.05).
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The higher proPO activity in SUM_23 may indicate that the samples already had a
baseline induction due to pathogens present at the time of collection, which was amplified
by the artificial activator (alpha-chymotrypsin).

The fact that PO activity, measured without artificial activation, is higher in SUM_23
confirms the hypothesis that these A. mellifera specimens are actively engaging defence
mechanisms against naturally occurring external agents [61]. This pathogen exposure,
facilitated by PPP treatments applied between spring and summer as demonstrated in
prior studies [62,63], likely suppressed general immune defences, leading to later pathogen
proliferation and a marked activation of proPO and PO following the treatment period.

The low efficiency (ratio distant from unity) observed in SUM_23, despite having
the highest individual PO and proPO activities, suggests an impairment of the proPO-PO
system (K-W chi-squared = 22.664, df = 4, p-value = 0). Although the system is activated for
defence, its operational efficiency is reduced. This weakening aligns with the hypothesis
that pre-SUM_23 PPP treatments compromise the immune system, including the proPO-PO
cascade capabilities.

The finding is partially consistent with Millanta et al. [64], who confirmed increased
PO production following artificial infection with DWV (Deformed Wing Virus), suggesting
that infection causes continuous PO synthesis activation. Conversely, Motta et al. [65]
revealed a correlation between herbicide use and melanisation, demonstrating that high
glyphosate concentrations interrupt the oxidation-reduction steps catalysed by PO that are
necessary for melanin production in A. mellifera ex vivo samples.

4. Conclusions

This work investigates how different viticulture management approaches and the
use of PPPs affect the health of honey bees. This work compared bees from a biodynamic
control farm with those from a conventional-to-organic transition farm located near con-
ventional vineyards. However, it is important to acknowledge that the evidence is limited
to a comparison between only two farms, each characterised by specific environmental and
management features. This specificity implies that the reported scientific evidence can not
be assumed as absolute; nevertheless, these results effectively highlight how different agro-
nomic management practices and the reduction in PPP use in viticulture may significantly
influence the health of pollinating insects. Neurotoxic damage (AChE) inhibition increased
gradually at the transition farm, peaking post treatment, suggesting a link to pesticide
exposure. Both phase I (CaE) and phase II (GST) detoxification enzymes showed significant
induction in the SUM_23 samples, indicating a high contaminant burden; CaE also showed
some inhibition, which may be associated with neurotoxic side effects. Metabolic stress
(ALP) activity was significantly decreased in spring and summer samplings, suggesting
widespread metabolic compromise. While lysozyme activity was mostly stable, PO and
proPO activity were highly activated in SUM_23, potentially in response to a pathogen
whose proliferation might have been facilitated by treatments that had weakened the bees’
immune defences. This was further suggested by the low efficiency of the proPO-to-PO
conversion in SUM_23.

In conclusion, bee health status appeared most significantly altered at the farm un-
dergoing conversion, particularly after the treatment period. The results validate the
multi-biomarker methodology for assessing the potential negative influence of PPPs on
bee health in vineyard environments, highlighting the likely role of both the farm'’s his-
torical conventional usage and contamination drift from nearby operations. While this
short-term study effectively captured acute biomarker responses, the inherent limitations in
geographic and temporal scale mean that potential long-term cumulative impacts warrant
further investigation across full annual cycles and multiple locations.
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