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1. INTRODUCTION

One of the major global ecological challenges of our time is the drastic decline in pollinator
species diversity and population size. Among the affected groups, one of the most well-known and
at the same time most vulnerable species from a human perspective is the Western honey bee (Apis
mellifera L., 1758), (Hymenoptera: Apidae) (henceforward: A. mellifera), which is also registered
as a managed livestock species. As a key component in maintaining ecological cycles, this insect
species is currently exposed to numerous negative pressures, including the decline in floral
resource diversity, intoxication resulting from inappropriate chemical use, and, not least, the
transcontinental spread and increasing damage pressure of honey bee specific parasites (both
microbial and arthropod) (Rosenkranz et al., 2010; Martin et al., 2012; Mordecai et al., 2015;
Morfin et al., 2020). Within this complex, the Varroa mite (Varroa destructor Anderson and
Trueman, 2000), (Arachnida: Varroidae) (henceforward: V. destructor) originating from the Far
East, can be highlighted as the most significant threat, by the severe damage it causes to A.

mellifera colonies (Anderson and Trueman, 2000; Evans and Chen, 2021; Warner et al., 2024).

Following the global spread of the parasite, apicultural research has extensively focused on the
biology and morphology of V. destructor, as well as on understanding the possible infestation
pathways of A. mellifera colonies (Rosenkranz et al., 2010; Dietemann et al., 2012). The primary
objective of these studies was to identify potential control strategies and effective acaricidal
treatments to reduce damage. By now, it can be stated that these applied and practice-oriented
research efforts have reduced the occurrence of large-scale or total colony losses caused by the
parasite; however, a comprehensive solution has not yet been achieved (Rosenkranz et al., 2010;
Kolics et al., 2021; Warner et al., 2024). The use of conventionally applied acaricidal products is
currently declining due to increasingly strict honey quality standards, expectations related to
healthy lifestyles, and the development of resistance (Jack and Ellis, 2021; Mitton et al., 2022). At
present, neither conventional nor alternative acaricidal products, nor biological methods, can
guarantee the complete elimination of parasite damage in practice, and selective breeding efforts
have also failed to provide a fully effective solution for commercial beekeeping operations (Le
Conte et al., 2020; Jack and Ellis, 2021). The emergence of acaricide resistance places increasing
pressure on the demand for novel control agents (Kolics et al., 2021; Mitton et al., 2022). As a
practicing beekeeper, | consider research aimed at addressing this severe problem to be of
particular importance; therefore, the V. destructor was selected as the target organism, and the
exploration of imaging-based approaches in honey bee health research became the focus of my

doctoral thesis.



The pathologies induced by the mite manifest at both individual and social levels and are
difficult to quantify due to its hidden lifestyle. V. destructor exhibits two major life cycles: a
phoretic phase, enabling transmission between colonies, and a reproductive cycle responsible for
population maintenance (Rosenkranz et al., 2010; Warner et al., 2024). Damage primarily occurs
at the individual level during A. mellifera development within sealed brood cells, which may
escalate to disturbances in the social behavior of the superorganism-level colony (Rosenkranz,
2010; Ramsey et al., 2019; Warner et al., 2024). Feeding on the developing pupae fat body and
hemolymph leads to reduced lipid synthesis, impairing energy metabolism and consequently
affecting protein synthesis quality (Ramsey et al., 2019; Han et al., 2024). Reduced lipid and
protein synthesis compromises metabolic turnover and increases susceptibility of the immune
system. Additional consequences include decreased tolerance to pesticides (Bowen-Walker and
Gunn, 2001; van Dooremalen et al., 2013; Ramsey et al., 2019; Morfin et al., 2022).

Reduced body mass and abdominal deformities are clearly observable in adult bees at the end
of development. In worker bees, body mass reduction averages approximately 7% compared to
intact adults (De Jong et al., 1982; Bowen-Walker and Gunn, 2001). This reduction is more
pronounced in drones, reaching 11-19% depending on the degree of parasitism (Duay et al., 2003).
Reduced body mass or impaired wing development — particularly in cases of Deformed Wing
Virus (DWYV) infection — leads to diminished functionality of worker bees (Martin et al., 2012).
In workers, this results in an earlier shift to foraging tasks or, in some cases, failure to initiate flight
activity, significantly shortening lifespan and generating energetically inefficient investment for
the colony (De Jong et al., 1982; Amdam et al., 2004). Additionally, impaired orientation abilities
have been observed in workers damaged during development, contributing further to colony
weakening through increased loss of disoriented individuals (Martin et al., 2012; Mordecai et al.,
2015). Overall, the severity of varroatosis — i.e., the disease complex induced by the mite — is
mostly influenced by mite population size and the viruses transmitted by the parasite. These effects
may be further exacerbated by environmental stressors, such as reduced pollen quality, harmful
effects of plant protection products, and energy deficits caused by periodic nectar shortages (van
Dooremalen et al., 2013; Corby-Harris et al., 2019; Morfin et al., 2020).

There is an urgent need for to develop novel diagnostic methods enabling improved
characterization of the hidden lifestyle, biology, and damage of V. destructor. Within
entomological research — and particularly in apicultural sciences — the application of digital
imaging techniques remains limited (Facchini et al., 2019). These diagnostic technologies such as
diagnostic computed tomography (CT), micro-computed tomography (micro-CT), and infrared

thermography are novel in this field and, in certain cases, allow deeper insights into the
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superorganism-level of the A. mellifera colony, anatomy and biology, as well as the biology and
the damage of V. destructor (Alba-Tercedor and Alba-Alejandre, 2017; Castejon et al., 2018;
Facchini et al., 2019; De Paula et al., 2022). The initial application of X-ray radiation in
entomological research was primarily aimed at developing pest control strategies, such as the
sterile insect technique (Hallman, 2013). Although the radiation doses applied in diagnostic CT
and micro-CT examinations do not reach the gray (Gy) levels used in such control experiments,
they may nevertheless influence individual vitality. Therefore, to investigate the tolerance of A.
mellifera and V. destructor to X-ray radiation is important, thereby establishing foundational
knowledge for the application of ionizing radiation-based imaging techniques in apicultural
research (Wipfler et al., 2016; Hall and Martin-Vega, 2019; Facchini et al., 2019).

Based on these considerations, the primary objectives of the doctoral research were to address
several previously unanswered questions, using a completely novel, non-invasive methodological

approach. In line with this hypothesis, the specific aims of the study were as follows:

1. To evaluate the applicability and to establish objective parameters of imaging techniques
(human diagnostic CT, micro-CT, and infrared imaging) for the detection of V. destructor
and comb cell deformations.

2. To assess the presence of Varroa destructor within brood cells and to evaluate its effects
on preimaginal developmental stages of honey bees, with particular emphasis on body
deformities and changes in tissue density.

3. To further investigate and confirm the indirect relationship between the presence of V.
destructor and social fever using infrared thermography under field conditions.

4. Asacomplementary objective, to examine the effect of comb wear, expressed as available

brood cell volume, on normal and deformed A. mellifera pupae.

5. To evaluate the potential effects of ionizing radiation associated with CT diagnostic
procedures on the host A. mellifera and parasite V. destructor viability, as well as to assess

possible histological alterations in the host organism.

The long-term goal of these investigations is to develop research methodologies applicable to
apicultural research that can support practical and theoretical efforts in the ongoing struggle
against V. destructor, which has persisted for over 70 years.



2. LITERATURE REVIEW

2.1. Factors affecting the beekeeping sector adapted to Hungarian
conditions

One of the fundamental pillars of sustainable crop production is the protection of pollinator
organisms, with particular emphasis on honey bees and the support of their beneficial ecosystem
services. These objectives necessarily include the objective assessment of biotic and abiotic
stressors affecting the beekeeping sector, which is of strategic importance in Hungary despite its
relatively small economic volume, as well as the development and practical implementation of
technological solutions that minimize harm to these beneficial organisms (USDA, 2016; Potts et
al., 2016; Hung et al., 2018). A stable beekeeping sector is in the shared interest of crop production,
agriculture as a whole and society. It relies on maintaining colony health, improving production
systems and ensuring economically viable production (Leonhardt et al., 2013; Feketéné Ferenczi
etal., 2023).

The emergence of biotic agents, including invasive species, alongside abiotic stressors
caused by global climate change, poses a significant challenge to modern agriculture and the
beekeeping industry. The greatest threat to beekeeping worldwide and in Hungary is the V.
destructor ectoparasites, which has been spreading since the 1970s. (Rosenkranz et al., 2010;
Traynor et al., 2020). Its impact raises serious honey bee health concerns and economic losses,
with annual colony losses reaching 20-30% in some regions. In parallel, weather anomalies
associated with global climate change constitute an additional major concern for beekeeping, most
manifested in prolonged mild autumn periods and highly variable, unpredictable temperature
fluctuations (Belsky and Joshi, 2019; Neoy et al., 2019). These effects influence the pollen and
nectar production of major honey plants and bee pastures (e.g., black locust, linden, oilseed rape,
sunflower, phacelia), thereby affecting forage availability (Farkas and Zajacz, 2007). Furthermore,
climatic stressors impact foraging activity, colony foraging potential, worker and colony vitality,
developmental dynamics, behavioural traits, and the adaptive capacity A. mellifera colonies to
changing environmental conditions (Polatto et al., 2014; Benett et al., 2022).

The European honey market is the second-largest honey-producing region globally, and
among participating countries, Hungary holds a leading position with an annual honey production
of approximately 25-28 thousand tonnes (Popescu et al., 2021). Owing to its favourable natural
conditions, Hungary is capable of high honey yields; however, the sector is strongly export-
oriented and therefore highly dependent on global honey market dynamics (Farkas and Zajacz,
2008; Feketéné Ferenczi et al., 2023). Financial deficits arising from marketing difficulties
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represent a serious challenge for producers and indirectly exert negative effects on honey bee
health and the overall development of the beekeeping sector (Feketéné Ferenczi et al., 2024).

The challenges facing the Hungarian beekeeping sector are comprehensively summarised
by a study conducted in 2024 based on the responses of 632 producers, which assessed the
perceived severity of various stress factors. Among biotic factors, V. destructor and nosemosis
were identified as the most impactful threats, while among abiotic factors, pesticide-related
production losses represented the most severe problem. These challenges are further compounded
by marketing difficulties and unfavourable honey market conditions, which together pose
substantial concerns for producers (Neov et al., 2019; Feketéné Ferenczi et al., 2024). Collectively,
these factors justify the need for objective, non-invasive assessment of stressors affecting A.
mellifera colonies, with particular emphasis on revealing the concealed damage caused by V.
destructor and achieving a more comprehensive understanding of the V. destructor-A. mellifera

complex.

2.2. Biology and ecology of Apis mellifera

2.2.1. Taxonomical and general biological features of Apis mellifera

The A. mellifera is one of the most extensively studied and cosmopolitan species among
eusocial insects. Its long-standing and close relationship with humans is well illustrated by its
prominent role as a sacred animal in several historical periods and advanced civilisations (Crane,
1999; Foster, 2020). The oldest known depiction of human-honey bee interaction dates back
approximately 15,000 years and originates from a rock painting in the Cuevas de la Arana cave in
Spain, which portrays human figures engaged in the plundering of a honey bee colony and the
collection of honey (Dams, 1978). Archaeological evidence of organised apicultural activity,
represented by material remains dating to the 9""-10th centuries BC was discovered near the ancient
city of Tel Rehov in present-day Israel, where the remains of a complete production-scale apiary
were uncovered (Mazar and Paintz-Cohen, 2022). In early forms of beekeeping, honey harvesting
imposed a substantial burden on colonies due to the absence of movable-frame systems (Crane,
1999). The principles and advantages of modern frame-based beekeeping, which are compatible
with contemporary apicultural requirements, were not recognised until the mid-18th century, when
they were gradually adopted (Crane, 1999).

The honey bee is a species of insect that belongs to the group of true social insects and
forms colonies. There are 33 recognised subspecies, which differ in their suitability for apicultural

use due to variations in biological traits and productivity (llyasov et al., 2020). In Hungary, the
9



Carniolan honey bee (Apis mellifera carnica Pollmann, 1879) is the predominant subspecies;
owing to its favourable characteristics, it represents the second most widely kept honey bee
subspecies globally (Plate et al., 2020). Colony size exhibits pronounced seasonal dynamics, most
clearly reflected in fluctuations in population size. During winter, the overwintering population
typically consists of approximately 5,000-10,000 individuals, whereas by mid-summer colony size
may increase to 60,000-70,000 individuals, depending on the range of environmental and
biological factors (Seeley, 2009). The success of a honey bee colony fundamentally relies on
coordinated division of labour, altruistic behaviour, and collective organization (Shik et al., 2012;
Seeley, 2019).

A honey bee colony cannot be reduced to individual bees, castes, or discrete tasks, as the
functioning of the colony depends on the integrated contributions of all individuals and castes.
Consequently, the honey bee colony is widely regarded as a superorganism (Seeley, 1989). Both
the queen and her worker offspring contribute jointly to the establishment and maintenance of a
viable colony, while seasonally present males (drones) also play an essential role in colony success
through reproduction (Winston, 1987; Seeley, 2009).

2.2.2. Development and ontogenetical stages of Apis mellifera

The development of A. mellifera is characterised by complete metamorphosis
(holometabolism) and occurs within brood cells. The duration of development differs among
castes (Winston, 1987). The duration of development is influenced by several factors, including
hive temperature — whose regulatory mechanisms are discussed in detail in Section 2.2.2. as well
as the quantity and quality of available nutritional resources (Seeley, 2009). Unfavourable
conditions related to these factors may result in prolonged developmental periods (Tautz et al.,
2003; Brodschneider and Crailsheim, 2010). Among the three castes, the queen exhibits the
shortest developmental time, completing development within approximately 16 days, followed by
workers after 21 days, while drones require the longest developmental period of approximately 24
days.

In all castes, the egg stage lasts for approximately three days and is followed by a larval
stage of about six days. During this period, larvae pass through five distinct larval instars, during
which they are fed by young nurse workers with food corresponding to their respective
developmental stage (Haydak, 1970). Although queens and workers share an identical genetic
background, differences in larval nutrition and brood cell size induce epigenetic and gene
expression differences, resulting in pronounced physiological and behavioural divergence between

these two castes (Evans and Wheeler, 1999; Kolics et al., 2020).
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Following the larval stage, brood cells are sealed by adult worker bees with a thin wax cap,
marking the onset of the capped brood stage. During this phase, no additional food is supplied to
the cell, and concomitantly, the opportunities for pathogen and pest entry are reduced. The capped
larval stage is followed by the prepupal and pupal stages, the latter of which can be subdivided
into seven morphologically distinct phases (Odemer, 2020). Pupation culminates around day 21
of the developmental timeline, at which point the fully developed adult insect emerges (Rembold
et al., 1980; Winston, 1987).

During development, negative biotic (viral, bacterial, fungal and arthropod bioagents),
abiotic (temperature, humidity etc.) and other anthropogenic factors (e.g. brood cell size,
pesticides, nutritional status, beekeeping technology) influence on the vitality of the emerging
imagoes (Klein et al., 2017; Neov et al., 2019). The most visible consequences of these adverse
effects are reflected in changes to body mass and size, as well as altered behavioural patterns
(Tautz et al., 2003; Medrzycki et al., 2010). In addition to the above factors, deficiencies arising
from apicultural practices may negatively affect individual development and consequently colony
vitality. The accumulation of cocoon residues, pollen, and other contaminants within brood cells
can create unfavourable conditions for developing individuals and may also contribute to the
transmission of various pathogens (Taha and Al-Kahtani, 2020). Brood combs used in apicultural
frames undergo gradual deterioration over successive production cycles; as a result, both the
diameter and depth of brood cells continuously decrease over time (Al-Kahtani and Taha, 2021).
Due to the narrowing of brood cells, worker body mass may be reduced by an average of up to
38%, while the storage capacity of the cells may decrease by approximately 39% (Al-Kahtani and
Taha, 2021). Wild living A. mellifera colonies compensate for these effects through swarming and
the removal of aged combs; however, under managed conditions, such processes would result in
substantial production losses (Seeley, 2019). According to apicultural practice, the negative effects
associated with comb aging can be mitigated by replacing frames every 3-4 years, thereby
maintaining colony health and uninterrupted development (Taha and Al-Kahtani, 2020; Meng et
al., 2025).

In addition to these factors, the negative effects of certain pesticides play a significant role
in development. Among these, the impacts of neurotoxin zoocides [carbamides (IRAC Moa:1A),
organic phosphates (IRAC Moa:1B), neonicotinoids (IRAC Moa: 4A), butanolides (IRAC
Moa:4D), sulfoxamides (IRAC Moa: 4C) etc.] on the development of the central nervous system
are considered the most severe (Walsh et al., 2020; Tome et al., 2021; IRAC, 2026). Many of the
conventional acaricides used against V. destructor are synthetic pesticides, among which

coumaphos (organic phosphates: IRAC Moa:1B) is most frequently detected in recycled beeswax.
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In this context, coumaphos concentrations of up to 132 mg kg™ measured in beeswax have been
shown to result in increased brood mortality (Kast et al., 2023). One of the most significant and
still insufficiently understood phenomena in honey bee health is pesticide-induced disruption of
the gut microbiome, which leads to reduced immunity not only in developing individuals but also

at the colony level (Kakumanu et al., 2016; Papp et al., 2022).

From the perspective of biotic stressors, the most severe damage affecting developing A.
mellifera caused by V. destructor, which is discussed in detail in Section 2.3. In addition to the
ectoparasite, several pathogens and pests - some of which are subject to quarantine regulations -
may attack developing individuals. However, in most cases, these stressors result in mortality
during development. Among bacterial diseases, American foulbrood (Paenibacillus larvae
Genersch, 2006) (Bacilli: Paenibacillaceae) and European foulbrood (Melissococcus plutonius,
Bailey and Collins, 1983) (Bacilli: Enterococcaceae), both of which primarily affect larval and
prepupal stages, are categorised as quarantine diseases in Hungary (Daisley et al., 2023; Mallory
et al., 2024). In these bacterial infections, the pupal stage is typically not affected, as pathogens
attack developing individuals at early larval stages, preventing them from reaching pupal
development (Tucker, 1978; Pasho et al., 2021). In addition to bacterial pathogens, a
entomopathogenic fungi, including chalkbrood (Ascosphaera apis L.S. Olive and Spiltoir, 1955)
(Ascomycota: Ascosphaeraceae) and stonebrood (Aspergillus flavus Link, 1809) (Ascomycota:
Aspergillaceae), likewise primarily damage larval stages (Tucker, 1978; Pasho et al., 2021).
Beyond these microorganisms, a leading role is played by various entomopathogenic viruses
vectored by V. destructor,

2.2.3. Colony temperature regulation of Apis mellifera

Many eusocial insects have evolved advanced mechanisms to provide optimal
environmental conditions for the development of their offspring and to survive unfavourable
winter periods (Stabentheiner et al., 2010; Stabentheiner et al., 2022). The A. mellifera exhibits a
highly developed thermoregulatory system both in summer and winter, which is considered one
of the most well-characterised among eusocial insects (Southwick and Heldmaier, 1987; Cook et
al., 2016). Proper thermoregulation plays a key role in maintaining the homeostasis of the
superorganism. Developing eggs, larvae, and pupae are extremely sensitive to changes in
environmental conditions, particularly to fluctuations in temperature and humidity (et al). The
optimal environmental temperature range for brood development lies between 32 °C and 36 °C,

which ensures healthy development (Stabentheiner et al., 2010; Seeley, 2009).

Eggs and larvae tolerate temperatures below the optimal range better than pupae, whereas

pupae show greater tolerance to elevated temperatures near the upper pessimum range (refers to
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the extreme upper limit of A. mellifera tolerance for a heat stress). This difference is explained by
variations in protein composition and heat shock protein expression among developmental stages
(Becher et al., 2010). Exposure of pupae to temperatures below 32 °C for as little as 30 minutes
significantly increases the likelihood of developmental abnormalities. Several studies have
demonstrated reduced memory and orientation abilities in workers who developed under
suboptimal temperature conditions (Groh et al., 2004; Jones et al., 2005). In larvae, low
temperatures reduce resistance to pathogenic microorganisms attacking the brood (Southwick and
Heldmaier, 1987).

Preimaginal stages are considered poikilothermic and lack intrinsic thermoregulatory
mechanisms; therefore, they are unable to generate sufficient thermal energy for proper
development on their own (Southwick and Heldmaier, 1987; Seeley, 2009). Numerous studies
have shown that newly emerged workers younger than two days are ectothermic, whereas workers
aged 4-12 days functioning as nurse bees are already capable of endothermic heat production when
required, with older workers also contributing to the stabilization of hive temperature. Thermal
energy is primarily generated by middle-aged (4-12 day old) adult workers through the activity of
their thoracic muscles, achieved by vibrating their wings. The wing muscles can increase thoracic
temperature to above 45 °C (Bujok et al., 2002; Stabentheiner et al., 2010). Workers that have
warmed their thorax transfer heat to the brood via direct contact, using two distinct mechanisms.
Concentrated heating of a single brood cell, known as the hotspot heating phenomenon, involves
workers releasing thermal energy directly onto the brood surface of an individual cell in a circular
pattern (Bujok et al., 2002). Another mechanism contributing to brood heating is the so-called
empty hot brood cell concept, in which workers enter empty cells with a heated thorax and thereby

warm the neighbouring brood cells (Kleinhenz et al., 2003).

Several subspecies of A. mellifera are adapted to warmer climates, such as those found in
Italy or Turkey, while other subspecies can tolerate extreme cold conditions down to -40 °C.
Consequently, thermal tolerance varies among subspecies (Kovac et al., 2014; Norrstrém et al.,
2022). For the A. mellifera carnica, external temperatures above 35 °C represent severe heat stress,
whereas temperatures as low as -30 °C can be well tolerated during overwintering (Kovac et al.,
2014; Alghamdi and Alattal, 2023). To maintain hive temperature at optimal levels, colonies
employ numerous thermoregulatory mechanisms associated with high energetic costs, both for
heating and cooling. Fresh air supply within the hive is ensured through active ventilation
performed by worker bees arranged in chains at various points extending from the hive entrance,
effectively forming air channels (Seeley, 2019). By fanning their wings, workers generate

continuous airflow toward the exit, thereby facilitating the removal of metabolic products from
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developing brood and adult bees (Seeley, 2009). A fundamental component of active cooling is
the dispersing of collected water across comb surfaces; evaporation of water is an endothermic
process that removes heat from the environment, thereby cooling the combs and the whole hive
(Southwick and Moritz, 1987; Seeley, 2019). The intensity of water collection depends on nectar
availability, the nectar water content in the surrounding forage area, the amount of brood in the
hive, and environmental conditions. Above 30 °C, active cooling follows an exponential trend,

requiring progressively increasing effort (Kiihnholz and Seeley, 1997; Seeley, 2009).

Survival of unfavourable winter conditions is only possible through harmonious
cooperation within the colony and undisturbed natural conditions. During the active brood-rearing
season, colonies employ different heating strategies than during winter. In winter, the colony
adjusts the brood area in accordance with cluster size to minimise heat loss or suspends brood
rearing entirely during prolonged cold periods (Stabentheiner et al., 2003). When external
temperatures fall below 15 °C, the formation of the winter cluster starts (Southwick and Heldmaier,
1987). Flight activity decreases at temperatures below 8-10 °C, which induces brood laying to
stop, and the bees form an overwintering cluster (Abou-Shaara et al., 2017; Glass and Harrison,
2024). Within the cluster, the bees form a spherical structure by aggregating tightly in layered
groups. The density of this structure increases as the temperature decreases (Sumpter and
Broomhead, 2000). Severson and Erickson (1990) conducted measurements that showed the extent
of cluster compactness, which showed that cluster size decreased by 55% and surface area by 40%
between 4 °C and -24 °C, independently of colony size (Severson and Erickson, 1990). Long-term
measurements indicate that broodless colonies maintain an average central cluster temperature of
21.3 °C at temperatures below 0 °C, which requires substantial heat production (Fahrenholz et al.,
1989). Bees within the cluster warm each other through contact: those on the outer edge, with body
temperatures of 10-15 °C, form an insulating layer that acts as a living thermal barrier, while
endothermic bees in the centre actively generate heat (Stabentheiner et al., 2010). The bees on the
outer shell and within the core of the cluster continuously exchange positions. The winter cluster
consists of two main functional categories: around 15% of the population are endothermic workers
that produce heat through thoracic muscle vibrations, and the remaining bees are ectothermic and
occupy the central region to recover. On the outer surface, insulating bees continuously rotate from
the outer shell toward the cluster centre (Stabentheiner et al., 2003). Bees on the outer surface lock

their legs, thereby enhancing insulation and reducing heat loss (Seeley, 2009).
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2.2.4. Defence mechanisms and immunity of Apis mellifera

For all living organisms, defence against pathogens and parasites is of fundamental
importance, as it directly determines survival and evolutionary success (Rosengaus et al., 1999).
In the case of A. mellifera, understanding both individual immune responses and colony-level
defense mechanisms is essential. This is especially true for socially organised insects, such as Apis
spp., where thousands or even tens of thousands of individuals live together in a single hive. Such
high population density creates numerous opportunities for pathogen transmission; therefore, both
horizontal (within-generation) and vertical (between-generation) transmission routes are
distinguished (Fries and Camazine, 2001). In the case of Apis spp., close physical contact resulting
from communication, grooming behaviour, and trophallaxis — an essential component of both
communication and nutrition — can further accelerate the spread of infections (Fries and Camazine,
2001; Naug, 2008).

Table 1. Modes of pathogen transmission within and between A. mellifera colonies (Fries and
Camazine, 2001)

Horizontal Vertical

Queen to daughter (worker)
Worker to brood, worker or drone
Intracolony Queen to daughter (queen)
Drone to worker, or drone
Queen to son (drone)

Worker to worker or drone
Intercolony Drone to worker or drone Swarming

(Drifting, robbing)

Compared to solitary species, the immune system of the A. mellifera is characterised not
only by individual immune responses but also by colony-level behavioural and organizational
elements, which together function as constitutive and inducible defence mechanisms (Simone-
Finstrom, 2017).

Examples of constitutive defence mechanisms include the propolis envelope covering the
walls of the hive or tree cavity, which provides protection against a wide range of fungal and
bacterial pathogens through its antimicrobial properties. Genetic diversity ensured by polyandry
represents another key constitutive defence mechanism: differences among subfamilies or

microcolonies originating from multiple drones may provide protection against certain diseases
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due to variation in susceptibility (Hamilton, 1987; Simone-Finstrom, 2017). Additionally,
individual differences may occur in the production of specific immune cells (Morfin et al., 2021).
Overall, a positive correlation has been demonstrated between genetic diversity and fitness. This
indicates that genetic diversity is an essential component of maintaining colony health (Mattila
and Seeley, 2007; Tarpy et al., 2013).

In addition, task allocation within the colony provides protection through age-related
division of labour and functional specialization (Naug, 2008; Armitage et al., 2010; Evans and
Spivak, 2010). Although workers perform different tasks as they age, they are largely protected
from environmental stressors until they are approximately 20-21 days old because they are
restricted to in-hive activities during this period (Bloch et al., 2001; Johnson, 2008). Constitutive
colony-level defence mechanisms are essential for maintaining the colony health. However, the
present dissertation focuses on inducible defence mechanisms triggered by pathogens. Therefore,
only the latter are discussed in detail in the following sections.

Inducible defence mechanisms comprise a complex system of behavioural and
organisational traits. The execution of these traits may involve workers of different age classes or
specific age groups. A key characteristic of these defence mechanisms is that they are activated
exclusively in response to the presence of a pathogen or parasite (Simone-Finstrom, 2017). The
first line of defence is the hive entrance, where older worker bees attempt to prevent the entry of
potential pests and pathogens. In the spread of pathogens, as well as economically important
parasites such as V. destructor, drifting behaviour plays a significant role and is closely associated
with colony aggressiveness. Several studies have shown that colonies exhibiting higher levels of
aggressive behaviour may experience reduced rates of mite infestation, primarily through

enhanced defence against robbing bees (Breed et al., 1990; Arechavaleta-Velasco, 2003).

Grooming also constitutes a key defence mechanism of the colony against invading
microorganisms and parasites (Zhukovskaya et al., 2013). Two main behavioural forms can be
distinguished: auto-grooming (self-grooming) and allo-grooming (grooming of nestmates). Within
the framework of social immunity, grooming acts as a barrier preventing the entry and
establishment of ectoparasites in the colony, such as the tracheal mite Acarapis woodi Rennie
1921 (Arachnida: Tarsonemidae) and V. destructor. From a social immunization perspective,
worker bees can sense immune-challenged individuals. This hypothesis has been tested in A.
mellifera workers, and experimental evidence suggests that individuals injected with bacteria
receive significantly more allo-grooming than non-injected bees. Allo-grooming may therefore
play an essential role in trans-generational immune priming through social immunization among

workers (Sadd et al., 2005; Hernandez et al., 2014; Ory et al., 2022).
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Because cleaning behaviour is critical to limiting the spread of diseases and parasites, it is
considered one of the most important selection criteria for colony health. It can slow the
transmission of infections such as nosemosis, chalkbrood, and American foulbrood. Hygienic
behaviour refers specifically to behavioural patterns associated with the detection and removal of
diseased brood from the colony (Evans and Spivak, 2010). One of the most important defence
mechanisms against V. destructor infestation is Varroa-sensitive hygiene (VSH), a specialised
form of hygienic behaviour (Panziera et al., 2017). In colonies expressing the VVSH trait, workers
can discriminate parasitised brood cells from healthy brood cells. Parasitised cells are uncapped
and, in some cases, the developing parasitised individuals are removed from the cells (Spivak and
Danka, 2021). As a consequence, the biological cycle of mites developing within these cells is
disrupted, either immediately following uncapping or due to brood removal, resulting in a reduced
reproductive index of female mites and a subsequent decline in mite population size (Ibrahim and
Spivak, 2006).

Mite non-reproduction (MNR) refers to a phenomenon in which reproduction of female
mites is partially or completely absent. Previously described as suppressed mite reproduction
(SMR), MNR represents a still not fully understood aspect of mite biology in relation to VSH
(Harbo and Harris, 1999a; Sprau et al., 2024a). Brood cells in which no offspring are present, only
male offspring are detected, or offspring remain at underdeveloped stages are all considered to fall
within the MNR category. Both MNR and VVSH are desirable traits in breeding programs aimed at
improving Varroa tolerance; however, numerous studies have demonstrated that the heritability of
both traits is relatively low (Sprau et al., 2024a, b).

Social fever represents a less well-known inducible defence mechanism of A. mellifera
colony, during which workers deliberately elevate nest or brood temperature in response to
pathogen presence (Starks et al., 2000; Goblirsch et al., 2023). The temperature increase is
generated not by a single individual but rather by the coordinated activity of many workers,
primarily heater bees, making social fever a true colony-level adaptive response to certain diseases.
Elevated temperatures primarily inhibit the development of heat-sensitive pathogens such as
Ascosphaera apis and reduce the spread of infection within the combs. Although a direct disease-
reducing effect of elevated temperature was not conclusively demonstrated by Goblirsch et al.
(2020), pathogen-specific thermal response mechanisms have been confirmed by several studies
(Starks et al., 2000; Campbell et al., 2010; Goblirsch et al., 2020). Based on the work of Palmer-
Young et al. (2023), inhibition of Deformed Wing Virus (DWV) replication occurs only at pupal
temperatures elevated above the developmental optimum; however, such temperatures

simultaneously compromise host viability (Palmer-Young et al., 2023). Bauer et al. (2018) found
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that, in the case of an artificial infestation of a brood cell with one or two mites, the temperature
of the cell increased by 0.1-0.19 °C. They concluded that this increase may be due to the higher
energy demand of the developing pupae caused by the infestation or the replication of the viruses

vectored by the mite (Bauer et al., 2018).

These mechanisms serve as a complex defence system that allows the colony to be regarded
as a superorganism capable of overcoming pathogens and parasites through coordinated collective
action. Consequently, colony population size and nutritional status are critical factors because
disruption or impairment of these defence mechanisms may increase susceptibility to pathogens
and contribute to colony collapse (Simone-Finstrom, 2017; Seeley, 2020; Evans and Chen, 2021).

Individual immunity:

The immune system of A. mellifera relies exclusively on innate mechanisms; nevertheless,
its level of organization and functional complexity enables effective defence against pathogens
and parasites. Individual immune responses can be divided into two closely related components:
humoral and cellular immunity. While humoral defence is primarily mediated through enzymatic
cascades and antimicrobial peptides, cellular immune responses provide direct protection against
infectious agents via the activity of circulating hemocytes (Evans et al., 2006; Chen et al., 2006a;
Morfin et al., 2021).

Hemocytes are central to the cellular immune response and include several functional cell
types, such as those specialised in phagocytosis, encapsulation, and melanisation. These cells can
recognise and encapsulate foreign material. In the case of larger pathogens, they form multicellular
structures that isolate and neutralize invading organisms. The activity of hemocytes varies
depending on the type and intensity of infection, as well as the physiological state of the individual
(Negri et al., 2016; Hystad et al., 2017).0One of the key processes of the immune response is
melanisation, during which the phenoloxidase cascade is activated and pathogens or damaged
tissues become encapsulated by a melanin layer. This mechanism not only forms a physical barrier
but also exerts direct toxic effects on pathogens through reactive intermediates. The intensity of
the melanisation response often reflects the immunological status of the individual (Gabor et al.,
2020; Morfin et al., 2021).

The efficiency of the cellular immune response is closely linked to the age, nutritional
status, and physiological role of individuals. It has been demonstrated that younger workers —
particularly nurse bees — exhibit stronger cellular immune responses, whereas immune functions

gradually decline in older foragers. This age-related immunological variation is tightly associated
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with division of labor within the colony and the differing levels of risk exposure experienced by
individuals (Hystad et al., 2017).

Parasites, particularly V. destructor, exert a substantial impact on individual cellular
Immune responses. Parasitisation may lead not only to a reduction in hemocyte numbers but also
to alterations in their functional activity, thereby increasing susceptibility to secondary infections
and viral diseases. Consequently, impairment of individual immune responses is directly linked to

deterioration of overall colony health (Koleoglu et al., 2018; Morfin et al., 2023).

Overall, individual cellular immune responses represent a fundamental pillar of the colony
defence system, and their function is closely associated with the physiological condition, age, and
environmental stress exposure of the individual. The effectiveness of these mechanisms influences
not only individual survival but also indirectly determines the resilience and stability of the colony

as a whole superorganism.

2.3. Parasitological characteristics of VVarroa destructor

2.3.1. Historical overview of Varroa destructor description and spread

Species belonging to the genus Varroa are recognised as some of the most widespread and
well-known parasites affecting A. mellifera populations worldwide. Originally, three species were
assigned to the genus Varroa, all of which feed on the hemolymph of their hosts. Varroa jacobsoni
Oudemans, 1904 (Arachnida: Laelapidae) was first described in 1904 on individuals of the Eastern
honey bee (Apis cerana Fabricius 1793) (Hymenoptera: Apidae) on the island of Java, Indonesia
(Oudemans, 1904). Subsequently, it was also observed on Apis nigrocincta Smith 1861,
(Hymenoptera: Apidae) in Indonesia (Hadisoesilo and Otis, 1998). Another species within the
genus, Varroa underwoodi Delfinado-Baker and Aggarwal 1987 (Arachnida: Laelapidae) was first
identified on A. cerana in Nepal in 1987 (Delfinado-Baker and Aggrawal, 1987). Varroa rindereri
De Guzman and Delfinado-Baker, 1996 (Arachnida: Laelapidae) was later described from colonies
of the red honey bee (Apis koschevnikovi Enderlein 1906) (Hymenoptera: Apidae) on Borneo in
1996 (De Guzman and Delfinado-Baker, 1996). This species list was expanded by Anderson and
Trueman (2000) with the description of a fourth species, V. destructor, which currently represents
one of the greatest challenges for researchers and beekeepers working with the A. mellifera
worldwide. The occurrence of this mite on A. mellifera was first reported from the Philippines,
after which it became evident that certain populations previously identified as V. jacobsoni were
genetically distinct from one another (Anderson, 1994). The evolutionary origin of V. destructor
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is linked to Japan and Korea, as only haplotypes from these regions have been shown to
successfully infest both A. mellifera and Apis cerana colonies. Comparative analyses of
mitochondrial cytochrome c oxidase subunit 1 (COI) gene sequences have revealed greater genetic
divergence within the Japanese haplotype than within the Korean haplotype; however, due to its
higher pathogenicity and adaptive capacity, the Korean haplotype has become one of the most
dominant globally (Traynor et al., 2020; Bai et al., 2021). The species-level distinction of V.
destructor and the understanding of its global spread are of fundamental importance for
interpreting the biology of the parasite, host-parasite interactions, and its complex effects on

colonies.

In Hungary, the first documented cases of varroosis were originally attributed to V.
jacobsoni. However, based on current taxonomic and genetic knowledge, it is highly likely that
these early observations already corresponded to the presence of V. destructor, marking the
beginning of active control efforts. Reports of the parasite first emerged from countries
neighbouring Hungary, particularly Romania, where the presence of the mite was documented in
1976 by Pal Zoltan Or6si (Csaba, 1983). In Hungary, the parasite was first detected in an apiary

located in the village of Pocsaj, near the Slovak border (Csaba, 1983).

2.3.2. Morphology of Varroa destructor

V. destructor is characterised by pronounced sexual dimorphism; however, body
segmentation is similar in both sexes and can be divided into two main regions: the idiosoma and
the gnathosoma (Rosenkranz et al., 2010). In females, both the dorsal and ventral shields are
strongly sclerotised and exhibit a reddish-brown coloration in mature individuals. The dorsal
shield of females is flattened and ellipsoidal in shape, with an average length of approximately
1063.0 um (£26.4 um) and a width of 1506.8 pum (+6.0 um) (Rosenkranz et al., 2010). Males are
considerably smaller than females, display a pear-shaped body form, and show markedly weaker
sclerotization, lacking the characteristic reddish-brown coloration. Their legs are proportionally
much longer relative to body size and are specialised for mating. Additional morphological
differences have been described between winter and summer mite populations, with greater
morphological variability observed in summer populations (Akimov et al., 2004).

The chelicerae of V. destructor consist of three main components: a basal segment, an
intermediate segment, and a distally located, movable, finger-like structure. In females, the distal
movable part bears two teeth that play a crucial role in penetrating the host’s exocuticle. In males,

the distal third of the mouthparts is reduced to a tubular structure involved in copulation and sperm
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transfer (Rosenkranz et al., 2010). The female reproductive system is divided into two principal
units. The first comprises the ovary, uterus, and genital opening, with the external genital pore
located between the second pair of legs (Piou et al., 2021). The second unit is responsible for
sperm reception and maturation and consists of the spermatheca and the lyrate organ (Alberti,
1986; Piou et al., 2021).

The entire body surface of female mites, including the legs and mouthparts, is covered with
sensory setae (Rosenkranz et al., 2010). Most of these sensory hairs function as mechanoreceptors
and chemoreceptors (Eliash et al., 2014). Females rarely use the first pair of legs for locomotion;
instead, these appendages primarily serve a sensory function and house the pit sensory organ,
which is considered analogous to Haller’s organ in ticks. It has been demonstrated that methyl
palmitate, ethyl palmitate, and methyl linolenate the volatile compounds associated with royal jelly
are induces electrophysiological responses in the olfactory sensilla of the parasite, playing an
important role in host detection (Rosenkranz et al., 2010; Eliash et al., 2014; Nazzi and Le Conte,
2016). The morphological and sensory specializations of V. destructor are closely linked to its
parasitic lifestyle and fundamentally determine host recognition, feeding behaviour, and

reproductive success (Traynor et al., 2020).

2.3.3. Life cycles and host selection of Varroa destructor

V. destructor finds the conditions required for its survival exclusively within honey bee
colonies, as its reproduction is strictly associated with brood cells. Consequently, it is considered
an obligate ectoparasite (Rosenkranz et al., 2010). The life cycles of the two sexes differ markedly,
and their lifespans also show substantial differences as a result. Males complete their entire life
cycle within capped brood cells, which is explained by the haplodiploid mode of inheritance, as
their sole function is fertilization (Traynor et al., 2020). Their morphology is highly adapted to a
lifestyle in the capped brood due to the lack of cuticular sclerotization, males do not tolerate

conditions outside the brood cell and are unable to feed independently (Rosenkranz et al., 2010).

In contrast, the life cycle of female mites can be divided into two well-defined phases, the
understanding of which is essential for interpreting parasite transmission and maintaining colony
health (Fries et al., 1994; Dietemann et al., 2012). These phases include the so-called phoretic
phase and the reproductive phase, which takes place within capped worker and drone brood cells
(Peck, 2021). The phoretic phase facilitates parasite dispersal, during which female mites attach
to adult bees and spread both between colonies and among brood cells serving as sites of
reproduction (Fries et al., 1994). During this phase, 88.5% of female mites are typically located
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on the ventral abdominal region of adult bees, hiding between the abdominal sternites, which
provides mechanical protection (Kirrane et al., 2012). Female mites observed on the thorax exhibit
behaviour distinct from those located on the abdomen. These individuals have been observed
raising their first pair of sensory legs into the air and actively moving across the bee’s body while
refraining from feeding, suggesting an intention to transfer to another host (Ramsey et al., 2019).
Phoretic mites have been predominantly identified in young nurse bees, with a lesser prevalence
in older worker bees. These host groups play a key role in enabling mites to locate intact brood
cells and access new colonies (Rosenkranz et al., 2010; Ramsey et al., 2019). The ability of
phoretic mites to locate brood cells is influenced by multiple factors, including their ability to
detect vibrations and light (Reams and Rangel, 2022). Beyond chemical orientation, temperature
sensing plays a particularly important role in host selection. Laboratory studies have demonstrated
that the general physiological optimum for female V. destructor lies between 26 and 33 °C (Patzold
and Ritter, 1989; Le Conte et al., 1990). However, subsequent field experiments conducted within
capped brood cells indicate that reproductive success peaks at temperatures between 33.5 and 35.5
°C, corresponding to the natural thermal conditions of brood (Becher, 2009; Rosenkranz et al.,
2010). Above these optimal temperatures, mite tolerance is lower than that of developing pupae,
which has led to the acceptance of elevated temperatures as a physical control method, although
this approach remains limited in practical application (Porporato et al., 2022). Chemical
orientation represents the most significant factor in host selection, primarily mediated by cuticular
hydrocarbon (CHC) profiles emitted by the brood (Del Piccolo et al., 2010; Reams and Rangel,
2022). Phoretic female mites are capable of discriminating among adult bees based on their age
and colony task (Liu et al., 2022). Rather than remaining on newly emerged workers, female mites
actively migrate within the hive toward nurse bees and, to a lesser extent, toward older workers
during the phoretic phase (Kuenen and Calderone, 1997). Both laboratory and field studies indicate
that nurse bees aged 3-12 days constitute the primary host group for mites, whereas newly emerged
bees and foragers carry mites with significantly lower probability (Xie et al., 2016). This host
preference is adaptive for the parasite, as nurse bees frequently visit developing larvae, thereby
facilitating mite access to brood cells that serve as reproductive sites (Reams and Rangel, 2022).
The fat body content of workers is not constant throughout life but changes continuously from the
larval stage through adulthood. Nurse bees possess the largest and most densely structured fat
bodies, which contribute to their preferential selection as hosts during the phoretic phase. The fat
body represents an essential nutritional resource for mites during this stage, explaining the high
prevalence of phoretic mites on nurse bees between reproductive cycles (Ramsey et al., 2019; Han
et al., 2024). Significant differences are also observed in the types of brood cells selected for

reproduction. It is well established that reproductive rates of mites are higher in drone brood,
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reaching an average of 2.6 sexually mature female offspring per cell, while infestation levels in
drone brood may be three to ten times higher than in worker brood (Fuchs, 1990; Calderone, 2001).
Preference for drone brood is largely explained by differences in the duration of the invasion
window. Worker brood cells are susceptible to infestation approximately 15-20 hours prior to
capping, whereas the susceptible period for drone brood exceeds twice this duration, with
infestation occurring up to 40-50 hours before capping (Ifantidis et al., 1988; Boot et al., 1992).

Historically, the higher infestation rates observed in drone brood were often attributed to
increased feeding frequency and more intensive contact between nurse bees and brood. However,
recent investigations by Reams et al. (2024) demonstrated that differences in feeding activity alone
are insufficient to explain mite preference. Instead, host selection is more closely associated with
the cuticular hydrocarbon profile of drone brood and the extended invasion window, indicating
that preference results from a combination of biochemical and age-related factors rather than
increased nurse bee feeding behaviour alone (Reams et al., 2024). Beekeepers exploit this
preference in biological control strategies based on drone brood removal, through which up to 80%
of the mite population can be eliminated in early summer (Fuchs, 1990; Haizhou et al., 2019; Peck,
2021).

2.3.4. Biology of Varroa destructor

The reproductive cycle of V. destructor takes place only within brood cells. Female mites
primarily parasitize brood cells containing larvae in the fifth larval instar that are frequently visited
by nurse bees. In worker brood, invasion occurs during the final 15-20 hours prior to capping,
whereas in drone brood infestation may take place 40-50 hours before cell sealing (Nazzi and Le
Conte, 2016). After entering the brood cell, the female mite moves through the narrow space
between the brood and the cell wall to the bottom of the cell, where larval food composed of royal
jelly, honey, and pollen is located. The mite then hides within this food mass and remains
concealed until the brood cell is capped (Rosenkranz et al., 2010). Five to eight hours after
capping, the larva consumes all remaining food at the bottom of the cell, thereby releasing the mite
from its concealed position. At this point, the mite begins feeding on the larva (Ifantidis, 1988).
This feeding activity initiates oogenesis, which is followed by vitellogenesis (Garrido et al., 2000).
Approximately 70 hours after cell capping, the female lays her first egg, which is haploid;
consequently, following the haplodiploid reproductive system, this first offspring develops into a
male (Ifantidis, 1983). Subsequent eggs are laid at intervals of 20-32 hours and give rise
exclusively to female offspring (Martin, 1994; Garrido and Rosenkranz, 2003). In worker brood,
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a single female mite typically produces three to four viable, mature female offspring. In contrast,
the longer 24-day developmental period of drone brood allows reproductively healthy female mites

to produce an additional offspring (Garrido and Rosenkranz, 2003).

Newly emerged offspring acquire the nutrients required for development through the
feeding wound created by their mother. This wound is located on the second abdominal sternite of
the pupa and, due to the position of the brood within the cell, lies close to the zone where feces
accumulate at the bottom of the brood cell (Kanbar, 2003; Dietemann et al., 2013; Han et al.,
2024). Within a few hours after egg deposition, larvae hatch and subsequently pass through two
developmental stages proto- and deutonymph, prior to reaching adulthood. Each of these stages is
preceded by an immobile phase, referred to as the protochrysalis and deutochrysalis stages,
respectively (Ifantidis, 1983; Donzé and Guerin, 1994). Regarding developmental duration, female
mites reach maturity in approximately 5.8 days on average, whereas males require about 6.6 days
to become fully developed (Ifantidis, 1990; Rosenkranz et al., 2010; Dietemann et al., 2013).

V. destructor exhibit pronounced sexual dimorphism throughout their entire development.
Male individuals remain smaller than females at all stages, and their legs are proportionally much
longer relative to body size (Rosenkranz et al., 2010). Female mites undergo continuous
morphological changes during development, with body size increasing progressively. However,
they acquire their characteristic oval body shape only after the deutochrysalis stage, after which
cuticular pigmentation and sclerotization begin, ultimately resulting in the final reddish-brown
coloration (Dietemann et al., 2012). Both male and female mites reach sexual maturity following
their final molt. Males remain within the fecal accumulation zone of the brood cell, where they
await the emergence of sexually mature females, and mating occurs within this confined space
(Ziegelmann et al., 2013).

The average reproductive rate of female mites is approximately 1.3-1.45 in worker brood,
whereas in drone brood it increases to 2.2-2.6 due to the extended developmental period (Martin,
1994; Rosenkranz et al., 2010). Under laboratory conditions, female mites may complete up to six
to seven reproductive cycles during their lifetime; however, under natural conditions, an average
of only two to three cycles is typically observed (Reams and Rangel, 2022). The strictly timed
reproductive strategy of V. destructor is closely linked to capped brood, that is fundamental to
determining the growth of the parasite population. This strategy plays a central role in the
development of effective control strategies and the level of infestation observed.
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2.3.5. Host depending phenology of Varroa destructor

Density is a fundamental driver of the spread of pests and pathogens. This population
dynamic principle has been well-demonstrated in the case of V. destructor (Dynes et al., 2019).
Experimental studies indicate that higher spatial densities of colonies significantly increase the
population growth rate of mites (Frey and Rosenkranz, 2014; Jack and Ellis, 2021). In regions with
high colony density and in apiaries with large numbers of colonies, the probability of reinfestation
(reinvasion) is highly elevated (Peck and Seeley, 2019). Several behavioural mechanisms
contribute to reinvasion, among which drone drifting between colonies during the May-July period
and worker bee drifting play a dominant role (Goodwin et al., 2006; Utaipanon et al., 2019).
Additionally, consider robber behaviour that occurs during periods of nectar deficiency. During
such periods, colonies weakened by varroosis become sources of parasites that are transferred to
stronger colonies by robbing workers, a phenomenon commonly referred to as the “mite bomb”
effect (Peck and Seeley, 2019). Strong colonies can be capable of robbing other colonies up to 1
km away. Therefore, the distance between apiaries is a critical factor influencing mite spread (Frey
and Rosenkranz, 2014; Jack and Ellis, 2021). This phenomenon is particularly prevalent during
nectar-poor periods, when colonies deprived of forage begin exploiting the honey stores of
neighbouring colonies, a process further facilitated by crowded apiary conditions. Under the
combined influence of Hungary’s variable climatic conditions and heterogeneous forage
availability, mid-July as well as September and early October represent periods of elevated risk
for A. mellifera colonies due to this phenomenon (Rittschof and Nieh, 2021). Although some
studies have questioned the "mite bomb™ hypothesis, which refers to the massive transfer of mites
from collapsing, heavily infested colonies, field experiments consistently demonstrate that
increasing the distance between hives reduces the intensity of reinvasion (Kulhanek et al., 2021).
Studies in both laboratories and fields have shown that increasing the distance between hives can
reduce mite infestation levels by lowering the frequency of robbing and drifting events (Dynes et
al., 2019). Distances of 0-10 m between colonies result in significantly higher parasite loads
compared to colonies separated by 100 m (Nolan and Delaplane, 2017). Comparative studies
conducted across different landscapes further indicate that V. destructor populations grow more
rapidly in high-density apiary regions, with reinfestation rates during autumn being several times
higher than those observed in low-density regions (Frey and Rosenkranz, 2014). In contrast,
apiaries characterised by lower colony density and greater visual separation exhibit persistently
lower parasite loads due to reduced drifting and resulting in higher overwintering success (Dynes
etal., 2019).
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After an initial infestation, V. destructor can establish a large population that grows rapidly
within a relatively short period of time (three to four months). This population can affect more
than just individual bees; it can also compromise the overall viability of the colony (van
Dooremalen et al., 2013; Smith and Peck, 2023; Warner et al., 2024). Based on several studies,
economic threshold levels for phoretic mites are estimated at approximately 2 mites per 100 adult
bees during spring and around 4 mites per 100 adult bees prior to overwintering (Jack and Ellis,
2021; Kulhanek et al., 2021). Population growth of V. destructor varies considerably among
colonies and depends on multiple behavioural and environmental factors, including hygienic
behaviour, queen performance, swarming frequency, robbing tendency, foraging intensity, and
ambient temperature (Fries et al., 1994; Rosenkranz et al., 2010; Smolinski et al., 2021).
Numerous studies have demonstrated that, in temperate regions, most A. mellifera colonies
collapse within 1-4 years as a consequence of varroosis if left unmanaged (van Dooremalen and
van Lengaverde, 2021; Morfin et al., 2023). In contrast, population-dynamic relationships
involving brood infestation rates, proportions of phoretic mites, and natural mite mortality remain
less well understood (Smith and Peck, 2023). Seasonal differences in mortality between summer
and winter mite populations are also insufficiently characterised. The dynamics of brood
parasitism, phoretic mite proportions, and seasonal mortality patterns remain incompletely
resolved, highlighting the need for further research to achieve a more precise understanding of V.
destructor population biology (Rosenkranz et al., 2010; Kulhanek et al., 2021; Warner et al.,
2024).

Overall, the host depending phenology of V. destructor is shaped by the combined effects
of host density, apiary structure, seasonal behavioural patterns, and the biological characteristics
of the parasite itself. This complexity substantially complicates the prediction of infestation

processes and the development of effective control strategies.

2.3.6. Individual and colony level damage caused by Varroa destructor

Colonies affected by V. destructor pass through several stages before the level of damage
reaches the economic threshold and subsequently escalate to a level that threatens colony survival
(Morfin et al., 2023). In social insect colonies, the symptoms of varroosis become detectable at a
later stage, as the proportion of damaged individuals increases in parallel with mite population size
(Rosenkranz et al., 2010). Clinical manifestations of varroosis initially appear at the level of
directly parasitised individuals; however, as the number of infested bees increases, the viability
and organizational integrity of the entire colony become compromised (Rosenkranz, 2010; Corby-
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Harris et al., 2019; Traynor et al., 2020). Consequently, it is essential to examine and understand
both the social- and individual-level symptoms and damage associated with infestation (Ramsey
et al., 2021; Morfin et al., 2023).

For nearly five decades, researchers and practitioners considered hemolymph to be the
primary nutritional source for V. destructor (Amdam et al., 2004). This long-standing assumption
was refined by Ramsey et al. (2019), who demonstrated that the mite’s primary food source is not
hemolymph but the host’s fat body tissue (Ramsey et al., 2019). These findings were further
refined by Han et al. (2024), who showed that mites preferentially exploit different tissue types at
distinct stages of their life cycle. According to their results, mites in the phoretic phase
predominantly damage and consume the fat body of adult bees, whereas during pupal development
hemolymph represents the primary nutritional source for developing mites (Han et al., 2024; Piou
et al., 2024). Damage to developing pupae disrupts multiple metabolic pathways. The loss of
energetic resources impairs protein synthesis (Amdam et al., 2004). Reduced lipid and protein
synthesis results in compromised metabolic turnover and, consequently, impaired immune
function (Ramsey et al., 2019). Additionally, the tolerance of adult bees to pesticides is reduced
because fat body cells play a central role in detoxification processes (van Dooremalen et al., 2013;
Ramsey et al., 2019). Decreases in body mass and abdominal underdevelopment can be measured
in all developing individuals infected with parasites, although the extent of these effects depends
greatly on the number of mites present and the viruses they transmit (Amdam et al., 2003; Morfin
et al., 2020). On average, worker bees have a body mass that is approximately 7% less than the
emergence weight of intact adults (De Jong et al., 1982). This reduction is more pronounced in

drones, ranging from 11 to 19%, depending on the intensity of the infestation (Duay et al., 2003).

The age structure of the colony shifts as a function of damage severity, with worker bees
initiating foraging activities earlier in life. This precocious foraging significantly reduces the
lifespan of individuals and further disrupts the demography of colonies (De Jong et al., 1982;
Amdam et al., 2004). Of the described effects, fat body parasitism by phoretic mites is particularly
harmful because it disrupts metabolic homeostasis in adult bees and suppresses the immune system
(Morfin et al., 2023). Consequently, individuals that are parasitised during development or the
phoretic phase exhibit impaired navigation and orientation abilities. This leads to increased drifting
and reduced foraging performance. These factors ultimately result in a decline in colony
population size and diminished nutritional resources (Muijres et al., 2020). At the colony level,
parasitism weakens individual bees to such an extent that viable populations cannot be sustained,
and tolerance to additional biotic and abiotic stressors is substantially reduced (Fries et al., 2003;

Villaetal., 2008). At low infestation levels, clinical symptoms of mite infestation are often absent,
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and parasitism may remain largely concealed, manifesting primarily at the individual level (Morfin
et al., 2023). As mite populations increase, however, colony population size and food reserves
gradually decline, a process that already exerts a substantial negative impact on honey yield (Le
Conte et al., 2007; Emsen et al., 2014; Morfin et al., 2023).

In temperate regions, the most pronounced damage associated with varroosis typically
appears during autumn, when colonies are preparing for winter and reducing population size.
During this period, shifts in the ratio between overwintering bees and mite populations result in an
increasing proportion of damaged individuals within the colony (Fries et al., 2003). In addition,
the number of phoretic mites that parasitize the fat bodies of adult bees increases, further reducing
the viability of overwintering bees (Warner et al., 2024; Jeyapriya et al., 2025). Once clinical
symptoms of infestation become apparent, colony survival prospects are poor. These symptoms
include deformed wings resulting from virus-mite interactions, trembling and crippled bees, and
scattered, patchy capped brood (van Dooremalen et al., 2012; Jack and Ellis, 2021). Studies
conducted in Germany indicate that if the proportion of infected overwintering bees exceeds 7%,
colony collapse is likely to occur within a short time frame (Genersch et al., 2010; Frey and
Rosenkranz, 2014). Similarly, if infestation levels reach approximately 30% during summer,
colonies have a low probability of surviving the winter. North American studies suggest that the
presence of approximately 3,000-4,000 mites is sufficient to induce colony collapse (Rosenkranz
et al., 2010). Overall, the damage caused by V. destructor cannot be attributed to a single factor
but rather arises from the combined effects of individual metabolic impairment, immune
suppression, behavioural alterations, and virus-mediated co-infections, ultimately leading to

colony failure.

2.3.7. Viruses transmitted by Varroa destructor

V. destructor is considered the primary vector of viral diseases affecting A. mellifera
(Traynor et al., 2020). A strong association has been documented between severe mite infestation
and high colony losses, including colony collapse disorder (CCD). Mite-virus interactions cause
the most severe damage to A. mellifera colonies (Rosenkranz et al., 2010; Francis et al., 2013).
Current research has identified more than 25 different honey bee viruses. Of these, approximately
eight are currently confirmed to be vectored by V. destructor. However, vector competence for
additional viruses is still being investigated (Traynor et al., 2020; Eliash et al., 2022). The viruses
known to be transmitted by the mite include acute bee paralysis virus (ABPV), black queen cell
virus (BQCV), chronic bee paralysis virus (CBPV), deformed wing virus (DWV), Kashmir bee
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virus (KBV), sacbrood virus (SBV), slow bee paralysis virus (SBPV), and Israeli acute paralysis
virus (IAPV) (Berényi et al., 2006; Damayo et al., 2023; Doublet et al., 2024). Most of the viruses
possess a positive-sense, single-stranded RNA genome. Virion diameters typically range between
17 and 40 nm (Remnant et al., 2017). These viruses exhibit icosahedral symmetry and are non-
enveloped, with a capsid structure following T=3 symmetry. The capsid is composed of 60
protomers consisting of three major structural proteins (VP1, VP2, VP3), while in some viruses -
such as BQCV and ABPV - an additional VP4 subunit can be distinguished (Ribiére et al., 2008).
Currently, virus detection relies primarily on electron microscopy and, with advances in molecular
genetics, real-time PCR (RT-PCR) techniques (Traynor et al., 2020). Earlier diagnostic
approaches included ELISA, agar gel immunodiffusion (AGID), and direct antigen-detection
serological methods (Allen and Ball, 1995).

Within the colonies, multiple transmission pathways for viruses have been identified, of
which two major routes are distinguished: vertical and horizontal transmission (Yafiez et al.,
2020). Most of the viruses are capable of spreading via both pathways (Chen et al., 2006a,b; Yafiez
et al., 2020). Several studies have demonstrated that during vertical transmission, multiple viruses
can already be detected simultaneously within eggs, including DWV, SBV, and BQCV (Shen et
al., 2005; Chen et al., 2006b). Consequently, if a fertilised egg carrying viral infection develops
into a queen, her offspring generation is also highly likely to be virus-infected (Chen et al., 2006b).
Horizontal transmission can occur as early as the larval feeding stage, as numerous viruses have
been isolated from the hypopharyngeal glands of worker bees, allowing larvae to become infected
during feeding (McMenamin and Genersch, 2015). Virus transmission is further facilitated by
nutrient exchange among workers through trophallaxis (Geffre et al., 2020). Even if a developing
queen is initially virus-free, this does not guarantee long-term protection, as infection may occur
during mating through virus-contaminated sperm, potentially infecting both the queen and the
subsequent offspring generation (Amiri et al., 2020). The presence of DWV, ABPV, BQCV, and
SBV has been detected in semen collected from drones (Yue et al., 2006). The probability of
drone-mediated transmission is particularly high due to the mite’s preference for drone brood cells
(Chen et al., 2006a). Physical transmission via body contact also plays a significant role in virus
spread among workers and queens, as documented for IAPV and CBPV (Yafiez et al., 2020).

The most recognizable, widespread, and economically damaging virus is deformed wing
virus (DWV), which is primarily identified by malformed, non-functional wings and reduced
abdominal size in worker bees (Boecking and Genersch, 2008). DWYV is the virus most strongly
associated with CCD worldwide (Rosenkranz et al., 2010). The emergence of DWV-related

pathology in A. mellifera closely followed the spread of the V. destructor, with the earliest records
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dating back to the 1980s. Since then, DWV has remained the most prevalent and arguably the most
influential honey bee virus of modern times (Ribiere et al., 2008). Currently, three main DWV
variants A, B (also referred to as VDV-1), and C are recognised, each capable of producing distinct
symptoms depending on viral load and the timing of infection (Kevill et al., 2020). All variants
are capable of replication in both bees and mites. DWV-A is most frequently associated with CCD
due to its higher virulence and mortality rates. In contrast, DWV-B is more widespread, as colonies
infected with this variant exhibit higher overwintering success compared to those infected with
DWV-A (Mordecai et al., 2016; Kevill et al., 2020). The lower virulence and higher replication
efficiency of DWV-B may confer a relative advantage through viral competition, as the presence
of one variant can inhibit the replication of another via superinfection exclusion (SIE) (Mordecai
et al., 2016). Because individual bees can typically sustain infection by only one dominant virus
variant, DWV-B may effectively function as a “protective virus” at the colony level (Mordecai et
al., 2016; Kevill et al., 2020). The most severe manifestation of DWV-A infection is the
emergence of wingless or severely deformed-wing adults, which account for approximately 1% of
virus-infected individuals (Lanzi et al., 2006). This is accompanied by reduced body size, often
expressed as abdominal underdevelopment, as well as cuticular discoloration (Tentcheva et al.,
2006; Anguiano-Baez et al., 2016). Ultimately, the disease process leads to the rapid mortality of

newly emerged adult bees.

Naturally, both abiotic and biotic factors, as well as colony-level genetic tolerance and
immune status, contribute to viral transmission dynamics and disease severity (Neov et al., 2019;
Locke et al., 2021). Viral infection alone is generally insufficient to cause complete colony
collapse. Consequently, from the current scientific perspective, viruses and the mite cannot be
considered independently; rather, the V. destructor—virus complex must be examined as an
integrated system. Understanding virus-mite-host interactions is fundamental to understanding the
processes that lead to colony collapse, as well as to developing sustainable management and

control strategies (Warner et al., 2024).

2.3.8. Tolerance phenomenon and mechanisms of Apis genus to Varroa

destructor

When examining the evolutionary relationship between V. jacobsoni / V. destructor and A.
cerana, several traits and behavioural patterns can be identified that effectively reduce the
parasite’s reproductive rate and, consequently, the overall level of damage inflicted on the host

colony (Fries et al., 1996; Grindrod and Martin, 2023). The tolerance of A. cerana cannot be
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attributed to a single mechanism; rather, it emerges from the combined effects of multiple,
interrelated behavioural and physiological adaptations (Grindrod and Martin, 2023). These include
efficient grooming behaviour, which enables the direct removal of mites, as well as hygienic
behaviour, during which infested brood is detected and removed from the colony (Rosenkranz,
1993). Together, these active defence mechanisms allow A. cerana colonies to eliminate a
substantial proportion of mites according to some studies, exceeding 90% of the parasite
population (Rosenkranz, 1993). In drone brood, the presence of a rigid pupal cap prevents heavily
parasitised individuals from successfully emerging, causing both the developing drone and the
associated mites to remain trapped within the cell (Boecking et al., 1999). This phenomenon,
referred to in the literature as entombing, can result in the sequestration of up to one quarter of

developing mites within brood cells (Rath, 1999).

Naturally selected tolerance to V. destructor has also been documented in certain A.
mellifera populations (De Guzman et al., 2008; Guzman-Novoa et al., 2024). The most resistant
populations have emerged among so-called Africanised A. mellifera colonies in tropical regions
(Bianchi et al., 2023). These colonies exhibit both active grooming behaviour and a high level of
hygienic behaviour, similar to those observed in A. cerana (Bianchi et al., 2023). One of the
earliest reports describing a high degree of tolerance under tropical conditions originated from an
isolated A. mellifera population on Fernando de Noronha Island in northeastern Brazil, where
colonies had not received Varroa treatments since 1977 (Castilhos et al., 2024). The emergence of
natural tolerance in these populations cannot be attributed solely to the genotype of Africanised
bees but rather reflects the long-term interaction of multiple favourable ecological and population-
dynamic factors over nearly five decades. Since then, numerous studies from both Europe and the
Americas have reported tolerant populations and explored the underlying mechanisms of Varroa
tolerance (Mondet et al., 2020).

Considerable efforts have been made to selectively breed A. mellifera lines with increased
tolerance to V. destructor. One prominent example is the American-Russian breeding program,
often referred to as the “Primorsky” bees, which resulted in the development of 18 lines exhibiting
enhanced tolerance (De Guzman et al., 2007). German beekeepers later adopted these selected
lines, however, under Central European climatic conditions, the colonies failed to maintain the
same level of mite tolerance (Rosenkranz et al., 2010). Varroa tolerance depends on a suite of
traits whose genetic selection is complicated by their polygenic nature (Sprau et al., 2024a).
Advances in next-generation sequencing (NGS) and SNP-based genotyping platforms represent
major milestones in both Varroa research and selective breeding efforts (Kolics et al., 2020;

Spotter et al., 2014; Gabel et al., 2023). Key traits associated with Varroa tolerance include
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hygienic behaviour, Varroa-sensitive hygiene (VSH), suppressed mite reproduction (SMR), and
grooming behaviour, all of which exhibit moderate to high heritability estimates (h?=0.2-0.9)
(Harbo and Harris, 1999 a,b; Gabel et al., 2023). A further challenge arises from the mating
biology of honey bees, which under natural conditions allows controlled selection primarily on the
maternal side (Paxton, 2005). Artificial insemination and isolated mating stations, while effective,
remain logistically demanding and often inaccessible for routine beekeeping practice (Biichler et
al., 2025). Overall, Varroa tolerance is not the result of a single adaptive trait but rather emerges
from a complex network of behavioural, physiological, and genetic mechanisms. Understanding
this multifaceted system is essential for the development of sustainable beekeeping practices and
future breeding strategies aimed at mitigating the impact of V. destructor.

2.4. Non-destructive imaging techniques in apicultural research

The application of imaging techniques has become increasingly important in apicultural
research, as these methods provide non-invasive, high-resolution investigative opportunities that
were previously unavailable or only partially accessible. Technological advances particularly in
high-resolution computed tomography (CT), micro-computed tomography (micro-CT), infrared
thermography, and deep learning-based image analysis have continuously expanded the
applicability and relevance of these approaches over the past decade (Jonsson, 2023; Urban and
Chlebo, 2024). At the same time, the rapid adoption of imaging-based methodologies has
highlighted one of the most critical methodological limitations in apicultural research: the
substantial time and labor demands associated with manual image evaluation (Batz et al., 2022;
Toulkeridou et al., 2023).

Classical ethological observations, such as the assessment of hygienic behaviour (including
Varroa-sensitive hygiene, VSH) or the analysis of hive entrance traffic, traditionally rely on
manual video analysis that can require days or even weeks of work. This approach drastically
limits the number of colonies that can be examined simultaneously and reduces both the
reproducibility and statistical power of such studies (Batz et al., 2022; Urban and Chlebo, 2024).
Batz et al. (2022) demonstrated that the manual video analysis of hygienic behaviour is “very time-
consuming” and represents one of the primary bottlenecks of the apicultural ethological research.
In contrast, the implementation of machine learning based image processing in their study reduced
analysis time by approximately 70%, while simultaneously increasing the number of detected
behavioural events, thereby effectively enlarging the sample size and accuracy of the

measurements (Batz et al., 2022). Similar conclusions were drawn by Alves et al. (2020), who
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described the visual evaluation of comb frames as a “labour-intensive, tedious and error-prone”
procedure, which was substantially accelerated and improved in accuracy through deep learning-
based comb cell characterization (Alves et al., 2020). Together, these findings clearly indicate that
Al-driven image analysis does not merely represent a technical innovation but rather constitutes a
methodological breakthrough capable of overcoming long-standing limitations related to time,
labor, and sample size in apicultural research (Batz et al., 2022; Astuti et al., 2024; Copeland et
al., 2025).

As a result of these technological developments, imaging techniques have now been incorporated
into several areas of apicultural research, including X-ray-based micro-CT and human diagnostic
CT approaches (Alba-Tercedor and Alba-Alejandre, 2017; Facchini et al., 2019; Bader et al.,
2022). Also, infrared thermography offers a novel perspective for investigating the thermal
dynamics of the superorganism during summer and winter time, and to understand ore the social
fever responses and overall, the colony thermoregulation (Stabentheiner et al., 2010; Goblirsch et
al., 2020). In parallel, rapid advances in computer vision have enabled automated ethological and
ecological studies that were previously impractical due to the constraints of manual data
processing (Berkaya et al., 2021; Astuti et al., 2024). Overall, the integration of imaging
technologies has opened a new methodological era in apicultural science, in which large-scale,

reproducible, objective, and non-invasive investigations have become increasingly feasible.

2.4.1. Applications of human diagnostic computed tomography

Computed tomography (CT) is a widely used imaging technique in human and veterinary
diagnostics, as well as in numerous physiological and anatomical studies (Easton, 2012; Csdka et
al., 2022; Petnehazy et al., 2023). In entomological research, however, its application has remained
relatively rare to date, even though the method offers several advantages that are particularly
valuable for the investigation of small-sized, sensitive, or cryptically developing organisms. CT
enables non-destructive, X-ray-based three-dimensional reconstruction of morphological and
certain physiological characteristics, allowing for precise quantitative and qualitative

measurements of internal structures (Easton, 2012; Mazonakis and Damilakis, 2016).

X-ray radiation belongs to the category of ionizing radiation and has historically been
applied in entomological research primarily for pest sterilization within sterile insect technique
(SIT) programs (Buscarlet, 1982; Hallman, 2013). However, the radiation doses used in modern
CT systems are several orders of magnitude lower than those applied for sterilization purposes.

Consequently, multiple studies have clearly demonstrated that CT examination conditions do not
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induce measurable physiological or behavioural impairments in insects (Wipfler et al., 2016; Hall
and Martin-Vega, 2019). This was further confirmed by Keszthelyi et al. (2015), who reported
significant mortality or developmental damage in granary weevils (Sitophilus granaries L 1758)
(Coleoptera: Curculionidae) only when exposed to radiation doses several orders of magnitude
higher than those used in CT imaging. The first documented entomological application of CT was
reported by Fuchs et al. (2004), who investigated the nest architecture, tunnel systems, and spatial
distribution of individuals in termite colonies (Cryptotermes secundus Hill 1925) (Blattodea:
Cryptotermitinae). Their work demonstrated that CT provides a unique opportunity to study
enclosed, hidden, or otherwise inaccessible structures without disrupting colony organization.
Since then, CT has proven particularly valuable in insect research where cryptic developmental
stages, wood-boring pests, or the dynamics of developmental impairments can only be examined

using non-invasive approaches (Keszthelyi et al., 2020; Donko et al., 2022).

In apicultural research, the application of human diagnostic CT is still considered novel,
and the number of available studies remains limited. Nevertheless, existing research indicates that
CT can be applied with high precision across various areas of bee-related studies, including the
investigation of honey ripening dynamics, colony wax architecture, and the morphological
analysis of pupae (Eyer et al., 2016; Facchini et al., 2019; Bader et al., 2022). Facchini et al.
(2019) performed large-sample three-dimensional reconstructions of A. mellifera pupae using
human diagnostic CT and demonstrated that pupae developing in Varroa-infested cells exhibit
significant differences in body length and developmental progression compared to those from
intact brood cells (Facchini et al., 2019). In the field of honey bee health, Facchini et al. can be
considered pioneers, as they were the first to apply human diagnostic CT as a measurement
methodology within this research context. One of the principal advantages of this approach lies in
its ability to visualize the interior of capped brood cells, a feature of particular importance for
research targeting the cryptic developmental stages of V. destructor (Facchini et al., 2019).

Overall, human diagnostic CT provides novel, high-resolution, non-destructive
investigative opportunities in apicultural research. It may be regarded as a relatively rapid imaging
modality, enabling the examination of capped brood, Varroa-induced developmental alterations,
and factors influencing colony health with a level of detail and sample size that was previously

unattainable.
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2.4.2. Applications of micro-computed tomography

Micro-computed tomography (micro-CT) is a miniaturised, high-resolution variant of
conventional human diagnostic CT that can achieve micrometer-scale spatial resolution (1-50 pm)
(Clark and Badea, 2014, 2021). This technique is particularly well suited for the non-destructive,
three-dimensional examination of small organisms, including insects, pupae, and even cellular-
level structures (Clark and Badea, 2021; Jonsson, 2023). The fundamental difference between
micro-CT and human diagnostic CT lies in the size of the investigated objects and the achievable
image resolution: while the latter provides sub-millimeter-scale diagnostic resolution, micro-CT
enables the visualization of anatomical, histological, and fine morphological details in the
micrometer range. Consequently, micro-CT has become one of the most important modern tools
in insect anatomy research (Smith et al., 2016; Alba-Tercedor and Alba-Alejandre, 2017; Castején
et al., 2018). A major advantage of micro-CT is its ability to generate three-dimensional
reconstructions of internal anatomical structures in a non-destructive manner, making it applicable
to both living and preserved insect specimens (Smith et al., 2016; Poinapen et al., 2017). The
technique allows detailed examination of the head, thorax, and abdomen cavities, tracheal systems,
musculature, the central nervous system, and even one of the most difficult soft tissue types to
detect the fat body (Smith et al., 2016; Bell et al., 2023a; Bell et al., 2023b). However, the method
also has limitations, including relatively long scanning times that depend on the desired resolution
and the size of the investigated object. In addition, image processing is often performed manually,
which represents a major bottleneck for studies involving large sample sizes (Jonsson, 2023;
Toulkeridou et al., 2023).

In apicultural research, the use of micro-CT has expanded rapidly in recent years and has
been applied primarily to anatomical investigations. Alba-Tercedor and Alba-Alejandre (2017)
produced a detailed anatomical atlas of the thoracic and respiratory systems of A. mellifera using
micro-CT (Alba-Tercedor and Alba-Alejandre, 2017). De Paula et al. (2022) combined micro-CT
with various histological staining techniques to integrate two-dimensional and three-dimensional
imaging, thereby describing the functional organization of the A. mellifera digestive system and
providing a more detailed anatomical characterization of the peritrophic matrix (De Paula et al.,
2022). Micro-CT-based anatomical mapping is particularly valuable in developmental biology
studies, where the growth, reorganization, or impairment of internal organs can be effectively
tracked; however, such applications remain relatively underexplored (Castejon et al., 2018;
Sharma et al., 2025). Recent technological advances have further expanded the applicability of
micro-CT. The use of contrast-enhancing staining protocols (e.g., ethanol, iodine, methanol) has

improved soft tissue differentiation, while advanced reconstruction algorithms have enabled more
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accurate volume and surface area calculations (Metscher, 2009; Swart et al., 2016; Jonsson, 2023).
As a result, micro-CT has evolved beyond the creation of anatomical atlases and is now suitable
for quantitative tissue analyses, such as monitoring pupal development dynamics, assessing
parasite-induced internal structural changes, and investigating the hidden biology of parasites
(O’Sullivan et al., 2018; Toulkeridou et al., 2023).

Overall, micro-CT has become a key methodological tool in entomological research by
providing non-destructive, high-resolution, three-dimensional insights. Within apicultural science,
it holds considerable potential for elucidating the anatomical organization and developmental
processes of the A. mellifera and its parasites. By complementing human diagnostic CT through
its superior level of detail, micro-CT enables the detection and quantification of fine structural
alterations, thereby delivering novel information for both fundamental research and applied bee

health studies.

2.4.3. Applications of infrared thermography

Infrared thermography is a non-invasive imaging technique that enables two-dimensional
spatial mapping of surface temperature based on the infrared radiation emitted by objects. The
method is particularly well suited for the investigation of living systems, as it provides contact-
free information on metabolic processes, heat production, and the dynamics of heat distribution
(Kastberger et al., 2003; Keszthelyi et al., 2020). In apicultural research, thermography has gained
particular importance in colony-level investigations, where thermoregulation, behaviour, and
health status are closely connected (Kovac et al., 2007; Stabentheiner et al., 2010).

One of the most important advantages of thermographic applications in apicultural research
is the possibility of performing continuous and repeatable measurements without substantially
disturbing colony behaviour or internal structure (Klein et al., 2014; Stabentheiner et al., 2021).
Consequently, the method is well suited for tracking temporal changes in colony-associated
thermal patterns and for comparative analyses of the effects of treatments, environmental stressors,
or shifts in health status (Kovac et al., 2007; Goblirsch et al., 2020; Stabentheiner et al., 2022).
Infrared thermography is primarily applied as an indicator-based imaging approach. Numerous
studies have demonstrated that the stability and spatial homogeneity of colony heat distribution
are highly sensitive to colony condition, parasite load, and overall vitality (Starks et al., 2000;
Bauer et al., 2018). Changes in thermal patterns may therefore serve as early, non-specific
indicators of colony stress or dysfunction, often preceding the appearance of overt clinical
symptoms (Goblirsch et al., 2020). Thermography has also played an important role in the
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investigation of heat-related social behaviours, particularly in cases where the observed
phenomena are temporally rapid, spatially heterogeneous, and difficult to capture using
conventional sensors. One such example is social fever, a complex process that requires further
investigation and for which infrared thermography is particularly suitable under field conditions
(Bauer et al., 2018; Goblirsch et al., 2020). The technique enables spatial visualization and
quantitative analysis of these thermal changes, thereby opening new perspectives for interpreting
colony-level response mechanisms. The significance of infrared thermography is further enhanced
by recent technological advances, as modern handheld thermal cameras now allow high-resolution
and even continuous data acquisition. In parallel, artificial intelligence-based image analysis
facilitates objective and reproducible evaluation of thermal patterns, which is especially important
in large-scale and long-term apicultural studies where manual assessment represents a major
methodological constraint due to its substantial time and labour requirements (Astuti et al., 2024;
Rathore and Agrawal, 2024).

Overall, infrared thermography in apicultural research is not primarily aimed at describing
fundamental thermoregulatory mechanisms, but rather at investigating their dynamics, stability,
and deviations. The method effectively complements human diagnostic CT and micro-CT-based
anatomical and developmental approaches by providing functional information at both the
individual and colony levels regarding the current physiological state of colonies and its temporal

variation.
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Detailed descriptions of the materials and methods applied in the individual studies are
provided in the respective articles presented in Chapter 4. To avoid redundancy, the present chapter
does not repeat the experimental procedures. Instead, Table 2 provides an overview of the main
objectives of each study, together with the corresponding measurements and analytical

approaches.

3. MATERIALS AND METHODS

Table 2. Overview of different investigations and experimental settings, listing the applied
diagnostic techniques, and the measured parameters of A. mellifera specimens

Diagnostic
techniques

Measured
effect

Measured parameters

Study 1

Study 2

Study 3

Study 4

Study 5

Diagnostic CT

Diagnostic CT
RT-PCR

Diagnostic CT
Micro-CT

Diagnostic CT
Light microscope

Infrared camera

V. destructor

V. destructor
DWYV virus

Cell structure

X-ray irradiation

V. destructor
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- Pupae surface

- Pupae volume

- Hounsfield value of pupae
- Pupae weight

- V. destructor numbers

- Pupae body length

- Head length

- Thorax length

- Abdomen length

- DWV presence by RT-PCR

- Head length

- Thorax length

- Abdomen length

- Pupae volume

- Cell volume

- Hounsfield values of brood cell

- Mortality of A. mellifera

- Mortality of V. destructor

- Hemolymph composition of A.
mellifera

- Infestation rate of brood
- Capping temperature of different
A.mellifera developmental stages
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Abstract — The ectoparasitic mite, Varroa destructor, is a most important health risk for European honey bee
subspecies (Apis mellifera) globally. There is a scarcity in experimental approaches addressing this issue by using
computed tomography. Our purpose was to determine the decrease in the volume, surface, density and weight
alteration triggered by V. destructor in pre-imaginal stages of A. mellifera using computer-based 3-D reconstruction
technology. Computer tomography used in the current study proved to be sufficiently sensitive for the detection of
V. destructor in comb cells. This non-invasive experimental setup revealed that the developing worker pupae have
retained their volume and surface values, whereas the weight loss triggered by V. destructor was statistically
confirmed. In addition, the disappearance of lower radiodensity tissues is shown to be due to mite parasitism, which

can be primarily explained by haemolymph losses.

computer tomography / pre-imaginal development/honey bee/impairment / Varroa destructor

1. INTRODUCTION

The honey bee mite Varroa destructor
(Acari: Varroidae) is one of the most de-
structive natural enemy of the western honey
bee, Apis mellifera (Anderson and Trueman
2000). Its original host is the eastern honey
bee, Apis cerana ; however, it attacks only its
drone broods. It became a parasite for Apis
mellifera subsequently, in areas in which
both bee species coexist. Other host of this
parasite mite is not known (Rosenkranz et al.
2010). It is native in Southeastern Asia, from
where it started spreading worldwide. It has
been present in Holarctic, Neotropical and

Corresponding author: S. Keszthelyi,
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Manuscript editor: Yves Le Conte

40

Indo-Australian regions for over 40 years
(Sammataro et al. 2000).

There are several biological consequences in
honey bee caused by V. destructor . Colony losses
caused by V. destructor in the western honey bee
are mainly due to worker bee injury caused by this
parasite mite during pre-imaginal development
(Duay et al. 2003). The most plausible side effect
is the weight loss during the post-embryonic in-
festation. Body weight loss right after the onset of
adult stage can reach 10% in infested populations
(De Jong et al. 1982). The parasitised adult bee
emerges injured with a reduced life expectancy
and impaired orientation ability (De Jong and De
Jong 1983).

Previous research rvesults have been ve-
ported as to V. destructor being a typically
haemolymph parasite of immature and adult
honey bees (Shaw and Stobbart 1963). The
latest results (Ramsey et al. 2019), however,
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showed that the parasite adheres to the body
of the bee and weakens it by sucking its fat.
It is a vector for at least 5 debilitating bee
viruses including RNA viruses such as the
virus inducing deformed wing development
{Genersch and Aubert 2010; Anguiano-Baez
et al. 2016). Through weakening the immune
system, it facilitates the occurrence of other
pathogens, which can cause the overall ex-
tinction of the infested bee family (Yang and
Cox-Foster 2005).

Although a detailed, non-invasive study
from Facchini et al.’s (2019) experiment on
V. destructor infecting honey bees at differ-
ent developmental stages has recently been
published, experimental studies performed
on honey bee hives mainly omitted the use
of computed tomography hitherto, even
though computed tomography offers a non-
mvasive approach.

The goal of this study was to analyse the
effect brought about by V. destructor on the
pre-imaginal stage of A. mellifera in a non-
mvasive manner. Our purpose was to assess
the putative change in the volume, density
and weight in post-embryonic stages of
A. mellifera caused by this important mite
parasite using computer-based three-dimen-
sional reconstruction technology.

2. MATERIAL AND METHODS
2.1. Sampling

A “warm way”-built hive (with the frames
perpendicular to the entrance) was placed
next to Kaposi Somogy County Teaching
Hospital, Dr. Baka Jozsef Diagnostic, Radia-
tion Oncology, Research and Teaching Cen-
tre (GPS coordinates: WGS: X:46.381079
Y:17,826915), in which computer tomogra-
phy (CT) was conducted at the commence-
ment of August 2019. One colony of Apis
mellifera carnica kept on 10 frames was the
subject of our investigation. Copious honey
and pollen were available to feed the colony,
and in addition bees were fed with 50%
sugar drops during the survey. The young
honey bee queen providing the progeny
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emerged on 15 May 2019. The colony
infested with V. destructor was kept under
natural conditions throughout the study. The
average abundance calculated right before the
implementation of the non-invasive analysis
was 108.6 adult mites/frame. The last acari-
cide treatment of this colony was effectuated
on 08 September 2018, after which other
pesticides were not administered.

2.2. Description of the examination setup

In the course of the experiment, the colo-
ny was observed daily and the batches of the
eggs laid simultaneously were analysed by
CT (18 August 2019.). The broods were
uniformly closed on the 9th day following
egg-laying. After the brood coverage, a
brood comb of 8 x 10 cm of the workers
was cut from the centre of the frame, which
was subsequently assigned to CT examina-
tion at equal intervals, four times during the
post-embryonic development: on the 14th,
16th, 18th, and 20th day from the onset of
egg-laying. One hundred fifty pupae were
assayed, from which 10 intact and 10
infested pre-imaginal specimens were ran-
domly selected for comparison. The sensitiv-
ity of the CT-method was visually examined
by detecting V. destructor in the brood’s
cells, which was tested by extracting unex-
amined brood’s cells in 10 replications. This
comparison method was always carried out
by two persons. Volume and tissue density
data of pupae were gathered by means of
computed tomography, from which the
change in physiological characteristics of the
honey bee pupae could be concluded. Be-
tween each recording, the comb sample was
placed back to its original position in the
frame. At the end of the survey, these exam-
med worker pupae were removed from their
brood cells and the number of adult female
mites per cell was determined by their dis-
tinct, darker cuticle and signs of wear; sub-
sequently the host bees were weighed on a
micro-scale (Sartorius A1208) with the accu-
racy of 1 mg.



23. Computed tomography-assisted imag-
ing analysis

The CT measurements were performed
using a Siemens Somatom AS + CT scanner
(Siemens Ltd., Erlangen, Germany). The fol-
lowing scanning parameters were used for
data collection: 140 kV, 200 mAs and spiral
data collection with pitch 0.7, UHR (Ultra
High Resolution) mode. Axial scans were
reconstructed at every 0.1 mm increment
with 0.6-mm slice thickness and 60-mm field
of view using V80 u convolution kernel. The
images were archived in DICOM (Digital
Imaging and Communications in Medicine)
format and each of the series was subse-
quently converted to NIFTI (Neuroimaging
Informatics Technology Initiative) metafiles.
The resolution of the meta-images was nearly
isotropic: 0.117 % 0.117 % 0.1 mm’.

The first step during the implementation of
the analysis was the separation and identifi-
cation of the individuals. The pupae were
segmented manually using the segment editor
module of the 3D Slicer program (Fedorov
et al. 2012). The average radiodensities and
volumes of the pupae were calculated using
the voxels belonging to the pupae. Subse-
quently, the coordinates of those pupae
voxels were considered to be the coordinates
of the surface points of the pupae. Based on
these 3-D point clouds, the surfaces of indi-
vidual seeds were reconstructed through
triangularisation. The 3-D models of seeds
were created for measuring the surface size
and visualisation of the pupae, in order to
test the volume, surface and tissue density
[(Hounsfield Unit (HU) is a quantitative val-
ue for describing radiodensity. It is frequent-
ly used in CT scans, where its value is also
termed CT number].

2.4. Statistical analysis

For Hounsfield Unit and the weight values
of the examined honey bee pupae, the
Shapiro—Wilk test was used. For the survey
of the normal distribution of data (P < 0.05),
the Ghasemi- and Zahediasl-type methods
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were employed. The effects of V. destructor
(post-embryonic development and health
condition were the independent variables) on
the volume (mm?), the surface (mm?) and the
tissue density (HU) of infested pupae (as de-
pendent variables) and its interaction with pre-
imaginal development were statistically
analysed by two-way ANOVA. The impact
of mite parasitism on the weight of honey
bee pupae measured at the end of the survey
was evaluated by one-way ANOVA via using
the SPSS for Windows 11.5 software package.
Mean values were separated by using the
Tukey test, at P < 0.05.

3. RESULTS

3.1. Sensitivity of CT for mite detection and
infestation rate

The detection rate of V. destructor present in
the analysed comb by CT has continuously in-
creased during the progress of post-embryonic
development of honey bee pupae. The early de-
veloping stage of parasite can be seen in the lateral
side of pre-imaginal honey bee pupae in Figure 1.
The perception rates of the parasite in the four
non-invasive recordings were the following: 1st
recording, 43.33%; 2nd, 76.66%; 31d, 90%; 4th,
100%.

The infestation in the experimental comb was
21.31% (Figure 2). Additionally, the average
number of mites per one infested cell was 4.68,
which has been determined after the opening of
cells at the end of the experiment.

3.2. Volume, surface and tissue density data
of pupae

The Shapiro-Wilk normality test showed
that our CT-measured data are of normal
distribution, P > 0.05. Uniform significant
differences in the tissue density of pupae
between intact and infested samples were
revealed by statistical analysis.

The effect of post-embryonic development on
the change in volume (P =2.47 x 107, surface
(P =4.91 x 107'%) and tissue density (P = 1.73 x
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Figure 1. Axial CT recordings of honey bee pupae with feeding V. destructor (marked by white cross).

10°*) data of pupae was confirmed by two-way
ANOVA.
Volume reduction in pupae triggered by

V. destructor could be detected in this
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Figure 2. Experimental sample of honey bee comb with
black spot marking of infested cells by V. destructor .
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experiment (Figure 3a, b, ¢, d, e, f, g, and
h). The volumes of the parasite-infected pupae
and intact pupae as well decreased in each
observation record with the exception of the
2nd recording. We showed a remarkable dif-
ference on the Ist recording as well (2.898
mm>), but the most spectacular difference
(3.435 mm®) between the volumes of the
infested samples and those of the intact ones
was measured on the 3rd recording. Nonethe-
less, the effect of mite parasitism on volume
decrease in bee pupae could not be proven
statistically (P 0.271) by two-way
ANOVA. The combined effect of pre-
imaginal development and parasitism on the
volume change in the bee pupae showed a not
statistically proven relationship (P = 0.692).
The surface of intact and infested samples
within the same recording was examined in
conjunction with the volume. The surface of
the examined intact samples was 136.711 =
1.276 mm® at the end of the examination.
The surface loss in the infested pupae was
0.667 mm? on average on the 4th recording,
but this decrease (P = 0.842) and the inter-
action with pre-imaginal development (P
0.085) were not statistically confirmed.
The pupae tissue densities expressed by
Hounsfield Unit (HU) of intact and infested
honey bees are shown in Figure 4a, b, c, d,
e, f, g, h, and i. The samples infested by
V. destructor have lower radiodensity values
than those of the intact samples, which has
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been confirmed by two-way analysis of vari-
ance (P = 8.64 x 10°°). The mean changing
density of the infested pupae was 1.657 HU
(1.481%). Eventually, the dense tissue forma-
tion has disappeared from the pupae of honey

bee, which may be due to sucking by
V. destructor . Nonetheless, the interaction of
the parasitism and the development could not
be statistically confirmed (P = 0.084).
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Figure 4. The tissue density (HU) changing of honey bee pupae during the examination as a function of
V. destructor parasitism (n = 20). (a, b, ¢) Small letters indicate significant difference (p < 0.05) between means
of different recording times; (d, e, f, g, h, 1) small letters indicate significant difference (p < 0.05) between intact and

parasite samples.
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Figure 5. Computer-based three-dimensional reconstructions of honey bee pupae infested by V. destructor in the

comb. V. destructor are marked by white spots.

3.3. Weight of pupae

The weight loss of honey bee pupae attacked
by V. destructor (Figure 5) was evinced. The
mean of calculated weight of the infested pupae
was 105.2 =0.001 mg, while the same developing
stage (healthy stage) was 121.9 = 0.001 mg,
which represents 16.6 mg (13.665%) weight loss
in the case of the damaged honey bee pupae. The
effect of parasitism on the weight of this pre-
imaginal stadium of honey bee was statistically
demonstrable (P = 8.41 x 1077) by one-way
ANOVA.

4. DISCUSSION

It is claimed that computer tomography as a
new, non-invasive method in apiary researches is
suitable for the detection of V. destructor in comb
cells. Naturally, the detection rate depends on the
operator’s aptitude, but generally, the later the
scan, the easier it is to spot a mite in a cell.
However, it proved most suitable in observations
at more advanced developing stages of mite, at
which the deutochrysalis has already exhibited the
final body shape. At the deutochrysalis stage, the
coloration starts on the periphery of the
opisthosoma and shifts to a reddish-brown colour
after the moult of the female (Rosenkranz et al.
2010). Further, the better detection of parasites by
CT at late developmental stages can be partly
explained by the hidden lifestyle of both the
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founder mite and the larvae at eatlier developing
stages. The nymphs are generally located on the
Sth segment on the bee pupa and near the so-
called faecal accumulation site at the bottom of
the cell (Kanbar and Engels 2003).

The infestation rate of V. destructor reported in
this study can be considered to be the average
infestation rate on the basis of the relevant data,
which substantially vary between 7% (De
Guzman et al. 2007) and 30% (Rosenkrantz
et al. 2006). Besides, it cannot be excluded that
the infestation rate can reach higher value in a
comb as V. destructor might not infest cells in a
uniform way within a comb (Facchini et al. 2019).
The recorded number of parasite mites in one cell
coincided with the normal progeny rate of
V. destructor reported in previously published
works. It is normal for a fertile mite to lay five
eggs (one male and four females) in worker cells,
which can be located close to each other (Martin
1995; Rosenkranz et al. 2010).

The anatomical features measured by CT in
developing honey bee pupae were unequivocally
influenced by parasitism. According to our CT-
assisted observation, the developing honey bee
pupae have retained their volume and surface
values (which can be partially explained by the
normal post-embryonic development too), while
the weight loss triggered by V. destructor was
observable. These results are in line with the data
presented previously in the relevant literature
(Colin et al. 1999; van Engelsdorp et al. 2007;



Facchini et al. 2019). Duay et al. (2003) have
presented the first reliable data on individual
drone weight loss, especially from the red-eyed
pupal stage onwards. The resulting reduction in
the weight of adult drones was related to the
number of female mites (up to 20) that had invad-
ed a brood cell.

The diminished radiodensity in animal tissues
(e.g. fat) in infested pupae can be explained by the
disappearance of high-density organic (e.g. proteins,
carbohydrates) and inorganic (e.g. water) materials
(Romvari et al. 1996; McEvoy et al. 2008). In this
context, it is worth mentioning that water (as an
essential component) can be found in the largest
quantities in insect haemolymph (Shaw and
Stobbart 1963).

Albeit direct tissue analysis was not carried out
m this study, based on our results, it can be in-
ferred that the content of haemolymph could be
decreased primarily by V. destructor parasitism
due to water being the densest and the highest
proportion component of this insect tissue. The
results of former experiments are confirmed by
our findings. Ramsey et al. (2019) showed that
this parasite does not only consume body fat but
also damages host bees by haemolymph sucking,
a phenomenon which could not be verified by our
study. Varroa parasitism is associated with im-
paired development of immature bees, decreased
lipid synthesis, reduced protein titers, desiccation,
impaired metabolic function, inability to replace
lost protein, precocious foraging, heightened win-
ter mortality, impaired immune function, de-
creased longevity and reduced pesticide tolerance
(Bowen-Walker and Gunn 2001; van Dooremalen
et al. 2013).

In summary, our results can shed light on the
consequences of the damage brought about by
V. destructor during the pre-imaginal stages of
honey bee development in a non-invasive way.
Our reconnaissance study in the detailed biology
of this important ectoparasite can play an impor-
tant role in the understanding of some viral disor-
ders transferred by mite (e.g. CCD) as well as the
elaboration of strategies aimed at successful pro-
tection method against it. These novel data origi-
nating from CT imaging can contribute to the
understanding of the complex phenomenon of
colony collapse disorder.
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Simple Summary: The Varroa mite (Varroa destructor) is the most important natural pest of the honey
bee, Apis mellifera, worldwide. The extent to which impairments in honey bees occur concomitantly
upon infestation by this parasite greatly varies. Inter alia, the Varron mite causes developmental
disorders mediated by deformed wing virus in this host. Although there is a plethora of information
regarding the consequences of this parasitism in the fully developed stage, data concerning the pre-
imaginal honey bee stage inside the comb are rather scarce. In this study, morphological differences
in the main body parts of the honey bee during the development stages of both intact and parasitized
larvae were measured inside the comb by means of computed tomography. The images obtained
reveal a visualization of the harmful effects of the Varroa mite on the pre-imaginal host. Our results
demonstrate that the deformation of certain body parts was due to the presence of the parasite.
Deformity, as the most conspicuous sign of infestation, is coupled with a decrease in the total-body
size and abdomen size together with a disproportionate ratio of different body parts. In summary,
information on the impairment of honey bee development triggered by the Varroa mite gives the
opportunity to assess the damage caused by this serious pest, which occurs latently in honey bees.

Abstract: The honey bee (Apis mellifera 1.. 1778) is an essential element in maintaining the diversity of
the biosphere and food production. One of its most important parasites is Varroa destructor, Anderson
and Trueman, 2000, which plays a role in the vectoring of deformed wing virus (DWV) in honey
bee colonies. Our aim was to measure the potential morphometric changes in the pre-imaginal
stage of A. mellifera caused by varroosis by means of computed tomography, hence supplying
evidence for the presumable role that V. destructor plays as a virus vector. Based on our results, the
developmental disorders in honey bees that ensued during the pre-imaginal stages were evident.
The total-body length and abdomen length of parasitized specimens were shorter than those of their
intact companions. In addition, the calculated quotients of the total-body/abdomen, head /thorax,
and head /abdomen in parasitized samples were significantly altered upon infestation. In our view,
these phenotypical disorders can also be traced to viral infection mediated by parasitism, which was
confirmed by reverse transcriptase polymerase chain reaction (RT-PCR) analysis. Capitalizing on a
non-destructive method, our study reveals the deformation of the honey bee due to mite parasitism
and the intermediary role this pest plays in viral infection, inside the brood cell.

Keywords: body part deformation; computed tomography; honey bee; non-destructive analysis;
non-invasive method; varroosis; deformed wing virus; RT-PCR; virus impact

1. Introduction

The role of the honey bee (Apis mellifera 1.. 1778) is essential in maintaining the diversity
of the biosphere and food production. Approximately 35 percent of the world’s agricultural
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production depends on these pollinators [1]. Pollination of numerous plant species carried
out by bees in industrial agricultural environments is more effective and precise than other
modern techniques, as has been pointed out by several researchers [2,3]. Therefore, it is
essential to gain accurate and detailed information about abiotic and biotic factors that can
endanger these pollinators.

Several organisms, e.g., viruses, bacteria, fungi, and arthropods, are known to have
an adverse effect on the health conditions of bees. One of the most important factors
among these is the Varroa mite (Varroa destructor, Anderson and Trueman, 2000), whose
significance has increased worldwide over the past 25 years [4]. The beginning of its
global spread can be dated back to the 1970s, and its role has become more substantial in
apiary ever since [5]. This devastating parasite plays an important part in colony collapse
disorder (CCD) syndrome, which has been detected worldwide [6-8]. Specimens impaired
by varroosis are characterized by altered body size and weight, weakened immune system,
and severe morphological and behavioral disorders [7,9-11]. The triggering factors of these
impairments are the sucking of the hemolymph by the mites and parasitism of the fat cells
of hosts as well as the vectoring of 20 different virus types [12-14].

The A, B, and C variants of deformed wing virus (DWV) are the most damaging factors
to honey bees among all viruses vectored by the Varroa mite [15,16]. The Varroa mite plays
an unequivocally important part in the spreading of several viruses in honey bee colonies,
and its harmful activity is paralleled by the phenomenon of colony collapse disorder (CCD)
and the virus titer degree, which has been characterized as a marker by Dainat et al. [17].
The morphological and other physiological consequences of this viral infection for the host
are well-defined, such as underdeveloped wing initiatives, distortion and shortening of
the abdomen, decrease in body weight, and decolorization of cuticles, as well as decreased
carbohydrate content, behavioral abnormalities, and reduced lifespan [18,19].

The serious health-deteriorating role of DWV has already been proven. Moreover, the
harmful insect-pathological consequences of V. destructor have significantly increased due
to DWYV, as was pointed out Roberts et al. [20]. These authors concluded that populations
of A. mellifera in Papua New Guinea can tolerate V. jacobsoni because the damage from
parasitism is significantly reduced without DWV. This study also provides further evidence
that DWV does not exist as a covert infection in all honey bee populations.

In general, data gained by computed tomography are sporadic concerning the hidden
developing stages of insects [21]. Nevertheless, the method can be applied with high
efficiency for the assessment of pest morphology and the observation of arthropod de-
velopment [22], which has been confirmed by several studies [23,24]. High-resolution
computed tomography provides a new approach for more details on the metamorphosis
of several insects, and it allows the measurement of the volumes of internal tissues and
organs [24]. This approach allows the observation of the analyzed subject in its natural
environment, without disturbing it. Laboratory circumstances can create an opportunity
for the observation of the finest biological details, the gathering of which is not permitted
by conventional diagnostic methods [21,22,25,26]. The results acquired by applying this
non-invasive method can provide additional information about bioclogical and ecological
processes as to the hidden lifestyles of covertly developing arthropods. The thorough
investigation of morphological structures, related environmental conditions, and hidden
biological characteristics associated with the pestis a prerequisite for understanding the
functions of ecological relationships [24,25]. Regarding the honey bee, the various behav-
iors inside the colony, especially within the cells, are mostly hidden. Siefert et al. [27] were
the first to provide a comprehensive source of online video material that offers a view on
honey bee behavior within comb cells, thereby providing a new mode of observation for
the scientific community.

There are some studies [11,28] in connection with experimental investigations assisted
by CT; nevertheless, the initial developing features of V. destructor are mainly unexplored.
The explanation for this is to be mostly found in the hidden development of this species,
whose harmful activities and consequences for the host are demanding to detect and
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measure within the comb. The objectives of our experimental work were to measure the
potential morphometric changes during the pre-imaginal stage of A. mellifera caused by V.
destructor in a non-invasive way and to detect the presence of DWV as the most common
deformity-causing virus by using molecular biology tools. In addition, we intended
to obtain information about the side effects of varroosis by means of computer-based
three-dimensional reconstruction technology, which can be manifested in measurable size
distortion of the host. This approach can assist in elucidating the role played by the virus
vector V. destructor in honey bee biology.

2. Materials and Methods
2.1. Sampling and Origin of Honey Bees

The experimental comb originated from a honey bee colony located in Kaposvar
(Somogy county, Hungary; GPS coordinates: WGS:X:46.381079 Y:17.826915). One colony of
Apis mellifera carnica dwelling in a “warm way”-built hive (with the frames perpendicular
to the entrance) was the subject of our investigation, which was settled in the previous
year (September 2018). The colony was isolated in order to avoid infection from other bee
pathogens and parasites.

The main expectation was a high infestation rate of the Varroa mite during the se-
lection of the experimental colony. The degree of parasitism was assessed based on our
previous, systematic observations [11], which were continuously monitored during the
experimentation. Powdered sugar was used for the evaluation of the mite infestation rate.
In the course of this evaluation, a nurse frame containing brood combs was shaken off in a
bucket containing 200 g powdered sugar. Subsequently, the bees were separated by means
of a sieve, prior to dissolving the sugar in filtered water. Mites remaining on the filter were
counted in order to establish the mite infestation rate. The number of mites shaken off the
frame was 100. The overall number of mites per hive was acquired by multiplying by the
number of brood comb frames in the hive [29,30].

During the implementation of this part of the experiment, one frame was chosen,
in which egg laying happened at the same time. Times of sampling were on 5, 7, and
9 September 2019, which coincided with the flowering of the giant goldenrod (Solidago
gigantea, Aiton). A brood comb of 8 x 10 cm of workers was isolated from the comb, which
was the subject of our examination. The excision of comb samples was done with a scalpel,
after which the damaged honeycombs were immediately removed from the edge of this
piece of comb. This comb piece was “returned” to the original frame in its original place
until the beginning of the laboratory studies (5 September 2019) throughout the periods
between the recordings. Thus, it was ensured that the colony had appropriate temperature
and humidity for the optimal development of the investigated pre-imaginal stages. At the
end of performing the non-invasive assay, the broods were opened, the weight of analyzed
pre-imaginal stages was measured with an Ohaus Explorer Pro EP214CE device.9, and the
mite numbers of the brood noted.

2.2. Description of the Examination Set-Up

As a first step, we determined the infestation rate of the Varroa mite using CT record-
ings based on the work of Keszthelyi et al. [11]. Based on this preparatory work, 15-
15 parasitized and intact pieces of brood comb adjacent to each other (in an effort to
exclude different developmental conditions such as temperature, relative humidity, etc.)
were selected, which were computed tomography-measured three times during the post-
embryonic development: on the 14th, 16th, and 18th days.

Transversal measurements (mm) were performed on the cross-section recordings in the
following areas of the pre-imaginal stages (Figure 1): head (a); thorax (b); abdomen (c); total-
body (A) (16 days old, red-eyed pupa (Pr); dark brown-eyed pupae with light pigmented
thorax (Pdl); 20 days old, dark brown-eyed pupae with dark thorax (Pdd); following [31]).
Slicer 4.11 software [32] was used for this survey. Additional proportion values were
calculated in order to assess body distortion caused by parasitism and its virus impact:
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quotients of the total-body and head (A/a), total-body and thorax (A/b), total-body and
abdomen (A/c), head and thorax (a/b), and head and abdomen (a/c).

[0

b
— A

o

b

J

Figure 1. Different image reconstruction planes of examined brood cells as well as different measure-
ment points at the 18th day of development of the pre-imaginal stage of the honey bee. I.: sagittal,
IL: coronal, IIL.: transversal; 1, 2, 3, 4: the distances of measurements; a: head length, b: thorax length,
c: abdomen length, A: total-body length.

2.3. Computed Tomography-Assisted Image Analysis

The separated brood comb pieces were scanned using a Siemens Somatom Definition
AS+ CT (Siemens Ltd., Erlangen, Germany) cross-sectional digital imaging equipment.
The acquisitions were performed in Ultra High Resolution (UHR) mode using the follow-
ing parameters: tube voltage 140 kV, tube current 200 mAs, spiral data collection with
pitch factor of 0.7. The transversal images were reconstructed by Somaris/7 Syngo CT
(VA48A) software (Siemens Health Care, Erlangen, Germany) with the following settings:
Field of View 60 mm, slice thickness 0.6 mm, increment 0.1 mm, convolution kemel V80u.
The scans were archived in DICOM (Digital Imaging and Communications in Medicine)
format, and then the data collection ranges were subsequently converted to NIFTI (Neu-
roimaging Informatics Technology Initiative) metafiles with almost isotropic resolution:
0.117 x 0.117 x 0.1 mm®. The image post-processing and visualization was carried out by
3D-Slicer software (www.slicer.org) (accessed on 24 February 2021). The fiducial module
was used to settle the marker points. Python 3.6 programming language was used for the
calculations of the distances between the marker points.

2.4. Detection of DWV with PCR Assay

The abdomens of five healthy and five parasitized specimens (developmental stage:
Pdd) were homogenized immediately after death in the lysis buffer of the RNeasy Fibrous
Tissue Mini Kit (Qiagen, 19300 Germantown Road, Germantown, MD, USA) in a Tissuel-
yser IT high-throughput sample disruptor (Qiagen, 19300 Germantown Road, Germantown,
MD, USA). In order to avoid RNA degradation, the adapter of the homogenizer was cooled
down to —20 °C. RNA extraction was carried out according to the instructions of the
manufacturer. Our choice of body part to be sampled was made based on preliminary
studies in which the abdomen contained the highest concentration of DWV [33]. Fur-
thermore, Ramsey et al. [12] found that V. destructor feeds primarily on honey bee body
fat tissue. These results encouraged us to conduct the sampling on the abdomen, where
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most of the DWYV is expected to be found. These molecular studies were conducted on
10 September 2019.

The quantity and quality of RNA were measured using a Thermo Scientific™ Nan-
oDrop™ OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific™ 840274200,
168 3rd Ave, Waltham, MA, USA). cDNA synthesis was carried out with a QuantiTect
Reverse Transcription Kit, for 15 min at 42 °C (Qiagen, 19300 Germantown Road, German-
town, MD, USA) according to the manufacturer’s instructions, after the usage of DNA
wipeout procedure for 2 min at 42 °C.

After cDNA synthesis, a PCR reaction was carried out with DWV primers F: ATT
GTG CCA GAT TGG ACT AC; R: AGA TGC AAT GGA GGA TAC AG [34], under the
conditions: initial denaturation at 95 °C for 15 min; 40 cycles of PCR, each consisting
of 30 s at 94 °C, 50 s at 58 °C, and 1 min at 72 °C. The primers target the sequence of
DWW(qpl polyprotein (NCBI accession number: AJ489744). Reactions were completed
by a final elongation step for 7 min at 72 °C. The PCR products were electrophoresed in a
2% Tris-acetate-EDTA-agarose gel and stained with SYBR™ Gold Nucleic Acid Gel Stain
(Thermo Scientific™ 840274200, 168 3rd Ave, Waltham, MA, USA). Bands were visualized
under UV light. Fragment sizes were determined with reference to a 1 kb DNA ladder:
GeneRuler™ 1 kb Plus DNA Ladder, ready-to-use (Thermo Scientific™ 840274200, 168 3rd
Ave, Waltham, MA, USA).

2.5. Statistical Analysis

In order to determine whether the morphological data of the pre-imaginal stadium of
honey bees came from a population with a specific distribution, the Kolmogorov-Smirnov
test (1 < 50) was used. For the survey of the normal distribution of data (p < 0.05), Ghasemi-
and Zahediasl-type methods were employed. The effect of parasitism on the analyzed
morphological parameters of this pre-imaginal stadium of honey bees was statistically
demonstrable by one-way ANOVA with the help of SPSS 11.5 software. Means were
separated by using the Tukey (HSD) test, at p < 0.05. The data of body sizes as a function
of developmental time in different time points within groups were statistically examined
by Pearson correlation and regression analysis.

3. Results
3.1. Comparison of the Weight and CT-Supported Evaluation of the Longitudinal Parameters

The mean mite number per cell of the examined brood was 4.58 &+ 0.30. There were no
statistically significant relationships between the number of mites and the weight, similarly
to the observed morphometric values of the pre-imaginal developmental stage of the honey
bees examined.

In contrast, the examination based on the non-invasive CT survey proved that the
total-body (A: 11.025 £ 0.065 mm) and abdomen lengths (c: 5.21 & 0.062 mm) of parasitized
specimens were shorter than those (A: 11.37 £ 0.062 mm; c¢: 5.57 & 0.056 mm) of their
intact companions (Figure 2). The changes in the examined longitudinal parameters caused
by parasitism were statistically significant in the case of all examined parameters (df:1;
p <0.001).
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Figure 2. Morphological and size differences between intact and parasite workers at the 18th day of development of the
pre-imaginal stage of the honey bee (1 = 35; p < 0.05). L.: intact, IL.: parasitized; a: head length, b: thorax length, c: abdomen
length, A: total-body length. Red arrows show the direction of change.

3.2. Assay of Body Parts and Body Ratios Assisted by CT

The calculated quotients of the total-body and abdomen (A/c), head and thorax (a/b),
and head and abdomen (a/c) in parasitized samples were significantly different from the
values of the intact specimens (n = 35) (df:1; p < 0.001).

In damaged individuals, it was confirmed that the quotient of the total-body and
abdomen is smaller by 3.77%, the quotient of the head and abdomen is 6.86% smaller, and
finally the quotient of the total-body and thorax is 3.33% larger than the same parameters
in intact individuals. Differentiation between the parasitized and the intact samples was
not proven by the statistical comparison of the thorax length (b) and the quotients of the
total-body and head (A/a) and head and thorax (a/b). That is, the size of the abdomen
relative to the total body as well as to the head becomes smaller, while the size of the thorax
relative to the total body was larger in parasitized specimens.

The morphological distinctions between the intact and parasite specimens originating
from the adjacent brood cells could be visualized by computer-based 3D reconstructions
(Figure 3). The phenotypical disorders caused by varroosis could also be seen by simple
visual inspection.

1. Z 1. 2. 1, 2.
. *
A B £

Figure 3. Computer-based three-dimensional reconstructions of honey bee pupae located beside
each other in the comb. 1: parasitized by V. destructor, 2: intact; (A): ventral, (B): lateral, (C): dorsal
views. Mites are marked by red arrows.
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Values of the total-body and abdomen lengths measured at different times of the
pre-imaginal stage are shown in Figure 4.

11.20 A o
11.15
y=0.089x* - 0.299x + 11.267
11.10
=]
mm 11.05 4 o
11.00
10.95 y=0.126x* - 0.545x + 11.445
10.90
10.85 il
16th (pr) 18th (pdl) 20th (pdd)
day numbers (and developmental stages) of
post-embryonic development
520 Mintact samples
.40 || #parashed sampes y =0.1995x* - 0.6765x + 5.693
B
5.30
mm a. y=0.228x:-0.898x + 5.858 ¢
5.20 ¢ | - 7
o
5.10
5.00 *
16th (pr) 18th (pdl) 20th (pdd)

day numbers (and developmental stages) of
post-embryonic development
Figure 4. Tendency of the measured longitudinal parameters (mean + SE) as a function of the different
times of post-embryonic honey bee development. (A): total-body length; (B): abdomen length; pr,
pdl, pdd: ontogenetic stages of worker bee development, following [26,31]; R? = uniformly 1.

Time-dependent hyperbolical changes at the different time points within groups were
detected in both examined longitudinal parameters, which were statistically confirmed by
regression analysis (df = 1; p < 0.001). The registered values were the lowest in the middle
of pre-imaginal development (on the 18th day), and then immediately before becoming
an adult, these hidden developmental forms reached their final, imago lengths both in
the case of total-body and abdomen lengths. The parasitized specimens have apparently
shorter length values during the pre-imaginal developmental stadium. The total-body
and abdomen length values of parasitized specimens differed progressively from those
of the intact samples—at similar standard deviation values—as development progressed.
At the end of pre-imaginal development, the total-body length of the parasitized stage
was 2.54 percent, while the abdomen length was 4.86 percent shorter than that of the
intact samples.

The change in the proportions of different body parts during the pre-imaginal develop-
ment can be seen in Figure 5. It was ascertained that the tendencies of the three parameters
dependent on time followed different trends. The changes in the total-body-abdomen
ratio are characterized by a parabolic curve, confirmed by the regression analysis. The
higher values were always registered in parasitized specimens; this difference reached
its maximum on the 20th day of development. However, both total-body and abdomen
lengths were reduced by varroosis, while the decrease in the abdomen length was more
determinative. These changes were also statistically confirmed (df = 1; p < 0.001). The
change in the head-abdomen ratio as a function of time also had a parabolic feature, but
this change was more characteristic in the case of the intact samples. The dependence of the
head-abdomen ratio on time showed less difference in parasitized specimens. The values
of the total-body-thorax ratio measured in the case of intact and parasitized individuals
testify to an intriguing change. This tendency of thorax size relative to total body length in
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intact samples was an increasing logarithmictype, In contrast, the change in the parasitized
samples revealed an exactly inverse tendency as compared to thatof the intact samples,
confirmed by the regression analysis. The thorax reached its final size continuously in
intact individuals, while in parasitized individuals the final size of the thorax developed at
a rapid rate in the last period of the development.
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Figure 5, Tendercy of the calculated body partratios (mean £ SE)as a furction of the different times
ih post-embtyonic honey bee development. (A): total-body-abdomen ratio; (B): head-abdomen
ratio; (C: totalbody—thorax ratio. pt, pdl, pdd: ontogenetic stages of worker bee development,
following [26,31]; R? =uniformly 1.
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3.3. Detection of DWV with PCR Assay

In order to test for the presence of DWYV, five samples of healthy parasitized specimens
were selected, and an RT-PCR test was conducted. The results of the PCR investigation
(Figure 6A,B) show that the distorted samples were positive for DWV virus infection. The
run of the samples was in the 435 bp range, similar to the positive viral sample. In the
case of non-template control, the PCR amplification did not result in detectable amplicon
compared with the positive control.

DWV NTC pwv DWV DWV DWV

< <—— 500bp
435 bp
<4— 75bp

Figure 6. Results of the gel electrophoresis of RT-PCR honey bee samples. (A): Healthy specimens;
(B): distorted specimens; +: positive control; NTC: non-template control.

4. Discussion

V. destructor is considered a major pest of honey bees worldwide. Mites suck the
hemolymph from adults and developing pupae of honey bees, while vectoring several
viruses, thereby shortening the lifespan of bees. Although the role that mites play in
spreading DWYV is evident, we have little information on wider DWV epidemiology, as
well as their simultaneous roles in triggering pre-imaginal disorders [19,20].

In this study, morphological differences in the main body parts of honey bees in the
development stages of both intact and parasitized larvae were measured inside the comb
by means of computed tomography. Based on our investigation, it can be ascertained that
the main morphological attributes and sizes of different body parts inside the brood cells
can be well-studied by means of computed tomography. These benefits make this method
suitable for further evaluation of clinical, toxicological, and parasitological consequences in
the developmental stages of insects with hidden lifestyles. The CT-based measurement of
smaller insect structures, such as wings, limb initials, or other segmentations, has been more
cumbersome, as investigating these minor details requires higher-resolution techniques,
for instance -CT, photomicrography, CLSM, or NMRI [35].

The developmental disorders of honey bees in the pre-imaginal stages were unequiv-
ocally confirmed by our results, which were mostly expressed by the deformation of the
abdomen. Our data confirm the findings of Facchini et al. [28], who examined the Varroa
infestation status, developmental stage, spatial position, and length of the pupa within the
brood comb using CT. According to their results, pupae in infected cells were significantly
shorter than those in Varroa-free cells, and this effect was linked to both mite number
and stage and to their position in the comb. Based on related works [18,19], these symp-
toms suggest infection by deformed wing virus (DWV). The fact that the viral infection
is vectored by the Varroa mite has been confirmed by earlier experimental studies [35-38].
Obviously, hemolymph sucking and body fat consumption of V. destructor can directly
contribute to the size decrease in the parasitized honey bee pupae [12]. The life conditions
of the attacked pupae are also significantly deteriorated because of their more intense
metabolic process [27,39].
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In addition, changes in the phenotypical ratios in these pre-imaginal stages were also
detected, which in our view can also be traced to viral infection mediated by parasitism. An
unexpected observation was an increased thorax size in the infected specimens. An expla-
nation for this may be the constriction of other body parts (head and abdomen) as well as
the deformation effects of the virus on the muscles involved in wing movement [18,19,34].
The parabolic development proven by regression analysis in the last stage of development
can be explained by the temporal exposure of parasitism, which caused tissue degrada-
tion and energy exhaustion [12,17,25]. These verified physiological changes, such as the
more intensive moving and also the increased metabolic processes in attacked specimens,
can unequivocally be an additional triggering factor in several phenological and vitality
impairments in attacked honey bee pupae.

Varroa infestation and DWYV infection were at very high levels in our measurement.
Nonetheless, these values fit the interval of the documented mite infestation rate, which
can fluctuate between 2% and 74% [40].

Berényi et al. [34] identified six honey bee viruses, of which DWV was found to be
the most common virus, that may have the most profound effect among honey bee viral
infections [6,9,14,41]. Morphological DWV symptoms typically occur at high infection
levels (>1010 genome copies/bee), which are almost exclusively coupled with acquiring
the virus during the pupal stage via the feeding behavior of the ectoparasitic mite [42].
Presumably, the DWYV infection in honey bees, which occurs in direct deformation of
the wing, also has a distortion effect on the muscle moving the thorax. This hypothesis
was fortified by the detection of the presence of DWV virus in RT-PCR investigations.
Nonetheless, the RT-PCR method used during this investigation also provides a good
future opportunity to identify all six major honey bee viruses and their connection to
distortions revealed by the CT method. Limitations of our study were the low number
of samples in the genetic examination, whose results could be reinforced by a traditional
assay based on cell exploration in the future. In addition, in terms of practical use, the
technique is rather expensive, expertise-demanding, and does not permit the obtainment
of a dynamic view. The morphological disorders as a function of time have been confirmed
during the hidden pre-imaginal development of honey bees in the comb. Our experimen-
tation demonstrates that the parasite specimens follow a different morpho-phenological
developmental pathway, which can probably be traced back to the Varroa parasitism and
the viral infection vectored by it.

5. Conclusions

While observations of V. destructor are well-documented, the majority of these studies
are limited to the exploration of its biological and ecological characteristics outside of brood
cells. In this study, we highlight the host deformation and virus intermediary role of mite
parasitism inside the brood cell using a non-invasive method.

The size of different body parts and other measurable consequences of the parasitism
inside the brood comb can be monitored well by employing computed tomography. In ad-
dition to the deformation in examined stages caused by the Varroa mite, our findings also
indicate infection by deformed wing virus.

The advantages offered by CT make the method suitable for the further evaluation
of the other clinical, toxicological, and parasitological effects in the hidden development
stages. Furthermore, molecular analysis enables the confirmation of CT investigations
and may help in the future elaboration of CT-based parasite identification. Furthermore,
the combination and sequential usage of these methods will provide an insight into de-
tailed and specific knowledge on the major parasites of honey bees, which will aid in the
development of possible prevention of these parasites.

Starting from our experimental data, a goal of further research in this field could be to
verify the distortion effects caused by DWV using direct pupae extraction. In this future
research, the assortment of viruses causing body deformation and the proportion of DWV
within the exact population could become identifiable by examining a larger number of
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samples, whereby the correlation degree between the morphometric changes and viral
presence would become detectable.
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Abstract. Most beekeepers worldwide use the same combs in their hives for many years, which can result in alterations in the
inner volume of the comb cells. The objective of this survey using microcomputed tomography was to reveal developmental dis-
orders caused by this beekeeping practice. The extent of the thickening of the wall of brood cells that occurs as a result of the
long-term use of the combs was determined. This alteration resulted in a reduction in the inner volume of the comb cells, which
had a significant effect on the size of the pupae and possibly the health of the imagoes. The walls of the cells can be divided into
two well-determined parts, which can be exactly visualized using micro-CT. In addition, the inner structure of the wall in the first
part of the cell was altered by very radio dense remains of cocoons. The material in the other part of the cell is less radio dense
and as previously suggested is mainly wax. The decrease in the length, surface and volume of these cells adversely affected the
developing pupae, which according to previous studies results in a reduction in the production of workers, colony strength and
honey yield. The extent of the reduction in the body regions of pupae was on average 4.98%. Overall, the volume of the pupae

that developed in these narrow comb cells were smaller by an average of 12.22%.

1. INTRODUCTION

The majority of crops relies on animal pollination and
the decline of wild insect pollinators in many agricultural
landscapes has made the western honeybee (4pis mellifera
L. 1758) one of the key elements of global food produc-
tion and the only source of bee products like wax, royal
jelly and bee venom (Winfree et al., 2011; Garibaldi et al.,
2013; Ellis et al., 2020). The 21st century is one of the most
difficult times for the beekeeping industry due to several
abiotic (drought, heat, temperature fluctuations) and biotic
(Varroa mites, viruses, Nosema spp., Tropilaelaps spp.,
etc.) factors that cause colony losses of 20% every year
worldwide (Williams et al., 2010; Dainat etal., 2012; Neov
etal., 2019).

Conventional imaging methods, such as light and con-
focal microscopy, provide detailed images of the internal
anatomy of insects, but for this one has to kill or dissect live
individuals (Friedrich et al.,, 2014). Other disadvantages of
these techniques are the limitations of repeated scanning of

Final formatted article © Institute of Entomology, Biology Centre, Czech Academy of Sciences, Ceské Budgjovice.
An Open Access article distributed under the Creative Commons (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

individuals. X-ray imaging techniques are widely used in
the field of entomological research because they are non-
invasive (Smith et al., 2016; Alba et al., 2018). While u-CT
is mainly used for anatomical studies, due to its resolution
being higher than human diagnostic CT, which is used in
studies on crop protection for understanding insect biol-
ogy and analysing the development of damage (Smith et
al., 2016; Keszthelyi et al., 2020, Sonenshine et al., 2022).
There is, however, only a few references on bee health
using computed tomography and 3D imaging (Facchini et
al., 2019; Keszthelyi et al., 2021; Sipos et al., 2021).

Most of the studies on bee health are concerned with the
pathology of the imago, which provides little information
on pathogenesis, especially during the larval and pupal
stages. Beekeepers worldwide use their combs for many
years, 50% of combs should be replaced annually, but there
are cases of the utilization of combs for even up to 6 years
(Taha & Al-Kahtani, 2020). This results in several disad-
vantages, with the reasons for them remaining unknown in
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Fig. 1. Points used to measure the sizes of body parts of pupae on full layout cross-sectional images.

the majority of cases. Several of the disorders in bee devel-
opment begin or even occur within the brood cells, which
is attributable to improper beekeeping practise. Naturally,
the features of these disorders are difficult to determine or
are unknown in certain cases. Non-invasive imaging can
be used to reveal the developmental processes and anatom-
ical changes that occur due to improper beekeeping prac-
tise (Wipfler et al., 2016).

The objective of this study was to determine the reduc-
tion in the size of pupae caused by inappropriate beekeep-
ing technology based on the previous results of Berry &
Delaplane (2001). First, the extent of the thickening of the
brood cell wall that occurs as a result of the use of old
combs and its consequences for the size of bee pupae were
determined. In addition, the potential significance of mod-
em non-invasive imaging methods, especially computer
tomography, in apicultural research is stressed.

2. MATERIALS AND METHODS

2.1. Origin of comb samples

The brood combs were collected from one Apis mellifera car-
nica colony located on Kaposvar Campus (Somogy county, Hun-
gary, GPS coordinates: WGS: X:46.381079 Y:17.826915) during
April. The uniformity of the age of the specimens was provided
by the size of the Nagyboczonadi (NB) frame queen confinement
cage. The combs contained 18-day-old worker pupae at the pre-
imaginal developmental stage. The preparation was done using a
scalpel to cut out four pieces of the comb (90 x 60 mm) containing
brood from a 3-year-old frame for further selection using medi-
cal diagnostic CT. After the human diagnostic measurement, 10
normal and 10 narrow pupae were cut out and used for producing
more detailed digital images using p-CT, which was necessary
because of the limitations of the pu-CT scanning of the length and
diameter. The different experimental groups (normal and narrow)
were separated visually based on the medical CT imaging. The
samples were kept in an incubator under stable environmental
conditions at 34° £0.5°C and 60% + 10% relative humidity (RH),
which are similar to the conditions inside a healthy colony until
required for the CT scans.

After the preliminary medical CT visualization, one of the
separated comb cells was selected for micro-CT. After this, the
remaining pupae were removed and wax of one of the scanned
combs was melted. The melting of the wax was done in order
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to visualize the different thicknesses of the bottoms of the cells
(Fig. 2).

2.2. Descriptions of computed tomographic settings
and instruments

The p-CT image acquisition was carried out using a Bruker
Biospin SkyScan 1176 at the University of Pécs Szentigothai Re-
search Centre. The samples were examined using the following
CT parameters: PANalytical’s Microfocus Tube source type, 50
kV source voltage, 500 pA source current, 700 ms exposure time
and 0.71 rotation step (deg). NRecon reconstruction program,
version 1.7.4.2, was used to produce the final images from raw
data. The program created 8bit BMP files with 3336 x 3336 pixels
and the pixel size was 8.74355 um. BMP images were convert-
ed to NIFTI (Neuroimaging Informatics Technology Initiative,
2005) files.

The same samples were examined using a Siemens SOMATOM
Definition AS+ CT scanner a few hours after the uCT scans using
the following parameters: 100 kV tube voltage, 140 mAs X-ray
radiation dose, spiral data collection mode with 0.7 pitch, the field
of view 50 mm. Standard DICOM (Digital Imaging and Commu-
nications in Medicine) images were reconstructed using Siemens
Syngo CT VA48A program with convolution kernel V80u. The
resolution of the images was 0.0977 mm x 0.0977 mm x 0.1 mm.
Each series examined was converted from a DICOM to NIFTI
(Neuroimaging Informatics Technology Initiative, 2005) file for-
mat. The human diagnostic CT was used for preliminary screen-
ing and Hounsfield Unit (HU) scaling.

The image post-processing and visualization were done using
3D-Slicer software (www.slicer.org) (accessed on 24 February
2021).

2.3. Description of the y-CT-based measurements

To determine the density of the different structural parts of a
cell, the values produced by p-CT were converted to Hounsfield
Units (HU) using the following equation:

HU = p-CT voxel value x 20.78 — 1024

This equation compares the images measured using CT and
p-CT. 3D Slicer’s Elastix module was used for the rigid registra-
tion of the images.

Five, randomly chosen segments represented each of the visu-
ally different parts of a cell (n = 5). The segment is a manually
designated area from the visually distingnished parts of the cell,
which contains a slightly different number of voxels due to their
manual selection.
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Fig. 2. Cells of different sizes in comb. The combs in the frames contain narrow cells (a). A — comb covered with wax; B — fibre-reinforced
composite without wax; C — axial cross-section of comb, D — top view of comb.

To establish and compare the volume and surface parameters
of different sized brood cells and developing pupac, they were
measured using p-CT. This study was based on 10 normal and 10
narrow brood cells determined by preliminary human diagnostic
CT screening and then selected visually and marked

In order to measure developing individuals in 10 normal and
10 narrow cells their lengths (Iig. 1) and volumes were based
on u-CT scans. The lengths of their whole body, head, thorax
and abdomen were measured using mark-ups. Fiducial mark-ups
were placed using 3D Slicer soltware and Python 3.6 program-
ming language was used for calculating the distances between the
marker points. In addition, the relative proportions of the whole
body of each body part were measured for specimens from dif-
ferent brood cells.

The surface area and volume of the insects and the inner space
of the cells were generated using the segment editor module in
the 3D Slicer program. The pupae and the combs were manually
segmented utilizing the measured density values of the structural
parts of the comb (Iedorov ct al., 2012). The information for the
segments was generated individually by the scgment statistics
module.

2.5. Statistical analysis

The Kolmogorov-Smirnov test was used to test the morpho-
logical data for the pupal stage of honey bees (n <50). For de-
termining whether the data was normally distributed (p<0.05),
the Ghasemi- and Zahediasl-type methods were used. The effect
of comb cell size on the morphological parameters of this pre-
imaginal stage of honey bees was statistically analysed using one-
way ANOVA with the help of SPSS 11.5 software. Means were
separated using the Tukey (HSD) test, at (p <0.05).

3. RESULTS

3.1. Structural analysis of comb cells of different
sizes using u-CT

The first picture shows a piece of used comb after brood
was removed (Fig. 2A). The structure of the fibre-rein-
forced material remaining after the removal of wax clearly
reveals the remains of the pellicle and cocoon of the previ-
ous generations reared in the cells (Fig. 2B). Most visible,
however, is that the wall and cspecially the bottom of some
cells are thicker and more enlarged than those of the cells
that are even directly adjacent to them. Differences in the
wall and bottom thickness of individual cclls arc scen in
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both cross-sections (Fig. 2C) and top-view (Fig. 2D) of
light transmitted perspectives.

The p-CT analysis of the comb still containing wax re-
veals structural differences between normal and narrow
cells (Fig. 3). It is clear that the structural components dif-
fer in colour in the images, which is duc to different radi-
odensity values. The walls of cells consist of two distinct
parts, which can also be visualized using p-CT. The first
part surrounding the inner surface is brighter (Fig. 3b).
This part is composed of a fibre-reinforced composite
product (FRP), which originated from developing pupac,
for instance the spinning of a silken cocoon, residues of
stored pollen and remains of moulted pellicle. The second
part is darker, due to the presence of wax (Fig. 3a), that
is composed of a fibre-reinforced composite product with
wax (FRPW).

The average volume of normal cells was 234.103 +£4.105
mm®. In contrast, that of the narrow cells with thick walls

Fig. 3. Vertical section of narrow cells obtained using p-CT. a —
fibre-reinforced composite with wax (FRPW); b — fibre-reinforced
composite without wax (FRP); ¢ — wall of cell, d — remains of cap-
ping material of brood cell; e — interior space of cell.
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Fig. 4. Sections of honey bee pupae in cells obtained using p-CT. A1 — saggital record of honey bee pupa in a normal cell; A2 — axial
record of honey bee pupa in a nhormal cell; B1 — saggital record of honey bee pupa in narrow cell; B2 — axial record of honey bee pupa in

narrow cell.

were 151.237+4.957 mm?, which is significantly different
(p<0.05). The volume of narrow brood cells was 35.41%
lower than that of normal comb cells.

The thickened regions in the wall and bottom of cells
mainly contain the so-called FRP fraction of the insect de-
velopmental origin. Density indices (HU) of the different
structural components of the comb also indicate the differ-
ent positions of each component in the structure of the cells
(Table 1). The FRP is mainly included in the formation of
the cell wall and build up at the bottom of the cells. This
fraction is primarily responsible for the abnormal thicken-
ing of the cell, which causes a significant loss of brood cell
volume. The primary role of the waxy FRPW fraction is in
the capping of the brood cells.

The density of different parts of the comb is statistically
different (p <0.05). This is the case for both structurally
different (FRP-FRPW) and spatially different components
of comb cells. The density of the wax component (FRPW)
is lower than that of the brood components attributable to
the development of bees (FRP). This is supported by the
density of the spatially different cell structures. The cell
wall has a slightly denser composition than the higher wax
content structures like the capping of the brood cells.

Table 1. Radio density values (HU) (mean + SE) of the different
parts of comb cells (n = 20).

Parts of cell Radio density (HU) (mean * SE)
FRPW (a) —422.48+13.91°
FRP (b) 162.99+4.03°

Wall of comb cell (c) -310.13+10.85 ¢
Tapping remains of brood cell (d) -342.51+395°"

The air in the brood cell (e) —-991.19+1.77 ©

a.b.c — gmall letters indicate significant differences (p <0.05); FRPW
— fibre-reinforced composite with wax; FRP — fibre-reinforced com-
posite.
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3.2. The effect of different sized comb cells on the
development of honey bee pupae

Egg-laying and the development of honey bees occurs
naturally in narrow comb cells with a small volume. This
results, however, in developmental disorders at the pupal
stage of workers (Fig. 4). Individuals developing in these
cells are smaller than those developing in normal brood
cells. The relative proportions of the body may even
change (Table 2). The differences in the size of pupae is
well illustrated in the 3 dimensional figure (Fig. 5).

The mean surface area of pupae developing in normal
cells was 266.86+2.23 mm?, whereas that of the pupae de-
veloping in narrow cells with thick walls was 218.97+1.94
mm?2 These values are statistically different (p<0.05),
which indicates that the average surface area of pupae de-
veloping in narrow cells, resulting from intensive use, was
about 17.94% lower than that of pupae developing in nor-
mal brood cells.

The average volume of pupae developing in normal cells
was 120.61+1.43 mm?® and of those eveloping in narrow
cells was 105.87+1.29 mm?. These values are also statisti-

Table 2. Length (mean + SE) of honey bee pupae in normal and
narrow cells measured using micro CT on the 18" day of postem-
bryonic development (n = 10).

Ratios
Length (mm) Length _dr (%)
= head (a) 1.41+£0.05% ahb 0.29
£ thorax (b) 474+0.05°" d/a 7.84
'g abdomen (c) 5.03+0.04° dhb 2.33
whole body (d) 11.06+0.05 ¢ dfc 219
head (a) 1.16+0.18°¢ ahb 0.32 9.37
§ thorax (b) 3.60+0.09f d/a 7.64 2.55
g abdomen (c) 4150079 db 246 528
whole body (d) 8.87+0.11" dfc 2.13 2.73

dr — degree of reduction; @ b.c.d.e.f.0.h — small letters indicate signifi-
cant differences (p <0.05).
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Fig. 6. 3D images of honey bee pupae that developed in different sized brood cells. A— pupa from a normal cell; B — pupa from a narrow

cell; 1 — dorsal; 2 —ventral; 3 — |ateral view.

cally different (p<0.05), which indicates, as above, that
pupae developing in narrow cells are in terms of volume
12.22% smaller.

Table 2 shows the length of 18-day -old pupae developing
in normal and narrow cells. This reveals that in terms of the
length of the body and main body parts the development of
the bee in narrow cells is distorted. The degree of reduc-
tion in the different parts of the body ranges from 2.55 to
9.37%. In relation to the total body length, the greatest re-
duction was recorded for the thorax size of the developing
pupae. This has consequences in terms of reductions in the
length of the abdomen and head. The lengths of the pupae
originating from the normal and narrow cells differed sig-
nificantly for each of the body parts measured (p < 0.05).

4. DISCUSSION

The differences in the bottoms of comb cells was un-
equivocally confirmed using CT. It was further confirmed
that the alterations in the inner volume of the cells resulting
from rearing several generations in them had adverse ef-
fects on the preimaginal development of honey bees (Berry
& Delaplane, 2001). As a result of this ontogenetic effect
the cell walls gradually become darker and more brittle,
which is also reported by Hepburn (1998). The cells with
extremely thick bottoms are in those parts of the comb
most intensively used for rearing brood or in which there
are residues of pollen.

The decrease in transparency following the thickening of
the walls of cells can be traced back to the sedimentation of
several types of organic matter associated with the rearing
of larvae (honey, pollen or propolis) (Taha et al., 2010) or
the metabolism of the larvae, such as, faeces, silken cocoon
and pellicle (Free & Williams, 1974). The accumulation
of organic matter results in a decrease in the volume and
diameter of the brood cells (Karihaloo et al., 2013; Shawer
etal., 2021).

There are other studies on the effect of the age of the
comb on honey bee colonies (Al-Kahtani, 2018; Shawer et
al., 2021). According to Berty & Delaplane (2001), colo-
nies with new combs produce a greater area of brood, a
greater area of sealed brood and the young bees are heav-
ier. Interestingly, they report that brood survival in old
combs is the only variable that is significantly higher. Taha
& Al-Kahtani (2020) report a strong relationship between
the thickness of residues in the comb and the activity of
the honey bee colonies in collecting pollen, worker brood
production, colony strength and honey yield. In compari-
son with colonies with 4-year-old combs, the number of re-
tuming workers, number of returning workers with pollen
loads, rate of storing pollen, rate of worker brood produc-
tion and size of the colony were significantly greater for
those with younger combs. Eventually, old combs result
in a lower honey yield of poor quality (Taha & El-Sanat,
2007; Taha et al., 2010).
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The aim of the present study was to illustrate how mod-
ern imaging methods can be used for improving beekeep-
ing, especially by revealing the inner structure of the comb
using new tools like medical CT and p-CT. The necessity
for regularly changing combs is unequivocally reinforced
by our p-CT survey. The combined use of these two di-
agnostic techniques is unique and has great potential for
improving beekeeping.
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ARTICLE INFO ABSTRACT

Keywords: Varroa destructor is one of the most destructive enemies of the honey bee, Apis mellifera all around the world.
Alternative control strategy Several control methods are known to control V. destructor, but the efficacy of several alternative control methods
Hemocytes remains unexplored. Irradiation can be one of these unknown solutions but before practical application, the
;Z:’yli?;e effectiveness, and the physiological effects of ionizing radiation on the host and the parasite are waiting to be
- tested. Therefore, the objective of our study was to investigate the effects of different doses (15, 50, 100, and 150

Gy) of high-energy X-ray irradiation through mortality rates and hemocyte composition changes in A. mellifera
workers and record the mortality rates of the parasite. The mortality rate was recorded during short-term (12, 24,
and 48 h) and long-term periods (3, 6, 12, 18, and 24d).

The sensitivity of the host and the parasite in case of the higher doses of radiation tested (50, 100, and 150 Gy)
been demonstrated by total mortality of the host and 90 % of its parasite has been observed on the 18th day after
the irradiation. V. destructor showed higher sensitivity (1.52-times higher than the adult honey bee workers) at
the lowest dose (15 Gy). A. mellifera hemocytes were influenced significantly by radiation dosage and the elapsed
time after treatment. The higher radiation doses increased plasmatocyte numbers in parallel with the decrease in
prohemocyte numbers. On the contrary, the numbers of granulocytes and oencoytes increased in the treated
samples, but the putative effects of the different dosages on the recorded number of these hemocyte types could
not be statistically proven. In summary, based on the outcome of our study X-ray irradiation can be deemed an
effective tool for controlling phoretic V. destructor. However, further research is needed to understand the
of the affected organi

lonizing irradiation

hvsiolooical
phy al

Introduction mite-transmitted viruses weakening the colonies and causing the

declining health status of the managed and that also of the wild honey

The recent decline in managed honey bee (Apis mellifera 1., 1758)
populations has been attributed to the combination of multiple stressors
such as parasites, pathogens, inappropriate usage of pesticides, and the
consequences of global climate change (Peck and Seeley, 2019; Traynor
et al., 2020; Breda et al.,, 2022). The worldwide spread of the
V. destructor (Varroa destructor Anderson and Trueman, 2000) began in
the second half of the 20th century and has led to the outbreak of several

bee populations (Loftus et al., 2016; Traynor et al., 2020). Currently, the
most stressful bee health problem is the mite-generated direct (fat body
parasitism, hemocyte alteration, body weight loss) and indirect (virus
vectorization, immunosuppression) damage observable at different
developmental stages (pupa and imago) of A. mellifera (Garedew et al.,
2004; Yang and Cox-Foster, 2007; Jefferson et al., 2013). In general,
colonies suffering from high levels of parasitism collapse by the end of
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late autumn or during the winter depending on the occurrence of other
stressors and their combination or synergic interaction (Guzman-Novoa
et al., 2010; Flores et al., 2021).

The main expectation of the beekeeping industry is to find new
effective treatments for successful control of Varroa infestations due to
the limited number of effective acaricides. (Guzman-Novoa et al., 2012;
Grozinger and Robinson, 2015; Gracia et al., 2017; Jack and Ellis, 2021;
Kolics et al., 2021). Historically the usage of hard miticides lead to the
development of resistant biotypes of V. destructor and residues buildup
in beekeeping products. Integrated Pest Management (IPM) strategies
are based on that certain levels of pests and damage caused are tolerable
and do not require complete eradication of the latter (Roth et al., 2020;
Jack and Ellis, 2021; Vilarem et al., 2021).In that manner IPM strategies
were developed to prevent resistance, and chemical buildup with the
rotation of soft and hard acaricides and mechanical treatments.

Fundamental research approaches for alternative pest management
methods can be supplemented by ionizing radiations (UV, Xray,
y-irradiation) that specificity could be guaranteed by applying at a dose
of sufficient potency (Vreysen and Robinson, 2011; Arthur et al,, 2015;
Machi and Mastrangelo, 2015). These techniques can result in imre-
versible cytological and molecular level changes (DNA double-strand
breaks, increased reactive oxygen species and apoptosis of damaged
cells) (Newcombe, 1971; Cheng et al., 2009; Shim et al., 2009, Yamada
et al,,2022), Arthropods are well-tolerant to ionizing exposures of
different wavelengths and can survive several times the maximum levels
of shortwave y-irradiation and X-ray radiation that are lethal for mam-
mals (Hofmeyr et al,, 2016, Paithankar et al.,, 2017). These exposures
can damage gametes as well as somatic cells, and the hemocyte forma-
tion processes of insects (Richardson and Myser, 1973; Moskalev et al.,
2015; Giglio et al., 2018; Tilton and Brower, 2018).

The consequences of any physical and biological impact on the
A. mellifera adult immune system can be assessed by total hemocyte
count (THC) and differential hemocyte count (DHC) (Szymas and
Jedruszuk, 2003). The irradiation effect profoundly impacts the immune
system, with the induced consequences reflected in the changes in total
hemocyte numbers and the proportions of different cell types (Vogel-
weith et al,, 2017; Gdbor et al,, 2020). The most common circulating
hemocyte cells of A. mellifera such as plasmatocytes, prohemocytes,
granulocytes and oenocytes can be visualised with staining by light
microscopic analysis (Vilcinskas et al., 1997). Several studies are aimed
at disentangling the consequences of the effects of biotic and abiotic
factors on the immune cell composition and titer values of the circu-
lating hemocytes of eusocial insects (Sallem et al., 2006; Burritt et al.,
2016, Brandt et al.,, 2017; Mohamed et al., 2023). Certain hemocyte
types, such as plasmatocytes, demonstrate partial plasticity, contrib-
uting to the rapid and efficient immune response in phagocytosis. This
plasticity appears to depend on the age, and developmental stage of the
insect and on the vitality and health condition of the organism (Evans
et al,, 2006; Evans and Spivak, 2010; Negri et al., 2016).

A fundamental difficulty in controlling varroosis by irradiation is the
different exposure of the parasite and the host to be protected. Varroa is
an obligate ectoparasite of A. mellifera and thrives only in bee hives
(Rosenkranz et al., 2010; Dietemann, et al., 2012; Egekwu et al., 2018).
Thus, fulfilling biological requirements for maintaining Varroa in the
laboratory on A. mellifera may represent further difficulty in estimating
the effect against V. destructor (Jack et al., 2020). Therefore, this tech-
nique may be justified if the host-parasite is more susceptible than the
organism to be protected and the effects do not impair the biological
parameters of the latter (Gomes et al., 2002). Most research in insect
science predominantly examines gamma irradiation, the effects of high-
energy X-ray beams less well known (Mastrangelo et al,, 2010; Kaboré
et al,, 2023). Moreover, from a practical standpoint, the utilization of
gamma irradiation raises concerns because the radiation source is
radioactive, and the prescribed dose distribution of modern linear X-ray
accelerators is much more precise (Poirier et al,, 2020; Wang et al,,
2023). Studies about the effects of X-ray radiation on A. mellifera and
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V. destructor are scarce (Matthes et al, 1991; De Guzman et al. 2019 . A
study reporting that A. melliferahas lowerresistance to y-radiation
compared to V. destructor was published more than 30 years by Matthes
et al. (1991). The experiment showed that the V. destructor was only
sensitive to gamma-radiation above 160 Gy, while the bees died at 15
Gy. This raises fundamental questions about the practical applicability
thus for the justification of the technique further basic researches are
required to validate the technique with the usage of high-energy X-ray
beams irradiation.

The aim of our study was to investigate the effects of different doses
of high-energy X-ray irradiation on the mortality rates of the host adult
bee workers and the parasite phoretic V. destructor. Additionally, we
conducted a cytological investigation of A. mellifera physiological
response to irradiation, which is reflected in a measurable change in
hemolymph composition.

Based on these facts, our aims were to objectively map the effects of
Xrays, an jonizing radiation, on the mortality consequences of
V. destructor and adult A. mellifera workers under laboratory conditions.
The results obtained were intended to lay the foundations for a possible
alternative strategy or to refute the practical application of this tech-
nique. We were further interested in exploring the impact of ionizing
radiation on the hemocyte composition of workers. Overall, our results
were intended to lay the foundations of a less known approach to the
apicultural sciences.

2. Material and methods

2.1. Sampling

The living sample for the studies was provided by four newly
established A. mellifera colonies maintained at the Hungarian University
of Agriculture and Life Sciences, Kaposvar Campus (Somogy county,
Hungary; GPS coordinates: WGS: X:46.381079 Y:17.826915). The hives
were set up in the summer of 2022 (01. June. 2022) with a freshly mated
queen and 1.5 kg of young worker bees and 5 frames of Hungarian
standard NB (Nagyboczonadi) with pollen and honey storage. The
artificial swarms were treated with 1.5 g x hive ! of sublimated oxalic
acid (99.5 % purity) to reduce the Varroa population in order to ho-
mogenize the parasite level of the experimental hives. The treatment
was carried out four days after the colonies were established with no
capped broods in the colony. An essential nutrient supply for the col-
onies was provided by supplementary pollen patties ad libitumn and 11 of
40 % sucrose solution per week until the end of August. At sampling (28.
October. 2022), the colonies were free of capped brood. Therefore, the
phoretic parasites in the colonies were present on all the workers. The
worker bees from the wintering cluster were shaken into a plastic box to
achieve a homogenous distribution of the parasite. A total of 20 exper-
imental samples were taken from the colonies, five samples per colony
from the shaken bees; a laboratory balance (A&D, EK-20001) was used to
prepare the samples to obtain a nearly equal number of individuals in
each experimental box. The experimental samples containing 60 g of
worker bees (n = 500) were placed in our design 380 ml polypropylene
(PP) plastic cages until the iiradiation treatments were implemented.

2.2. Description of the exarnination setup

The individuals of the experiment were placed in custom-made 380
ml cages in order to the realization of the X-ray irradiation (Fig. 1).
Special radiation treatment cages were built, to diminish the air space
between individuals and to achieve a homogenous dose distribution. To
ensure the breathability and avoid overheating of the bees, 2 mm holes
were made on the bottom and top and the side of the irradiation cages.
The samples were kept at 25 °C during the radiation treatments. After
the irradiation treatments, the bees were transported to the laboratory
and placed in finishing custom-made cages with a hygienic bottom until
the end of the experiment. The finishing cages had a volume of 1540 ml,
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Fig. 1. Graphical illustration of the crucial steps of the experiment. (1) Preparation of the living samples for irradiation treatment, (2) CT-based radiotherapy
treatment planning for A.mellifera experimental groups, (3) High energy X-ray irradiation of the experimental samples in special 380 ml irradiation cages, (4) the
different experimental groups in 1540 ml custom-made n-vitro laboratory honey bee cages, (5) hemolymph collection process with micropipette, (6) the highest dose
received cage at the 18th day of the experiment, dead A. mellifera were uniformly black without any hair on their body, (7) hygienic board of the in-vitro laboratory

cages with fallen, dead V. destructor.

each with a hygienic bottom; the structure of the cages can be seen in
Fig. 1. A plastic grid with a hole diameter of 3 mm was placed on the top
and bottom to ensure air permeability. The diameter of the bottom grid
allowed the dead mites to fall onto the hygienic board, but the dead bees
were hung on the top of the grid. The bees were kept at 25 °C and 70 %
RH during the laboratory experiment. To ensure the ad libitum feeding,
three 15 ml centrifuge tubes were placed in the upper part of the cages
with punching holes in the grid. Air-brake feeder tubes provided
adequate water and sugar (40 % sucrose syrup) supply ad libitum during
the experiment.

Mites and dead bees were counted at each exposure time. Studies on
the short-term effect of the X-ray irradiation were performed at 12 h
(here in after: h), 24 h, 48 h, and 72 h, whereas the long-term effect-
studies were performed at 6 days (here in after: d), 12d, 18d, and 24d. In
addition to the irradiated samples, untreated samples were also used as
controls with the same experimental setup parameters. The number of
V. destructor that fell on the hygienic board was used to determine the
mortality rates of V. destructor. Only those mites that did not give any
signs of life for physical stimulation, just continuously laid motionless on
the hygienic board, were counted as positive dead mites. Dead bees that
lay on the propolis grid were recorded for the calculation of the mor-
tality rates of the host. After all exposure times, the bees and dead mites
were removed from the experimental cages. The dead bees were
continuously collected into a plastic box until the end of the experiment
and placed into a freezer (—20 °C) for further Varroa washing procedure.
On the 24th day of the experiment, the surviving A. mellifera were
freeze-killed and were checked for V. destructor load. The mites that
remained on dead bees were counted as survived. The surviving mites
were washed off from the dead workers by the Varroa Shaking Device
according to Posada-Flérez et al. (2022) technique.

2.3. Description of a high-energy X-ray irradiation set-up

The experimental cages were irradiated with high-energy X-ray
photon beams generated by a Varian Clinac IX linear accelerator. Two
opposing anteroposterior fields were used, the field size was 40 x 40 cm,
and the dose rate was 600 MU x min ', Four samples were irradiated at
the same time. The nominal energy of the photon beams was 6 MV. Solid
water phantom slabs were placed under and above the samples to ach-
ieve good dose homogeneity in the samples (at least 1.5 cm was needed
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because of the build-up effect of 6 MV photons). To evaluate the effect of
X-ray irradiation on the parasite and the host, 15, 50, 100, and 150 Gy
mean doses were prescribed for the samples. The Varian Eclipse treat-
ment planning system was used to calculate the absorbed dose based on
computer tomograph (CT) images of the samples. The same samples
were examined with Siemens SOMATOM Definition AS + CT scanner
half hours before the irradiation scans with the following parameters:
100 kV tube voltage, 140 mAs X-ray radiation dose, spiral data collec-
tion mode with 0.7 pitch, the field of view 50 mm. Standard DICOM
(Digital Imaging and Communications in Medicine) (The DICOM Stan-
dard) images were reconstructed by Siemens Syngo CT VA48A program
with convolution kernel V80u. The resolution of the images was 0.0977
x 0.0977 x 0.1 mm. Each exam series was converted from DICOM to
NIFTI (Neuroimaging Informatics Technology Initiative, 2005) file
format. The experimental cages were contoured onto the CT slices as
planning target volumes PTV1, PTV2, PTV3, and PTV4. The dose pre-
scription of the irradiation plan was set to achieve 15, 50, 100, and 150
Gy mean doses to the sum of the PTVs. Atleast 92 % of the volume of the
PTVsreceived 95 % of the prescribed dose, and the most significant dose
was at 106 % of the prescribed dose. There were some lower dose (<95
% of the prescribed dose) regions at the outer edges of the cages. The
homogeneity of the maximum dose (150 Gy) absorbed can be seen in
Fig. 2. The continuously whirling movement of the bees could result in
even better dose homogeneity than the calculated one.

2.4. Hemolymph collection, light microscopic analysis

Hemolymph was collected from four randomly selected workers of
the untreated and treated group according to Borsuk et al. (2017)
technique at the 6th and 12th day of the experiment. The individuals
were placed on a styrofoam tray and fixed by gently pressing the thorax.
The hemolymph was extracted from the antennal vesicles of the workers
by removing their antennae with forceps and pressing the hemolymph
contents of the abdomen and thorax towards the head with the fingertip.
A 0.1-10 pL micropipette was used for the collection, and the tip was
changed after every specimen. If the hemolymph deviated from the
translucent light amber colour and was contaminated (e.g., faecal
matter, gastric contents, or tissue components), the sample was
considered invalid and discarded. The collected hemolymph was
immediately dropped onto a microscope slide (HistoBond M+). and
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Fig. 2. The absorbed dose view of the highest dose (150 Gy) received experimental group based on the Varian Eclipse treatment planning system. The experimental
cages were contoured on the CT slices as planning target volumes PTV1, PTV2, PTV3, and PTV4.

spread out with fine circular motion using the micropipette tip.
Smears were fixed using 100 % methanol applied to the samples by
an atomizer glass bottle sprayer and dried overnight in the open air at
room temperature. The slides were stained by RAL 555 Romanowsky
type (RAL 555®, RAL Diagnostics, Martillac, France) rapid cytological
staining kit after overnight drying. The components of the staining kit
were applied similarly to the methanol by an atomizer sprayer creating a
thin layer on the surface of the slides. The slides were dipped after each
staining step according to the manufacturers protocol in clean distilled
water five times for 1 s to wash off residual dye. After removing the
finisher blue dye, the samples were placed on a paper completely dry
towel in a diagonal standing position at room temperature. The smears

were fixed with Entellan® rapid mounting medium (Merck KGaA,
Darmstadt, Germany) for further light-microscopic analysis.

The differential hemocyte count (DHC) was performed by light mi-
croscope (OLYMPUS BX43, OLYMPUS Corporation, Tokyo, Japan) to
study the changes in the immune cell composition of the hemolymph
due to different irradiation dosages. The different cell types were sepa-
rated on the stained smears and judged under 600 x magnification, and
DHC values were recorded as a percentage distribution. The DHC
numbers were created by counting 400 hemocytes on each smear to
enhance the evaluation accuracy. The immune cells were classified into
four categories depending on their morphological characteristics: pro-
hemocytes, plasmatocytes, granulocytes, and oenocytes. The main

Fig. 3. The main circulating hemocytes of A. mellifera imaged at 1000X magnification photographed by Olympus DP21 digital camera (OLYMPUS Corporation,
Tokyo, Japan). Representative images show (A) prohemocyte, (B) plasmatocyte, (C) granulocyte, (D) oenocyte.
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circulating hemocytes of A. mellifera can be seen in Fig. 3.

2.5. Data evaluation and statistical analysis

Statistical analyses were performed using R statistics software
version 4.2.1 and Microsoft Excel (Office version 2016).
Figures visualizing data were created using Microsoft Excel (Office
version 2016) except Duncan’s test tables which were created by R
statistics software version 4.2.1. The Abbott formula was used to correct
the mortality rates of the parasite and the host. The mortality values of
each examined species were calculated by Abbott’s (1925) formula (M),
where: M = [(C — T)/C] x 100; where: C = number of survived in-
dividuals in control; T = number of survived individuals in teated
(Abbott, 1925). To test the distribution of the hemocyte types the
Kolmogorov-Smirnov normality test was used. The effect of different X-
ray doses and elapsed time on the mortality rates of the host and the
parasite were evaluated using two-way ANOVA coupled with Duncan
multiple range post hoc test to prove the differences between treatment
groups (p < 0.05). The two-way ANOVA and Duncan’s post hoc test were
applied to test the effect of different doses and elapsed time on the
different hemocyte-type values.

3. Results
3.1. Mortdlity values of parasite and host

The different doses of X-ray irradiation-treated worker bees mortal-
ity values were recorded during the experiment and comrected by
applying the Abbott correction formula. The effect of different doses on
A. mellifera is shown in Fig. 4. The ionizing radiation- generated mor-
tality values were independent of the doses at the short-term exposure
time up to day 6. The higher mortality of the workers was recorded in
the case of 50, 100, and 150 Gy from the 12th day. The experimental
groups that received the 50,100,150 Gy doses mortality rates were 100
% in contrast to the 15 Gy with 27,3% on the 24th day of the experiment.
The mortality rates of the lowest dosage at the end of the experiment
only differed by 5 % compared to the untreated group. A two-way
analysis of variance (ANOVA) showed a statistically validated correla-
tion between the recorded mortality values of treated bees and the
applied radiation doses (df = 3; F = 91.9110; p < 0.001) and the
duration of treatment (df = 7; F = 247.9129; p < 0.001) also between
their interaction (df = 21; F = 22.4863; p < 0.001).

The mortality rate of the phoretic V. destructor induced by 50, 100,
and 150 Gy doses showed a similar pattern and a close correlation trend-
like relationship (Fig. 5). All experimental groups mortality rates were
zero at the short-term (12 h and 24 h inspection). However, dose-
dependent trend of mortality of physically exposed parasites was
recorded from day 3, the mortality numbers in the highest dose-

mortality (%)

Fig. 4. Dose-dependent Abbott-corrected mortality rates of A. mellifera at
different exposure times.
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receiving group were the highest from day 3 to day 12. Nearly three-
fold Varroa fall was recorded from day 6 to day 12. The 50, 100, and 150
Gy had induced almost 90 % in average mortality of the experimental
V. destructor populations, except for samples treated with the lowest
dose (15 Gy) by day 18. The trends in mortality of the different doses are
visible in the plotted values in Fig, 5. The 15 Gy irradiation induced 49 %
eradication of the parasite population with the combination of the host
which survived on the 24 d. The mortality in the lowest dose-treated
group of V. destructor was 1.52-times higher as compared to the un-
treated group. The results of the two-way analysis of variance confirmed
that both the time that elapsed after irradiation (df = 7; F = 43.4104; p
< 0.001), the applied radiation dose (df = 3; F = 7.979; p < 0.001) and
the interaction of these factors (df = 21; F = 2.072; p = 0.009) had a
significant effect on the mortality values of the experimental
V. destructor population.

In all treated groups, the mortality values induced by each radiation
dose as a function of time can be described along a polynomial curve
with a close correlation, as was confirmed by the calculated coefficients
of determination (Table 1). Fig. 5 can be divided into three distinct
phases. After the treatments, the mortality rate in the V. destructor
population slowly rises, followed by an exponentially increased mor-
tality rate and mass mortality in the mite population from day 6. Before
the average 90 % mortality rate in the treated V. destructor population,
the mortality rate slows down again until the total mortality of the mite
population rapidly starts. Differences in the mortality trends induced by
different doses are reflected in the steeper slope of the curve and the
nearly complete eradication ensuing after the treatment in a shorter
time.

3.2. Hemolymph composition changes of the host

X-ray irradiation affected the composition of the circulating immune
cells (DHC value) and the development of certain cellular elements
(Fig. 6). The abundance of specific immune cells in the hemolymph was
also significantly influenced by the time that elapsed after each
reatment.

The quantitative changes in plasmatocytes and prohemocytes fol-
lowed similar trends. Interestingly, low irradiation doses (15 Gy)
induced opposite quantitative changes in the number of these cellular as
compared to the higher irradiation doses. The 15 Gy group prohemocyte
level was the highest (Fig. 7A) whichresulted in the lowest plasmatocyte
numbers (Fig. 7B). The highest plasmatocyte mean level was registered
in the case of 100 Gy-receiving group, which co-occurred with the
lowest percentage of prohemocyte content (Fig. 7A, B) The Dunan’s test
showed that the high mortality groups hemocyte profile changed, and
the high dose-receiving groups prohemocyte and plasmatocyte mean
values differed (Fig. 7 A, B). The effect on the changed hemocyte
numbers was similar to the mortality values of the bees in case of the 50,
100 and 150 Gy dose-receiving groups (Fig. 4.). The prohemocyte and
plasmatocyte ratio in the untreated group was similar to those of the 50
Gy and 15 Gy treated groups. Statistical analysis confirmed that the
evolution of the recorded plasmatocyte (df = 4; F = 5.63442; p < 0.001)
and prohemocyte count (df = 4; F = 5.5753; p < 0.001) were signifi-
cantly affected by the dose of X-ray radiation applied, but the time that
elapsed after the treatment did not affect the number of these cellular
components recorded in the measured samples (p > 0.05).

On the contrary, the two-way analysis of variance coupled with the
Duncan test showed that the abundance of granulocyte and oncocyte
numbers was influenced by the time that elapsed after the treatment
(granulocyte: df = 1; F = 15.2708; p < 0.001; oenocytes: df = 1; F =
4.7872; p = 0.0302) and the interaction of the elapsed time and the
irradiation doses applied (granulocytes: df = 4; F = 4.633; p = 0.00148;
oenocytes: df = 4, F = 2.4906; p = 0.0456) also had a statistically sig-
nificant effect. Fig. 7 shows the changes in granulocytes (Fig, 7D) and
oenocytes (Fig. 7C) percentages on the 6th and the 12th day of the
experiment. For both cell types, their number in the plasma increases
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Table 1
The mathematical quantities describing the nature and severity of Abbott-
corrected mortality trends the applied different X-ray doses generated.

Doses Polynomial equation R?

15 Gy y= 0.0625%° + 0.3065x% — 0.9579 0.9923
50 Gy y= —0.0158%" + 5.1648x — 13.012 0.9594
100 Gy y= —0.0547%% + 6.3666x — 17.494 0.9417
150 Gy ¥y = —0.0443x* + 5.8355x — 12.425 0.9753

with time of exposure, an observation that could be confirmed with the
Duncan test. However, the different doses did not statistically influence
the number of granulocytes and oenocytes.

4. Discussion

Successful control of A. mellifera most mortal parasite, the
V. destructor, is essential to maintain the health of managed bee pop-
ulations. Alternative solutions are crucial for bee health. due to the
limited number of successful control methods and miticides. We inves-
tigated the response of A. mellifera and V. destructor to multiple doses of
high-energy X-ray irradiation by measuring the mortality values of both
and the immune cell composition of bees under in vitro conditions as an
alternative anti-varroa treatment. It was confirmed that X-ray radiation
affects the vitality of the host and its parasites, according to previous
findings of Matthes et al. (1991).

Nevertheless, it has been challenging to establish the V. destructor
mortality rates because the parasites life activities are significantly

12d

18d 24d

5. Dose-dependent Abbott-corrected mortality rates of V. destructor at different exposure times.

influenced by the optimal metabolic processes, vitality, and the behav-
iour of the host (Rosenkranz et al.,, 2010; Guzman et al., 2012). If the
host life activity and metabolic processes deteriorate, the vital rates of
the parasite can be shown to decrease under the influence of any biotic
and abiotic stressor (Rosenkranz et al., 2010; Egekwu et al., 2018;
Traynor et al., 2020). Hence, understanding the effect of X-ray radiation
on a specific parasite is difficult under in vitro conditions. This phe-
nomenon is due to the obligate nature of the parasite, as it has been
confirmed by several studies (Egekwu et al.,2018; Traynor et al., 2020).

For the higher doses of radiation tested (50, 100, 150 Gy), both
parasite and host sensitivity have been demonstrated by our test results,
and with increasing radiation doses, both experimental species mortality
rates increased. All the treated groups of A. mellifera suffered 100 %
mortality compared with the 90 % mortality rate of V. destructor at these
higher doses on the 18th day after the irradiation treatment. Bees in all
experimental groups died uniformly by day 18, which corroborates the
observation of Matthes et al. (1991). A. mellifera resistance against
jonizing radiation is much less than that of other insect species, the
reason for which may be that the complexity of an organism increases
the chance of irreversible, lethal changes in DNA and transcriptomic
level occurring (Gomes et al., 2002; Cheng et al.,, 2009; Moskalev et al,,
2015; Paithankar et al., 2017).

Compared with the previous dosages, a difference in induced mor-
tality was found for the lowest dose used (15 Gy). According to these
results, the phoretic stages of V. destructor showed higher sensitivity
than those of the host. These findings contradict the results of Matthes
et al. (1991). The mortality rates of the Varroa were higher in that
dosage than that of the host. At the radiation dose of 15 Gy, it was noted

Fig. 6. Stained smears of A. mellifera hemolymph under 600 x magnification. (L) Light microscopic field of view of the highest radiation dose (150 Gy) received
worker A. mellifera stained hemolymph smear at the experiment 12th day, (II.) Light microscopic field of view of untreated worker A. metflifera hemolymph at the
experiment 12th day. The representative four hemocyte classes of A. mellifera hemolymph: (A) prohemocyte, (B) plasmatocyte, (C) granulocyte, (D) oenocyte.
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Fig. 7. Different doses of X-ray irradiation affect the circulating hemocytes of
A. mellifera, proven by statistical analysis results of the Duncan test. (A) pro-
hemocyte numbers, (B) plasmatocyte numbers, (C) oenocyte numbers, (D)
granulocyte numbers, lowercase letters indicate the differences in mean values
of the different experimental groups.

that neither the counts of hemocytes nor the mortality rates of bees
exhibited the same level of aggressiveness as observed at other doses.
The outcomes from the Duncan test align with the mortality curves,
indicating that the hemocyte counts were profoundly altered even prior
to significant mortality. The scales of the doses used did not allow us to
determine the most effective dose for Varroa with minimal A. mellifera
mortality. Although the low dose shown causes higher mortality to the
parasite than to the host, it does not induce an expected efficacy (above
95 %). Moreover, the severe involvement of the host raises various
questions in connection with the practical application of this method.

In order to develop a successful control method, understanding the
physiological responses is of overriding importance. A. mellifera main
circulating hemocytes were influenced significantly by the applied ra-
diation dosages and the elapsed time in laboratory conditions (Giglio
et al., 2018). The increased number of plasmatocytes by 6 days and 12
days after the irradiation can be expounded by the role of the triggered
cellular responses. Plasmatocytes play a part in repair mechanisms by
phagocytosis of microorganisms, encapsulation of larger invaders,
clotting, and melanisation of the cuticle after physical injury (Evans
et al., 2006; Evans et al., 2010; Gabor et al.,2020).

Granulocytes carry out immune functions that strongly relate to
plasmatocytes these cell types are two key factors of the cell-mediated
immunity of A. mellifera. Granulocytes, by phagocyting the bacterial
invaders of the hemocoel and following plaque formation play a role in
plaque removal and breakdown encapsulation response, which can
explain the increase in the percentage of granulocytes during the
experiment (Evans et al., 2006; Honti et al., 2014; Negri et al., 2016).

The decrease in the percentage of prohemocytes results from the
direct physical damage of the nucleus which the irradiation generated
because of the more active cellular activity of this immune cell lineage.
Similar to our result, decreased prohemocyte numbers were observed in
different insecticide oral feeding experiments in Apis spp. due to the
genotoxic DNA damaging effect of different herbicides (Perveen and
Ahmad, 2017; Mohamed et al., 2023).

The number of oenocytes helps enhance the cellular immune
response through phencloxidase and nucleic acid release (Altincicek
et al,, 2008). The time-dependent changes in the percentage of oeno-
cytes could be generated due to the tissue damage that the radiation
affected (Evans et al., 2006; Altincicek et al,, 2008; Negri et al., 2016.).

In conclusion, ionizing radiation strong physical effects were not
only shown to induce mortality, but also have a demonstrable effect on
the immune cell composition of the hemolymph. For the practical
application of ionizing radiation to V. destructor control, it is essential to
identify the exact dose of radiation that has a negligible destructive ef-
fect on the bees while reducing the V. destructor numbers. The
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physiological changes that the ionizing radiation generates must be
considered, and further research is needed to understand the immuno-
logical, and transcriptomic changes which concomitantly occur upon
the treatment. Our study will allow a better understanding of the effects
of ionizing radiation types such as UV-A and UV-B, UV-C, or X-ray and
Gamma-radiation on Apis mellifera hemocyte composition.

5. Conclusions

Our study demonstrated that A. mellifera workers and phoretic
V. destructor exposed to X-rays has suffered increased mortality and
changes the hemocyte composition of the host. Different doses of radi-
ation applied and the elapsed time after treatments showed statistically
verifiable changes in mortality and A. mellifera workers hemocyte
composition. However, the practical applications of these methods
because of the health-deteriorating effect caused to the protectable or-
ganism and the point of view from an efficacy are highly doubtful. X-ray
doses higher than 50 Gy generate high mortality of A. mellifera workers
18 days after the irradiation.

The 15 Gy irradiation against V. destructor is the most promising of
the treatments tested because of the least negative outcome in the case of
hemocyte alteration and mortality of A. mellifera. Higher doses of radi-
ation (50, 100, 150 Gy) have definite mortality on the organism to be
protected as well as alter the immune cell composition. The increased
plasmatocyte and granulocyte relative numbers signal an increased
cellular immune response, while the decrease in prohemocytes and
oenocytes reflects an alteration in homeostasis, which were confirmed
by the mortality values and the results of the Duncan’s test.

As a basic research, our work does not support a direct practical
application but contains theoretically positive outcomes. The X-ray-
induced mortality of V. destructor does not reach the expected efficiency,
but our results may provide a basis for more advanced investigations
related to the immune system and cellular immune response of
A. mellifera to high-energy X-ray beams. Future research on the physi-
ological changes caused by X-rays and other ionizing radiation in
A. mellifera and V. destructor could further refine our results and provide
a basis for the development of new approaches to the ecological re-
lationships between bees and V. destructor.
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Simple Summary: Varroa destructor is a significant global honey bee parasite and the primary threat
to bee health. Due to its latent lifestyle, detecting the mite in a brood requires invasive techniques.
Enhancing detection methods is critical for advanced research on mite population dynamics, spread,
selection efforts, and control methodologies. In this study, we employed infrared thermal imaging,
a less-explored technique in apicultural studies, to detect parasitism in Apis mellifera broods. Our
findings indicate that handheld infrared thermal cameras can generate adequately detailed heat maps
of the hive. These maps distinctly separate cells containing honey, pollen, and brood, with stable,
reproducible temperature measurements observable in late autumn. Notably, mite parasitism induces
a sustained temperature increase in developing honey bee pupae, consistently detected regardless of
mite numbers in the cell. This study reveals an advanced thermoregulatory behavior in the honey bee
colony, manifesting as a social fever phenomenon. Further research is necessary to explore the health
benefits of this behavior for bees and the negative effects on the mite. Our method, combined with
the development of Al-based image evaluation software, could provide beekeepers and researchers
with a valuable tool for Varroa research and bee biological studies.

Abstract: The Varroa destructor is the most significant bee parasite and the greatest threat to bee health
all around the world. Due to its hidden lifestyle, detection within the brood cell is only possible
through invasive techniques. Enhancing detection methods is essential for advancing research on
population dynamics, spread, selection efforts, and control methodologies against the mite. In our
study, we employed infrared imaging to measure the thermal differences in parasite and intact Apis
mellifera worker broods. Experiments were conducted over two years at the MATE Kaposvar Campus
in Hungary involving five beehives in 2022 and five beehives in 2023. A FLIR E5-XT WIFI handheld
infrared camera was used to create a heat map of capped brood frames. Our results indicate that the
resolution of these cameras is sufficient to provide detailed IR images of a bee colony, making them
suitable to detect temperature differences in intact and Varroa parasitized capped brood cells. Mite
parasitism causes a time-dependent and sustained temperature increase in developing bee pupae,
observable regardless of mite number. Our work demonstrates two different heating patterns: hotspot
heating and heating cells that are responsible for the elevated temperature of the Varroa-infested cells
as a social fever response by the worker bees. Based on our results, future research combined with
Al-based image evaluation software could offer beckeepers and researchers practical and valuable
tools for high-throughput, non-invasive Varron detection in the field.

Keywords: Apis mellifera; Varroosis; social immunity; infrared thermography
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1. Introduction

As a prominent species among eusocial insects, the honey bee (Apis mellifera, L. 1758)
exhibits highly developed climate regulation strategies in every season [1,2]. Maintaining
homeostasis is crucial, especially because eggs, larvae, and pupae are highly sensitive to
temperature fluctuations. The importance of thermoregulation is exemplified by the amount
of energy expended: an average-sized colony consumes approximately 2,000,000 k] of
energy in a year for thermoregulation, representing 40% of the total energy expenditure [3].
We accept the correction. optimal ambient temperature for the colony’s development
ranges between 32 °C and 36 °C, ensuring healthy growth across different developmental
stages [4,5]. Consequently, thermoregulation accuracy is high in the brood nest but becomes
more variable and spans a wider range during periods without brood rearing in the
wintertime [5,6]. Eggs and larvae tolerate lower temperatures better compared to pupae
enclosed in brood cells [6,7]. Pupae exposed to prolonged temperatures below 32 °C
are prone to developmental abnormalities, potentially leading to reduced memory and
orientation abilities in worker bees [8]. Similarly, larvae exposed to temperatures below
32 °C for more than thirty minutes face significantly increased risks of pathogenic infections.
Adult bees also exhibit behavioral and neurological issues due to substantial temperature
fluctuations [8,9].

It is well known that insects with variable body temperatures are not able to heat their
own environment and body independently, except during the process of chemoregulation,
whereby some insects produce heat by burning chemical compounds through muscle work
to increase locomotor and metabolic activity. In honey bee colonies, the preimaginal stages
(larvae and free pupae) developing in the brood cells are unable to thermoregulate in the
absence of active movement [5,6]. Larvae and preimaginal stages are considered poikilo-
thermic, lacking inherent thermoregulation mechanisms and unable to generate sufficient
heat independently for proper development; thus, imago worker bees must ensure thermal
stability for them [10-12]. Honey bees maintain thermal homeostasis of the colony, and
especially of the brood, by heating actively with their wing muscles, clustering for insu-
lation when the external temperature is below 10 °C or cooling by vaporizing water and
wing fanning when it is above 32 °C [13-15]. A colony, as a superorganism, must be under-
stood as a homeothermic organism which tries to control its core temperature at a constant
level [15-17]. Among eusocial insects, elevated body temperature or social fever is often
considered a form of social immunity, closely intertwined with colony homeostasis and
thermoregulation [18,19]. Social immunity encompasses diverse behavioral and organiza-
tional mechanisms that eusocial insects employ to defend against parasites and pathogens,
thereby safeguarding colony health [19]. This collective effort among individuals possibly
aims to constrain pathogen and parasite dissemination [20]. Brood temperatures elevated
by approximately 0.03-0.19 °C have been observed in the developmental stages of honey
bees parasitized by Varroa destructor (Anderson and Trueman 2000); however, the precise
underlying mechanisms remain unclear [21].

Enhancing detection methods is critical for advanced research on mite population dy-
namics, spread, selection efforts, and control methodologies [22,23]. Indirect, non-invasive
infrared thermal imaging is not unknown in entomological research. This methodology can
provide insights into specific characteristics of poikilothermic organisms such as insects by
measuring their surface temperature in a non-invasive manner [24,25]. For instance, it has
been used to study chemoregulation-generated temperature changes in certain Lepidopteran
spp- [26], to analyze the thermal characteristics of social insects like bees and wasps [27],
and to investigate the specificity of parasitism phenomena in honey bee colonies [21,28].
Overall, the method is effective for indirectly mapping physiological changes in individual
and social insects [21,29]. Consequently, the information obtained can be used to infer
direct biological phenomena [21,30,31]. However, the number of research studies utilizing
this methodology is limited, and its potential has thus far been only partially exploited.

The aim of our field and laboratory research was to map the temperature patterns
observed on the capped brood using an infrared thermal camera (IR). Over the course of
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our two-year study, we investigated whether physiological changes due to varroosis are
related to temperature variations in developing individuals. Ultimately, our work aims
to increase understanding of the thermoregulation mechanism of honey bee colonies and
explore the possibilities for indirect mapping of Varroa mite to lay the foundations for a
potential new prodiagnostic method.

2. Materials and Methods
2.1. Colony Setup

The experiments were carried out in 2022 and 2023. In both years, the experiments
were conducted at the same location and with the same settings. For the duration of the
experiment, 5 hives were set up each year on the campus of the Hungarian University
of Agricultural and Life Sciences in Kaposvar (WGS:X:46.381259, Y:17.82654). The exper-
imental colonies were limited to 8 Nagyboczonadi (Nb)-size frames built to withstand
cold in a standard Hungarian vertical-type hive; the same hives were used in each year.
In order to avoid the results of the experiment being influenced by varroosis symptoms
and, thus, the premature death of the colonies, artificial swarms were created. The colonies
were established on 7 June 2022 for the 2022 year and on 7 June 2023 for the 2023 year; the
experiments were carried out using the same technique. The artificial swarms contained
1.5 kg of worker bees and a one-year-old Carniolan (Apis mellifera carnica) queen. The
bees were installed on 8 NB frames with 6 kg of honey in identical hives, and a pollen
supply was added. The colonies received 0.5 L of 50% of sucrose solution for two weeks
until the nucleus colonies were fully established. The queens of the colonies were from
non-varroa-tolerant lines. Our objective was to mimic the natural mite infestation process
by sublimating 2 g of oxalic acid (99.5% purity) twice, thus delaying the increase of phoretic
Varroa mites by 5 and 8 days, respectively, after establishing the colonies. For the duration
of the infrared thermography measurements, the colonies were nearly identically strong,
and they were extended to 8 active frames, with an almost equal number of brood frames
(2-3). To ensure that heat loss in the hives did not affect the results of the experiment, the
top of the frames was fully covered with 400 um thick polyethylene foil for agriculture
and the top of the hives was insulated with a 4 cm thick expanded polystyrene thermal
insulation board.

2.2. Brood Temperature-Monitoring Thermal Imaging Studies

Thermal imaging was conducted for five days constantly prior to dissection at consis-
tent intervals in the afternoon between 12:00 and 16:00 for both years. The experiments
were carried out from October 10 to 15 in 2022 and 2023 under similar weather conditions.
The temperature was 18-23 °C in both years during the afternoons when the thermal imag-
ing was carried out. The images were captured using a FLIR E5-XT WIFI handheld infrared
thermal imager with a resolution of 160 x 120 pixels, a frame rate of 9 Hz, an accuracy of
0.1°C, and a 0.95 emissivity rate. All images of the specimens were utilized as the basis for
the experiment, with the thermal images taken from a uniform distance of 50 cm. To ensure
that the brood surfaces did not cool within 30 s of removal, the imaging was performed in
the back of a van: this was an enclosed space shielded from direct sunlight, maintained ata
temperature of 23 °C. Prior to capturing the thermal images, the frames were shaken to
remove imago worker bees, and the images were then captured.

The thermal images were analyzed using Teledyne FLIR Thermal Studio. In order to
compare the infrared images of the same brood frame in the function of time, the color
scale of the thermal images was converted to grayscale coloring by FLIR Thermal Studio.
The converted grayscale images’ pixel intensity histograms were analyzed with the help of
GIMP 2.10.32 software. All five thermal images captured at different time points (from 10
to 15 October) were used to assess the thermal imaging patterns of the colonies.

To examine different developmental stages of brood and intact and infested cell
temperatures, a polyline tool was employed to measure the exact hexagonal areas bounded
by the brood cells, each containing an average of 38 £ 4 pixels. The average temperature
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values of the hexagon-shaped areas were recorded. Conversely, evaluation of the effect of
mites on the temperature of the capped cells was based on thermal images captured on
the 5th day (15 October) of each year. The 21 brood frames’ thermal values were analyzed
retrospectively after dissection, measuring the parasitized cells and adjacent intact brood
cells at the same stage of development. Temperature values were determined for a total of
1005 parasitized and 1005 intact individuals of mixed age composition, selected according
to specified criteria, over the two years. These individuals’ data were also used to calculate
the statistical differences in the developmental stages.

2.3. Dissection of the Capped Brood

After the five thermal images of each brood frame were captured over five days for
each hive, the frames were removed from the hive to ensure that the location of the mites
and the developmental state of the specimens remained similar compared to the thermal
images. The frames were then stored at —20 °C until dissections were started. To allow for
the dissection of the brood cells, the frames were placed in an incubator at 30 °C for 30 min
to ensure proper thawing. During the dissections, the developmental status of the bees
was determined based on the work of Rembold et al., 1980 [32], along with the presence
of parasitization. All the capped broods from both sides of the frames were dissected.
For the parasitized cells, the number of mites was recorded, and the location of the cell
was documented on the pre-captured photographs to facilitate retrospective temperature
determination. Dissections were conducted using a laboratory microchip under a stereomi-
croscope [33]. For each brood cell, the stage of development of the individuals was noted
on the pre-captured photographs, and the number and the developmental stages of the
parasites were recorded.

2.4. Data Analysis

To test the normal distribution of the data, a Shapiro-Wilk normality test was per-
formed (p < 0.05). To establish the consistency of the heating pattern of the brood nest, the
identity of the thermal images captured at five different time points prior to the experiment
was tested, and the pixel intensity histograms were compared using Pearson correlation
analysis. To evaluate the differences between developmental stages, paired t-test was
used (1 = 100) (p < 0.05). To calculate the thermal differences in various pupal stages
(n = 200), one-way ANOVA was carried out. To determine the effect of the Varroa mite on
temperature, a one-way ANOVA was performed for intact and parasitized individuals
(n =1005) (p < 0.05). The effect of the number of mites on temperature difference was tested
using a one-way analysis of variance (p < 0.05). Temperature distribution on the surface
of parasitized brood cells parasitized in the case of different numbers of Varroa mites was
calculated by one-way ANOVA (p < 0.05) (n = 508). Statistical tests were conducted using
the R-4.2.1 and Microsoft Excel software packages.

3. Results
3.1. Abundance of Varroa Destructor in the Brood

During the experiments in 2022, we dissected 10 NB-size frames containing 8887
capped worker broods; during the work in 2023, we dissected 9256 cells on 11 NB frames.
The colonies” brood, on average, were 5.653% parasitized with Varroa mites in 2022 com-
pared to 5.435% in 2023. The infestation level of the experimental colonies” brood varied,
ranging from 3.117% to 12.936% in the two years. Dissection of 1.005 mixed-age worker
cells infested by Varroa mites demonstrated that the number of mites in a brood cell can
vary from 1 parasite to 13 parasites. If we examine the absolute prevalence of mite numbers
in a cell, we find that the most common is a single parasite in the year 2022, while with an
increasing number of mites in a cell, a power-type decreasing trend is demonstrated. An
exponential decay curve describing the variation in the abundance of mite numbers in a
cell shows a tight correlation, which is well represented by the value of the coefficient of
determination (R? = 0.98). The population dynamics of the mite were considerably different
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in 2023: the most frequent prevalence was four mites in a cell, and the distribution of mites
followed a parabolic curve, which is shown in Figure 1.
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Figure 1. Plots of the relative abundance of mites in dissected brood cells over two years revealed
differing trends.

In 2022, mite abundance followed an exponential trend line. In contrast, the evolution
of mite abundance in the 2023 sampling was best described by a second-degree polynomial
equation. The most significant difference observed was a nearly 30% higher prevalence of
brood cells containing a single mite in 2022 compared to 2023.

3.2. Comparison of Thermal Images of the Brood Nest

As a result of testing the temperature values, it was observed that the temperatures of
the different types of cells are clearly distinguished and show significant variation. It can be
concluded that in the late autumn period, active heating is mainly concentrated in the brood
chamber. The areas with higher temperatures are generally clustered around a well-defined
brood area. A similar patchy, nodular pattern can be observed for the areas that can be
characterized by lower temperatures, such as the honey-containing and pollen-containing
cells. According to correlation analysis of the pixel-based intensity parameters extracted
from the histograms of the images shown in Figure 2, it was found that between the pixel
intensity parameters, there are significant similarities between the identities of the thermal
images captured on 2 subsequent days (r = 0.999). The evolution of the temperatures of
the brood chamber as a function of time shows a significant similarity, which indicates
stable temperature-control activity of the workers in the areas concerned, linked to the
brood areas. It can be clearly seen from the images that the workers produce most of
the thermal energy for the brood (red, orange, and yellow colorization area in Figure 2),
whereas there was no active heat production in other areas in the honey-storing cells nor in
the pollen-storing cells (blue colorization area in Figure 2).

The brood area was determined to comprise two well-separated parts; these can be
seen on the thermal images in Figure 3. The temperature differences are clearly visible;
larvae and early-stage pupae (marked with white and white-striped hexagons) exhibit
significantly lower temperatures compared to older pupae (marked with black hexagons).
Based on the thermal values of the capped brood, the sealed larvae (LS), prepupa (Pp),
(mean temperature value: 28.96 £ 0.70 °C) and pupal stages were well separated, which
was statistically confirmed (df = 87; p < 0.001). The larval and the prepupa stages could
be separated on the edge of the brood and in the middle of the brood. The pupae also
could be separated based on the capping temperatures that were confirmed by one-way
ANOVA statistical probing (df = 5; F = 4.051375; p = 0.001451). The temperature differences
were calculated for the different developmental stages. The mean values of different
developmental stages of pupae were the following: white-eyed (29.96 + 0.22 °C); pink-
eyed (30.21 £ 0.60 °C); red-eyed (30.27 £ 0.80 °C); dark-brown-eyed and dark-brown-eyed
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with a lightly pigmented thorax (30.58 £ 0.88 “C); dark-brown-eyed with a medium-dark
thorax (30.52 % 0.68 °C); dark-brown-eyed with a dark thorax (30 £ 0.81 °C).

0 64 128 192 255 0 64 128 192 255

Figure 2. Thermal images of the same hive and frame captured at different time points ((A1) 23.10.14;
(A2) 23.10.15), along with pixel intensity histograms (B1,B2) generated from digital image processing.

Figure 3. Thermal map of brood with capped larvae (marked white hexagons), pre-pupae (scattered
white hexagons), and older pupae (black hexagons).

3.3. Relationship between Temperature Rise and Varroa Mite Presence

The results of infrared (IR) thermal imaging of sealed brood cells of worker bees
showed that higher temperatures could be detected on the surface on the wax capping
of the developing pupae infested by Varroa mites. The differences can be seen in the
thermal images in Figure 4. One of the main findings of the research is that two different
heating patterns were recognized on the thermal images, both of which were responsible
for the elevated temperature of the parasitized cells. The most common heating pattern
is the heating cell, as shown on the left pane in Figure 4(1.). The parasitized cell next to a
heating cell, indicated by the hexagon marked with the mite, shows a higher temperature
compared to the neighboring cells. A hotspot-elevated temperature pattern can be observed
in the right pane in Figure 4(II.). The mite-infested brood cell in the center shows a similar
tendency: on average, this cell is 0.65 °C warmer than the neighboring cells. The same
tendency was measured during the two years when we compared intact individuals at the
same stage of development that were neighboring parasitized individuals. The average
temperature of infested individuals was 30.78 & 0.09 °C, approximately 0.82 °C higher than
that of intact worker cells (29.96 + 0.08 °C) in 2022. The 2023 studies similarly confirmed
the fact that parasitized cells had a higher temperature (30.62 + 0.14 °C) than adjacent,
intact individuals (29.86 £ 0.08 °C), averaging 0.76 °C higher. One-way analysis of variance
confirmed in both experimental years that brood cells with parasite development alongside
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individuals of different preimaginal stages had statistically verifiably higher temperatures
than those without mites (df = 1; F = 118.76; p < 0.001).

I. sscc

216°C 216°C

Figure 4. The two most common forms of elevated temperatures caused by Varroa mite. (I.) para-
sitized cell next to a heating cell; (IL.) A hotspot pattern with the mite-infested brood cell in the center;
black hexagon indicates intact; red hexagon indicates parasitized cells.

The temperature values measured on the cap surface, with different numbers of mites
in the cell, are shown in Figure 5. Brood cells with a high number of mites/cell (7 (n = 3), 8
(n=5) and 13 (1 = 1)) were excluded from the statistical analyses because of the low number
of elements. The single-factor analysis of variance confirmed that there was a statistically
valid correlation between the number of mites in a brood cell and the average value of
the surface temperatures of the parasitized cells (df = 1; F = 57,919.99; p = 0.001). As the
number of mites increases, the confidence interval of the surface temperatures becomes
narrower, described by a polynomial decrease in the trend lines drawn at the upper and
lower limits of confidence. This verifiable correlation is shown by the result of the statistical
analysis of the confidence intervals between the minimum and maximum temperature
values measured on brood cells loaded with different numbers of mites. However, it can be
observed that the evolution of the mean temperature values with an increasing number
of mites per brood cell is stable within a range of 30.0-30.5 °C, representing the mean
value. The mean value of the intact cells was 29.98 °C. At a low level of parasitation (one
mite/cell: 32.9-27.1 °C; two mites/cell: 33.0-28.4 °C), the mean surface temperatures are
within a wide range, whereas at a Varroa load of three mites and above (three mites/cell:
32.4-27.7 °C; four mites/cell: 32.1-29.1 °C; five mites/cell: 31.9-28.5 °C; six mites/cell:
31.1-29 °C), the surface temperatures are continuously narrowing.
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Figure 5. Temperature distribution of the surface of intact and parasitized brood cells as a function of
different numbers of Varroa mites (1 = 508).
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4. Discussion

Monitoring the abundance of Varroz mites in different countries and seasons is impor-
tant for the study of Varroa population dynamics [34]. The rapid spread of Varroa mites
is illustrated by this two-year study: swarms can reach a high mite count in the brood
4 months after establishment. This increase can range from 3.117% to 12.936% [35]. In our
experiment, the high infestation levels in both years could be explained by the high bee
density in Hungary, which plays a primary role in the distribution of the mite through the
drifting of worker bees [36-38]. Our observations on mite population dynamics provided
us with indicators that were consistent with those found in the literature, both for larval
and pupal stages [39]. The results of the 2022 sampling were atypical for the population dy-
namics of the mite compared to the 2023 sampling, which represented a normal population
dynamics trend [39]. We can confirm that the number of parasites per worker brood cell at
the pupal stage was low in 2022: it was predominantly between one and two mites/cell for
the pupal stages. Few of the samples analyzed had more than four mites/cell. In contrast,
when analyzing samples from 2023, in terms of the mixed-age composition of the dissected
pupas, the most dominant number of mites in the cell was four. The differences in the
two-year study can be attributed to seasonal patterns of varying nutrition throughout the
bee pasture. Thus, colonies’ performance can be influenced by weather conditions [39,40].

Our studies have shown that temperature analysis based on infrared imaging can be a
suitable method for monitoring temperature changes in a colony of honey bees, even over
five days, as continuous experiments show (r = 0.999) [41]. Furthermore, it can be used to
detect the presence of possible Varroa mite parasitism in brood cells and to isolate the differ-
ent honey bee developmental stages. Our study employs a new approach to investigate the
temperature dynamics of the brood and hive. Since removing frames from the hive affects
temperatures, our measurements were conducted within a specified time interval under
controlled environmental conditions. This investigation is grounded in the principles of
thermodynamics, allowing us to infer the thermal energy of the bodies [42,43]. By ensuring
that the measured objects are composed of the same material, we maintain the comparabil-
ity of the temperature values. In our study, we observed that the larval and pupal stages
of honey bees develop at different temperatures. This variation can be attributed to the
distinct temperature requirements specific to each developmental stage [21,44], but further
detailed research is needed with higher-resolution infrared cameras. Our results confirmed
that the mite-parasitized brood has, on average, a 0.79 °C higher temperature over the two-
year period, which was statistically demonstrable. The results of Bauer et al. [21] indicated
that the increased values could be explained by elevated metabolic processes induced by
mite-transmitted bee viruses. In our opinion, the explanation for this phenomenon can
be traced back to the intense social behavior of imagoes. The poikilothermic nature of
arthropods explains our position, as developmental forms have an environment-dependent
and variable body temperature that is independent of exposure to pathogens. Honey
bee workers act as homeotherms, according to this point of view, to establish the optimal
temperature and humidity for the developing pupae. The concentrated heating of a single
cell in a capped brood can be explained by the so-called hotspot phenomenon [15], whereby
worker bees release the thermal energy produced by pressing their thorax onto the brood
surface in a concentrated manner on a single cell, especially the Varroa-parasitized cells. An-
other concentrated heating technique that plays a role in social fever is the so-called empty
hot brood cells concept [45]; this can guarantee the local heating of infested individuals.
The possible explanation for social fever is that workers sense the presence of mites in the
cell. The workers try to shift the ambient temperature of the parasitic foreign organism out
of the optimal range by active heating, thus worsening the biological indicators and living
conditions of the parasitic organism [6,20,21]. An interesting observation of our study is
that the variance in the temperature values measured on parasitized brood cells varies
strongly depending on the number of parasites within the cell. For the parasite number in
a cell, higher temperature values with less variability were obtained from our study for a
higher number of infested cells (three mites/cell). The narrowing of the temperature confi-
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dence intervals with increasing parasite counts occurred in parallel with parasite detection
of the infested individuals by workers, as in the case of hygienic behavior. The difference in
variance is explained by the fact that workers are expected to detect parasitized cells with
a higher success rate; also, the damage to the brood increases with the number of mites.
The damage produces various volatile components [46,47] that can trigger social behavior
and, thus, social fever. In contrast, brood cells with a low parasite load are less likely to be
detected, maybe because they are in the beginning stages of the varroosis infestation. This
fact explains the lower temperature variance in brood cells with a higher parasite count
and the increasingly narrow range of temperature values on the surface.

Overall, the primary finding of our experimental work is that non-invasive thermal
image analysis, utilizing a handheld thermal camera, can effectively locate Varroa destructor
in a capped honey bee brood. Following further studies, refinement of this method could
lead to a widely applicable technique for non-invasive, high-throughput detection of
varroosis under field conditions. A significant advantage of this method is its potential for
use by beekeepers without requiring specialized knowledge. Notably, the sensitivity of the
thermal imaging device used in our study is comparable to that of sensors in most modern
high-end smartphones. Consequently, accessible devices could be employed to optimize
the timing of mite control in apiaries, aligning with integrated pest management criteria.
Additionally, our method could expedite and validate selection efforts for desirable traits
in bee breeding, such as Varroa sensitive hygiene (VSH) and suppressed mite reproduction
(SMR), following further large-scale testing. The drawbacks of this method include the need
for the development of Al-based image evaluation software which can reliably identify the
target objects after a learning process for the temperature pattern of each brood comb. To
isolate infested brood cells, the program must incorporate prior knowledge such as the
temperature thresholds of intact and invested cells and specific temperature patterns of
the brood, which can be effectively handled by a deep learning model based on artificial
intelligence. To ensure the accuracy of this determination, it is essential to consider a
combination of factors, including heating patterns and potential measurement errors.
Additionally, the method needs to be tested during hot periods in summer to determine
the temperature of specific brood cells in bees without active heating. This will provide
deeper insights into the biological mechanisms underlying social fever in bees and will
help to evaluate the detection method.

5. Conclusions

Our study has demonstrated that a handheld infrared thermal camera, which is
easy and simple to use in field conditions, can effectively provide indirect visualization
of changes in bee life activities. The thermal energy released by the active muscular
activity of worker bees significantly influences the temperature of the brood cells, which
is demonstrably related to the parasitization of the brood cells by Varroa mites. In the
future, this method could be suitable for non-invasive visualization of the spread and
presence of Varroa mites. The direct outcome of our work is the ability to detect varroosis
symptoms without the need for direct dissection of brood cells. For practitioners, this
methodology offers a practical opportunity to obtain rapid, non-invasive, and indirect
information to assess the number of varroa mites and the health status of bee colonies.
However, the method limitations include the costly tool requirements and the lack of a
fully developed software support interface, which is essential for optimal performance.
Further studies are needed for the summer period, during which bees actively cool the hive
to maintain an optimal temperature range. With further improvements in the technique
and additional validation trials, this method could become a valuable prognostic tool for
large-scale apiaries. The results will contribute to the successful prediction and control of
varroosis and may provide a non-invasive, time-efficient tool for varroa research and bee
breeding selection works.
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5. GENERAL DISCUSSION

In the first study, the effects of V. destructor on developing A. mellifera pupae were
investigated using diagnostic computed tomography. Our results demonstrate that diagnostic CT,
as a novel non-invasive imaging technique in apicultural research, is suitable for detecting V.
destructor within sealed A. mellifera brood cells. Importantly, the sensitivity of CT-based
detection was strongly dependent on both the number, and the developmental stage of the mites
present in the cell. This dependency can be explained by the biological characteristics and
reproductive cycle of female Varroa mites (Rosenkranz et al., 2010; Warner et al., 2024).

CT detection proved to be most reliable at advanced developmental stages of the parasite,
particularly once the deutonymphal or deutochrysalis stage had acquired its final body shape and
size sufficient for radiological identification, with 0.117 x 0.117 x 0.1 mm3 voxel size (Ifantidis,
1983; Donzé and Guerin, 1994; Rosenkranz et al., 2010). The improved detectability of mites on
the 16th, 18th, and 20th developmental days of A. mellifera development can further be attributed
to the concealed lifestyle of the foundress mite during earlier stages, as well as to anatomical
changes in the host during pupation (Kanbar and Engels, 2003). Developing mite stages were
typically located on the ventral side of the pupa, most often near the fifth abdominal segment and
in proximity to the faecal accumulation site at the bottom of the brood cell (Kanbar and Engels,
2003; Dietemann et al., 2012). As a consequence, parasites positioned ventrally were more
difficult to detect than those located dorsally on the abdomen. At present, CT image evaluation
requires manual assessment, and detection efficiency is therefore influenced by the experience of
the observer. Nevertheless, a consistent pattern emerged: the later the developmental stage at
which scanning was performed, the easier it became to identify mites within sealed brood cells.

Beyond confirming previously described effects of V. destructor parasitism, the present
findings provide novel insights into how parasite-induced damage manifests structurally during
pupae development. In both the first and second studies, CT-based measurements demonstrated
that parasitism unequivocally affected the anatomical features of developing A. mellifera pupae.
According to the first CT-assisted investigation, parasitised pupae largely retained their overall
volume and surface area, while a significant reduction in body mass was observed. These findings
are consistent with previously published data describing weight loss associated with V. destructor
infestation (Colin et al., 1999; van Engelsdorp et al., 2007; Facchini et al., 2019). Duay et al.
(2003) provided the first reliable quantitative evidence of individual drone weight loss, particularly
from the red-eyed pupal stage onwards, supporting the present observations.

The second study focused on detailed morphological comparisons of major body regions

in intact and parasitised A. mellifera specimens during pre-imaginal development. Developmental
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disorders induced by V. destructor were clearly confirmed, with the most pronounced alterations
observed in the abdominal region (Bowen-Walker and Gunn, 2001). These results corroborate the
findings of Facchini et al. (2019), who demonstrated that pupae in infested cells were significantly
shorter than those in mite-free cells, with this effect depending on mite number, developmental
stage, and spatial position within the comb. The observed abdominal deformations are strongly
suggestive of infection with DWV, a relationship that has been firmly established by previous
experimental studies identifying V. destructor as an efficient vector of this virus (Tentcheva et al.,
2006; McMenamin and Genersch, 2015; Anguiano-Baez et al., 2016; Wipfer et al., 2016). In the
present dissertation, the second study was reinforced by RT-PCR detection of DWV in parasitised
specimens, providing molecular confirmation of viral involvement.

The morphological alterations observed in parasitised pupae — particularly abdominal
deformation and altered body proportions — strongly support the concept that V. destructor acts
not merely as a physical parasite, but as a biological amplifier of viral pathogenesis (Morfin et al,
2023). The consistent detection of deformed wing virus (DWYV) in parasitised specimens by RT-
PCR reinforces the interpretation that structural abnormalities arise from the combined effects of
mechanical tissue damage, nutrient depletion, and virus-mediated disruption of developmental
pathways (Lanzi et al., 2006; Locke et al., 2016; Traynor et al., 2020).

Our findings corroborate earlier CT-based observations demonstrating that pupae
developing in infested cells are significantly shorter than those in mite-free cells, with the
magnitude of this effect depending on mite number, developmental stage, and spatial position
within the comb (Facchini et al., 2019). The temporal emergence of these deviations further
supports the role of DWYV infection acquired during the pupal stage through Varroa feeding
behaviour (Francis et al., 2013; McMenamin and Genersch, 2015; Wipfer et al., 2016).

An unexpected yet biologically informative observation was the relative enlargement of
the thoracic region in infected specimens compared to total body size. Rather than representing
true hypertrophy, this pattern likely reflects disproportional development caused by constrained
growth of the abdomen and head. Virus-induced deformation of thoracic musculature involved in
wing movement may further contribute to this phenomenon (Tentcheva et al., 2006; Anguiano-
Baez et al., 2016; Power et al., 2021). The parabolic developmental curves identified at later pupal
stages emphasize the importance of exposure duration and cumulative damage. Early infestations
may initially exert sublethal effects; however, prolonged parasitic feeding combined with
escalating viral replication can push developing individuals beyond critical physiological
thresholds (Jeyapriya et al., 2025). This dynamic interaction helps explain why overt
morphological symptoms often appear abruptly at advanced developmental stages rather than

progressing linearly over time.
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A key contribution of the present work lies in demonstrating that diagnostic CT can
function as an integrative tool linking morphological observation with physiological interpretation
on a large scale of brood. Traditional approaches to studying Varroa damage rely largely on
destructive sampling, mass measurements, or post-emergence assessments, which obscure the
temporal sequence of pathological events (Dietemann et al., 2013). In contrast, CT imaging
enables non-destructive, in situ detection of developmental perturbations before clinical symptoms
become apparent.

The reduced radiodensity observed in the first study of infested pupae can be explained by
the depletion of high-density organic components such as proteins and carbohydrates, as well as
inorganic constituents, most notably water (Amdam et al., 2004; Annoscia et al., 2012; Ramsey et
al., 2019; Han et al., 2024). Given that water is present in the highest proportion within insect
hemolymph (Shaw and Stobbart, 1963), the observed density changes likely reflect haemolymph
depletion and metabolic disruption induced by parasitism. Although direct chemical tissue
analyses were beyond the scope of the present study, these structural signatures are consistent with
previously described physiological effects of Varroa infestation (Bowen-Walker and Gunn, 2001,
Han et al., 2024). Collectively, these findings position diagnostic CT as a powerful complementary
approach in Varroa research. By capturing spatially explicit patterns of internal tissue alteration of
pupae across defined developmental times, CT-based analysis bridges the gap between
morphology and physiology and provides a foundation for integrating imaging data with molecular
diagnostics and colony-level health assessments.

Based on the first two studies, human diagnostic computed tomography proved suitable for
detecting V. destructor within sealed brood cells and for characterizing parasite-associated
morphological and tissue alterations in developing pupae. However, to analyse the fine internal
architecture of brood cells and pupae anatomy, the spatial resolution of clinical CT becomes a
limiting factor. In this context, micro-computed tomography represents a critical methodological
extension, enabling high-resolution, three-dimensional visualization and quantitative assessment
of brood cell microstructure, and A. mellifera anatomy (Bader et al., 2022; De Paula et al., 2022).

The third study focused on using CT-based imaging, to analyse structural differences in
the brood cells and developing pupae. Micro-CT imaging allowed these processes to be examined
at an 8.75 um voxel size level. The findings of the study are consistent with earlier studies
demonstrating that repeated usage of combs for years leads to progressive alterations in cell
geometry, including reductions in inner volume and diameter, which negatively affect preimaginal
development (Berry and Delaplane, 2001; Al-Kahtani and Taha, 2021). As brood generations are
reared, cell walls and bottoms gradually darken and become more brittle, a phenomenon

previously attributed to comb aging (Hepburn, 1998). The wall thickening can be attributed to the
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accumulation of organic residues originating from larval metabolism and colony activity,
including honey, pollen, propolis, faeces, silken cocoons and pellicle layers (Free and Williams,
1974; Taha et al., 2010). The progressive deposition of these materials results in measurable
reductions in brood cell volume and diameter, effects that had previously been inferred indirectly,
but are here directly visualised and quantified using p-CT (Taha and Al-Kahtani, 2021). Previous
studies have shown that comb age has profound effects on colony performance (Taha and Al-
Kahtani, 2020). Colonies maintained on younger combs produce larger brood areas, heavier
emerging workers, and stronger populations, whereas old combs are associated with reduced
colony strength and honey yield (Berry and Delaplane, 2001; Taha and El-Sanat, 2007; Al-
Kahtani, 2018; Shawer et al., 2021). Interestingly, brood survival has occasionally been reported
to be higher in old combs, highlighting the complex trade-offs between structural degradation and
colony-level adaptation (Berry and Delaplane, 2001).

Importantly, the present study represents, to our knowledge, the first application of micro-
CT for the gquantitative analysis of A. mellifera brood cells and pupae, and the first to directly
calibrate micro-CT data with human diagnostic CT images obtained from the same biological
system. From an applied perspective, the combined use of diagnostic CT and micro-CT strongly
reinforces the necessity of regular comb replacement in beekeeping practice (Meng et al., 2025).
By revealing how structural degradation accumulates within brood cells and constrains larval and
pupal development. Micro-CT imaging technique provide objective, quantitative support for
management recommendations that were previously based largely on indirect observations and
destructive measurements (Al-Kahtani and Taha, 2021). Moreover, this integrative imaging
framework establishes a foundation for future studies investigating how comb microarchitecture
influences V. destructor reproduction, and colony health (Maggi et al., 2010).

lonizing radiation represents a methodological paradox in experimental studies of the V.
destructor-A. mellifera system. On one hand, ionizing radiation provides a unique physical tool
capable of penetrating complex biological structures and enabling non-destructive internal
visualization of intact organisms, forming the physical basis of CT and micro-CT imaging (Fazel
et al., 2009). On the other hand, ionizing radiation itself constitutes a potent abiotic stressor, with
well-documented cytological, physiological and immunological consequences (Newcombe, 1971;
Yamada et al., 2022). Consequently, any interpretation of CT- or micro-CT-based observations
must explicitly consider the biological effects induced by irradiation and define the limits within
which imaging remains biologically interpretable.

The fourth study of this dissertation demonstrates that X-ray irradiation induces clear dose- and
time-dependent mortality in both the host, A. mellifera, and its parasite, V. destructor, although
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with markedly different sensitivities. At higher dose levels (=50 Gy), mortality of adult worker
bees approached 100% within 18 days post-irradiation, while V. destructor mortality reached
approximately 90% over the same period. These results indicate that irradiation at such dose levels
cannot be considered selectively detrimental to the parasite without causing severe and ultimately
lethal effects on the host (Richardson and Myser, 1973; Matthes et al., 1991). This finding is
consistent with earlier studies reporting relatively low radiation tolerance in A. mellifera compared
to many other insect taxa, likely reflecting the vulnerability of complex multicellular systems to
cumulative DNA damage and oxidative stress (Richardson and Myser, 1973; Matthes et al., 1991;
De Guzman et al., 2019).

At the lowest tested dose (15 Gy), V. destructor exhibited higher relative sensitivity than
its host, resulting in a moderate reduction in mite survival while most irradiated worker bees
remained viable. Although this effect is far below the threshold required for practical Varroa
control, it provides an important methodological insight (Rosenkranz et al., 2010; Warner et al.,
2024). Specifically, it demonstrates that even sublethal irradiation can elicit measurable biological
responses in both organisms, underscoring the necessity of carefully defining biologically relevant
exposure limits in imaging-based studies (Tilton and Brower, 1983). Importantly, the dose levels
applied in diagnostic CT imaging are orders of magnitude lower than those inducing mortality or
overt physiological disruption in this experiment, supporting the suitability of these techniques for
non-invasive research when applied within appropriate parameters (Kalender, 2014). The potential
applications of micro-CT in entomology, including apicultural research, must be approached with
careful dose optimization, as radiation exposure can reach several grays under high-resolution
scanning conditions (e.g. ~5 Gy at 65 um resolution), depending on the imaging protocol (Clark
and Badea, 2014, 2021). Beyond survival effects, X-ray irradiation induced pronounced alterations
in the hemolymph immune cell composition of adult worker bees. The observed increase in
plasmatocyte and granulocyte proportions, accompanied by a reduction in prohemocytes, is
indicative of immune activation and stress-induced shifts in hemocyte differentiation dynamics
(Christensen et al., 1990; Ling et al., 2006).

The irradiation experiments were conducted on adult workers, whereas CT-based imaging
focused on pre-imaginal stages. While developmental stage-specific radiation tolerance has been
suggested in insect models, the present work does not aim to extrapolate radiobiological thresholds
across life stages (Paithankar et al., 2017). Instead, the irradiation study serves to define upper
biological response limits, whereas diagnostic CT imaging operates several orders of magnitude
below these thresholds. Taken together, the irradiation study provides a critical validation
framework for the CT imaging-based approaches. By defining dose-dependent biological response

thresholds in both host and parasite, it establishes clear boundaries between diagnostically relevant
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radiation exposure and biologically disruptive irradiation. This distinction is essential for
interpreting CT and micro-CT-derived observations with confidence and for integrating structural
imaging into a broader, biologically informed framework of bee health research, focusing on V.

destructor and A. mellifera complex.

The final experiment of the dissertation extends the imaging-based investigation of the V.
destructor- A. mellifera system from structural to functional physiology by introducing infrared
thermography as a tool to assess colony-level responses to parasitism under in vivo conditions
(Bauer et al., 2018). While CT and micro-CT provided detailed insight into the hidden spatial
organization of brood cells and parasite-host interactions, infrared imaging uniquely captures the
dynamic physiological responses of the superorganism, revealing how colonies actively respond
to biotic stress (Bauer et al., 2018; Gobrisch et al., 2020). Based on research by Bauer et al. (2018),
temperatures 0.1-0.19 °C higher were measured in capped brood cells infected with V. destructor.
A key conceptual advance of this work is the first in situ, field demonstration of elevated capping
surface temperature associated with Varroa parasitism. Higher temperatures detected consistently
over Varroa-infested brood cells cannot be attributed to only passive thermal effects of the parasite
or to the increased metabolism of the developing pupae. Instead, the spatially structured heating
patterns manifesting either as localised hotspot heating or as heating cells adjacent to parasitised
brood that strongly indicate active, worker-mediated thermoregulation targeted at infected
individuals (Bujok et al., 2002; Kleinhenz et al., 2003; Klein et al., 2014; Klein and Busby, 2020).
This supports the interpretation of social fever as a form of collective immune defence as Starks
et al. (2000) described first in the case of Ascosphaera apis infection, complementing previously
described hygienic and grooming behaviours (Seeley, 2009, 2019). Previous studies have
demonstrated that even small deviations from optimal brood temperature can profoundly affect A.
mellifera development, immune competence, and neural function, while simultaneously imposing
physiological stress on parasites (Groh et al., 2004; Kovac és mtsai., 2014; Norrstrom és mtsai.,
2022). The sustained elevation detected in this study is therefore likely sufficient to shift the
thermal environment away from the optimum for Varroa reproduction, while remaining within the
tolerance limits of the host brood (Aldea-Sanchez et al., 2021; Porporato et al., 2022; Xu et al.,
2025).

A particularly informative finding is the relationship between mite load and temperature
variance. Cells with higher numbers of mites exhibited narrower temperature confidence intervals
and more consistent heating responses, suggesting improved detectability by workers and stronger
collective responses. In contrast, low-level infestations showed greater thermal variability, likely

reflecting early-stage parasitism that has not yet triggered a full colony-level response. This
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mirrors patterns known from hygienic behaviour, where detection efficiency increases with the
parasite numbers in a single cell, and supports the hypothesis that thermal cues form part of a
multimodal detection system involving chemical, mechanical, and thermal signals (Bauer et al.,
2018; Kim et al., 2018; Spivak and Danka, 2021; Piou et al., 2023).

From a methodological perspective, infrared thermography complements CT-based
approaches by offering a truly non-invasive, field-applicable diagnostic measurement. Unlike X-
ray-based techniques, infrared imaging introduces no ionizing radiation and therefore avoids the
confounding physiological effects demonstrated in the irradiation experiments. The ability to
detect Varroa-associated physiological changes without disturbing brood structure or colony
integrity represents a significant advance for both research and applied apiculture. Crucially, the
integration of infrared thermography with structural imaging techniques establishes a multi-scale
diagnostic framework. CT and micro-CT reveal the location of the parasites and how they alter
brood development, while infrared imaging reveals how the colony responds in real time for a
biotic stressor. Beyond its immediate research applications, this work highlights the potential of
infrared thermography as a practical and scalable tool for beekeeping (Stabentheiner et al., 2003;
Bauer et al., 2018). The sensitivity of the thermal camera applied in this study is comparable to
that of modern, commercially available smartphone-based thermal sensors, which are increasingly
accessible to beekeepers and researchers alike. Smartphone-based thermal imaging has already
been widely adopted in human medicine and veterinary diagnostics for the non-invasive detection
of inflammatory processes, circulatory disturbances and localised physiological stress (van
Dooremalen et al., 2019; Coe and Blackie, 2021). These established applications underscore the
robustness and diagnostic relevance of low-cost infrared technologies, supporting their potential
transfer to apicultural contexts. The method holds promise for scalable, non-invasive monitoring
of Varroa infestation and for supporting selection programs targeting traits such as VSH SMR
(Mondet et al., 2020). However, the successful deployment of this approach will require the
development of Al-based image analysis software capable of learning colony-specific thermal
patterns and accounting for seasonal variation, particularly during summer periods dominated by
active cooling.

In summary, the infrared thermography study completes the conceptual arc of the
dissertation by demonstrating that Varroa parasitism can be detected not only structurally and
morphologically, but also functionally at the level of collective physiology. The identification of
eusocial fever in situ underscores the importance of considering the colony as a thermoregulatory
superorganism whose immune responses extend beyond individual-level mechanisms. This insight
opens new avenues for understanding host-parasite coevolution and for developing innovative,

non-invasive diagnostic strategies in bee health research.
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6. CONCLUSIONS AND RECOMMENDATIONS

This dissertation demonstrates that advanced imaging technologies provide fundamentally
new perspectives for understanding the complex host-parasite interactions between A. mellifera
and V. destructor. By integrating diagnostic computed tomography, micro-computed tomography,
controlled irradiation experiments, and infrared thermography, the present work establishes a
multiscale, non-invasive framework that links structural, physiological, and collective-level
responses of the A. mellifera colony to Varroa parasitism.

The results confirm that human diagnostic CT is a suitable and biologically interpretable
tool for the in situ detection of V. destructor within sealed brood cells and for monitoring parasite
associated morphological and tissue-level alterations during pupal development. CT-based
imaging revealed that Varroa parasitism induces pronounced structural changes prior to adult
emergence, including reduced radiodensity and altered body proportions. These findings position
diagnostic CT as a powerful complementary method to traditional destructive sampling
approaches in apicultural research.

Micro-computed tomography extended this framework by resolving the fine internal
architecture of brood cells and pupae at micrometer-scale resolution. The quantitative visualization
of comb aging, wall thickening, and reductions in brood cell volume provides direct structural
evidence for long-standing hypotheses regarding the biological consequences of prolonged comb
use. The combined calibration of diagnostic CT and micro-CT imaging represents a
methodological novelty, allowing structural information to be interpreted across spatial scales
from colony-level screening to fine-scale anatomical detail. From an applied perspective, these
results offer robust, quantitative support for the practice of regular comb replacement as a key
element of sustainable colony management.

The irradiation experiments clarified the biological boundaries within which X-ray-based
imaging remains methodologically valid for bee health studies. By demonstrating clear dose- and
time-dependent responses in both A. mellifera and their ectoparasite, the study establishes that
while high radiation doses are biologically disruptive, the exposure levels associated with
diagnostic CT imaging remain well below thresholds that induce mortality or severe physiological
impairment. These findings underscore the importance of dose optimization for living insects,
particularly in high-resolution micro-CT applications, and provide a critical validation framework
for the responsible use of ionizing radiation in entomological research.

The introduction of infrared thermography represents a conceptual expansion of imaging-
based Varroa research from static structural analysis to dynamic functional assessment. The in situ

detection of elevated temperatures above Varroa-infested brood cells provides the first field-based
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evidence for social fever as an active colony-level defence response against this parasite. This
finding highlights the colony as a thermoregulatory superorganism whose immune defences
extend beyond individual-level mechanisms. Infrared thermography thus emerges as a truly non-
invasive, field-applicable tool with significant potential for both research and practical diagnostics.

Taken together, the dissertation establishes that Varroa parasitism can be detected and
interpreted across multiple biological levels: structurally within brood cells, physiologically within
developing individuals, and functionally at the level of collective colony responses. This
integrative approach advances current understanding of V. destructor and A. mellifera interactions
and provides a methodological blueprint for future studies aiming to bridge imaging, molecular
diagnostics, and colony health assessment.

Future research should focus on integrating these imaging modalities with molecular and
immunological markers to further elucidate the causal links between structural alterations,
pathogen dynamics, and colony-level resilience. The development of automated, Al-based image
analysis pipelines will be essential for translating CT and infrared thermography into scalable
diagnostic tools suitable for large-scale monitoring and selective breeding programs. In particular,
infrared thermography holds promise for supporting selection for Varroa-tolerant traits such as
Varroa-sensitive hygiene and suppressed mite reproduction under field conditions.

More broadly, the imaging framework presented here has relevance beyond Varroa
research. It offers a generalizable model for studying hidden biological processes in eusocial
insects and highlights the potential of non-invasive imaging technologies to transform both
fundamental research and applied apiculture. By combining methodological rigor with biological
interpretability, this work contributes to the development of innovative, evidence-based strategies
for improving bee health in the face of ongoing abiotic of biotic stressors.
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7. NEW SCIENTIFIC RESULTS

The scientific outcomes presented herein are derived from five distinct studies conducted during

this doctoral dissertation:

1.

We were the first to demonstrate the applicability of human diagnostic computed
tomography (CT) for the in-situ detection of Varroa destructor within Apis mellifera sealed
brood cells.

Using non-invasive imaging techniques, we were the first to document developmental
abnormalities and tissue composition alterations in the preimaginal stages of honey bees,
with the mean density change of infested pupae reaching 1.657 HU (1.481%) (p=0.001).
The dissertation presents the first quantitative micro-CT analysis of intact Apis mellifera
brood cells and pupae, providing direct structural evidence that comb aging, wall
thickening, and reduced cell volume for larval and pupal development (-12.22% in volume
(p<0 0.05)).

Dose- and time-dependent high energy X-ray irradiation experiments define biological
response thresholds in both Apis mellifera and Varroa destructor (effect of X-ray on
mortality of examined organisms p<0 0.001). The results provide the first evidence in Apis
mellifera that ionizing radiation induces dose-dependent shifts in plasmatocyte (p<0.001)
and prohemocyte counts (p<0.001).

This work delivers the first in situ, field-based demonstration that A. mellifera colonies
exhibit localised temperature elevation of Varroa-infested brood cells (+0.79 °C),

confirming social fever as an active, collective immune defense mechanism (p=0.001).
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8. SUMMARY

The first study aimed to evaluate the applicability of human diagnostic computed
tomography (CT) for the non-invasive detection of Varroa destructor within sealed Apis mellifera
brood cells. Developing A. mellifera pupae were examined at different stages of pre-imaginal
development (days 14, 16, 18, and 20). CT datasets were used to assess the presence, number,
spatial position of mites, and parasite-associated anatomical alterations. The results confirmed that
diagnostic CT is suitable for detecting V. destructor within sealed brood, although detection
sensitivity strongly depended on mite number and developmental stage. Detection was most
successful on days 18 and 20, due to the number of the mites in the cells and the developing mite
size (deutocrystalis stage) exceeded the resolution threshold of clinical CT. Mites were most
frequently located on the ventral side of the abdomen, near the fifth abdominal segment and the
faecal accumulation zone. Parasitised pupae exhibited reduced radiodensity and altered body
proportions, while no significant differences in external body volume were detected. In contrast,
dissections performed on day 20 revealed an average body mass reduction of 16.6 mg in parasitised
individuals. These findings demonstrate that diagnostic CT represents an effective complementary
tool for studying the spatial and temporal dynamics of the V. destructor and A. mellifera interaction
without destructive sampling.

The second study performed detailed CT-based morphometric analyses of intact and V.
destructor-parasitised A. mellifera pupae at days 14, 16, 18, and 20 of development. In parallel,
molecular detection of deformed wing virus (DWV) was conducted. Morphometric comparisons
included multiple body region ratios involving the head, thorax, abdomen, and total body length.
Non-invasive CT imaging revealed progressively developing morphological abnormalities that
became most pronounced at days 18 and 20. Parasitised individuals showed marked changes in
body proportions, including reduced head-to-abdomen (-6,86%) and abdomen-to-body length
ratios (-3,77%), while relative thorax size increased (+3,33%). These alterations were consistent
with known DWV-associated phenotypes and were confirmed by RT-PCR detection. The time-
dependent progression of abnormalities indicates that mite feeding and viral replication act
cumulatively, supporting the interpretation that V. destructor functions not only as a physical
parasite but also as a biological amplifier of viral pathogenesis. The results explain the frequently
observed threshold-like, non-linear developmental damage associated with Varroa-DWV

interactions.

The third study evaluated the applicability of micro-computed tomography (micro-CT) for
high-resolution structural analysis of sealed brood cells and developing pupae of A. mellifera.
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Micro-CT enabled quantitative, micrometer-scale visualization of internal cell architecture
previously accessible only through destructive methods. The study demonstrated that prolonged
comb use results in progressive wall thickening and a significant reduction in brood cell volume
(-35.41%), driven by the accumulation of metabolic residues, silk layers, and organic deposits.
Reduced cell volume imposed direct physical constraints on developing pupae, leading to
decreased body size (-12.22%) and altered body proportions. This study represents the first direct
calibration of human diagnostic CT and micro-CT within the same biological system, linking
microstructural changes at the cell level with colony-level consequences. The findings provide
strong quantitative evidence supporting regular comb replacement as a biologically justified
management practice.

The fourth study investigated the biological effects of ionizing X-ray radiation on adult A.
mellifera workers and phoretic V. destructor mites. The experiments aimed to define biologically
safe exposure limits for X-ray-based imaging and to evaluate radiation as a potential alternative
mite control strategy. Clear dose- and time-dependent mortality was observed in both host and
parasite. High doses (50, 100, 150 Gy) resulted in complete worker mortality by day 18, while
lower doses (15 Gy) revealed relatively higher sensitivity in V. destructor compared to the host.
Hemolymph analyses showed significant radiation-induced shifts in immune cell composition,
characterised by increased proportions of plasmatocytes and granulocytes and reduced
prohemocyte abundance. This study provides the first hemolymph-level immunological
assessment of X-ray exposure in A. mellifera and establishes reference values for safe radiation
doses applicable in CT and micro-CT studies.

The fifth study introduced infrared thermography as a tool for assessing colony-level
physiological responses to V. destructor infestation under field conditions. Using a portable
thermal camera, consistently elevated surface temperatures were detected above V. destructor
infested sealed brood cells capping. Spatially structured heating patterns hot spot heating, and
heating cell indicate that temperature elevation represents an active, worker-mediated response
rather than a passive consequence of parasitism. This study provides the first in situ field evidence
of social fever associated with V. destructor infestation. Elevated temperatures likely create
suboptimal conditions for mite reproduction while remaining within host tolerance limits. Infrared
thermography thus emerges as a truly non-invasive, radiation-free, field-applicable method with
significant potential for VVarroa diagnostics and the selection of tolerant A. mellifera colonies.
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9. OSSZEFOGLALAS

Az elsé vizsgalat célja a human diagnosztikai komputertomografia (CT)
alkalmazhatdsaganak értekelése volt, a Varroa destructor nem invaziv kimutatasa céljabdl, fedett
Apis mellifera fiasitasban. A fejlédé méhbabok kiilonbozé fejlodési idépontokban Kerliltek
vizsgalatra, az egyedfejlodésiik 14, 16, 18, 20 napjan. Az eltéré idében készitett CT-felvételek
alapjan értékeltiik az atkak jelenlétét, szamat, térbeli elhelyezkedését, valamint a parazitaltsaghoz
kothet6 fejlodé babokon érzékelhet anatomiai elvaltozasokat.

Az eredmények igazoltak, hogy a diagnosztikai CT alkalmas a V. destructor kimutatasara a fedett
fiasitdsban, azonban az érzékenység nagymértékben fiigg az atkak szamatol és fejlodési
stadiumatdl. Az atkak kimutatasa a lépsejtek bellll az egyedfejlédés 18 és 20. napjan volt a
legeredményesebb, amikor a fejl6d6 néstény atkak mérete elérte a diagnosztikai CT érzékenységi
szintjét. A felvételeken lathatd atkdk leggyakrabban a bab potrohdnak hasi oldalan, az 6todik
potrohszelvény kornyezetében és a bélsar-akkumulacios zona kdzelében helyezkedtek el.

A parazitalt babok esetében a megfigyelhet csokkent radiodenzitads és megvaltozott testtémeg
voltak statisztikailag igazolhatd eltérések, mikdzben a testtérfogat és felszin esetében a
parazitizmus fiiggvényében mérhetd statisztikai eltérés nem volt kimutathato. Az egyedfejlodés
20. napjan végzett lépsejt boncolas sorén, a parazitalt egyedek testtdmege atlagosan 16,6 mg-al
volt kevesebb az intakt egyedekhez viszonyitva. A vizsgalat eredményei megerésitik, hogy a
diagnosztikai CT hatékony kiegészitd eszkoz lehet a Varroa-méh kapcsolat iddbeli €s térbeli

dinamikajanak vizsgalataban, kiléndsen nagyszam( minta destruktiv feldolgozasa nélkil.

A masodik vizsgalat soran részletes human diagnsoztikai CT alapi morfometriai elemzést
végeztiink ép és parazitalt méhbabokon, az egyedfejlodés 14, 16, 18, és 20. napjan. A vizsgalt
egyedek tekintetében a deformalt szarny virus (DWV) molekuldris kimutatasat is elvégeztik. A f6
testtajak tobb eltéré idépontban a 14, 16, 18 és 20. napon és modon keriiltek 6sszehasonlitasra:
fej, tor és potroh hossz, fej-tor, fej-potroh, fej-teljes testhossz, tor-teljes testhossz, potroh-teljes
testhossz.

A CT Altal biztositott non-invaziv felvételezési mod, az egyedfejlédés soran folyamatosan
kialakulo fejlodési rendellenességeket tdmasztotta ald, melyek a 18. és a 20. napon fejezddtek ki
leginkdbb. A parazitalt egyedeknél markéns testarany-valtozasok jelentkeztek, elsésorban fej-
potroh (-6,86%) és a potroh-teljes testhossz csokkenése (-3,77%) volt megfigyelhetd, mikozben a
tor relativ mérete megndvekedett (+3,33%). Ezek a morfoldgiai eltérések 6sszhangban allnak a

DWYV fert6zés ismert tiineteivel, amit RT-PCR vizsgalatokkal is megerésitettiink.
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Az eltérések idében fokozodo jellege arra utal, hogy az atka taplalkozasa €s a virus replikécioja
kumulativ médon kdarositja a fejlédé egyedeket. Az eredmények alatamasztjak, hogy a V.
destructor nem pusztan ektoparazita, hanem az immunszupressziv hatdsanak okan a virus
patogenezis ,bioldgiai Kkatalizatora”. A parazita altal kivaltott taplalkozasi stressz és
immunszuppresszio, lehetdvé teszi a virus gyors replikaciojat, amely a fejlédés késéi szakaszaban

hirtelen megjelend, stilyos morfologiai elvaltozdsokhoz vezet.

A harmadik tanulmany a micro-CT alkalmazhatdsagat vizsgalta az A. mellifera fedett
fiasitasos Iépsejtjeinek és a fejlodd babjainak nagyfelbontast szerkezeti elemzésére. A micro-CT
lehetéve tette a 1épsejtek belsd strukturajanak mikrométeres pontossagu kvantitativ vizsgalatat,
amely korabban csak destruktiv modszerekkel volt elérhetd.

A vizsgalat kimutatta, hogy az évekig hasznalt lIépekben a sejtfalak és sejtfeliiletek fokozatosan
megvastagodnak, a sejttérfogat pedig szignifikansan csokkent (-35,41%). Ezek a valtozasok szoros
kapcsolatban allnak a larvak anyagcseretermékeinek, babing, Urllékének és egyéb szerves
maradvanyainak akkumulaciojaval. A csokkent sejttérfogat kdzvetlen fizikai korlatozast jelent a
fejlodé babok szamara, ami testméret csokkenést (-12,22%) és testarany valtozast eredményezett.
Az clhasznalodott, besziikiilt sejtek hosszi tavon a kolonia teljesitményének romlasahoz, és a
csalad népességének csokkenéséhez, a dolgozék méretének torpiléséhez vezethet.

A tanulmény Ujdonséaga, hogy elsoként tortént meg a human diagnosztikai CT és a micro-CT
adatok kozvetlen kalibralasa ugyanazon bioldgiai rendszerben. Ez lehet6ve tette a 1épsejt-szintii
mikrostrukturak és a koldnia-szintti folyamatok osszekapcsolasat, és erés, kvantitativ bizonyitékot

szolgaltatott a rendszeres Iépcsere bioldgiai indokoltsagara.

A negyedik vizsgalat az ionizalé Rontgen-sugarzés biologiai hatdsait elemezte felnott A.
mellifera dolgozdkon és a foretikus ndstény V. destructor egyedeken. A kisérlet célja kettds volt:
egyrészt a rontgenalapu képalkotés biologiai biztonsaganak meghatarozasa, masreszt a sugarzas,
mint lehetséges alternativ atka gyérité6 modszer értekelése.

Az eredmények egyértelmii dozis- és id6fliggd mortalitdst mutattak mind a gazdaszervezet, mind
a parazita esetében. Magas ddzisok (50, 100, 150 Gy) mellett a gazda szerezet a kisérlet 18. napra
teljes mortalitast mutattak, mig az alacsonyabb dozisnal (15 Gy) melyre a V. desturctor nagyobb
érzékenyseget mutatott, mint a gazdaszervezet. A differencialt hemocita vizsgalatok kimutattak,
hogy a Rontgen-sugarzas jelentdsen modositja az immunsejtek Osszetételét: nétt a plazmatocitak
és granulocitdk aranya, mikdzben csokkent a prohemocitdk szdma. A Duncan post-hoc teszt
kimutatta, hogy a hemolimfa aranyok jol elkiilonithetdk az alacsony dozis, mar akar a kontroll

csoporttol is.
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Ez a tanulmany az A. mellifera esetében elséként dokumentalta a Rontgen-sugarzas differencialt
hemocita szamra gyakorolt hatasait, és alapvet6 referenciaértékeket szolgaltatott a CT- és micro-
CT-vizsgalatok soran alkalmazhat6 biztonsagos dozistartomanyok meghatarozasahoz. Emellett a
tanulmany el6sz0r vizsgalta a gazda-parazita nagy energiaju Rontgen-sugar tiiroképességét.

Mindamellett kiemelendd, hogy a kivant aktagyéritd hatést a kisérletek nem érték el.

Az 6todik vizsgalat az infravords termografia alkalmazasat elemzi terepi kértlmények
kozott, a V. destructorral parazitélt fiasitds kolonia-szintli élettani valaszainak vizsgalatara. A
mérések soran hordozhato kézi h6kameraval sikeriilt kimutatni, hogy a parazitalt Iepsejtek felszini
hémérséklete tartosan magasabb, az intakt szomszédos sejtek értékeihez képest.

A térben strukturalt melegedési mintazatok a karositott Iépsejtek esetében arra utalnak, hogy a
hémérséklet-emelkedés nem passziv jelenség. A csalad hohaztartasaban fontos szerepet jatszo
mintazatok ismerhet6k fel a hoéképeken, igy a dolgozé méhek altal kivaltott aktiv valasz
feltételezhetd. Ez a megfigyelés az els6 in situ, terepi bizonyitéka az un. szocidlis laz jelenségének
V. destructor parazitizmus esetén. A homérséklet-emelkedés valdszintisithetéen kedvezoitlen
feltételeket teremt az atka szaporodasa szamara, mikézben a méhbabok toleranciahataran beldl
marad, viszont ezen megéllapitasok jobb megértéséhez tovabbi vizsgalatok szlikségesek.

A vizsgalat ravildgitott arra, hogy az infravords termogréfia valdéban non-invaziv, kéaros
sugarzasoktdl mentes és terepen is alkalmazhat6 mddszer, amely Uj tavlatokat nyithat a V.

destructor vizsgalataban akar az atka tolerans méhcsaladok szelekcidjaban.
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