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ABSTRACT

Le api e il miele hanno svolto un ruolo culturalmente e economicamente rilevante per 1’uomo fin
dai tempi antichi. Numerosi sono gli studi che negli anni hanno avuto 1’obiettivo di comprendere
la vita di questo insetto, nel tentativo di migliorarne sia la qualita della sua vita, sia la produzione
di miele, che la qualita di questa produzione. E tuttavia noto come il delicato sistema su cui i
basa la vita all’interno di un alveare, sia soggetto a numerosi stress sia di natura abiotica che
biotica. La presente tesi affronta alcuni dei principali problemi che attualmente affliggono il
mondo dell'apicoltura e degli apicoltori, sia da parte del produttore che del consumatore. Per
quanto riguarda le avversita che causano la moria di api, gli studi si sono concentrati sulla lotta
alla varroa. Sono stati effettuati studi che hanno riguardato alcuni prodotti a base di acidi beta e
alfa di luppolo, nel tentativo di verificare se questi acidi, in soluzione, potessero contribuire alla
lotta alla varroa riducendo il numero di parassiti all’interno degli alveari. Le modalita di
somministrazione dei trattamenti sono state diverse rispetto agli altri lavori che si trovano in
letteratura, spruzzando direttamente il trattamento sui telaini. I risultati hanno mostrato come la
soluzione di beta acidi di luppolo al 2% abbia avuto un buon effetto acaricida, al pari del
controllo, effettuato con acido ossalico. Allo stesso tempo, le soluzioni di alfa acidi testate a
percentuali dello 0,3% e 0.6% non hanno portato ad una riduzione del carico di varroa prevista,
anche sulla base della caduta dell’acaro avuta con il controllo a base di acido ossalico. Parlando
delle attivita effettuate in ambito di qualita della produzione di miele e sicurezza per il
consumatore, vista la necessita di garantire prodotti sicuri ed esenti da dichiarazioni mendaci
riguardo alla loro origine, il presente lavoro ha voluto studiare le relazioni esistenti tra il profilo
elementare, i rapporti isotopici, alcuni parametri chimico-fisici e 1’origine di uno dei piu pregiati
e rappresentativi mieli dell’apicoltura mediterranea: il miele di agrumi (Citrus spp.). A tal fine,
sono stati caratterizzati tramite parametri chimico fisici, profilo elementare e rapporti isotopici di
81 campioni di miele proveniente da ltalia, Grecia ed Egitto. Il principale obiettivo é stato quello
di validare I'uso di queste analisi negli studi di tracciabilitd geografica del miele. I risultati
dell’anali statistica multivariata (PCA), sebbene abbiano mostrato una parziale discriminazione
dell’origine geografica dei mieli di agrumi, hanno alcuni elementi e parametri con un potenziale
discriminatorio notevole (pH, Pb, Mg, Fe, Cd, Rb, 615 N) consentendo di distinguere le

provenienze dei campioni analizzati.



Bees and honey have played a culturally and economically relevant role for humans since
ancient times. Numerous studies over the years have aimed to understand the life of this insect in
an attempt to improve both its quality of life and honey production. However, it is well known
how the delicate system on which life within a hive is based is subject to numerous stresses of
both abiotic and biotic nature. This thesis addresses some of the major problems currently
plaguing the world of beekeeping and beekeepers, both on the part of the producer and the
consumer. Regarding the adversities that cause bee death, studies have focused on varroa
control. Studies were carried out involving some beta and alpha hop acid products in an attempt
to test whether these acids, in solution, could contribute to varroa control by reducing the number
of pests within the hives. The mode of treatment administration was different from other work
found in the literature, spraying the treatment directly on the frames. The results showed that the
2% hops beta acid solution had a good acaricidal effect, on par with the control, made with
oxalic acid. At the same time, the alpha acid solutions tested at rates of 0.3 percent and 0.6
percent did not lead to a reduction in the expected varroa load, also based on the mite drop had
with the oxalic acid-based control. Speaking of the activities carried out in the field of honey
production quality and consumer safety, given the need to ensure safe products free from
misrepresentation regarding their origin, the present work aimed to study the relationships
existing between the elemental profile, isotope ratios, some chemical and physical parameters
and the origin of one of the most valuable and representative honeys of Mediterranean
beekeeping: citrus honey (Citrus spp.). To this end, 81 honey samples from Italy, Greece and
Egypt were characterized through chemical-physical parameters, elemental profile and isotope
ratios. The main objective was to validate the use of these analyses in honey geographic
traceability studies. The results of multivariate statistical analysis (PCA), although they showed a
partial discrimination of the geographic origin of citrus honeys, have some elements and
parameters with remarkable discriminatory potential (pH, Pb, Mg, Fe, Cd, Rb, 815 N) allowing
to distinguish the origins of the analysed samples.
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1 INTRODUCTION
1.1 THE HONEY BEES
Honeybees are pollinating insects that belong to the order Hymenoptera and the family Apidae,
which includes various species of social bees. Among these species are honeybees, specifically
the species Apis mellifera (Linnaeus, 1758), although some authors and taxonomists use the

name Apis mellifica (Carlo Linnaeus, Fauna Suecica, 1761)(M. L. Winston 1991).
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Figure 1. Differences between Apis Mellifera Mellifera and Apis Mellifera Ligustica (G. Von Wimmer)

A. mellifera lives in colonies that typically consist of an average of 60,000-80,000 individuals.
These colonies generally include a fertile queen bee, a few hundred fertile males known as
drones, and thousands of worker bees (M. L. Winston 1991).

The life cycle of bees consists of four stages: egg, larvae, pupae, and adult. The development of a
worker bee takes approximately 21 days, while it takes 15 days for a queen and 24 days for a
drone (Oliver, 2010).

The mating process of the queen with drones follows a specific pattern. The virgin queen flies to
a congregation area where drones from different colonies gather, even if they are located several
kilometers apart. Around fifteen drones deposit approximately 90 million spermatozoa in the

queen's oviducts (polyadry). Out of this amount, around seven million spermatozoa are stored in



a specialized sac in her body called the spermatheca (Zagnoli 2013). The sperm will be released
from the spermatheca only when the eggs are fertilized (Heimpel and De Boer 2008).

Figure 2. A closed queen cage (author’s photo). Figure 3. A queen outside the hive (author’s photo).

The bee egg is a sort of white stick 1.5 mm long, attached to the bottom of the cell where the
queen bee lays it. After three days of incubation, a small larva is born, which is fed by the nurse
bees. After five days, the larvae stop feeding, they isolate themselves in a cocoon and they have
woven themselves while from the outside the workers seal the cell with a wax operculum;
Metamorphosis begins, transforming the larva into a prenymph and subsequently into a nymph.
Eventually, it takes on the appearance of an adult insect. The timing of this process varies
depending on the individual's role as an adult. Drones and worker bees have an adult lifespan of
about 6-8 weeks during peak activity, except during winter periods when worker bees can
survive for up to 6-8 months (David Aston 2021; Heimpel and De Boer 2008).

Immediately after emerging, young worker bees begin their assigned tasks, starting with cleaning
the cells in which they were born. Since they have underdeveloped reproductive organs, their
tasks differ based on their age. During the first three weeks of life, they remain inside the hive
and engage in activities such as cell cleaning, brood feeding, honeycomb construction, food
storage, and colony defense. In the subsequent period, worker bees gather essential elements for
sustaining the entire colony, including nectar, pollen, propolis, and water (Doke, Frazier, and
Grozinger 2015).



In Europe, various subspecies of A. mellifera are recognized. Among them, the most commonly

farmed ones are A. mellifera ligustica in Italy, A. m. mellifera (Linnaeus, 1758) in central and

northern Europe, A. m. carnica (Polmann, 1869) and A. m. caucasica (Gorbatschew, 1916) in

central-eastern Europe, A. m. sicula (Montagnano, 1911) on the mentioned island, and A. m.
iberiensis (Goetze, 1964) in Spain and Portugal (Spinola, 1806).

Honeybees require specific nutrients in their diet to support their growth and development.

Proper nutrition plays a crucial role in colony growth and immune responses (Alaux et al. 2011;

Rosenkranz, Aumeier, and Ziegelmann 2010). Among the main nutrients needed by bees we

find:

Carbohydrates: Bees derive carbohydrates as a source of energy primarily from
nectar, which is transformed into glucose with the help of certain enzymes. Pollen
also serves as a significant source of carbohydrates (Huang 2010).

Proteins, in particular the essential amino acids, deriving from the collection of
pollen, of which it is composed of about 20% (Thakur and Nanda 2020), then
transformed into bee bread which the young bees consume as soon as they are born
(Brodschneider and Crailsheim 2010; Janmaat and Winston 2000; Somerville 2005).
Without sufficient pollen, brood growth may be impaired and bees may have a
shorter life span (Brunner, Schmid-Hempel, and Barribeau 2014).

Lipids, important for the development, nutrition and reproduction of bees, whose
needs are met by the consumption of pollen, which has an average lipid concentration
between 5% and 8% (Manning 2001; Svoboda et al. 1980).

Vitamins, especially the B and C complexes, which bees always obtain from pollen.
However, since the vitamins are not stable, their value can be reduced in pollen stored
for periods longer than 12 months (Sahinler, Giil, and Sahin 2005; Sakla and El-
shafeiy 2022).

Minerals, including potassium, phosphorus (predominant), calcium, and iron and
zinc, present in both pollen and nectar in smaller quantities. Among the various
minerals we find iron, useful both for maintaining iron homeostasis and for
orientation outside the hive (Beinert, Kennedy, and Stout 1996; Kuterbach and
Walcott 1986; Valverde et al. 2023).



1.1.1 THE HIVE’S PRODUCTS
Apis mellifera collects various substances to ensure the survival of the colony. This includes

nectar, which adult bees transform into honey and store inside beeswax cells. Propolis, another
substance collected by bees, acts as a natural adhesive and is used to seal cracks and maintain
hive temperature and hygiene. Pollen is also collected and provides essential nutrients such as
protein, amino acids, fatty acids, vitamins, and minerals. Additionally, bees collect water to
regulate temperature and humidity within the hive(Somerville 2005)

Among the products of bees that are consumed directly by humans, the main one is definitely
honey. According to Directive 2001/110/EC

"Honey is defined as the natural sweet substance that bees (Apis Mellifera. L) produce from the
nectar of plants or secretions from living parts of plants or from substances secreted by sucking
insects on living parts of plants, which they forage, process, combine with their own specific

substances, deposit, dehydrate, store and allow to ripen in the combs of the hive”.

So, honey is a complex product that is challenging to define. Its chemical composition, botanical
origin, and extraction methods are among the factors that determine its identity. Honey can be
considered to have a dual nature, both animal and plant. Bees play a vital role in the processing

of raw materials, while the plant origin of these materials is also significant (Contessi 2016).

The primary plant-based raw materials used in honey production are nectar and honeydew.
Nectar is a sugary secretion produced by specialized glands called "nectaries” located at the base
of flowers. Honeydew, on the other hand, is a sugary substance found in plant parts affected by
certain parasitic insects belonging to the order Rhynchus homoptera (such as Aphids, Psyllidae,
Coccidae). These insects extract sap from plants and excrete excess substances in the form of
droppings, which include water, sugars, enzymes, mineral salts, and organic acids. Once the
foraging bees collect nectar or other sugary liquids, they deposit them into the honeycomb cells,
initiating the transformation into honey by adding enzymes like diastase, invertase, glucose
oxidase, and others. Based on botanical origin, honey can be classified into three types: unifloral
honeys, derived mainly from a single plant species; multifloral honeys, where no predominant
origin can be determined; and honeydew honeys, primarily derived from the collection of
honeydew by bees (Ballabio et al. 2018; Everstine, Spink, and Kennedy 2013; Oddo et al. 1995;
Oddo L. P, Piana L. 2007)

1.2 THE BEES FOR THE PLANET
Honey bees are important for many ecological and economic reasons. In fact, a large part of

agricultural crops requires zoophilic or entomophilous pollination (Vaudo et al. 2015). Bees are

part, together with other Hymenoptera, Lepidoptera and Coleoptera, of that category of insects



defined as "pollinators”, e.g., insects which, through their biological activity, allow the sexual
reproduction of plants with entomophilous pollination. There are in fact about 300,000 plant
species that require an entomophilous type of pollination.

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services €
un‘organizzazione intergovernativa creata per migliorare l'interfaccia tra scienza e politica su
questioni di biodiversita e servizi ecosistemici (IPBES 2019; ISPRA 2021).

Among the above mentioned 300,000 plant species relying on bee pollination, three-quarters of
the main crops that are essential for human sustenance depend on pollinators like bees. Without
them, our food diets would be severely limited, lacking the variety of essential nutrients such as
vitamins and minerals that are necessary for the body (ISPRA 2020).

Bees are the dominant taxonomic group among pollinators. It is worth noting that of the 107
most important crops for human nutrition globally, over 90% rely on bee visits. The loss of these
pollinators is therefore of great significance and could lead to a 5-8% reduction in the quantity of
food produced worldwide (Ponisio et al. 2015).

Insect pollination is a process of utmost importance in terrestrial environments, as it provides
vital ecosystem services for human well-being. A decrease in insect pollination could potentially
limit yields by about 40% (ISPRA 2020; Khalifa et al. 2021).

1.3 THE PROBLEMS OF THE APICULTURE

1.3.1 THE COLONY LOSS

Bees are insects that face different risks, both biotic and abiotic. The presence of bees is
decreasing in different parts of the planet, and among the most common causes are intensive
agriculture, monocultures, the excessive use of chemical products such as pesticides, and the rise
in temperatures due to climate change. These factors have an impact on both crops and bee
nutrition (Desneux, Decourtye, and Delpuech 2007; Paleolog et al. 2023).

However, there are also other significant factors to consider, such as mites, viruses, and bacteria.
Varroa destructor, Paenibacillus larvae (the cause of American foulbrood), Melissococcus
plutonius (the cause of European foulbrood), Aethina tumida, Nosema ceranae, and Nosema apis
are among the agents that pose a significant threat to bees (Krupke et al. 2012; Neumann and
Carreck 2010; S.G. Potts et al. 2010; Staveley P.J. 2014).

Analyzing the risk factors for bees, however, is not a simple task. Pathological and non-
pathological factors can interact with each other, creating effects that are not only additive but

also synergistic or multiplicative (Bortolotti et al. 2009; Gray et al. 2020).
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Figure 3. Varroa destructor

apacame.org.br.

. A, ’.
Y \ RN 3
- \¢ U
Nosema apis Nosema ceranae

1

Figura 5. European pest (www.izslt.it) Figure 6. Nosema apis and N. ceranae spores
(Ptaszynska et al. 2012).

Stress phenomena, with the consequent effects on colony loss, can also be divided into different
periods of the year (Bortolotti et al. 2009): January-February, when beekeeping activity resumes,
as a result of orphanhood and/or insufficient stocks. March-April, in particular in correspondence
with the spring sowing of some herbaceous crops and treatments on orchards. And finally in
autumn, in the period in which the high infestation by the V. destructor mite is associated with
the spread of particularly lethal viruses, which can compromise the correct development of the

pre-winter bees.

1.3.2 VARROA DESTRUCTOR: MORPHOLOGY, LIFE CYCLE AND BEHAVIOR
Currently, one of the biggest problems facing beekeeping is V. destructor, the parasitic mite that

has spread from its native host, the Asian bee (A. cerana) to the commercially used European
bee (A. mellifera), used for pollination and honey production worldwide. This parasitic mite has
a big impact on colony decline and bee production loss (Traynor et al. 2020; Vilarem, Piou, and
Vogelweith 2021). From a taxonomic point of view, the Varroa mite belongs to the Varroidae
family, belonging to the class of arachnids (Arachnida) and to the subclass of mites (Acari). The
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genus includes several species of obligate ectoparasites, of which the most relevant and
widespread are:

From a taxonomic point of view, the Varroa mite belongs to the Varroidae family, belonging to
the class of arachnids (Arachnida) and to the subclass of mites (Acari). The genus includes
several species of obligate ectoparasites, of which the most relevant and widespread are:

. V. jacobsoni Oudemans, natural ectoparasite of the asiatic bee (A. cerana), discovered by
Oudemans in 1904 in Java, which later became a parasite of A. mellifera in different parts of the
world.

. V. destructor, considered a separate species from jacobsoni in 2000 by Anderson and
Trueman (who define the two species, V. destructor and V. jacobsoni, not interbreeding and
therefore quite distinct from each other), of similar constitution but whose adult females are
significantly larger (over 1 mm diameter)(Anderson and Trueman 2000b).

As regards the morphological characteristics of the mite (relevant for the purposes of
parasitization), the buccal apparatus of the Varroa includes two chelicerae, which the parasite
uses to cut the cuticle of the adult bee, larvae and pupae, thus having access to the nutrients it
feeds on (the opening formed is called the "feeding site"). Another function of the chelicerae is
to allow the Varroa to anchor on the adult bee, thanks to small spurs that grip the cuticle (called
pedipalps).

Varroa destructor is closely related to its host and does not have a free life stage. The life cycle
of Varroa is divided into a phoretic phase on adult bees and a reproductive phase inside sealed

brood cells, preferably male but also female, with an annexed oviposition phase.

During the reproductive phase the parasite feeds on the bee larvae inside the brood cell protected
by the operculum and also exploits this condition to reproduce and raise the offspring up to the
adult stage the penetration of the mite in a cell is strongly regulated by time, a cell is infested a
few hours (about 24 hours) before capping.

After the operculature, the oviposition phase begins, where the female Varroa lays haploid male
eggs, the born males (after reaching the mature stage) will reach the nutrition site and mate with
the female mite, making her able to lay eggs female diploids (which once adults will then be able
to re-infest other brood cells), mating is a very delicate process as a failure in fertilization can
make the female mite irreversibly sterile (due to regression of the genital system). After the
reproductive phase, the female Varroa parasitize the adults by clinging to the flickering bee
(phoretic phase)(Reams and Rangel 2022).

V. destructor mites are highly sexually dimorphic with many morphological adaptations to their

host. A characteristic that unites the two sexes is the division of the body into two well-defined
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parts: the idiosoma and the gnatosoma. Females have a flattened, ellipsoidal idiosoma with a
width greater than the length; the legs of the female are short and show specialized structures,
called apothelia, for adhesion to the host (A. De Ruijter, 1987).

As regards the body of the male, this is pear-shaped and shows only a weak sclerotization which
is present above all in the legs and in the dorsal shield; at all developmental stages, males are
smaller than females (Rosenkranz, Aumeier, and Ziegelmann 2010). The males and nymphal

stages of the mite are short-lived and can only be found within sealed brood cells (Kuenen and
Calderone 1997).

Figure 7. Different maturation states of Varroa destructor (VETO-PHARMA 2020)

Through adult bees, Varroa females are transported to brood cells (Fig. 8) for their reproduction
or disseminated to foraging and swarming bees (Kuenen and Calderone 1997). In the phoretic
phase, the mites hide under the sternites of the bee, which transports them from the preimaginal
stages of the host into the capped brood cells (De D’ Aubeterre et al. 1999).

The parasite harms host bees by consuming the fat body, an integral tissue for proper immune
function, pesticide detoxification, overwinter survival, and many other processes essential for
healthy bees. In general, the effects of Varroa parasitosis generate a negative influence on the
immune response of the bee, thus making it more vulnerable to microbial agents, determining the
onset of viruses, and inducing the replication of viruses already present in the bee (Johnson et al.
2010; Ramsey et al. 2019; Shen et al. 2005; Yves, Marion, and Wolfgang 2010).
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Figure 8. Schematization of the reproductive cycle of varroa within the
(www.izslt.it/apicoltura/stadi/varroa). Figure 9. A bee larva with varroa mite (author’s photo)
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1.3.3 VARROA SPREAD
Varroa has a great ability to spread over the territory, using the bees themselves as a vector,

which guarantees the mite's penetration into a new hive. To start an infestation, even just one
female mite is enough, which will then lay the eggs of the males. There are four main ways of
propagating Varroa:

« Looting: The hive brought to collapse by Varroa itself, therefore weakened, will then be subject
to looting by nearby bee colonies, allowing the latter to come into contact with a large number of
Varroa mites (Norberto Milani 1999).

« Drift: this mainly affects bee colonies kept in very close hives. Foraging bees returning from a
foraging flight or drones can enter a hive other than their own, and if they carry Varroa in the
phoretic state, they can increase its diffusion within and between apiaries (Goodwin and Van
Eaton 2001).

« Swarming: Swarms can settle in an area different from their origin, bringing the phoretic
Varroa mites with them (Paleolog et al. 2023).

» Normal beekeeping operations can also facilitate the spread of Varroa. For example, the
transfer of honeycombs with sealed brood from a stronger colony to a weaker one can introduce
Varroa mites, depending on the degree of infestation in the honeycomb (Wilde et al. 2005).

The origin of the Varroa infestation in European bees was due to the introduction of A. mellifera
colonies into the range of A. cerana in East Asia, particularly in Japan and Korea (Crane, E.,
Graham 1985; Oldroyd 1999). From there, the mite spread from Asia to South America and then
to North America (De Jong, Morse, and Eickwort 2003). Simultaneously, the parasite began to
expand towards the European continent (Rosenkranz, Aumeier, and Ziegelmann 2010). In Italy,
the spread started with outbreaks identified on the border of Trieste in 1980, and the first official
case of infestation on the peninsula was recorded in June 1981 in Staranzano (Gorizia). Despite
the implementation of containment and prevention measures, such as acaricidal treatments,
disinfection, and trade restrictions with the destruction of potentially infected material, the mite's
spread was nearly uncontrolled in all Italian regions by 1984 (Commission of the European
Communities 1988; Frilli 1983).

1.3.4 VARROA DAMAGES
Varroa destructor is considered the main cause of winter hive mortality in temperate climate

countries (Rosenkranz, Aumeier, and Ziegelmann 2010), and the collapse of heavily infested

colonies during the active season, known as “colony collapse disorder” This syndrome presents
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a complex of symptoms at both the individual bee and colony levels, including a numerical
reduction in population, malformed adult bees with signs of paralysis, mosaic brood, dead larvae,
and viral infections carried by Varroa. These stressors significantly reduce bee survival, leading
to rapid depopulation of hives (Sabahi et al. 2020; Vesco 2013).

In general, Varroa parasitism has a negative influence on the bee's immune response, making it
more vulnerable to microbial agents and leading to the onset of viruses and replication of
existing viruses within the bee (Ramsey et al. 2019; Shen et al. 2005). Specifically, the damage

caused by V. destructor can be categorized as direct and indirect.

Among the direct damages, the main one is the depletion of nutrients from the host. Varroa is a
relatively large parasite compared to the bee, and although its nutritional requirements are not
high in relation to the host, it exploits up to 25% of the larva's reserves due to an inefficient
metabolic mechanism with high nutritional demands (Garedew, Schmolz, and Lamprecht 2004).
A worker bee emerging from a parasitized larva weighs 3% to 25% less than a bee emerging
from a non-parasitized larva (De Jong, Morse, and Eickwort 2003). Nutrient withdrawal also
alters the chemical composition of the cuticle of parasitized bees, making it inadequate for
retaining body water, which partially explains the reduced longevity of these bees (Annoscia,
Del Piccolo, and Nazzi 2012). Additionally, the mite produces substances with proteolytic action
to obtain a high content of free amino acids, inhibiting protein synthesis in the pupa and altering
its development (Vesco 2013). The parasite also harms host bees by consuming the fat body, an
integral tissue for proper immune function, pesticide detoxification, overwinter survival, and
many other processes essential in healthy bees. In general, the effects of Varroa parasitosis
generate a negative influence on the immune response of the bee, thus making it more vulnerable
to microbial agents, determining the onset of virosis and inducing the replication of the virus
already present in the bee (Ramsey et al. 2019; Shen et al. 2005).

Indirect damages include weakening. Parasitized bees show lower quantities of vitellogenin, an
important protein that serves as a reserve for royal jelly production, immune regulation, worker
task regulation, and longevity (Quigley, Amdam, and Harwood 2019). Vitellogenin deficiency
can lead to winter colony losses in the presence of heavy Varroa infestations (Dainat et al. 2012;
Dietemann et al. 2012). Infested foragers also exhibit reduced learning abilities in recognizing
sugary sources and during orientation flights (Dietemann et al. 2012; Kralj et al. 2007).
Immunosuppression is another consequence of Varroa parasitism. The mite's saliva contains
substances that damage the bee's hemocytes and reduce their aggregation capacity, which is
crucial for wound healing and pathogen phagocytosis (Richards, Jones, and Bowman 2011).

Furthermore, parasitism inhibits the synthesis of phenoloxidase (Shen et al. 2005; Yang and
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Cox-Foster 2007), an enzyme on which the melanization reaction is based, which is an
indispensable process in insects for protection from infections(Kanost and Gorman 2008). In
infested bees, the production of glucose oxidase is also inhibited (Yang and Cox-Foster 2007),
an enzyme normally synthesized in the hypopharyngeal glands and secreted in royal jelly which
preserves the meal of the larvae from contamination (Alaux et al. 2011). Thus, reducing the
effectiveness of some mechanisms of social immunity of the hive (Yang and Cox-Foster 2007).
Varroa, as already mentioned, also acts as a vector for viruses. Many bee viruses are present at
low levels in hives, but the presence of Varroa can convert silent infections into symptomatic
infections (Joachim R de Miranda and Genersch 2010), as the mite can alter the balance between
the host and the viruses. The most prominent example is the transmission of “deformed wing
virus” (DWV). Without Varroa, DWV primarily employs vertical transmission, where infected
queens and drones transmit the virus to their offspring (J R de Miranda and Fries 2008).
Furthermore, DWV can be transmitted from adults to offspring via dietary nutrition (Bowen-
Walker, Martin, and Gunn 1999; Y P Chen et al. 2004; Yue et al. 2007; Yue and Genersch
2005). All this does not generate an evident symptomatology either in the bees or at the colony
level (Fries and Camazine 2001; J R de Miranda and Fries 2008; Joachim R de Miranda and
Genersch 2010). The transmission of the virus mediated by the Varroa vector instead generates a
serious pathological picture in bees, the most evident symptoms of which are wing deformations,
swollen and shortened abdomen, alteration of coloration and various physiological processes
(Mdckel, Gisder, and Genersch 2011). Therefore, strains of viruses are selected which, instead of
allowing the bee good conditions to favor its transmission, maximize virulence(Yan Ping Chen
and Siede 2007; Igbal and Mueller 2007).

According to some authors (Dainat et al. 2012; Genersch and Aubert 2010), the winter collapse
of the colonies is given by the combined action of DWV and Varroa also assisted by abiotic
stress factors such as the seasonal drop in temperatures (Carreck, Ball, and Martin 2010; Martin,
Ball, and Carreck 2010; Prisco et al. 2011).

In addition to the deformed wing virus (DWV), there are other viruses for which the ability to
exploit Varroa for replication has been demonstrated, such as: Varroa Destructor Virus-1 (VDV-
1), Kakugo virus (KV) (Ongus et al. 2004) and acute paralysis virus (ABPV) (Genersch et al.
2006; Sumpter and Martin 2004).
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Figure 10-11. Symptom of deformed wing on bee, on the right, and a dead worker bee with symptoms of deformed

wing virus on the left (www.agronotizie.imagelinenetwork.com/zootecnia).

1.3.5 VARROA CONTROL METHODS
The fight against Varroa destructor aims to contain the infestation rate by reducing the quantity

of mites in the colony and, consequently, the viral load. Various studies argue that total
eradication of Varroa is extremely difficult, if not impossible, especially in vast areas (Koeniger
and Fuchs 1989).

There are numerous types of acaricidal treatments available to beekeepers. Practical
implementation of acaricidal treatment requires consideration of various factors, as the control
strategy strongly depends on local climatic conditions and beekeeping production guidelines. It
is essential to consider the need to reach certain temperatures, which are essential for the
effectiveness of various acaricidal treatments that will be analysed later. Other factors to
consider include exploiting the brood block or applying the biological control criterion. It is also
important to determine the level of Varroa infestation in colonies to establish an adequate control
strategy. It should be noted that approximately 95% of phoretic Varroa tend to position
themselves on the ventral part of bees. Therefore, evaluating infestation visually (Varroa
positioned on the back of bees) can lead to erroneous conclusions (Ramsey et al. 2019). More
reliable methods, such as counting natural fall or conducting the icing sugar test or inspection of
capped brood, can be adopted (Goodwin and Van Eaton 2001). Additionally, taking advantage of
sensitive periods for Varroa can help reduce the infestation rate. Pre-winter treatment is
particularly important because only bees that have not been parasitized during larval
development have the possibility of overwintering. Treating before the birth of winter bees
ensures sufficient support for their survival until the following spring (Quigley, Amdam, and
Harwood 2019).
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Currently, there are numerous control methods used to combat Varroa mites, including chemical
treatments with synthetic or natural active ingredients, as well as alternative biomechanical
techniques. The main acaricidal treatments can be divided into two groups: acaricides of natural
origin, which include formulations based on oxalic acid, formic acid, and thymol, and synthetic
acaricides, which are distinguished from natural acaricides based on their chemical class and
related neurotoxic mechanism of action. Synthetic acaricides include products based on
Fluvalinate, Flumethrin, and Amitraz. Various acaricidal treatments and beekeeping techniques
are illustrated below. The effectiveness of Varroa control methods is usually assessed by
quantifying and comparing the infestation rate before and after treatment using monitoring
methods such as natural shedding analysis. Follow-up treatments, involving the use of highly
effective acaricides after the initial treatment, are often conducted to evaluate the remaining

Varroa population.
CONTROL METHODS USING SYNTHETIC ACARICIDES

Synthetic acaricides are distinguished from acaricides of natural origin based on their chemical
class and the related neurotoxic mechanism of action. It is important to emphasize that these
acaricides must not leave any treatment residues in honey intended for human consumption
beyond the maximum permissible limits for health. In some cases, being lipophilic substances,
certain active ingredients can easily be absorbed by the wax (Bogdanov, Kilchenmann, and
Imdorf 1998; Wallner 1999), and in the long term determine accumulation phenomena inside the
hive (Johnson, Pollock, and Berenbaum 2009; Wallner 1999). The main active ingredients used
are (Johnson et al. 2013): Amitraz, That is an acaricidal active ingredient that has been used for
decades in beekeeping with great efficacy in reducing the infestation but a marked onset of
resistance phenomena even after consecutive treatments (Chuda-Mickiewicz et al. 2007; Faucon
et al. 2007; Reza et al. 2008; Semkiw, Skubida, and Pohorecka 2013). However, some

metabolites may remain in honey and especially wax (Jiménez et al. 2005; Korta et al. 2003).



Figure 12. The placement of a few strips of an Amitraz-based product. (https://www.blog-veto-pharma.com/.
01/2022)

Fluvalinate is a neurotoxic active ingredient that blocks nerve transmission. In various tests
carried out, an excellent efficacy on Varroa mortality was highlighted (Ferrer-Dufol, Martinez-
Vifiuales, and Sanchez-Acedo 1991; Salima and Haddad 2015). Although even in this case, more
than in the case of amitraz, the mite is able to develop resistance (Ansari et al. 2018; Norberto
Milani 1999). At the level of residues, being the lipophilic fluvalinate, it can contaminate the
wax (Bonzini et al. 2011; Johnson, Pollock, and Berenbaum 2009). Furthermore, high doses of
this active ingredient can cause some problems in terms of queen size reduction, locomotor
deficits and mnemonic learning (Frost, Shutler, and Hillier 2013; Teeters et al. 2012).
Coumaphos is a non-volatile fat-soluble phosphorothioate with ectoparasiticidal properties.
Coumaphos, too, kills through the inactivation of acetylcholinesterase, thereby interfering with
nerve signaling and function. However, even in this case populations of coumaphos-resistant
mites were found as early as 2001 (Elzen and Westervelt 2002; Jack and Ellis 2021a; Johnson et
al. 2010).

Flumethrin is an active ingredient belonging to the pyrethroid group. The active ingredient has
shown great efficacy (>80%) (Blacquiére, Altreuther, and Krieger 2017), however it shows

strong resistance even after only a few applications (Ansari et al. 2018; Salima and Haddad
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2015). In terms of toxicity, it has been demonstrated that oral administration to bees is highly
toxic (Oruc et al. 2012). Residual values found in several studies did not show high values of this
acaricide on both wax and honey (Jamal et al. 2020).

Cymiazole hydrochloride, an iminophenyl thiazolidine derivative, widely used in veterinary
medicine for the control of mites, and also of Varroa. Cimiazole hydrochloride residues can be
detected not only in honey bees (Stanimirovic Z et al.,2003), but also in beeswax and other bee
products. Considering that cimiazole hydrochloride residues can be ingested by consumers of
apiculture products, this active ingredient has a limited use (Boi et al. 2016; Korta et al. 2003).

METHODS OF CONTROL WITH NATURAL ACARICIDES

Naturally derived acaricides include formulations with a low risk of residue accumulation after
several treatments in honey or beeswax (Bogdanov, Kilchenmann, and Imdorf 1998; Bogdanov
and Martin 2002) and drug resistance (Norberto Milani 1999). Among these we find organic
acids. Usually this methods are influenced in a decisive way by the climate, by the harvest,
beekeeping activity and the development of Varroa infestation (Imdorf et al. 2003).

Among the organic acids, it is possible to underline the most used: Oxalic acid (dihydrate), an
active ingredient which is not able to target VVarroa in the brood but acts on Varroa phoretic (Ales
Gregorc and Planinc 2001; Imdorf and Berna 1999; Nanetti et al. 2003). The administration of
oxalic acid in beehives can take place by dripping, spraying or sublimation (Al Toufailia,
Scandian, and Ratnieks 2015). Therefore, its use is limited to the period of brood blockage or in
combination with another slow-release acarid product or with an effect on the sealed brood.
Oxalic acid can exhibit a very high efficacy of over 90%, which can vary markedly with sugar,
as it is an adjuvant factor (Bogdanov et al. 2002; Coffey and Breen 2016; Nanetti et al. 2003).
Oxalic acid in excessive doses can lead to important toxic effects on the larvae exposed to the
treatment (Aliano and Ellis 2009; Ebert et al. 2007). At the same time, it has some limits of
effectiveness deriving from environmental temperatures (Llorente and Suarez 1999; Rademacher
and Harz 2006), it has also been shown that some oxalotrophic actinobacteria in association with
VM can cause the degradation of oxalic acid with consequent loss of toxicity for the mite itself
(Maddaloni and Pascual 2015). Furthermore, by acting on the phoretic Varroa, the period of use
is limited to the brood block period(Ales Gregorc and Planinc 2001).
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Figure 13. The treatment of a hive with dripped oxalic acid (https://unaapi.it/sanita-dell-

alveare/varroatosi/varroa-acido-ossalico. 12/2014)

Formic acid, another active ingredient which has the characteristic of penetrating the wax, killing
the Varroa found in the sealed brood (Fries and Camazine 2001). Being a corrosive substance, it
is able to release toxic vapours to the respiratory tract, therefore care must be taken in its use.
formic acid has good efficacy in breaking down Varroa (Bellucci et al. 2019; Pietropaoli 2013)
although it can be negatively influenced by temperatures (Pietropaoli and Formato 2019a). Some
studies have underlined a toxicity for bees which led to a reduction in brood or a higher mortality
compared to bees treated with oxalic acid (Giovenazzo and Dubreuil 2011; Pietropaoli and
Formato 2019b).

Lactic acid, that it is also an organic acid that has good efficacy on Varroa mortality (Girisgin
and Aydin 2010; Kraus and Berg 1994). As for oxalic acid, it is administered by spray and acts
on phoretic Varroa. However, the application of sprayed lactic acid is an expensive technique;
therefore, it is valid only for beekeepers with a small number of colonies. lactic acid can have the
effect of acidifying honey intended for human consumption, it is therefore necessary to refrain
from dealing with this product during the laying of the supers (Bogdanov, Kilchenmann, and
Imdorf 1998; Imdorf et al. 2003).

Citric acid, a tricarboxylic organic acid which has a certain acaricidal efficacy, albeit lower than
oxalic acid, thus requiring a greater quantity of active ingredient (N. Milani 2001). In general,
citric acid as the sole component for the acaricidal treatment does not show great results, as well
as having a high variability (N. Milani 2001; Vanlalhmangaiha et al. 2022). On the contrary,
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using the active principle with oxalic acid has been obtained a high mortality of Varroa (Coffey
and Breen 2016; Howis and Nowakowski 2009).

Thymol, a monoterpenic phenol with good acaricidal efficacy on arthropods and Varroa
(Gashout 2009; Sabahi et al. 2020). Being a volatile substance, its administration takes place by
evaporation. It is usually used both as a mitigating treatment against phoretic Varroa, and as a
real and proper treatment also extended to the Varroa that emerges from the brood over time (not
penetrating the wax). The effectiveness of this active ingredient can vary greatly according to the
external temperature which influences its effectiveness (especially at low temperatures (Coffey
and Breen 2016; Leza, Llado, and Miranda-Chueca 2015; Lodesani and Costa 2008; Al Naggar
et al. 2016), in the presence of brood (Giacomelli et al. 2016; A. Gregorc and Planinc 2012).

Hop acids, a group of acids that come from the resin of the hop plant (Humulus lupulus L.). Two
main compounds capable of having acaricidal efficacy have been extracted from hop acids: beta
acids (BA/HBA) and alpha acids (AA), these differ from each other in their acaricidal efficacy.
There are currently no hop acid products marketed in Italy. HBAs are the most studied ones,
which have demonstrated a good acaricidal potential (70-80%) although with variable results.
HBAs are well tolerated by bees. (DeGrandi-Hoffman et al. 2012, 2014; Rademacher, Harz, and
Schneider 2015; Vandervalk, Nasr, and Dosdall 2014)

ALTERNATIVE CONTROL METHODS

The alternative control methods are types of acaricidal techniques capable of controlling the
infestation rate but, unlike the chemical ones (which kill the mite through an active ingredient),
the former exploit different systems for the removal of the mite: such as mechanical removal
(icing sugar, removal of the male brood), heat (hyperthermia) or they favor the fall of the mite,
both natural and after a treatment (Spazio Mussi, anti-Varroa grid), or they still hinder the
reproduction of the mite (size reduction of cells, selection of resistant/tolerant genotypes). All of
these methods are aimed more at containing the increase of varroa infestations in colonies. The
main methods used include: the removal of the male brood, a varroa control technique which
aims at the mechanical removal of the mite inside the brood, given the propensity of the mite to
infest the male brood more (Fuchs 1990). The brood is removed using supports such as trap
frames or tripartite frames (Fig. 13 and 14), which particular conformation stimulates the bees to
build natural honeycombs with male cells. The trap frame is not a reliable means of varroa
monitoring since there is no correlation between the rate of varroa infestation in male broods and
mite infestation in the whole colony, therefore it cannot be used as the only means of control

against varroa (Bogdanov, Kilchenmann, and Imdorf 1998; Wantuch and Tarpy 2009).
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Figure 14-15. On the left Trap frame for male brood removal (Imdorf et al., 2003); on the right,
tripartite frame, where the three frame spaces can be seen, two spaces can, if necessary, be
closed to facilitate the bees in building the honeycomb in the space left open. (Jensen et al.,
2016).

The use of powdered sugar, as a powdery substance, that is a non-chemical technique to combat
varroa infestation (Macedo, Wu, and Ellis 2002; Stevanovic et al. 2012). Icing sugar is a weak
acaricidal product whose effectiveness can only increase by frequently (weekly) repeating the
treatment. It is a treatment that has no negative effects on bees (Aliano and Ellis 2009;
Stevanovic et al. 2012).

The anti-varroa grid (Fig. 15), actually a component of the most commons beehives, the size of
the holes in the grid allows the passage of the varroas, and therefore, following a fall of these
from the bees (after a treatment or due to a natural fall), through the grid, the varroas can be
removed from the hive (Harbo and Harris 2004). On the contrary, in the absence of an anti-
varroa grid, the mites would accumulate on the bottom of the hive and could easily go back to
the brood. The anti-varroa grid is useful for increasing the effectiveness of conventional
treatments (Harbo and Harris 2004; Poonia, Gulati, and Sharma 2009).
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Figure 16. Mesh of an anti-varroa grid (the width of the holes is 4 mm)

(www.quartiitaly.it).

The Spazio Mussi®, that is a larger space between the combs than in the standard Dadant-Blatt
hives. Instead of the 37.5 mm standardized for hives, the Spazio Mussi® has a size of 45 mm;
this space would allow to facilitate the hygienic behavior of the bees (or grooming), although its
effectiveness is not significantly different from standard spaces, this type of space leads to a
greater fall of VVarroa (Manino and Patetta 2004)

Iron salts can stimulate bees to exhibit hygienic behaviors such as cleaning or removing
parasitized larvae. Among the various iron salt solutions, ferrous fumarate has proven to be
particularly suitable because, when administered to bees in a sugar solution, it has good
acaricidal efficacy and is easily obtainable (Van Hoorn, M. Ter Horst 2014)(VVan Hoorn and Ter
Horst, 2014). In fact, in the tests conducted by Danieli and Ter Horst, the administration of
ferrous fumarate in a sugar solution resulted in a higher mite drop compared to the control

groups, leading to increased winter survival of the colonies (Van Hoorn and Ter Horst, 2014).

1.4 BEEKEEPING, PRODUCTION AND ITS PROBLEMS

1.4.1 HISTORICAL BACKGROUND ON APICOLTURE

The first evidence of beekeeping activities would date back to the period following the ice age,
around 7000 BC, these are rock paintings found in the Turkish province of Catalhdyuk.
interpreted as depictions of honeycombs (Crane, E., Graham 1985); the rock drawing, found in
1924 in the 'spider cave' of Valencia, would appear to be from the same period, depicting a
person suspended on lianas, intent on collecting honey while bees buzz around her (Barbattini

and Fugazza 2006). Other testimonies, particularly important for their antiquity and rarity
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(Crane, E., Graham 1985), are those found in Egypt, in which, compared to other cultures, the
representation of a good is determined not only economic but also of religious and medical value
. In particular, in addition to the bas-relief of the temple of Niuserra, in Abu Gurab, and the
decorations in the tomb of Pabasa, in El-Asasif, and in the tomb of Rekhmire, in Luxor, beehives
made with clay pipes have been found which testify to the use of a particular 'mobile’ breeding
technique that follows the progress of the blooms (Barbattini and Fugazza 2006; Martano, M.,
Maiolino, P., Power 2016; Pinzauti, M. 1998). As a religious aspect, always in Egypt honey was

considered a precious food of divine origin. An Egyptian custom wanted honey or whole wax

honeycombs to be placed inside the sarcophagi (Bormetti 2014).

Figure 17. A detail of Pasaba tomb in Egypt (author’s photo)
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The same importance was attributed in Greece, where, according to what Aristotle reported,
honey would have been a good that 'falls from the sky' transported (but not produced) by bees
(Giuliani 2017). It was Avristotele himself who handed down the interest in beekeeping with a
description in the 'Storia degli Animali' of the social organization, morphology, biological and
zootechnical aspects of bees (Burkert 2003; Martano, M., Maiolino, P., Power 2016). The
breeding system, in this case, provided for a movement of the swarms, in order to guarantee the
presence of a greater climatic and vegetal variety. The same attention in the choice of bee
production areas was applied by the Romans. To the food use as a sweetener, as an ingredient in
confectionery production in Imperial Rome (Calzoni, G. L., Rondinini 2012; Pinzauti, M. 1998),
is added the belief that there was a curative effect for sick people, and, although there was no
knowledge of its antibacterial properties, it was used as an ointment against bruises and wounds
and for the preparation of purifying drinks (Bormetti 2014; Delaplane 1999).

With the fall of the Roman Empire, the honey trade - which at the time extended from North
Africa to the Middle East and the Adriatic area - died out, and the beekeeping practiced by the
wealthy owners was replaced by the convent beekeeping for the production of precious honey
and beeswax that was used for worship. With the discovery of the New World, the purely
sweetening function given by honey gradually took a back seat due to the spread of cane
cultivation and later of sugar beet. In the 19th century, the beekeeping sector therefore found
new impetus, even if traditional-type beekeeping with the use of rusticated ashlars remained until
1851, when L.L Lagstroth discovered the "honeycombs with mobile frames" (Fig. 16) and was
no longer necessary to destroy the honeycombs to extract the products. In the 70s the scientific
foundations were laid to implement the work of characterization of unifloral honeys with the first
melissopalynological analyses (Louveaux, Maurizio, and Vorwohl 1978; Von Der Ohe et al.
2004).
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Figure 18. Lagstroth's moving frame hive, based on bee-space
discovery (www.unaapi.it).

1.4.2 HONEY PRODUCTION
World honey production stands at 1.8 million tons per year (FAO STAT). Half of the world's

honey is produced on the Asian continent. This is followed by the European continent (28%), the
Americas (18%), Africa (11%) and, to a lesser extent, Oceania (1%). Six countries are the
holders of about 50 percent of the world's production (China, Turkey, Argentina, Iran, Ukraine
and the USA). The EU is the world's second largest producer, with Spain taking the lead (EU
COMMISSION 2023; Honey source 2023).(Fig. 1.4).

Even among exporters, it is the Asian continent in the major exporter, with China playing the
predominant role. Different discourse, however, if we go to see who are importers, whereby the
United States, with 30 percent of the imported volumes on a global scale, is the main importer in
the world, followed by Germany and Japan.
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At the European level, in 2018, beekeeping in EU countries produced 280,000 t of honey with a
self-sufficiency rate of 60 percent; this leads to the need to import considerable quantities of
honey to make up for the considerable domestic demand (ISMEA 2019).

Although these data referring to individual continents are useful for gaining a global view of the
honey market, in the specific case of the Mediterranean, it is important to consider that the
countries bordering it share such a productive identity that it is commonly accepted to speak of
the Mediterranean basin as a single productive entity. This is justified by the common
biogeographical and production characteristics of the countries that are part of it, which
determine the production of honeys conventionally recognized as "typically Mediterranean.”
(ISMEA 2019).

As for the specific case of the countries of the Mediterranean basin, honey production has been
estimated at about 250,800 t (FAO-STAT). Among the main producers there are (Fig. 1.5)
Turkey (114,113 t), Spain (36,394 t), Greece (21,400 t), France (17,489 t), Italy (9500 t), Croatia
(8,727 t), Morocco (7,430 t) and Algeria (7,327 t). Italy, according to the latest ISMEA report, is
the fourth largest European country in terms of number of hives (1.38 million) after Spain (3

million hives), Romania and Poland (2 and 1.7 million hives, respectively).
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Although honey production in the Mediterranean reaches quite considerable values, this is not
enough to meet the growing domestic demand. According to the latest Eurostat data, honey
imports to EU countries in 2019 were 162,000 tons. The bulk of imports came mainly from the
Asian market (40 percent), Ukraine (27 percent) and Argentina (13 percent).

The significant imports of honey within the Mediterranean Basin countries, create several
problems at the economic level for domestic producers. In fact, over the past decade, European
producers have been faced with ever-increasing imports, especially from China, diu a product
sold at very low prices compared to the price that local producers can set. Creating a
competitiveness problem. (Copa and Cogeca statement to ANSA, Feb. 14, 2020).

At the same time, "foreign™ products are often cheaper than local products but offer fewer
hygienic-sanitary guarantees for the final consumer (M. Carmen, Escuredo, and Fernandez-
Gonzalez 2011). These products satisfy a market segment that is not particularly attentive to
quality, but their presence in large-scale distribution, even in the form of various of different
origins, in any case reduces the marketing margins of the domestic product (Milko Sinacori
2014).

Another worrying aspect concerns the phenomenon of counterfeiting. According to the Food
Fraud Database of the United States Pharmacopeial Convention, honey is the third most
counterfeited food in the world after milk and olive oil with losses of over 600 million dollars
annually.

It should also be considered that, although the monetary value moved by the beekeeping sector,
in terms of GDP, is not among the most important, in reality, behind every beehive product,
there is the conservation of the pollinating insect "par excellence”. Pollination activity has by
now become, especially for areas with intensive agriculture, the most important aspect of bee
breeding which completely replaces the pollinating insects which have largely disappeared in
degraded production areas. The value of pollination, for these reasons, has been estimated at 153
billion euros, equal to 9.5% of the GDP deriving from food production. Hence the need to
support the beekeeping sector of the Mediterranean.

The need to "defend" the typicality of local productions and promote the economic sustainability
of the sector has meant that in recent years forms of cooperation and aggregation have emerged
among Mediterranean beekeepers, with the aim of protecting and enhancing local productions by
promoting more rational and competitive beekeeping. Even the EU, according to the latest report
from the Commission to the European Parliament and the Council on the implementation of
apiculture programs - highlights how the sector needs constant support, given the importance of

bees for the environment and agriculture. Among the objectives of the European financial
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measures made available are: technical assistance to beekeepers and beekeepers' organizations,
support measures for apiculture product analysis laboratories, the restocking of the beekeeping
stock and the improvement of product quality for their greater valorisation.

Several producers' associations are active in the promotion of local honey production. Among
the many FED-API-MED (Mediterranean Beekeepers Federation) associates various
cooperatives and beekeeping associations of many countries of the Mediterranean basin (ltaly,
Morocco, Tunisia, Algeria, Lebanon, Albania, France, Turkey, Palestine, Irag, Jordan and Egypt)
and promoted the "Charter of Mediterranean honeys": a "document of historical significance,
which, aligning them with European standards, defines and frames the honeys of the
Mediterranean from a qualitative point of view".

In today's global market, it is obvious that the competition of the domestic product must be based
mainly on higher quality standards, largely determined by climatic factors, the professionalism of
the operators and the industriousness of the bees (Milko Sinacori 2014). Furthermore, if one
looks at Italy, it is also possible to focus on the floristic-vegetational variety and on the diffusion
of nomadic techniques, which make it possible to hold the record for the number of unfloral
honeys (Oddo L. P., Piana L. 2007), which have always been considered higher value than the
more common millefiori. In fact, Italy holds the world record for honey varieties: it has over 50
(ISMEA 2019).

1.5 COUNTERFEITING AND FOOD SAFETY

1.5.1 FOOD FRAUDS

Food fraud is a set of actions that do not comply with current legislation, perpetrated in the
production and marketing of food products. It is usual to distinguish fraud into two large groups:
commercial fraud (foodstuffs different from those declared in terms of origin, provenance,
quality or quantity) and health fraud (food dangerous to public health because it is poisoned,
adulterated or counterfeited). As far as commercial fraud is concerned, these can be voluntary
and involuntary and can be classified according to the following types:

» adulteration: modification of the natural composition of the food by subtracting useful elements
or by adding lower quality materials;

« counterfeiting: partial or total replacement of substances different in quality and quantity from
those that normally contribute to forming it;

« sophistication: addition of foreign substances to its composition with the aim of improving its
appearance or covering its defects;

« alteration: modification of the chemical-physical and/or organoleptic characteristics due to

spontaneous degenerative processes.
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Honey for human consumption, according to article 4 of Legislative Decree 179/2004, must not
undergo the addition of any food ingredient or other product that is not honey. Furthermore,
honey must not contain organic and inorganic substances extraneous to its composition and must
not have an anomalous taste or smell, have started a fermentation process and have been heated
in such a way as to destroy or inactivate its natural enzymes.

A very common fraud in honey concerns the addition of exogenous sugars. This can happen
directly or through bee feeding. The substances used are mainly sucrose and sugary syrups
produced from corn starch or other cereals by enzymatic hydrolysis which transforms the sugars
so as to obtain a high fructose content (Soares et al. 2017; Tosun 2013).

In the specific case of honey, adulteration commonly sees the addition of sucrose and sugary
syrups directly into the honey. Syrups have different compositions according to the processes
they have undergone and their intended use: some are very similar to honey (HFC = high
fructose corn syrup), others differ in the high glucose or dextrin content. In other cases, aromatic
substances are added to emphasize certain aromas rather than caramel to make it more similar to
honeydew honey (Contessi 2016).

When the product is subjected to actions that result in a new product, using substances other than
those that should be present in the original product, a counterfeit occurs. The most frequent
counterfeits in honey concern, in the case of false geographical indications, both the country of
origin (mandatory level) and the territorial origin (optional level). According to the latest report
carried out by the ICQRF, 5,200 kg of honey that did not comply with the regulations was seized
in Italy in 20109.

Another counterfeiting activity of honey is heating treatments. According to Codex Alimentarius
standards, honey must not be subjected to any term treatment to the extent that it causes
alterations in its essential composition and qualitative characteristics (Directive 2001/110/EC;
FAO 2001). One of the reasons why honey is heated is to increase its fluidity during processing.
Moreover, since consumers erroneously associate crystallised honey as being of inferior quality,
some producers perform a heat treatment in order to dissolve the crystals and eliminate air
bubbles so as to delay the start of crystallisation for at least 12 months.

Honey owes its special characteristics to the presence of multiple 'minor compounds' -
thermolabile and unstable over time - that derive directly from flowers and bees and that confer
special properties such as aroma, taste and biological properties. Legislation recognises this
prerogative and sets maximum values of hydroxymethylfurfural (HMF) and a minimum value of

diastasis index as parameters for the qualitative integrity of honey.
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1.5.2 FOOD SAFETY AND TOXIC CONTAMINATION
RESIDUES AND CONTAMINANTS IN HONEY
The chemical composition of honey, more than any other food, is closely influenced by the

production environment, where by environment all the factors that compose it must be
considered, including possible sources of pollution. The peculiar behavioral and biological
characteristics of bees make honey particularly exposed to the presence of polluting substances
(Contessi 2016), so much so that there are many authors who consider the bee as a valid
bioindicator of the state of pollution of a given territory (Quigley, Amdam, and Harwood 2019;
Skorbitowicz, Skorbitowicz, and Ciesluk 2018). In fact, each beehive has thousands of foragers
which are renewed cyclically, and which take numerous substances such as nectar, pollen, water,
honeydew and propolis from the surrounding area, including distances of up to 3 km from the
hive. Furthermore, it intercepts and carries the particles in atmospheric suspension during the
flight and then return to the hive (Contessi 2016). Polluting substances from the environment
such as pesticides, heavy metals, radionuclides, polycyclic aromatic hydrocarbons or dioxins
represent a serious risk to the health of consumers and their monitoring is extremely necessary
especially if we consider that honey is a product used in human nutrition.

For "organic" products, compliance with the indications present in the relative production
specification is added to the parameters of the law (Soares et al. 2017). Furthermore, Regulation
1829/2003 states that there is an obligation on the part of the producer to declare the presence of
GMOs on the label if the maximum permitted threshold of 0.9% is exceeded. Furthermore,
according to Reg. 834/2007, with reference to organic production, GMOs are incompatible with
the concept of organic production, which is why they should be totally absent. However, in the
case of honey, since bees also travel long distances in their search for raw materials, the
possibility that pollen from GMO plants is transported is very frequent. The greatest risk occurs
above all in those honey-producing countries where the cultivation of GMO plants is authorized,
such as Spain, France, Portugal and Romania in the European Union (Soares et al. 2017).
Furthermore, if we consider that the European honey market satisfies just 40% of the needs and
that most of the imports come from countries with large extensions of GMOs (Latin America and
Asian countries), it is indicative to say that before marketing, honey produced in these countries

should ideally be tested.
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PESTICIDE RESIDUES
The European Union (EU) has established, in order to protect human and animal health,

maximum residue levels (MRL) of plant protection products in the composition of all foods
intended for human and animal consumption. The possibility that pesticide residues are found in
foods is linked to their solubility and their biodegradability. The most relevant consequences that
pesticide residues can cause in the consumer are those related to chronic manifestations, often
connected to the ability of these substances to accumulate and give rise to a sum of effects. For
honey, the reference legislation is represented by Reg. (EC) 396/2005 concerning the maximum
limits of pesticide residues in or on food and feed products of vegetable and animal origin. The
legislation establishes for all the active ingredients that make up plant protection products that
the maximum limit of 0.01mg/kg (10ppb) (Engwa et al. 2019) while specifically for honey,
Directive 96/23/EC establishes specific limits for pyrethroids (50 ppb), organochlorines (5 ppb)
and organophosphorus (10 ppb). The EU has set up a special database that is continuously
updated where the maximum permitted levels of pesticide residues are present for each
authorized active ingredient.

HEAVY METALS

"Heavy metals" can be defined as metallic elements that have a specific density higher than 5
g/cm3 and a higher atomic weight which is generally higher than 10. These are represented by
Antimony, Tellurium, Bismuth, Tin, Selenium, Thallium, Gold, Arsenic, Gallium, Cadmium,
Chromium, Cobalt, Copper, Iron, Lead, Mercury, Manganese, Nickel, Platinum, Silver,
Uranium, Vanadium and Zinc. Some metals, such as iron (Fe), zinc (Zn), chromium (Cr), copper
(Cu), cobalt (Co), molybdenum (Mo) and manganese (Mn), perform important biological
activities but, if they exceed safety, they can show toxic effects (Codex Alimentarius). Others,
however, such as Arsenic (As) Lead (Pb), the methyl forms of Mercury (Hg) and Cadmium (Cd),
even in small concentrations can have deleterious effects on human health. A phenomenon that
most heavy metals have in common is their ability to accumulate in the body. In the case of lead,
it is transported by red blood cells to the liver and kidneys to then be redistributed to the teeth,
bones and hair, in the form of phosphate salt (Engwa et al. 2019). Cadmium initially binds to
blood cells and albumin and, by binding to metallothionein’s, accumulates in kidney and liver
tissue. Arsenic accumulates in the heart, lung, liver, kidney, muscle and neuronal tissues, as well

as in the skin, hair and nails.

The major problem of these elements is given by their lasting resistance in the environment

being almost indestructible by nature. For this reason, their dispersion causes a large
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accumulation in environmental substrates which leads to the presence of high concentrations of
metalloids especially in plant products, since they draw sustenance from all three environmental
matrices (soil, air, water). The concentration of heavy metals in the specific case of honey
therefore depends on the botanical and geographical origin and on the sources of pollution that
occur in the place of production (agro-chemical substances, industrial foundries, vehicular
traffic, petrol- and chemical industries, etc..) or due to incorrect production practices. (Pinzauti,
M. 1998) reported a higher concentration of lead in honey from a permanent apiary located near
a highway. Weather conditions can also affect the heavy metal content. High temperatures and
dry climates, in particular, favor the increase of pollutants in the hives due to the absence of
"leaching™ of heavy metals from the flowers (Conti et al. 2007).

For honey there is no legislation that specifies the content of heavy metals in honey except for
Regulation (EU) 2015/1005 where only for lead it sets the limit at 0.10 mg/kg of honey.

1.5.3 HONEY TRACEABILITY
The globalisation of markets, the diversification of food products and the increased awareness

assumed by consumers with regard to food safety have led to a growing attention in public
opinion towards the origin of food products (Carmen Gigliotti 2007). In fact, issues such as
‘traceability’, 'quality control', 'typical product' or 'organic product' are particularly topical,
requirements that are sought not only to certify the quality or distinctiveness of a product but
also to protect public health. Transparency regarding origin has therefore become a fundamental
component of food quality and safety, and thus a valid element of competitiveness on the
national and international market. In the case of honey, in particular, this is even more evident
due to the highly competitive market due to the availability of a wide range of honey varieties
with very individual quality characteristics that require their authentication. The possibility of
tracing the origin of honey is a key aspect in protecting consumers and producers from
fraudulent practices. The market value of honey is in fact linked, especially for monofloral
honeys, to its botanical, geographical and process origin, which are the main determinants of its
quality characteristics. Although uncommon, the frauds most commonly perpetrated in honey
are: misrepresentation of the origin on the label, adulteration (addition of foreign sugars,
flavourings or other substances), mixing of the more expensive and valued monofloral honeys
with cheaper mixed-flower honeys.

Monofloral, PDO and PGI honeys are among the most vulnerable to fraudulent practices due to
their higher commercial value. During the marketing phase, it is also important to implement an
information system that allows the consumer to recognise and evaluate the product, preventing

deception and fraud on the denomination (Leida, Della Valle, and Piana n.d.; Persano Oddo and



35

Piro 2004). No less important are the health and hygiene aspects established at European level
and by Codex standards. In this regard, it is useful to classify honey traceability according to the
control objective: traceability of production and/or process; traceability of origin, both
geographical and botanical.

The purpose of process traceability is to identify any adulteration and/or transformation
processes that do not comply with the regulations in force. It therefore investigates the various
stages of honey production and the extraction and transformation processes, which represent a
critical point in guaranteeing a healthy finished product free from fraudulent practices. While
traceability of origin is aimed at discriminating honeys according to their geographical and
botanical origin. The botanical and geographical origin of honey is decisive in defining its
qualitative and product characteristics. Monofloral honeys, compared to multifloral honeys, are
more appreciated by consumers because of their particular organoleptic, biological and chemical-
physical properties. For this reason, the former is among the most susceptible to fraud, also
because their commercial value is generally higher than their counterparts. Honey traceability
can be distinguished into botanical and geographical. Botanical traceability refers to the
possibility of tracing the botanical species that have contributed to the composition of a certain
type of honey with the aim of protecting producers and consumers from misrepresentation.
Geographical traceability, on the other hand, aims to establish the production area of a given type
of honey. The production area is a not insignificant aspect, especially if one considers that the
declarations of origin on the label are an important aspect both from a food safety and a purely
commercial point of view. In fact, there are certain production areas that are more favoured by
consumers as synonymous with quality and safety. Tracing the geographical origin, therefore, is
a traceability aspect of priority importance. The production area also contributes to determining
the quality characteristics of honey. In this respect, it is not possible to establish absolute and
immutable quality rankings on the basis of geographical origin, but it is certainly clear that there
are relatively constant differences, recognisable both at organoleptic level and in terms of
composition, which make products of different geographical origins not equivalent to one
another. The production area certainly influences the botanical origin but there are other factors
linked to the territory that can influence honey, such as the type of soil, production techniques
and different human activities that can have negative effects on the healthiness of the product
(Persano and Lucia n.d.; Persano Oddo and Bogdanov 2004). To the objective and analytically
verifiable differences must be added, as already mentioned, those of image that make consumers
prefer one product to another even without knowing their objective characteristics. Today, in
fact, the concept of quality is associated with the typicality of the product; where ‘typicality’

means a physical place to which is linked a production tradition
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established over time and referring to a specific territorial context. In this regard, the 'quality
marks' (PDO, PGI and TSG) of food products in the EU were created with the precise aim of
protecting the identity of these productions. For honey, some typical examples concern the
Spanish PDO 'Miel de Granada', the Greek fir honey 'Menalon’ or in Italy the PDO 'Miel
Varesino', 'Honey from Lunigiana’, 'Honey from the Belluno Dolomites' or the Amalfi Coast
lemon honey. In addition, the regulatory framework on honey provides for two levels of
geographical denomination, one voluntary and the other compulsory, to which is linked the

problem of establishing its veracity.

1.5.4 METHODOLOGIES USED TO VERIFY THE QUALITY AND TRACEABILITY OF
HONEY

For the determination of the botanical and geographical origins of honey, different methods have
been developed, applied and evaluated over the last decades. It must be underlined that between
botanical and geographical origins there is often a strong relationship; some nectareous plant
species are strictly related to a specific geographic area (e.g., the Mediterranean basin), making
rather easy the identification of the geographical origin of the honey looking at its botanical
composition, or at the most to reduce the number of possible origins (Joveti¢ et al.
2017a)(Trifkovic¢ et al. 2017).

Composition, physical and organoleptic properties of honey depend mainly on the types of
flowers or plant/insect secretions gathered by the honey bees. In principle, different types of
honey having different chemical profiles should be rather easy to distinguish, and to identify.
However, in some circumstances, the chemical profiles of different monofloral honeys are
similar, making the discrimination work difficult (M.S. Rodriguez-Flores et al. 2019). To
identify the origin (botanical and/or geographic) of the honey, is an issue of the traceability
which main goal is tracing the history of a food product from the source (i.e., the hive) to the
consumer.

in recent years the study of the traceability of honey is evolving in the search for increasingly
reliable, accurate, economic and fast methods suitable for standardization (Laube et al. 2010;
Soares et al. 2015; Valentini, Miquel, and Taberlet 2010). Below are described briefly the main

methods used to trace honey.

Melissopalynological analysis
Melissopalynology, one of the most affirmed methods for honey identification, is based on the
analysis of the pollen grain naturally occurring in honey. A microscopic analysis if performed

identifying all the component of the so-called pollen spectrum, which can be compared with
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already known pollen spectra (Anklam 1998). The strength of this method is that it
unequivocally provides some important information about the nectar source, giving evidence of
the botanical origin of a honey sample (Corvucci et al. 2015; Von Der Ohe et al. 2004). In
addition, this method is a valid choice for the geographical fingerprint of the honeys in case of
areas with a site-specific melliferous flora (Anklam, 1998). Through the melissopalynological
analysis, honey can be classified as monofloral if the characteristic pollen (i.e., the pollen
granules referable to a specific botanical species) exceeds a specific threshold, usually expressed
as percentage of the total pollen amount (Louveaux, Maurizio, and Vorwohl 1978).

Though a well-recognized method for honey typing, melissopalynology brings with it also some
disadvantages, such as (Molan 1998; Von Der Ohe et al. 2004): 1) the considerable amount of
experience asked to the analyst, 2) the seasonal variability of the amount of pollen grains, 3) the
lack of a sufficient amount of pollen grains due to filtration processes, or 4) pollens can be added
fraudulently or added involuntarily by the bees themselves, that is, pollen of flowers that the bee
has not visited directly, but which can accidentally ends up on its body. In this respect, the risk of
air contamination where the honey is managed must also be considered (Corvucci et al. 2015).
Physical-chemical parameters

Physio-chemical profiling of honey mainly concerns sugars’ content, acidity, humidity,
conductivity, pH, colour, enzymatic activity and some specific chemical markers. Each physical-
chemical trait has a different discriminatory value for each group of floral honeys. In general, the
minimum/maximum values are used as diagnostic tools rather than the average values (Devillers
et al. 2004; Kadar et al. 2011; Kavanagh et al. 2019).

Bioactive compounds content

Honey is a natural antioxidant food, with many beneficial properties (Aljadi and Kamaruddin
2004; Chua et al. 2013). The different geographical and botanical origin of honey leads to
variable content of phenolic compounds and different antioxidant properties (Dzugan et al.
2018). Overall, the botanical origin of the honey has the greatest influence on its antioxidant
activity, while processing, handling and storage affect honey antioxidant activity only to a minor
degree (Attali et al. 2007; Beretta et al. 2005; Bertoncelj et al. 2007).

Mineral profile
Normally the mineral content in honey is between 0.02% and 1%. Potassium is the one most

represented. Different honeys are characterized by different mineral profiles, which, together
with other types of analysis (e.g., physicochemical) can potentially be used to discriminate them
botanically and/or geographically (Bergamo et al. 2018; Joveti¢ et al. 2017a; Maria Rizelio et al.
2012).
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Chemical-physical properties evaluable through spectroscopy/spectrometry

The advantage of using some spectroscopic techniques on honey samples lies in their low
invasiveness and their suitability to work with non-manipulated samples (Minaei et al. 2017). A
promising approach in this field is the VIS-NIR hyperspectral imaging, a technique that involves
both spectroscopy and the use of digital imaging (Minaei et al. 2017; Schaepman 2007).

The rapid evaporative ionization mass spectrometry analysis (REIMS) is a form of ambient mass
spectrometry, which was initially used for in situ real-time analysis of tissue samples for medical
and surgical purposes (Balog et al. 2010; Wang et al. 2019). REIMS has more recently been used
in food analysis applications, also for food safety purposes (Connolly, Wallace, and Stead 2016;
Wang et al. 2019).

Another possibility to get reliable origin information of honey samples lays in their stable
isotopic abundance measurable through the Isotope Ratio Mass Spectroscopy (IRMS). The main
application of this techniques was for the identification of honey adulteration by exogenous
sugar sources (Magdas et al. 2021; Zhou et al. 2018).

Omics approaches

In the last decade, some studies have been carried out on the omics sciences, with particular
attention to the metabolomic and genomic approaches. As for the metabolomic methods, these
all concern the analyse of the metabolites, targeted and untargeted, in a quantitative or qualitative
way (Cajka et al. 2016; Cevallos-Cevallos et al. 2009; Cubero-Leon, Pefialver, and Maquet 2014;
Koulis et al. 2021), and their usefulness has been proven in food traceability, and against fraud as
well. Among these techniques, there is the analysis of the amino acid profile of honey. Infact
also the variation of the amino acid profile could be used to determine the geographical and
botanical source of a honey (Anklam 1998).

The Nuclear Magnetic Resonance Spectroscopy (NMR) can be used for metabolomic purposes
allowing the identification of chemical compounds occurring in food even simultaneously
(Consonni and Cagliani 2019; Siddiqui et al. 2017). As for the applicability of NMR to
investigate the geographical origin of honey, its botanical origin, and possible adulterations,

there are currently different types of use (Schievano et al. 2019).

Melissopalynological analysis is currently the most used method to investigate the geographical

and botanical origin of honey, and it is standardized according to specific protocols such as the
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ISO method N. TC34/SC19. However, over the last ten years, other analysis methods have been
integrated because bibliographic research has shown that a single parameter is not sufficient to
trace the origin of honey. As a result, a series of methods are increasingly used in combination,
the most reliable of which combine data from different parameters (multicomponent analysis),
especially with current statistical data evaluation techniques. The new frontier concerns
methodologies aimed at reducing analysis times, experience and personnel, automating processes
and obtaining more accurate results. Genomics and other "omics" sciences seem to have
interesting prospects, but preliminary digitization and cataloging of plants are necessary. At the
moment, these methodologies seem to be limited and dependent on other verification methods,
including melissopalynology, losing the advantages of speed, accuracy, simplicity and cost. In
the future, for economic, time and cost savings, analyses will be needed that deal with the control
of honey adulteration, its origin, authenticity and typicality. Finally, the standardization of the
main analysis methods would lead to data homogeneity, more effective product traceability, and

simpler data interpretation (Danieli and Lazzari 2022).
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2 THESIS STRUCTURE

This paper addresses some of the major problems currently affecting the world of beekeeping,
both from the perspective of the producer and the consumer. On the producer's side, the study
focuses on the development of alternative methods of integrated pest management. On the other
hand, the analysis of the traceability of the geographical origin of monofloral honeys has been a
central focus of the research. This study is derived from work conducted as part of the European
project PRIMA PLANT B. The objective of this project is to develop an innovative and
sustainable agricultural system that combines two important Mediterranean crops, such as citrus
and aromatic/medicinal plants (AMPs), with high-value livestock, such as honeybees (Apis
mellifera L.). This system aims to ensure high yields in terms of food production and ecosystem
services like pollination and biological control.

Specifically, this thesis work is based on two work packages:

1. WP2 - Development of biological control tools and integrated pest management (IPM) for the
control of pests in citrus, AMPs, and honeybee colonies.

2. WP5 - Assessment of pesticide residues in citrus production, determination of quality, safety,

and traceability specifications in honey production in the PLANT-B breeding system.

Regarding WP2, the study focuses on the proper management of varroa parasitosis through the
development of an IPM strategy that incorporates different strategies and interventions based on
treatment types. The objective of this study was to apply an IPM approach to control varroa
mites, using Mussi® space hives and organic acids, specifically hop beta acids and hop alpha
acids (case studies 1-2). The efficacy of these hop acids on varroa mortality and bee survival has
not been extensively studied. Laboratory tests were conducted to determine the most effective
concentration, followed by field tests comparing Mussi® space hives and regular space hives to

assess any additional effects on varroa drop.

In the case of WP5, the aim of the study was to investigate the geographical origin
discrimination of citrus honey (case study 3). Citrus honey, produced from the nectars of various
Citrus species, is highly popular in the Mediterranean region. It exhibits a nearly colourless to
straw yellow colour in its liquid state, while in the crystalline state, it appears white, sometimes
pearly, or light beige. Citrus honey's aroma is characterized by the presence of caffeine.
Monofloral citrus honey typically contains a relatively low percentage of citrus pollen, usually
not exceeding 10% of the total pollen. To establish an effective methodology for geographic

discrimination of these honey samples, the study combined the analysis of the mineral profile of
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Citrus spp. honey from three Mediterranean countries (ltaly, Greece, and Egypt) and three
different harvest seasons (2020-2021-2022) with the analysis of physicochemical parameters and
carbon and nitrogen isotope ratios. The data obtained were evaluated based on European
guidelines for honey quality (moisture, pH, electrical conductivity, free acidity, and colour) and
food safety standards (lead concentration < 0.1 mg/kg). For other data, particularly potentially
toxic elements for which no specific European directives indicate limits (such as As, Cd, Cr, and
Hg), a comparison was made with existing literature on the elemental profile of citrus honey
produced in the Mediterranean basin. The objective of this study was also to assess whether the
combination of these analysis methods can effectively discriminate the geographical origin of the
honey samples, identifying which elements or correlations provide the best discrimination.

The results obtained from three different studies will be presented: the first focuses on the
efficacy of hop beta acids in a controlled environment and in the field, in combination with
Mussi® space hives; the second examines the efficacy of alpha hop acids, previously tested in
the laboratory and then in the field; and the third presents the findings of the analysis conducted

on citrus honey samples from countries in the Mediterranean basin.
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3. IPM METHODS BASED ON HOP ACIDS AGAINST THE
VARROA DESTRUCTOR

The western honey bee (Apis mellifera L.)(HB) plays an important role both economically and
culturally in many countries of the world, contributing to the agricultural sector not merely under
a productive point of view, but also through the pollination of many agricultural crops (Bartlett
2022; Berry et al. 2021; Manzano Sanchez et al. 2021). However, there are several threats that
hamper the productivity of the beekeeping sector and the health of the HB colonies causing their
decline, a phenomenon that has increased word-wide in recent decades (Paudel et al. 2015;
Simon G Potts et al. 2010; Shumkova, Balkanska, and Hristov 2021). Among various pests, the
ectoparasitic mite Varroa destructor (Anderson and Trueman 2000a) is the major parasite of the
HBs, which has been reported causing yearly dramatic losses of bee colonies (Annoscia, Del
Piccolo, and Nazzi 2012). In fact, it has been shown that varroosis can cause the collapse of bee
colonies. It is also estimated that in Europe, varroa mite (VM) infestation can lead to an increase
in winter mortality of bee colonies of 15% (Brodschneider et al. 2018; Gray et al. 2020; Reams,
Rangel, and Lopez-Uribe 2022). The VM parasitosis is also related to changes in strain diversity
within the Deformed Wing Virus that are likely related to increase the viral load of HB colonies
(Annoscia, Del Piccolo, and Nazzi 2012; Martin et al. 2012). At present, the control of VM is
one of the most difficult challenges for beekeepers (Allabergenova, Turganbayeva, and
Nurseitova 2021; Bahreini et al. 2020; Pietropaoli and Formato 2019a; Ward, Coffey, and
Kavanagh 2022). This is partly due to the limited use that can be made of veterinary drugs such
as acrinathrin, flumethrin, fluvalinate, amitraz, coumaphos, cymizole, but also to the ability of
the parasite to develop anti-acaricidal resistance (Ivana Smodi3 Skerl et al. 2021; Rademacher,
Harz, and Schneider 2015). At the same time, other factors that can alter the effectiveness of
acaricidal treatments, such as seasonality, active ingredients used, and health status of the bee
colonies must be taken into account (Giacobino et al. 2015). This dramatic situation highlights
the need for a different and integrated approach for the management of VM that includes an
increasingly usage of organic acids (formic acid, oxalic acid, lactic acid) and essential oils
(Bahreini et al. 2020) which, overall, pose low risks of residue accumulation and mite-resistance
(Bogdanov et al. 2002; Norberto Milani 1999). However, such natural substances have some
limits of applicability such as the treatment period or the variable efficacy (Lodesani and Costa
2008; Maddaloni and Pascual 2015; Pietropaoli and Formato 2019a).

In particular, oxalic acid appears to be one of the most widespread and effective substances used
by beekeepers, but at the same time it has some limits of effectiveness (Llorente and Suarez

1999; Rademacher and Harz 2006). In addition, it has been shown that some oxalotrophic
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actinobacteria in association with VM can cause the degradation of oxalic acid with consequent
loss of toxicity to the mite itself (Maddaloni and Pascual 2015). Among the natural compounds
that are being studied, few researches (DeGrandi-Hoffman et al. 2012, 2014; Moskri¢ et al.
2018; Rademacher, Harz, and Schneider 2015; Vandervalk, Nasr, and Dosdall 2014) have
focused their work on the efficacy of beta and alfa acids from hop (Humulus lupulus L.), which
are weak organic acids repelling some parasites such as the hop aphid (Phorodon humuli
Schrank) (Jones et al. 2003), and are not toxic to humans (DeGrandi-Hoffman et al. 2012). Hop
acids are widely used in the food sector, with a main role in the production of beer (Almaguer et
al. 2014; Karabin et al. 2016). In recent years there has been an great attention on alternative
methods for the containment of VM infestations of HBs. These methods are conceived to
enhance the VM fall (Manino and Patetta 2004; Poonia, Gulati, and Sharma 2009), to
mechanically remove the VM (icing sugar, male brood removal) (Macedo, Wu, and Ellis 2002;
Wantuch and Tarpy 2009), or hinder the reproduction of the mite (reduced the cell size, selection
of resistant/tolerant genotypes) (Piccirillo and De Jong 2003; Rinderer et al. 2010). There is
today wide agreement on the fact that the best strategy to be implemented for the mitigation of
parasitic VMs should be based on a management program based on multiple tactics and
activities, known as Integrated Pest Management (IPM)(Underwood and Lopez-Uribe 2019).
IPM is an ecological and sustainable approach to pest managements, which involves a program
of interventions over the course of a season/year (Jack and Ellis 2021b; Rice, Winston, and Higo
2004). These interventions can be carried out using organic acids or chemical compounds, in

combination with alternative mechanical methods (Calderone 2005).

In this context, the aim of the present studies was to apply an IPM approach to the fight against
VM consisting of the use of wider-spaced hives and hop beta acids and hop alfa acids applied
topically in the bees, tested first in the laboratory with bees taken from hives with a high VM
infestation and then in the field. The field tests were aimed at assessing whether this approach

actually had an impact on VM mortality and was tolerable by the bees in terms of hive survival.
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3.1 HOP BETA ACIDS TRIALS (CASE STUDY 1)

Material and methods

The efficacy of hop beta acids was preliminarily tested in the laboratory at different
concentrations and solubilized in ethanol or acetic acid. Once all the solutions had been tested,
moving the activities to the field, the concentration that had yielded the maximum in terms of
VM and tolerable for HB was tested. The field test was foreseen on Mussi® space and regular
space hives, in such a way as to be able to evaluate whether the type of hive, with the same

treatment, could have an additional effect on the fall of varroa.

Chemical and reagents

For laboratory and field treatments, solutions based on Beta Rich Hop Extract 40% (with 20%
Propylene Glycol and 1,5% hop oils) (Hopsteiner, Germany) (HBA) dissolved in 96% ethanol
(EtOH) (Carlo Erba Reagents, Italy) or acetic acid (Carlo Erba Reagents, Italy) were used.
Oxalic acid dihydrate 99.5% (OA)(Carlo Erba reagents, Italy) was used as a control. As needed,
both the HBA and OA solutions were dissolved in 50:50 (w/w) sugar syrup (SS50) with 0.4%

citric acid (99.8% purity) (Carlo Erba reagents, Italy) to promote the sucrose inversion.

Laboratory trials

Three consecutive trials under controlled conditions (34 = 1 C°; 72 + 1% RH) were carried out.
The caged bees were placed inside a Carbolite incubator (Carbolite Gero Ltd, UK) and
temperature and humidity were monitored with a TESTO 175H (Testo SE & Co., Germany)
datalogger. The HB used were collected from the Plant-B apiary located at the Experimental
Teaching Farm “N. Lupori” (Tuscia University, Viterbo, Italy) (42.4271454°E, 12.0796127°N,
302.2 m EASL) from two different hives, which had an average varroa drop value/24h of 88 VM
in the week prior to the start of activities. Emerging HBs (0-24h old) were used. An A. m.
ligustica Spin. queen was caged in a queen-excluder frame cage (Fig. 1) and left to lay inside her
hive. About four days before the emergence of the first young workers, the brood comb was
moved to the incubator inside a net cage (Fig. 1) provided with SS50 and tap water ad libitum, so
to avoid the starvation of the bees. Once the comb began uncap, every 24 h the bees were
individually captured with a battery vacuum cleaner (Fig. 1), and caged in 75 cm? flasks for cell
culture (Corning Incorporated, USA) in which six 4.5 mm holes were drilled for positioning

syringes for feeding and for gas exchange.
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Figure 1 The materials used for collecting bees for laboratory tests. On the left, the queen-excluder frame cage, in
the center the vacuum cleaner for collecting young bees, on the right the net cage equipped with 1 mL syringes for
sugar syrup and water.

Caged bees (35 + 1 per cage, three cage per treatment) were submitted to an experimental
scheme including: 6% OA (w/w) in water as a positive control, tap water as negative control,
five treatments with HBA at concentrations of 0.125, 0.25, 0.5, 1, and 2% (w/w) in acetic acid
(ACOH). A second set of HBA treatments at the same concentrations, but dissolved in EtOH,
was set up. The hoice to dissolve HBA in EtOH or in ACOH was dictated by the difficulty of
dissolving the HBA in water or in SS50. Through preliminary solubilisation tests, EtOH and
ACOH were found suitable to dissolve the HBA that, in its original state was similar to a very
thick molasses. Aliquots of 2.0 g of HBA were weighted in 25 mL centrifuge tubes; then 16.0
mL of ethanol or acetic acid and 2 mm diameter borosilicate glass beads (SIGMA ALDRICH,
Germany) were added before vortexing the mixture at room temperature until complete
dissolution (approximately 15-25 minutes vortexing time). Finally, the HBA/EtOH or
HBA/ACOH mixtures were diluted in SS50 to the desired concentrations to be tested. After 24 h
of acclimation, a volume of 56 pL of treatment/control per flask (1.6 uL/bee) was spread on the
bees using a 100 uL pipette (Sartorius AG, Germany). Water and SS50 consumption, varroa mite
death (DVM) and HB death (DHB) were recorded daily. Each test lasted 240 hours. At the end
of each test, the caged bees were frozen and subsequently removed from the cages to be
weighed.
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Apiary trials

The two-years study was carried out from September to October 2021 and 2022 in the Plant-B
apiary. The apiary consisted of twenty Italian-Dadant hives. Ten hives were equipped with
Mussi-type spacers® (45 mm of distance between the centers of the adjacent honeycombs)
(WS), and ten equipped with regular spacers (37.5 mm spaced) (RS). In order to use hives as
much homogeneous as possible as far as colony strength and stores, the number of hives used for
the field test was 16 in 2021 and 14 in 2022, respectively. One HBA treatment per year was
scheduled, at the end of September. Half of the hives in both WS or RS groups were used as a
control (6% OA in SS50). Based on the tests carried out in the laboratory, it was chosen to test in
operative conditions the 2% HBA/EtOH solution diluted in SS50. Unlike DeGrandi-Hoffman et
al. (2012), the acaricidal solutions of HBA and OA were applied by spraying treatment or control
solutions on the bees at a rate of 5 mL/comb.

Before, during, and after the treatment, hive inspections were performed and data on the number
of bee sixths, capped brood and sores (honey, bee bread) were recorded (Imdorf and Berna
1999). In addition, the presence and state of the queen (marked/non marked, other observations),
eggs and larvae in the brood cells were noticed. In-hive mortality (IHM) was assessed by using
the underbasket traps (Porrini 2007) which were checked for dead bees every 7 days for a total of
six weeks. The dead bees and bee parts were collected, counted, weighed, and then frozen for
further evaluations. The VM fall was carried out through 35 x 50 cm adhesive paper sheets
placed just beneath the anti-VM screen of each hive. The sheets were changed every 48 hours for
the first two weeks. In the following fou weeks they were placed once a week for 48 hours.

Mature and immature VM specimen were manually counted.

Data processing and statistical analysis

At the end of the test, the survival rate was calculated, expressed as a percentage based on the
number of bees still living on the tenth day compared to the initial one.

The statistical analysis was performed by the software STATISTICA 10 (StatSoft, Hamburg,
Germany). A General Linear Model were set up as follow: cumulate dead bees (%), consumption
of SS50 and water (ml/day), cumulate VM fall (%), for laboratory trials, and in hive mortality,
VM fall, bee sixths as depending variables, treatment and hive type as categorial factor and

experimental days as co-variable.

RESULTS
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LABORATORY TRIALS

GLM analysis (Tab.1) showed that the phase effect, between before and after treatment was
statistically significant (p<0.05) with respect to the varroa mortality parameter. While the
treatment effect was significant (p<0.05) with respect to the parameter SS50 consumption. The
phase x treatment interactions showed no significant effects. From the three laboratory tests, it
was seen that the greatest impact on VM mortality (DVM%) at 120 hs was the EtOH/HBA_2%
(57 £ 37%) (Fig. 3), very similar to the performance that the OA-based positive control
(OAdiidr_6%/W) had (60 = 38%). Turkey's test showed that all treatments administered had a
statistically significant (p<0.001) greater effect than the water-based negative control, which had
the absolute lowest percentage of dead varroa (21 £ 23%). In contrast, bee mortality (DHB%)
(Fig. 2) was lower in the ACOH/W negative control (45 £ 34) and in the ACOH/HBA_0.125%
(46 + 38%) and EtOH/HBA _1% (48 £ 37%) treatments. In contrast, the treatments that had the
greatest impact on bee mortality were the OAdiidr_6%/W oxalic acid control (65 + 39%), and
the ACOH/HBA 1% (67 £ 40%) and EtOH/HBA _0.25% (67 + 39%) treatments. Talking about
the consumption of SS50 (Fig. 4) during the test, the bees recorded an average consumption of
101.11 £ 86.20 pl during the 120 hs of the test. The bees treated with EtOH/HBA 2% recorded
the lowest consumption (31.20 + 18.00 pl), along with the ACOH/HBA 2% treatments (33.24 +
18.10 ul) and the water-based negative control (40.40 + 23.10 pul) while the EtOH/HBA _0.125%
treatment recorded the highest consumption (192.10 + 109.30 ul). As for water consumption
(Fig. 5), the average consumption was 24.50 = 21.10 pul. Again, bees treated with
EtOH/HBA 2% had the lowest consumption (13.30 + 10.00 pl), along with the
ACOH/HBA 2% treatments (15.01 £ 10.10 pl). Also, the water-based negative control (40.40 +
23.10 pl) and OAdiidr_6%/W-based positive control recorded low bee water consumption

(17.01 £11.20 pl and 17.20 £ 11.10 pl, respectively). At the same time, the bees that consumed
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the most water during the trial were those treated with the ACOH/W-based negative control
(43.40 £ 94.84 pl).

From these evidences, it could be preliminary concluded that the treatments that have had the
best results, that is highest VM mortality with the lowest impact on the bees, were the
EtOH/HBA 2%.This solution was then chosen to be tested in the apiary.

Table 1 Effect of phase?, the treatment on the bees in the laboratory trials

PHASE TREATMENT PHASE x TREATMENT
DHB (cum. count) (%) n.s n.s n.s
DVM (cum. count) (%) <0.05 n.s n.s
Cons. SS50 (cum. vol.) (ul) n.s <0.05 n.s
Cons. water (cum. vol.) (ul) n.s n.s n.s

IPRE and POST treatments;

Figure 2 the effect of the different treatments on the bee’s mortality.
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Figure 3 Effect of the different treatments on the varroa mortality.



49

3]
O

o
<

n
™

o n o n
™ N N —
(%) (unod "wnd) NAQ

HO3
0 VH/HO3

%G2'0 VH/HO3

%G2T'0 VH/HO

M/HO

%2 VYH/HOOV

%T VH/HOOV

%G'0 VH/HOOV

%G2'0 VH/HOOV

%SG¢T'0 VH/HOOV

M/HOOV

M/%9 IPIPYO

d31VM

Different letters affixed above the bars denote mean values significantly different at p<0.001; 2°—p<0.05

Figure 4 the effect of the different treatments on the SS50 consumption.
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Figure 5 the effect of the different treatments on the water consumption
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APIARY TRIALS
Hive inspections

Regarding the analysis on the hive inspections conducted before and after the 2021 field
treatment, the hive type effect was significant (p<0.05) for the stores sixth parameter (Fig 1
supplementary materials). The interactions hive type x experimental phase and experimental
phase x treatment effects, although there was a reduction in stocks after treatment, this did not
appear to be statistically significant. Regarding bee sixth, again, although there was a reduction
in the number of bee sexes present in the hives after treatment, but this was not found to be
statistically significant in any case.

Speaking instead of data collected from inspections conducted before and after the 2022
treatment, the experimental phase (p<0.001) was significant for the parameter regarding the
number of bee sixths (Fig. 2 supplementary materials). Indeed, it is possible to show that the
number of bees present in the hives decreased after the treatments, both HBA-based and OA-
based. In the case of stores sixths, on the other hand, the reduction in the number of sixths in this

case is not statistically significant.
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Combining the data from the two years of treatments (2021-2022) (Tab. 2). The experimental
phase effect and experimental phase x treatment interaction were both found to be significant
(p<0.001 and p<0.05 respectively) for the variable bee sixths. registering a reduction in the
number of bee sixths after the two treatments in the two years of the experiment combined (Fig.
5).

Overall, in no case the treatment effect was statistically significant, indicating a similarity in the

impact the two treatments had on the different colonies.

Table 2 Effect of phase?, treatment and hive type? on the hives inspections in 2021-2022 treatments.

2021-2022 EXP.
INSPECTIONS TRT EXP.PHASE HIVETYPE PHASE*TRT HIVE TYPE*TRT
BEEs (n. of sixths) n.s. <0.001 n.s. <0.05 n.s.
STORES (n. of
. n.s. n.s. n.s. n.s. n.s.
sixths)

!PRE and POST treatments,?Mussi space and Italian Dadant standard space

Figure 6 the effect of the EXPERIMENTAL PHASE x TREATMENT interaction on the bee sixths.
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Regarding the in-hive mortality, statistical analysis of treatments carried out in 2021 (Tab. 1
supplementary materials) showed that the control n. effect was significant (p<0.001) for the
variable dead bees. The interaction treatment x control n. was also significant (P<0.001) for the
same parameter (Fig. 3 supplementary materials). In fact, it can be seen that bee mortality was
stable and did not change from before treatment until the fifth control made with under baskets.
From the sixth control (five controls after treatment), there is an increase in mortality in the OA-
treated hives, a statistically significant increase at Turkey test (p<0.001) compared to the HBA-
treated hives. In contrast, at the last control, while mortality in OA-treated hives remained stable,
there was a greater increase in mortality in HBA-treated hives than in OA-treated hives (p<0.001
by Turkey test). The HIVE TYPE effect did not show statistically significant differences.
Speaking of the statistical analysis performed on the 2022 treatments (Tab. 2 supplementary
materials), the control n. effect was significant (p<0.001) for the dead bees. In contrast to 2021,
after treatment before the third control, bee mortality had an increasing trend, particularly in the
fourth and fifth controls. Bee mortality was found to be increasing especially in OA-treated hives
with a statistically significant difference at Turkey test (p<0.05) with HBA-treated hives. Again,
the hive type effect was not significant.

Finally, talking about the overall statistical analysis performed on the two years of treatments
(Tab. 3), the experimental phase effect (before and after treatment) was significant (p<0.05) on

bee mortality (Fig. 6). All other effects, including HIVE TYPE again were not significant.

Table 3 Effect of experimental phase?, treatment and hive type? on the in-hive mortality during 2021-2022
treatments.

2021-2022 IN HIVE TRT EXP. HIVE EXP. HIVE
MORTALITY PHASE TYPE PHASE*TRT TYPE*TRT
IN-HIVE DEAD BEES
(n/24hs) n.s. <0.05 n.s. n.s. n.s.

'PRE and POST treatments,?Mussi space and Italian Dadant standard space
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Figure 7 the effect of the EXPERIMENTAL PHASE on the in-hive mortality during the 2021-2022 treatment.
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Varroa fall

Speaking of mature and immature VM fall in the 2021 treatments (Tab. 4), the control n. effect
was statistically significant (p<0.001) for both parameters analysed (VM FALL and
IMMATURE VM FALL). Since, the control n. x treatment effects was not significant, it was
evident that the two treatments had the same outcome.

On the other hand, the hive type effect was significant (p<0.05) as far as the VM fall parameter
was concerned (Fig. 4 of supplementary materials), Dadant space hives recounted a higher
varroa fall. The hive type x treatment effects was also significant (p<0.001) on the VM FALL,
with VM fall being greater in D-space hives treated with HBA. In contrast, there were no
significant differences in immature varroa fall in the different type of hives.

Regarding the 2022 treatments (Tab. 5), the control n. effect was statistically significant (p<0.05)
for the VM FALL. As the control n. x treatment effect was not significant like the treatment
effect significant, it was evident that the two treatments had the same outcome. On the other
hand, the HIVE TYPE effect was significant (p<0.001) with regard to the VM FALL parameter,
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and the IMMATURE VM FALL paramenter (p<0.05) the MUSSI-spaced hives found higher
VM and immature VM FALL.

Table 4 Effect of control n., treatment and hive type! on the mature and immature VM fall during 2021
treatments.

CONTROL HIVE CONTROL HIVE
VMFALL 2021 TRT N. TYPE N.*TRT TYPE*TRT
VM FALL (n/24hs) n.s. <0.001 <0.05 n.s. <0.001
IMMATURE VM
FALL (n/24h) n.s. <0.001 n.s. n.s. n.s.

!Mussi space and Italian Dadant standard space

Regarding the 2022 treatments (Tab. 5), the control n. effect was statistically significant (p<0.05)
for the VM FALL. As the control n. x treatment effect was not significant like the treatment
effect significant, it was evident that the two treatments had the same outcome. On the other
hand, the HIVE TYPE effect was significant (p<0.001) with regard to the VM FALL parameter,
and the IMMATURE VM FALL paramenter (p<0.05) the MUSSI-spaced hives found higher
VM and immature VM FALL.

Table 5 Effect of control n., treatment and hive type* on the mature and immature VM fall during 2022
treatments

CONTROL HIVE CONTROL HIVE
beta 2022 control TRT N TYPE N*TRT TYPE*TRT
VM FALL (n/24hs) n.s. <0.05 <0.001 n.s. n.s.
IMMATURE VM n.s. n.s. <0.05 n.s. n.s.

FALL (n/24h)

!Mussi space and Italian Dadant standard space

Finally, talking about the 2021-2022 data (Tab. 6), the control effect was significant (p<0.001)
for both parameters analysed (Fig. 7 and 8) . The hive type x control effect was also significant
(p<0.05) for the VM FALL parameter. No statistically significant difference was found between
the two types of treatments (HBA and OA)
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Table 6 Effect of control n., treatment and hive type* on the mature and immature VM fall during 2022

treatments
CONTROL HIVE CONTROL HIVE
beta 2021-2022 control TRT N TYPE N*TRT TYPE*TRT
VM FALL (n/24hs) n.s. <0.001 <0.05 n.s. n.s.
IMMATURE VM n.s. <0.001 n.s. n.s. n.s.

FALL (n/24h)

IMussi space and Italian Dadant standard space

Figure 8. The effect of the control number! on the mature VM fall during the 2021-2022 treatments.
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Figure 9 The effect of the control number? on the immature VM fall during the 2021-2022 treatment.
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Conclusions

This study represents step toward the implementation of an integrated pest management (IPM)
program to combat Varroa destructor, a major threat to honey bee colonies. Our method, based
on the use of higher spacing hives (MUSSI SPACE) and topical application of hop beta acids,
has shown potential both in the laboratory and in the field.

Field tests were conducted differently from the studies listed above by directly spraying the
treatment on the combs. Results showed that the proposed approach had a significant impact on
varroa mortality, making it a promising strategy for containing infestations of this pest. In
addition, the approach was tolerated by the bees in terms of hive survival, suggesting that the use
of hop beta acids can be implemented in practice without affecting bee health or productivity. In
fact, HBAs were found to be a viable alternative to the use of oxalic acid, as no statistically
significant differences were found between the two treatments in either year of operation.
However, statistical analysis also showed that the use of Mussi space did not make an overall

statistically significant improvement in varroa fall or bee survival.
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Supplementary materials

Figure 1 the effect of the different Hive type space on the bee stores in 2021 treatment.
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M--MUSSI space, D--Italian Dadant standard space.

Figure 2 the effect of the experimental phase on the bee sixths in the 2022 treatment.
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Table 1 Effect of control n., treatment and hive type® on the in-hive mortality during 2021 treatment.

2021 treatment TRT CONTROL HIVE CONTROL HIVE TYPE*TRT

N. TYPE N*TRT
Igl-il_élsv(lilgfl"fs\)[) n.s. <0.001 n.s. <0.001 n.s.

IMussi space and Italian Dadant standard space

Figure 3 the effect of the CONTROL NUMBER? x TREATMENT on the in-hive
mortality during the 2021 treatment.
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Table 2 Effect of control n., treatment and hive type! on the in-hive mortality during 2022 treatments.

2022 IN HIVE CONTROL - HIVE

MORTALITY TRT N HIVE TYPE CONTROL N.*TRT TYPE*TRT
IN-HIVE

DEAD BEES n.s. <0.001 n.s. n.s. n.s.
(n/24hs)

!Mussi space and Italian Dadant standard space
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Figure 4 The effect hive type x treatment on the mature VM fall during the 2021 treatment.
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3.2 HOP ALFA ACIDS TRIALS (CASE STUDY 2)

Material and methods

The efficacy of hop alfa acids was preliminarily tested in the laboratory at different
concentrations. Once all the solutions had been tested, moving the activities to the field, the
concentration that had yielded the maximum in terms of VM and tolerable for HB was tested.
The field test was foreseen on Mussi® space and regular space hives, in such a way as to be able
to evaluate whether the type of hive, with the same treatment, could have an additional effect on

the fall of varroa.
Chemical and reagents

For all the treatments, solutions based on Hexa-Tetra-Blend Hop Alpha Acids (Hopsteiner,
Germany). Oxalic acid dihydrate 99.5% pure (OA) (Carlo Erba reagents, Italy) was instead used
as a control. To dilute the various solutions, a water-sugar solution in a 50:50 (w/w) ratio with
0.4% citric acid 99.8% pure (Carlo Erba reagents, Italy) was used (SS50).

Laboratory trials

In four consecutive trials under controlled conditions (34+1 C°; 72.0+0.6 % RH). The caged bees
were placed inside a PID SYSTEM thermostat (MPM Instruments s.r.l., Bernareggio, ltaly)
inside the laboratories of the DAFNE department of the University of Tuscia, and temperature
and humidity were monitored with a TESTO 175H (Testo SE & Co., Germany) datalogger.

The HB used were collected from the Plant-B apiary located at the Experimental Teaching Farm
“N. Lupori” (Tuscia University, Viterbo, Italy) (42.4271454°E, 12.0796127°N, 302.2 m EASL).
We focused on using young (1-3 weeks) bees. The method described by (Pickard and Kither
1983) was used to separate the adult bees from the young ones. After the division, the bees were
collected using a self-produced tool (Fig.2), composed of a collector with which the bees were
taken, and a narrow exit that allowed the bees to exit one by one allowing the operator to count

the bees collected more accurately.

The bees (32.2+2.2 per cage) were taken from three bee hives with different VM infestation

levels (from 23 up to 412 VM/48 hs) in the week prior to the star of the activity, and caged in 75
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cm? flasks for cell culture (Corning Incorporated, USA) in which six 4.5 mm holes were drilled

for positioning syringes for feeding (based on SS50), water and for gas exchange (Fig. 1).

After collection, and waiting 24 hours of acclimatation, young bees were submitted to an
experimental scheme including: 6% oxalic acid (OAdiidr) in a 50:50 sugar solution (SS50) as the
positive control; SS50 the negative control, and the treatments namely HA at 0.1%, 0.3%, 0.6%,
1%, 2% in SS50. A mean volume of 1.6 pl of treatment/control per bee was spread on the bees

using a 100 pL pipette (Sartorius AG, Germany). Four replicates for each treatment/trial were set

up.

Fig. 1 and 2. On the right, caged bees immediately before the trial. On the left, the self-produced tool for the bee

catching.

The bees were regularly checked at 6, 24, and every 24 hs until 120 hs after treatment. During
the checks, the consumption of water and sugar solution (SS50), the possible presence of dead
bees (DHB) and dead varroas (DVM) were verified, and everything was noted. Four repetitions
of this experiment were carried out. At the end of each test, the bees were frozen and

subsequently removed from the cages to be weighed.
Apiary trial

The study was conducted from September to October 2020 in the Plant-B apiary. The apiary
consisted of twenty Italian-Dadant hives. Ten hives were equipped with Mussi-type spacers® (45
mm of distance between the centers of the adjacent honeycombs) (WS), and ten equipped with

regular spacers (37.5 mm spaced) (RS).

Two treatment per hive were scheduled, at the end of September. Half of the hives in both WS
or RS groups were used as a control (6% OA in SS50). Based on the tests carried out in the

laboratory, it was chosen to test in operative conditions the 0.3% HA solution diluted in SS50 for
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the first treatment, and the 0.6% HA for the second treatment, after a week. Unlike DeGrandi-
Hoffman et al. (2012), the acaricidal solutions of HA and OA were applied by spraying treatment

or control solutions on the bees at a rate of 5 mL/comb.
Hives controls

Before, during, and after the treatment, hive inspections were performed and data on the number
of bee sixths, capped brood and sores (honey, bee bread) were recorded (Imdorf and Berna
1999). In addition, the presence and state of the queen (marked/non marked, other observations),
eggs and larvae in the brood cells were noticed. In-hive mortality (IHM) was assessed by using
the underbasket traps (Porrini 2007) which were checked for dead bees every 7 days for a total of
six weeks. The dead bees and bee parts were collected, counted, weighed, and then frozen for
further evaluations. The VM fall was carried out through 35 x 50 cm adhesive paper sheets
placed just beneath the anti-VM screen of each hive. The sheets were changed every 48 hours for
the first two weeks. In the following fou weeks they were placed once a week for 48 hours.

Mature and immature VM specimen were manually counted.

Data processing and statistical analysis

At the end of the test, the survival rate was calculated, expressed as a percentage based on the
number of bees still living on the tenth day compared to the initial one.

In order to ensure that the parameters which values were percentages could have a normal
distribution for the statistical analysis, the arcsine transformation as described by Zar et al.
(2014) was applied for the following variables: cumulate death bees (%), cumulate VM fall (%).
The statistical analysis was performed by the software STATISTICA 10 (StatSoft, Hamburg,
Germany).

A General Linear Model were set up as follow: cumulate dead bees (%), consumption of SS50
and water (ml/day), cumulate VM fall (%), for laboratory trials, and in hive mortality, VM fall,
bee sixths as depending variables, treatment and hive type as categorial factor and experimental

days as co-variable.

Results and discussion
Laboratory trials

GLM analysis (Tab. 1) showed that the PHASE effect, between before and after treatment and
statistically significant (p<0.001) with respect to the parameter’s bee mortality, varroa mortality,

water consumption and SS50.
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Table 2 Effect of phase?, the treatment on the bees in the laboratory trials

Laboratory trial TREATMENT PHASE TREATMENT*PHASE
DHB (cum. count) (%) 0,180220 0,000000 0,208649
DVM (cum. count) (%) 0,151989 0,000000 0,644122
Cons. SS66 (cum. vol.) (ul) 0,827066 0,000000 0,993800

Cons. water (cum. vol.)

(ki)

0,962361 0,000000 0,917172

IPRE and POST treatments;

From the three laboratory tests, it was evident that the greatest impact in terms of VM mortality
at 120 hs was the 0.3% solution in SS50 (38 + 47%) (Fig.2). HA at 1% and 0.6% were also
found to cause somewhat high VM mortality rates, respectively 34 = 39% and 29 = 37%
(p<0.001) with respect to the positive control of OA (25 £ 37%), with a statistically significant
difference (p<0.001) evidenced by Turkey's test.

Figure 2 the effect of the different treatments on the VM mortality
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In contrast, bee mortality was lower in the HA_0.03% treatment (9 £ 16%) similar to the OA
positive control (10 + 19%) and SS50 negative control (8 £ 10%). THE highest mortality, on the
other hand, was recorded in the HA_0.6% (21 + 27%) and HA_ 1% (19 + 26%) treatments with a
statistically significant difference at Turkey's test (p<0.001) compared with the positive and

negative controls and the HA_0.3% treatment (Fig. 3).

Figure 3 the effect of the different treatments on the bee’s mortality
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Different letters affixed above the bars denote mean values significantly different at p<0.001; *—
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Speaking of SS50 consumption during the test (Fig. 4), the bees recorded an average
consumption of 178 + 106 pl during the 120 hs of the test. Bees treated with HA_1 % recorded
the lowest consumption (162 + 100 ul), while the HA 0.3% treatment recorded the highest
consumption (189 + 109 pl).
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Figure 4 the effect of the different treatments on the nutritive consumption of the bees
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Turkey's test showed no statistically significant differences in water consumption between
treatments (Fig. 1 supplementary materials). The average consumption was 34 + 19 pl. From
these evidences, it can be preliminary concluded that the treatments that have had the best
results, that is highest VM mortality with the lowest impact on the bees, were the 0.3%. This
solution was then chosen to be tested in the apiary. At a later stage, the 0.6% HA solution was
chosen to carry out a second treatment

Apiary trials

Hive inspections

Statistical analysis showed that there was a decrease in the number of bees present (Fig. 4) in the
hives after the treatments were carried out (p<0.001). No significant differences were shown
between the two treatments used. The interaction between treatment and hive type was
significant (p<0.05) for the number of bee sixths (Fig. 2 of supplementary materials). Speaking
of the stocking sixths, statistical analysis showed no significant differences, which means that

there was no decrease in the stocks present in the treated hives.
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Figure 5 the effect of the experimental phase on the bee sixth
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In hive mortality

Regarding hive mortality, the treatment effect was statistically significant (p<0.05), with hives
treated with hop acids having the highest mortality (Fig. 5). The controls effect was significant
(p<0.001) on bee mortality (Fig. 3 of supplementary materials). The interaction between the two
effects (Fig. 6) treatment and controls was also significant (p<0.001). indeed, it is evident that
mortality in treated hives, especially after the second treatment, was found to increase. At the
same time, HA-treated hives recorded the highest mortality only in the second treatment, while

in the first treatment it was the OA-treated hives that recorded the highest mortality.
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Figure 6. The effect of the different treatments on the in-hive mortality
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Figure 7. The effect of the control number x treatment on the in-hive mortality.
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Varroa fall

With regard to VM fall (Tab.2), the treatment effect was significant (p<0.05), with hives treated
with oxalic acid showing greater VM fall (Fig. 7). The CONTROL x TREATMENT interaction
was significant (p<0.001) for both mature and immature (Fig..of supplementary material) varroa
fall. In fact, in both cases VM fall was higher in the first oxalic acid treatment than in the HA
0.3% treatment. In the second treatment, the fall was about the same and not statistically
significant for both treatments. It should be noted how in both cases, in the case of both
immature and mature, the varroa fall after HA treatments, although it did not peak as much as it

did in the oxalic acid-treated hives, was more constant in the post-treatment controls.

On the other hand, with regard to the interaction HIVE x TREATMENT (Fig. 9), this effect was
statistically significant (p<0.001) for both parameters analysed, particularly with regard to the
fall of mature VM, this fell more (p<0.001) in the MUSSI hives treated with OA than in the
same type of hives treated with HA (p<0.001). Similarly, immature varroa (fig... of
supplementary material) also fell more in OA-treated MUSSI hives, but in this case the fall in
DADANT hives was greater in HA-treated hives, although the finding was not statistically

significant.

Table 2 Effect of control number, treatment and hive type? on the mature and immature varroa fall

VARROA FALL TRT HIVETYPE CONTROLN. HIVETYPEXTRT CONTROL N.xTRT

VM FALL (n/24hs) <0.05 n.s. <0.001 <0.001 <0.001

IMMATURE VM FALL
(n/24h)

n.s. n.s. <0.001 <0.001 <0.001

IMussi space and Italian Dadant standard space
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Figure 7. The effect of different treatments on the varroa mortality
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Figure 8. The effect of different treatments on the varroa mortality
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Figure 9. The effect of different hive type on the varroa mortality

22

WM FALL (nf24 hs)
= ]
[+1]

Il OA
HIVE TYPE B HA

Different letters affixed above the bars denote mean values significantly different at p<0.001, ®—p<0.05.

Conclusions

The paper presents a study on the implementation of an integrated pest management (IPM)
program to combat the Varroa destructor. The method involved the use of hives with greater
spacing (MUSSI SPACE) and the topical application of hop alpha acids.

Field tests were conducted differently from the studies previously reported in the literature, by
directly spraying the treatment on the combs. The results showed that the proposed approach had
a significant impact on varroa mortality, however the impact of the alpha acid treatment was
lower than that of oxalic acid, both on mature and immature varroa. The HA-based treatment
also had a statistically significant impact on the mortality of bees in the hive, a mortality rate
higher than that suffered by hives treated with OA. The statistical analysis also showed that the
use of MUSSI space did not result in an overall improvement in varroa drop, but only on hives
treated with oxalic acid. Looking forward, it will be interesting to test hop alpha acids at higher

concentrations, previously testing their tolerability by bees.
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Supplementary materials

Figure 1 The effect of the different treatments on the bee’s water consumption.
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Figure 3. The effect of the control number on the in-hive mortality
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Figure 4. The effect of different treatmens x hive type on the immature varroa

mortality
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different at p<0.001,**—p<0.001

Figure 5. The effect of different treatments x control n. on the immature varroa mortality
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Introduction

Honey is a natural viscous, aromatic and sweet substance produced by the honey bees (Apis
mellifera L.) from the nectar of flowers, usable by humans without having to be transformed
(Bettar et al. 2019). Honey is a complex foodstuff, contains more than 200 different organic and
inorganic compounds (Alvarez-Suarez et al. 2010). Among which, being a type of carbohydrate,
sugars predominate (40% fructose, 30% glucose), water (17%), and in a much lower percentage
with other sugars, carbohydrates, little of vitamins and minerals, and complex patterns of
phytochemicals (Alvarez-Suarez et al. 2010; Kasiotis et al. 2023; Sollid 2020).

Relevant difference in some physical-chemical traits such as colour, electrical conductivity, pH,
moisture content, proline content, HMF content, invertase, diastase activity and free acidity can
help to separate the different kind of honey (Pita-Calvo and VVazquez 2017; Waykar Bhalchandra
2022). Many of these traits, which are also honey’ quality indicators, can depend on several
factors, such as: i) production season; ii) honey harvesting and processing; iii) honey
conservation; iv) botanical composition; v) geographical origin (Al-Mamary, Al-Meeri, and Al-
Habori 2002; Andersen and Markham 2005; Beretta et al. 2005; Bertoncelj et al. 2007; Khalil et
al. 2012; Saxena, Gautam, and Sharma 2010).

Honey contains minerals in percentage that varies according to the type, and the mineral content
can encompass some undesired trace elements (sometimes called “heavy metals”, as lead) which

are relevant marker for assessing the honey quality under the food safety standpoint (Hernandez
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et al. 2005; Solayman et al. 2016). Toxic elements in honey can come from pollution sources
such as industrial plants, environmental disasters, urbanization, anthropic areas or pesticides
usage, and can cause health problems (Bogdanov 2006; Mititelu et al. 2022; Perna et al. 2021;
Solayman et al. 2016). Notwithstanding, the consumers’ expectations for honey as natural,
unmanipulated and high-quality food are usually high. Overall, the authenticity of honey lies on
two main aspects (Bogdanov and Martin 2002): i) according to its origin (i.e., geographical,
botanical); ii) with respect to its description (e.g., natural, organic, raw and unheated). It should
be emphasized that there is often a strong relationship between botanical and geographical
origins; some nectar producing species are closely linked to a specific geographical area, making
it rather easy to identify the geographical origin of honey given its botanical composition, or at

most to reduce the number of possible origins (Trifkovi¢ et al. 2017).

One of the most appreciated honeys in the Mediterranean region is the citrus honey, a honey
produced by nectars of various Citrus species and related hybrids. In the liquid state it is almost
colorless to straw yellow, but it becomes from white, sometimes pearly, to light beige in the
crystalline state (Persano Oddo and Piro 2004). Its aroma is characterized by the occurrence of
caffeine (Jerkovi¢ et al. 2016). In monofloral citrus honey, citrus pollen (highly relevant for the
melissopalinological characterization) is usually underrepresented, reaching a quota of 10% of
total pollens, at the most, unless there are only nectar sources of the genus Citrus genus in the

nectar collection area (Louveaux, Maurizio, and Vorwohl 1978; Mendes et al. 1998).

As far as the botanical origin, in Europe more than 100 botanical species can potentially give
monofloral honeys (Persano Oddo and Piro 2004). Monofloral honey is a food that is often
subject to adulteration, mainly carried out through the fraudulent addition of exogen sugars,
different kind of syrups, or the addition of poor-quality honey (Ballabio et al. 2018; Everstine,
Spink, and Kennedy 2013; Padovan et al. 2003; Zhu et al. 2010). In Europe there is a legislative
frame protecting the quality of honey (Council & European Parliament, 2002; European Council
& European Parliament, 2014), but the importation of honey with qualitative characteristics and
origins different from those set by law and reported on the label is still a major problem. The
problem is particularly relevant for monofloral honeys, which are more expensive and thus
frequently objects of counterfeiting. In general, despite the legislative efforts of the European
Commission, the adulteration of honey in European Union (EU) still appears to be a relevant
issue, quantifiable with a value greater than 14% of the marketed honey in the EU (Aries et al.

2016; European Council and European Parliament 2014).
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For the determination botanical and geographical origin of honey, several methods have been
developed, applied and evaluated in recent decades (Danieli and Lazzari 2022; Fernandez-Torres
et al. 2005; Soares et al. 2017). The honey composition, its physical and organoleptic properties
depend mainly on the types of floral nectars or insects’ sweet secretions gathered by the honey
bees. In principle, different types of honey having different chemical profiles, such as the
mineral profile, should be rather easy to distinguish, and to identify. However, in some
circumstances, the elemental compositions of different monofloral honeys are similar, making
the discrimination work difficult. Likewise, the geographical discrimination of monofloral
honeys with the sole use of the mineral profile can be difficult, due to similarities in the soil and
climatic conditions between the various regions of origin (I.K. Karabagias et al. 2017; M.
Shantal Rodriguez-Flores et al. 2019). However, a large number of studies have confirmed the
possibility of characterizing honey samples by quantifying selected elements in combination
with other physical-chemical traits which allow for significant improvements of the discriminant
power of the analysis (Joveti¢ et al., 2017; Bergamo et al., 2018; Karabagias et al., 2018; Danieli
and Lazzari, 2022). The analysis of isotopic ratios for stable elements (e.g., C, N) is mostly used
to discover fraudulent add of exogen sugars in honey (C. T. Chen et al. 2019; Luo et al. 2016;
Padovan et al. 2003), but some studies in recent years have also proven the validity of the
technique to support the investigation of the geographical and botanical origin of honey
(Bontempo et al. 2017; She et al. 2019). As a single parameter is insufficient to trace the
geographical origin of honey (Danieli and Lazzari, 2022), a number of methods in combination
are routinely to get more accurate and standardized results (Schiassi et al., 2021). In this context
an integrated evaluation of mineral profiling, chemical-physical analysis and isotopic ratios can
be useful for assessing the quality and traceability of the monofloral honeys. In particular by
comparing the data with threshold values indicated by current legislation, such as for example
the threshold value of lead or humidity as regards European legislation (European Council &
European Parliament, 2014). Or compare the data obtained with the data resulting from the

bibliographic research, focusing on the area of origin of the samples.

In this work, the analysis of the mineral profile of Citrus honey, coming from three countries of
the Mediterranean basin (Italy, Greece and Egypt), and from three different harvest seasons
(2020-2021-2022), were associated with analysis of chemical-physical parameters and isotope
ratios of carbon and nitrogen. As a first aim, the quality and safety of citrus honeys were
evaluated against the European legislative frame for honey quality (moisture, pH, electrical
conductivity, free acidity and colour) and food safety (lead concentration). For the other honey
traits, in particular for the potentially toxic elements (i.e., As, Cd, Cr, Hg) for which there are no
European legal limits, a comparison was made with the data coming out of the bibliographic
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research. As the secondary, though not less important, aim of this study was also to evaluate
whether the association of different characterizing analytical methods can be able to discriminate
the geographical origin of the Citrus honeys, in the light of finding which set chemical-physical

traits can lead to the better discrimination.

Materials and Methods
Honey samples

For this research, were used a total of 110 honey samples of citrus honey from the Plant-B case
study areas, of 2020, 2021 and 2022 harvesting seasons, coming from Greece, Italy and Egypt
(Table 1). All the samples respected the national regulatory frames to be commercialized as
“citrus honey”. The honey samples were stored in 50 mL centrifuge tubes or in glass jars away
from sunlight and maintained at a temperature of 23-25 °C. For each harvesting season, samples’
internal traceability was ensured by assigning them univocal codes which included the nation,
the region of origin and the harvesting year.

Table 1 Samples of citrus honey divided by harvesting season, country and region of provenance

Harvesting season Nation Region Number of samples
2020 Italy Sicily 24
2020 Italy Sardinia 4
2020 Italy Campania 6
2020 Greece Peloponnesus 7
2021 Italy Sicily 14
2021 Italy Sardinia 6
2021 Italy Campania 5
2021 Greece Peloponnesus 10
2021 Egypt Qalyubia Governorate 5
2022 Italy Sicily 14
2022 Greece Peloponnesus 10

2022 Egypt Qalyubia Governorate 5
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Phisico-chemical analysis

The physicochemical traits investigated were: free acidity (FA), electrical conductivity (EC),
water content (WC), pH and colour. To determine the FA value of the honey samples the
titration method at pH 8.30 was used according to the method established by the International
Honey Commission (Bogdanov 2009). Briefly, in a 250 mL beaker, 10.00 + 0.05 g of honey,
diluted in 75 mL of NIST Type | water, was kept in slow stirring by means of a magnetic stirrer
during the titration with 0.1M of NAOH until the end-point of pH 8.3, by monitoring the pH
changes with a HI2210 pH meter (Hanna Instruments Italia Srl, Italy) pre-calibrate on two points
(pH 4.01 and pH 10.01) before each analytical session. The EC was measured by means of a
Conductivity Meter (Hanna Instruments Italia Srl, Italy), calibrated before each measurement
session by using a 0.1 M potassium chloride (KCI). Aliquots of 10.00 = 0.20 g of honey was
dissolved in NIST Type | water water up to 50 mL final volume. A refractometer Lega HB90
(Lega Srl, Italy) was used to evaluate the percentual WC of the honey samples. The
refractometer, able to measure the honey WC in the range 10-32%, was zeroed with distilled
water according the manufacturer’s operative instructions. The pH measurement of the samples
under examination was carried out using a pH 5 FOOD Tester Kit (XS Instruments, Italy), after
calibration at pH 4.01 and pH 7.01 before each measurement session. To distinguish the shades
of yellow of the different honey samples, a HI 96785 digital colorimeter (Hanna Instruments
Italia Srl, Italy) was used. Before analysis, the instrument was calibrated with glycerol according
to the manufacturer’s instructions. For crystallized honey samples, it was necessary a heat
treatment at 37 °C for 10 minutes aimed at melting the sample in order to prevent interference
with the bright beam.

Mineral profiling — chemicals and reagents

If not otherwise stated, all the reagents were of analytical grade. Ultrapure water (NIST Type I)
was used for all dilutions and glassware/plastics cleaning procedures. Nitric acid (67-69%) for
trace analysis (VWR International bvba; Belgium) was used both for cleaning all the
instrumentation and for serial dilutions. All glassware and plastics were cleaned by overnight
soaking in 10% HNOs before a final rinse with ultrapure water. Standard stock solutions (1000
mg/L in 2% NaOH) for Pd, Li, Na, Pb, Al, Co, Ni, Ca, K, Fe, Sn were purchased from Carlo
Erba Reagents (Italy); those for Cu, Mg, V, Mn, Hg, As, Cd, Mo, B, Cr were from VWR
International bvba (Belgium).

Mineral profiling - Microwave mineralisation
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Aliquots of 0.70 £ 0.01 g of honey were mineralized with 6 mL of 65% HNOz and 1 mL of
ultrapure water by using a microwave Multiwave GO Plus (Anton Paar Italia Srl, Italy). A
Reagent Laboratory Blank (RLB) was included in each mineralization cycle (1 out of 8 positions
per run). The mineralization program was as follow: a 15-min’ ramp to reach 100 °C; 10 min’ at
100 °C; a ramp to reach 180 °C in 15 minutes; a decreasing 10-min’ ramp to reach the internal
vessels’ temperature of about 40 °C. Before mineralisation, all the samples and the reagents were

handled with non-metallic materials carefully washed with 10% HNO:s.

With the operative aim of avoiding any possible memory effect of one mineralization cycle on
the following one, after each mineralization run a standard cleaning procedure for all the vessel
was performed with 1 mL of ultrapure water in 4 mL of HNO3 by running a 10 min’ ramp up to
an internal temperature of 180 °C, that was then held for 5 min’. Once the cleaning procedure
was completed, the vessels were emptied and then left to dry in a static stove at 65°C for two

hours.
Mineral profiling - Recovery trials

Due to the lack of suitable Standard Reference Material (SRM) to assess the whole-method’
accuracy for the investigated elements in honey, two different SRM from the National Institute
of Standards & Technology (Department of Commerce, USA) were used: i) spinach leaves
(SRM 1570a) for As, Ni, Hg and V; ii) non-fat milk powder (SRM 1549) for Pd, Na, Pb, Al, Co,
Ca, K, Fe, Sn, Cu, Mg, V, Mn, Cd, Mo, Cr. The min and max recoveries were recorded for Mo
(69%) and Rb (132%), respectively the recovery value was then applied to the raw data from the

elemental analysis. Supplementary Table 1).
Mineral profiling — Atomic absorption spectrophotometry (AAS) analysis

The quantitation of the Ni, Na, Fe, Ca, Mg, K, Zn, Rb, and Al concentrations in honey was
carried out by flame atomic absorption spectroscopy (F-AAS), by using an AA 7000 (Shimadzu
Italia Srl, Italia) atomic absorption spectrophotometer equipped with an ASC-7000 autosampler
(Shimadzu Italia Srl, Italia). Acetylene 6.0 pure grade (AirLiquide, Italy) was used as
combustible and compressed air as comburent. For Pb, Mo, Co, Mn, Cd, Cr, Sn, V, Li, Cu the
analysis were performed by graphite furnace atomic absorption spectroscopy (GF-AAS), by
using a GFA 7000A (Shimadzu Italia Srl, Italia) with an ASC-7000 (Shimadzu Italia Srl, Italia)
autosampler. For the graphite furnace operations, argon 6.0 pure grade (Air Liquide, Italy) and
pyrolytic coated graphite tubes (Shimadzu Italia Srl, Italia) with a platform were used. A 100
mg/l palladium solution (Carlo Erba Reagents, Italy) was used as a matrix modifier for the

analysis of Pb and Cd, applying it to all the solutions analysed, blank solutions and standards
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included. The analysis of Hg and As were carried out according to the hydride vapor techniques
(HVG-AAS) by means of a HVG-1 generator (Shimadzu Italia Srl, Italia) linked to the burner of
the F-AAS. For the generation of the hydrides vapor, HCI 67 % (VWR international, Italia),
sodium borohydride 98% and sodium hydroxide 98% (Sigma Aldrich, Italy) were used as
reactants. Multi-element (for Fe, Cu, Mn, Cd, K, Na, Mg, Co, Ca, Cr and Al) or single element
(for Pb, Mo, Ni, Zn, Rb, Sn, V, Li, As and Hg) hollow cathode lamps (Hamamatsu Photonics

K.K., Japan), were used as radiation sources.

The standard solutions used for the AAS calibration were daily prepared by diluting standard
stock solutions of each element to 10 mg/l , and then further diluted in HNO3 (67%) the desired
calibrators (Supplementary Table 2). As far as the elements analyzed by GF-AAS, the serial
dilutions were carried out through the autosampler, and the calibration ranges varied between 0.2
to 100 pg/l with minimum fitting (R?) of 0.995 (Co). For the elements analysed by F-AAS the
calibration ranges varied between 0.06 and 10.00 mg/l with a minimum value of R? of 0.995
(Mg). For those elements analysed by HGV-AAS, the calibration ranges varied from 0.4 to 5.0
mg/l, with a minimum value of R? equal to 0.996 (As). Only for some elements (i.e., Ca, Zn, Co,

Sn and Mo) 2" order calibration curves were used to get satisfying curves’ fittings.
Isotope ratio mass spectrometry (IRMS)

The analysis of the C and N isotopic ratios of the honey samples were performed at the
Laboratory of the Research Institute on Terrestrial Ecosystems (IRET) of the National Research
Council (CNR) of Porano (TR, Italy). Before the analysis, the samples were kept for 5 days in a
freezer at a temperature of -85°C. Subsequently, after placing them in a rack with the cap open,
they were placed in a LIO5P lyophilizer (5 PASCAL S.r.L., ltaly) at a temperature of about -
52°C and a pressure of 0.06 mbar and maintained in the freeze dryer for a week. After that, the
samples were taken and cleaned of any bubbles, possibly formed during their stay in the
lyophilizer, using a special scalpel suitably cleaned passing from one sample to another. Before
carrying out the encapsulation and before IRMS analysis, some test runs were made to test how
much sample to insert in the capsule in order to obtain an acceptable chromatographic peak (i.e.,
2 - 15 nA). This procedure was done both for the analyzes on **C and on '*N. Once the suitable
mass has been identified according on the percentage of analyzed element occurring in the
sample (max 1 mg for carbon and about 6-8 mg for nitrogen), the sample was placed ina5 x 9
mm tin capsule. The capsules with samples, and the appropriate reference standards were placed
in the sampler of a NA 1500 elemental analyzer (Carlo Erba Instruments, Italy), connected to the

IsoPrime isotope ratio mass spectrometer (GV Instruments Ltd., UK).
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Data processing and statistical analysis

All the data were analysed by factorial ANOVA through Statistica 10 (StatSoft Inc., Tulsa, USA). The
significance of the differences in the comparison between means was assayed through the Tuckey’s post
hoc test. Significance was declared at p<0.05 and p<0.01. To get insights about which were the main
factors able to potentially discriminate the citrus honey between the different geographical origins, a

Principal Component Analysis (PCA) was performed.
Results and discussions

With regard to the chemical-physical traits of citrus honeys (Tab. 2), all samples analysed for the
three different nations, complied with EU Regulation 2001/110/EC values for water content (<

20%) and electric conductivity (0.8 mS/cm).

Also, with regard to the legal limits required by EU Regulation 2015/1005, which indicates a
value of less than 0.1 mg/kg as the limit value for lead, our samples showed lower values for all

three source nations (Table 2)
Univariate results

Talking about the statistical analysis, and the univariate results (Tab. 2), the C effect was
significant (p<0.01) on the variables pH (3.75 + 0.25, overall mean), EC (0.31 + 0.17 mS/cm)
and FA (5.51 + 1.23 meqg/kg), with the values of the Italian samples that were greater than those
of the Egyptian samples for the three parameters analysed, the C effect was significant (p<0.01)
also for the colour (30.47 £ 10.24 mm Pfund), with values for the Egyptian samples greater than
those of the Greek samples. The Y effect was significant (p<0.01) for WC, with higher values
found in the 2022 samples. On the other hand, no significant C x Y interactions were found.

Table 2. Effect of the harvesting year (Y) and the country of origin (C) on the physio-chemical parameters (mean +

SE) measured in Citrus honey samples.

Country (C)* Year (Y) p-level
Parameter C x
ITA EGY GRC 2021 2022 C Y v
pH 3.8+03* 4.0+0.3B 3.9+0.178 39+0.3 3.7+0.2 <0.01 ns. n.s.
WC (%) 171+10 16.7+15 17.2+1.2 16.4+098% 16.7+0.9* ns. <0.01 n.s.
EC (mS/cm) 04+02° 03+03% 02+01® 03+02 04+03 <001 ns. n.s.
31.2 +
Colour (mm Pfund) 0.1AB 359+14.04 26.0+£83% 322+120 279+79 <0.01 ns. n.s.
FA (meg/kg) 58+09° 42+168 56+16° 56+14 54+12 <001 ns. n.s.

ITA=Italian honey samples, EGY=Egyptian honey samples, GRC=Greek honey samples; different capital letters

above the means (+ standard error) denote values significantly different at p<0.01.
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With regard to the macro-elements’ concentrations in honey samples (Tab. 3), the C effect was
significant (p<0.01) for Ca (99.57 + 58.01 mg/kg, overall means), with The Egyptian honeys
showing higher levels than the Greek and Italian samples (Fig. 1). The year of collection affected
(p<0.01) the honey K content (785.07 + 536.13 mg/kg) with values for 2021 samples higher than
for the 2022 samples. The C x Y interaction was also significant (p<0.01) for Ca. No significant

differences depending on C or Y were found for the elements Mg and Na.

Table 3. Effect of the harvesting year (Y) and the country of origin (C) on the macro-elements (mean + SE) analysed in
Citrus honey samples.

Country (C) Harvesting year (Y) p-level
Element c x
ITA EGY GRC 2021 2022 C Y v
Ca 88.8+7228  163.5+65.84 68.5 + 31.58 113.0£62.2 67.2 £68.7 <0.01 n.s. <0.01
K 853.3+£515.3 823.5+657.3 555.1 £283.3  910.7+549.84 558.3+318.88 n.s. <0.01 n.s.
Mg 47.7+£34.3 51.0 £ 26.6 38.3+204 46.5+33.6 44.1£24.0 n.s. n.s. n.s.
Na 96.4+118.6 70.7+29.2 60.9 £37.9 96.3+£117.3 63.2+£33.7 n.s. n.s. n.s.

ITA=Italian honey samples, EGY=Egyptian honey samples, GRC=Greek honey samples; different capital letters above

the means (+ standard error) denote values significantly different at p<0.01
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Figure 1. Effect of the country of origin (C) on the Ca (mg/kg) in citrus honey

samples.
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ITA=Italian honey samples, EGY=Egyptian honey samples, GRC=Greek honey
samples; different capital letters above the bars denote mean value significantly
different at p<0.01.

Looking at the micro-elements quantified in citrus honey (Tab. 4), the C effect was significant
(p<0.01) for Fe (1.73 + 1.20 mg/kg), with the highest values found in the Egyptian samples, Ni
(0.10 £ 0.25 mg/kg) and Sn (0.01 + 0.02 mg/kg) of which the Greek honeys were particularly
rich in comparison to both Egyptian and Italian honey samples, which, in turn, were richer
(p<0.05) in Mn (0.15 + 0.11 mg/kg) than the Greek ones. The year of harvesting had significant
effect (p<0.01) on the content Fe, Mn but also of Zn (0.70 £ 0.60 mg/kg), with the values for the
2021 samples being higher than for the 2022 samples) and of Ni that exhibited an opposite
temporal pattern. The Y effect was also significant (p<0.05) for Cu (0.33 + 0.48 mg/kg), with the
values of the 2021 samples being higher than the 2022 ones. For the elements Mn, Ni and Fe, but

not for Mn, significant Y x C interactions were observed (p<0.05).
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Table 4. Effect of the harvesting year (Y) and the country of origin (C) on the micro-elements (mean + SE) analysed

in Citrus honey samples.

Country (C) Harvesting year (Y) p-level
Element

ITA EGY GRC 2021 2022 C Y CxY
Al 0.1+0.3 0.1+0.1 0.2+0.1 0.1+0.1 02+04 n.s. n.s. n.s.
Cu 03104 02+0.2 0.2+0.2 0.3+0.44 0.1+0.04®% ns. <0.01 ns.
Fe 19+1.28 32+22A 1.3+0.88 23+15° 14+1.18 <0.01 <0.01 <0.05
Mn 0.2+0.14 0.1+0.14 01+04% 02+017 0.1+0.18 <0.01 <0.01 <0.01
Ni 0.1+0.18 0.1+0.08 02+02* 0.1+0.08 0.1+0.2A <0.01 <0.01 <0.01
Rb 1.3+35 0.6+0.6 0.1+0.3 1.2+34 05+0.1 n.s. n.s. n.s.
Sn 0.1+0.08 0.0+0.08 0.0+004 01zx0.1 0.1+0.0 <0.01 n.s. n.s.
Zn 0.8+0.6 05+05 0.6+0.7 0.8+0.44 0.6+0.88 n.s. <0.01 <0.01

ITA=Italian honey samples, EGY=Egyptian honey samples, GRC=Greek honey samples; different capital letters
above the means (+ standard error) denote values significantly different at p<0.01

As far as the toxic trace elements (Tab. 5), the country of origin of honey samples (C)
significantly (p<0.01) influenced the Pb content (0.01 + 0.01 mg/kg, overall mean), with the
highest values found in Italian samples if compared to honeys from Greece or Egypt. On the
other hand, also the year of collection () affected the Pb, with the value for the 2021 samples
being higher than the 2022 (p<0.01). On the contrary the As level (0.05 + 0.11 mg/kg), was
lower in the 2021 samples than the 2022 ones (p<0.01). For such elements, the Y x C

interactions were not significant.

Table 5  Effect of the harvesting year (Y) and the country of origin (C) on the undesired-elements (mean * SE)

analysed in Citrus honey samples.

Country (C) Harvesting year (Y) p-level
Element

ITA EGY GRC 2021 2022 C Y CxY
As 0.08 +

0.04+0.05 0.04+0.05 0.03+0.03 0.01+0.048 n.s. <0.01 n.s.

0.014
Cd 0.00£0.00 0.01+0.01 0.00+0.00 0.02+0.03 0.00+£0.00 n.s. n.s. n.s.
Cr 0.02+0.03 0.02+0.01 0.03+0.03 0.02+0.03 0.03£0.02 ns. n.s. n.s.
Hg 0.14+0.16 0.12+0.11 0.07+0.05 0.12+0.17 0.10%£0.01 ns. n.s. n.s.
Pb 002 002
0.01+0.0180.01 £ 0.018 0.01 +£0.018 <0.01 <0.01 n.s.
0.014 0.014

ITA=Italian honey samples, EGY=Egyptian honey samples, GRC=Greek honey samples; different capital letters
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above the means (+ standard error) denote values significantly different at p<0.01

With regard to IRMS analysis (Tab. Supplementary material), the geographical origin (C)
effect was significant (p<0.01) on both isotope ratios considered (Fig. 2-3). With regard to §*°N
(4.05 £ 1.43%o, overall mean), the highest values were found in the Italian samples compared to
the Greek ones, while with regard to the §*3C (-25.05 £ 1.51%o) both Greek and Egyptian citrus
honeys had higher values (p<0.01) if compared to the Italian honeys. Both the harvesting year
(Y) and the YxC interactions showed no significant effects on the N and C isotopic abundances.

Figure 2-3. Effect of the country of origin (C) on the nitrogen (left) and carbon (right) isotopic abundances in citrus

honey samples.
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Multivariate analysis

To test whether there was a systematic correlation structure underlying the data, a principal
component analysis (PCA) was performed on all the variables measured in the Citrus honey
samples. The first component explained 18.28% of the variance, and the second 11.94%, with a
total of 30.22% explained variance, the third component explained 9.51%. At this point, the first
and second components were considered. In the 1st principal plane (Fig. 3a), the honey samples
clustered fairly separated according to the County of origin, though with some overlap between
the Italian and Greek samples, and between the Greek and Egyptian samples. In addition, three
Italian hone samples were outside the area were lied the great part of the plotted cases. Italian

honey samples are mostly located in the 111 and IV planes with a few samples in quadrant 1l. In



90

contrast Greek samples are predominantly found of the I floor. At the same time three Egyptian

samples are found placed in the Il floor, while all the rest are placed in the | quadrant.
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Figure 3, a-b-c: Graph of principal component analysis (PCA) scores of honey samples. The variance explained by PC1,
PC2 and PC3 is reported within brackets.

d-e-f: Graph of the PCA scores of honey samples taking into account the 7 variables with highest importance. The variance
explained by PC1, PC2 and PC3 is reported within brackets.

In order to have a clearer view in the discrimination of the three nations, a PCA was developed
on the basis of the variables that had greater importance in the spatial discrimination of honeys,
based on the loadings described in the general PCA (Tab. 5). The variables chosen were §*° N,

pH, Cd, Fe, Mg, Rb and Pb. The result was that the first component explained 32.27% of the
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variance, the second component 22.94%, and the third component 16.51%, for a total of 71.72%

of the variance explained (Fig 3d-e-f).

Table 5 PC1, PC2, PC3 loadings matrix for all the variables

analysed

PC-1 PC-2 PC-3
pH 0.41 -0.63  -0.02
WC (%) -0.39  0.36 -0.05
EC (mS/cm) 0.49 0.34 -0.11
COLOUR (mm Pfund) 0.54 0.00 0.11
FA (meg/kg) 0.03 0.26 -0.41
Al -0.28 -0.12 -0.39
As -0.18  0.27 -0.06
Ca 0.31 0.03 0.63
Cd 0.43 -0.35 -051
Cr 0.23 -0.30 -0.24
Cu 0.16 0.40 0.15
Fe 0.74 -0.09 0.23
Hg 0.07 0.15 0.43
K 0.40 0.26 0.09
Mg 0.72 -0.27  -0.15
Mn 0.23 0.35 0.09
Na 0.55 -0.03  -0.04
Pb 0.70 -0.25 -0.35
Ni -0.11 -0.10 0.04
Rb 0.30 -0.08 -0.27
Sn -0.19 0.16 -0.02
Zn 0.26 0.29 0.00
oBC -0.05 -051 0.38

oBN 0.27 0.59 0.20
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Conclusions

The 81 honey samples from the three different nations of the Mediterranean basin were
characterized according to their elemental composition, physicochemical parameters and isotope
ratios. The honey samples analyzed met all legal Eurpoean limits for toxic elements (Pb) and
physicochemical parameters (WC and EC). The results of the analyses were used to discriminate
the origin of the honey samples by applying both univariate and multivariate analysis of the data.
The PCA model based on the analyzed parameters was able to partially discriminate the
geographical origin of honey samples. Although some elements and parameters showed

considerable discriminating potential (pH, Pb, Mg, Fe, Rb, Cd, 615 N).
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SUPPLEMENTARY MATERIALS

Supplementary table 1 Average percent recoveries for the elements analyzed in citrus

honeys

Element No. of replicate  Average recovery (%) NIST SRM
Al 3 110 1549
As 3 116 1570a
Ca 3 86 1549
Cd 3 97 1549
Co 3 78 1549
Cr 3 103 1549
Cu 3 106 1549
Fe 3 101 1549
Hg 3 113 1570a
K 3 96 1549
Mg 3 115 1549
Mn 3 90 1549
Mo 3 69 1549
Na 3 89 1549
Ni 3 81 1570a
Pb 3 107 1549
Rb 3 132 1549
Sn 3 98 1549
\ 3 96 1570a
Zn 3 106 1549
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Supplementary table 2 Calibration data for all the elements analysed, divided by atomization system: continuous flame

(FL), graphite furnace (GF) and hydride generator (HVG). The calibration ranges have been chosen on the basis of the

Shimadzu manual for the AAS 7000 and adapted to our range needs

ELEMENT AT.SYSTEM CALIBRATORSRANGE UoM  R?MEAN CAL. CURVE ORDER
Pb GF 1.00-20 Hg/kg  0.9986 18t
Hg HVG 0.65-10 ug/kg  0.9993 1t
Cd GF 0.10-2 Hg/kg  0.99795 18t
Cr GF 0.40-5 Hg/kg  0.9975 18t
Cu GF 1.00-10 po/kg  0.99935 1t
Mn GF 0.50-5 Hg/kg  0.99855 18t
Co GF 1.00-20 po/kg  0.99715 1st
Ni GF 2.00-20 pg/kg  0.99865 1t
Mo GF 1.00-20 Hglkg  0.9984 18t
Zn FL 0.10-2 mg/kg  1.0000 2nd
Fe FL 0.06-2 mg/kg  0.9998 18t
Ca FL 0.62-10 mg/kg  0.99885 1t
Mg FL 0.01-2.5 mg/kg  0.99745 18t
Na FL 0.06-2 mg/kg  0.9993 1st
Sn GF 5.00-50 Hg/kg  0.99905 2nd
Al GF 8.00-40 po/kg  0.99965 1t
K FL 0.31-3 mg/kg  0.99965 1st
Li GF 1.00-10 pg/kg  0.9986 1st
As HVG 0.50-2 mg/kg  0.99705 1st
Rb FL 0.10-2 mg/kg  1.0000 18t
\% GF 2.00-20 po/kg  0.9988 1t
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5. GENERAL CONCLUSION

The work done in this thesis targeted two important issues affecting the beekeeping world.

The first part of this paper showed how bees are important in many ways and how seeking
innovative solutions to increase their viability should be a priority. It was also shown how the
Varroa destructor mite is an increasingly important problem in modern beekeeping. To do this,
they went on to develop an IPM strategy that does not involve the use of synthetic acaricides,and
can be used as a back-up to other treatments throughout the year. Although not both trials
yielded optimal results, hop beta acids, tested for two consecutive years at the same time of year,
proved to be a viable alternative to the use of common oxalic acid. Unfortunately, hop alpha
acids, at the concentrations tested, proved to be inefficient, although in the future perspective one
might consider increasing these concentrations and evaluating their tolerability by bees. Mussi
Space, on the other hand, used as an alternative strategy to support acaricide treatments, with the
goal of increasing varroa fall in treated hives, did not prove to be a consistently useful tool,
generally failing to increase varroa fall.

On the other hand, the work done attempted to verify safety and traceability, understood as
verification of geographical origin, on citrus honey samples from the Mediterranean basin.
Regarding safety, all samples met the European legal limits. Regarding traceability, a
multifactorial strategy was tested to arrive at a precise and accurate discrimination of the
geographical origin of citrus honeys, from the Mediterranean basin, from three different harvest
seasons. The study involved a considerable number of elements and parameters analyzed. In this
case, a number of parameters and elements were identified that have been shown to have
important discriminating power between different geographical origins. These data can be an
interesting starting point for a subsequent study, going to carry out analyses on other parameters
and elements, which could be added to the list of potential discriminating factors of the

geographical origin of honeys from Italy, Greece and Egypt.
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