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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, I 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. 
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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 (DWV) 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; Castejón 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 Martín-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. As a complementary 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. 
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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 

et al., 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 Zajácz, 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 Zajácz, 

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 9th-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 (Ilyasov et al., 2020). In Hungary, the 
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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-1 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; Norrström 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 (Kühnholz 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 

Intracolony 

Worker to brood, worker or drone 

Drone to worker, or drone 

Queen to daughter (worker) 

Queen to daughter (queen) 

Queen to son (drone) 

Intercolony 

Worker to worker or drone 

Drone to worker or drone 

(Drifting, robbing) 

Swarming 

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; Hernández 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 VSH 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 VSH 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).One 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 (Gábor 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 Varroa 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 Pál Zoltán Örösi (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 μm (±26.4 μm) and a width of 1506.8 μm (±6.0 μm) (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 (Pätzold 

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 

et al., 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; Smoliński 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; 

Villa et al., 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 (Ribière 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 (Yañez et al., 

2020). Most of the viruses are capable of spreading via both pathways (Chen et al., 2006a,b; Yañez 

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 (Yañez 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). DWV 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 (Ribière 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; 

Spötter 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 (h²=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 (Büchler 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 

AI-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; Csóka et 

al., 2022; Petneházy 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 Martín-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; Donkó 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 µm) 

(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; Castejón 

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 (Castejón 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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3. MATERIALS AND METHODS 
 

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. 

 

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 Diagnostic CT V. destructor 

- Pupae surface 

- Pupae volume 

- Hounsfield value of pupae 

- Pupae weight 

- V. destructor numbers 

Study 2 
Diagnostic CT 

RT-PCR 

V. destructor 

DWV virus 

- Pupae body length 

- Head length 

- Thorax length 

- Abdomen length 

- DWV presence by RT-PCR 

Study 3 
Diagnostic CT 

Micro-CT 
Cell structure 

- Head length 

- Thorax length 

- Abdomen length 

- Pupae volume 

- Cell volume 

- Hounsfield values of brood cell 

Study 4 
Diagnostic CT 

Light microscope 
X-ray irradiation 

- Mortality of A. mellifera 

- Mortality of V. destructor 

- Hemolymph composition of A. 

mellifera 

Study 5 Infrared camera V. destructor 

- Infestation rate of brood 

- Capping temperature of different 

A.mellifera developmental stages  
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4. PUBLICATIONS INCLUDED IN THE THESIS 
 

 4.1. CT-supported analysis of the destructive effects of Varroa 

destructor on the pre-imaginal development of honey bee, Apis 

mellifera 

 

Title CT-supported analysis of the destructive 

effects of Varroa destructor on the pre-

imaginal development of honey bee, Apis 

mellifera 

Authors Sándor Keszthelyi, Tamás Sipos, Ádám 

Csóka, Tamás Donkó  

Journal Apidologie  

Year 

Volume 

Issue 

2021  

52  

1  

Pages 155-162  

Quartile Q1  

Impact factor 2.722  

DOI 10.1007/s13592-020-00805-x  
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4.2. Study of Morphological Features in Pre-Imaginal Honey Bee 

Impaired by Varroa destructor by Means of Computer Tomography 
 

Title  Study of Morphological Features in Pre-

Imaginal Honey Bee Impaired by Varroa 

destructor by Means of Computer 

Tomography  

Authors  Tamás Sipos, Tamás Donkó, Ildikó Jócsák, 

Sándor Keszthelyi  

Journal  Insects  

Year  

Volume  

Issue  

2021  

12  

8  

Pages  717  

Quartile  Q1  

Impact factor  3.141  

DOI  10.3390/insects12080717  
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4.3. Comparative micro-computed tomographic analysis of the 

structure of brood cells and its effect on the development of the pupae 

of honey bee (Apis mellifera) 

 
Title  Comparative micro-computed tomographic 

analysis of the structure of brood cells and 

its effect on the development of the pupae of 

honey bee (Apis mellifera).  

Authors  Tamás Sipos, Tamás Donko, Ádam Csóka, 

Tamás Kiss, Sándor Keszthelyi  

Journal  European Journal of Entomology  

Year  

Volume  

Issue  

2023  

120  

Pages  9-14  

Quartile  Q2  

Impact factor  1.225  

DOI  10.14411/eje.2023.002  
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4.4. Analysis of X-ray irradiation effects on the mortality values and 

hemolymph immune cell composition of Apis mellifera and its 

parasite, Varroa destructor 
 

Title  Analysis of X-ray irradiation effects on the 

mortality values and hemolymph immune cell 

composition of Apis mellifera and its parasite, 

Varroa destructor  

Authors  Tamás Sipos, Csaba Glavák, Janka Turbók, 

Katalin Somfalvi-Tóth, Tamás Donkó, 

Sándor Keszthelyi  

Journal  Journal of Invertebrate Pathology  

Year  

Volume  

Issue  

2024  

204  

Pages  108109  

Quartile  Q1  

Impact factor  3.6  

DOI  10.1016/j.jip.2024.108109  
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4.5. Tracking Varroa Parasitism Using Handheld Infrared Cameras: 

Is Eusocial Fever the Key? 
 

Title  Tracking Varroa Parasitism Using Handheld 

Infrared Cameras: Is Eusocial Fever the 

Key?  

Authors  Tamás Sipos, Szilvia Orsi-Gibicsár, Tamás 

Schieszl, Tamás Donkó, Zsombor Zakk, 

Sándor Farkas, Antal Binder, Sándor 

Keszthelyi  

Journal  Insects  

Year  

Volume  

Issue  

2024  

15  

9  

Pages  693  

Quartile  Q1  

Impact factor  2.9  

DOI  10.3390/insects15090693  
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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 × 0.117 × 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 (DWV) 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 DWV 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. 



92 
 

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 μm 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 μ-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 quantitative 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). 

Ionizing 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 μm 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; Norrström 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-Sánchez 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 AI-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, AI-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. 

2. 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). 

3. 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)). 

4. 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). 

5. 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). 

  



101 
 

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 Varroa diagnostics and the selection of tolerant A. mellifera colonies. 
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9. ÖSSZEFOGLALÁS 
 

Az első vizsgálat célja a humán diagnosztikai komputertomográfia (CT) 

alkalmazhatóságának értékelése volt, a Varroa destructor nem invazív kimutatása céljából, fedett 

Apis mellifera fiasításban. A fejlődő méhbábok különböző fejlődési időpontokban kerültek 

vizsgálatra, az egyedfejlődésük 14, 16, 18, 20 napján. Az eltérő időben készített CT-felvételek 

alapján értékeltük az atkák jelenlétét, számát, térbeli elhelyezkedését, valamint a parazitáltsághoz 

köthető fejlődő bábokon érzékelhető anatómiai elváltozásokat. 

Az eredmények igazolták, hogy a diagnosztikai CT alkalmas a V. destructor kimutatására a fedett 

fiasításban, azonban az érzékenység nagymértékben függ az atkák számától és fejlődési 

stádiumától. Az atkák kimutatása a lépsejtek belül az egyedfejlődés 18 és 20. napján volt a 

legeredményesebb, amikor a fejlődő nőstény atkák mérete elérte a diagnosztikai CT érzékenységi 

szintjét. A felvételeken látható atkák leggyakrabban a báb potrohának hasi oldalán, az ötödik 

potrohszelvény környezetében és a bélsár-akkumulációs zóna közelében helyezkedtek el. 

A parazitált bábok esetében a megfigyelhet csökkent radiodenzitás és megváltozott testtömeg 

voltak statisztikailag igazolható eltérések, miközben a testtérfogat és felszín esetében a 

parazitizmus függvényében mérhető statisztikai eltérés nem volt kimutatható. Az egyedfejlődés 

20. napján végzett lépsejt boncolás során, a parazitált egyedek testtömege átlagosan 16,6 mg-al 

volt kevesebb az intakt egyedekhez viszonyítva. A vizsgálat eredményei megerősítik, hogy a 

diagnosztikai CT hatékony kiegészítő eszköz lehet a Varroa-méh kapcsolat időbeli és térbeli 

dinamikájának vizsgálatában, különösen nagyszámú minta destruktív feldolgozása nélkül. 

A második vizsgálat során részletes humán diagnsoztikai CT alapú morfometriai elemzést 

végeztünk ép és parazitált méhbábokon, az egyedfejlődés 14, 16, 18, és 20. napján. A vizsgált 

egyedek tekintetében a deformált szárny vírus (DWV) molekuláris kimutatását is elvégeztük. A fő 

testtájak több eltérő időpontban a 14, 16, 18 és 20. napon és módon kerültek összehasonlításra: 

fej, tor és potroh hossz, fej-tor, fej-potroh, fej-teljes testhossz, tor-teljes testhossz, potroh-teljes 

testhossz. 

A CT által biztosított non-invazív felvételezési mód, az egyedfejlődés során folyamatosan 

kialakuló fejlődési rendellenességeket támasztotta alá, melyek a 18. és a 20. napon fejeződtek ki 

leginkább. A parazitált egyedeknél markáns testarány-változások jelentkeztek, elsősorban fej-

potroh (-6,86%) és a potroh-teljes testhossz csökkenése (-3,77%) volt megfigyelhető, miközben a 

tor relatív mérete megnövekedett (+3,33%). Ezek a morfológiai eltérések összhangban állnak a 

DWV fertőzés ismert tüneteivel, amit RT-PCR vizsgálatokkal is megerősítettünk. 



104 
 

Az eltérések időben fokozódó jellege arra utal, hogy az atka táplálkozása és a vírus replikációja 

kumulatív módon károsítja a fejlődő egyedeket. Az eredmények alátámasztják, hogy a V. 

destructor nem pusztán ektoparazita, hanem az immunszupresszív hatásának okán a vírus 

patogenezis „biológiai katalizátora”. A parazita által kiváltott táplálkozási stressz és 

immunszuppresszió, lehetővé teszi a vírus gyors replikációját, amely a fejlődés késői szakaszában 

hirtelen megjelenő, súlyos morfológiai elváltozásokhoz vezet. 

A harmadik tanulmány a micro-CT alkalmazhatóságát vizsgálta az A. mellifera fedett 

fiasításos lépsejtjeinek és a fejlődő bábjainak nagyfelbontású szerkezeti elemzésére. A micro-CT 

lehetővé tette a lépsejtek belső struktúrájának mikrométeres pontosságú kvantitatív vizsgálatát, 

amely korábban csak destruktív módszerekkel volt elérhető. 

A vizsgálat kimutatta, hogy az évekig használt lépekben a sejtfalak és sejtfelületek fokozatosan 

megvastagodnak, a sejttérfogat pedig szignifikánsan csökkent (-35,41%). Ezek a változások szoros 

kapcsolatban állnak a lárvák anyagcseretermékeinek, bábing, ürülékének és egyéb szerves 

maradványainak akkumulációjával. A csökkent sejttérfogat közvetlen fizikai korlátozást jelent a 

fejlődő bábok számára, ami testméret csökkenést (-12,22%) és testarány változást eredményezett. 

Az elhasználódott, beszűkült sejtek hosszú távon a kolónia teljesítményének romlásához, és a 

család népességének csökkenéséhez, a dolgozók méretének törpüléséhez vezethet. 

A tanulmány újdonsága, hogy elsőként történt meg a humán diagnosztikai CT és a micro-CT 

adatok közvetlen kalibrálása ugyanazon biológiai rendszerben. Ez lehetővé tette a lépsejt-szintű 

mikrostruktúrák és a kolónia-szintű folyamatok összekapcsolását, és erős, kvantitatív bizonyítékot 

szolgáltatott a rendszeres lépcsere biológiai indokoltságára. 

A negyedik vizsgálat az ionizáló Röntgen-sugárzás biológiai hatásait elemezte felnőtt A. 

mellifera dolgozókon és a foretikus nőstény V. destructor egyedeken. A kísérlet célja kettős volt: 

egyrészt a röntgenalapú képalkotás biológiai biztonságának meghatározása, másrészt a sugárzás, 

mint lehetséges alternatív atka gyérítő módszer értékelése. 

Az eredmények egyértelmű dózis- és időfüggő mortalitást mutattak mind a gazdaszervezet, mind 

a parazita esetében. Magas dózisok (50, 100, 150 Gy) mellett a gazda szerezet a kísérlet 18. napra 

teljes mortalitást mutattak, míg az alacsonyabb dózisnál (15 Gy) melyre a V. desturctor nagyobb 

érzékenységet mutatott, mint a gazdaszervezet. A differenciált hemocita vizsgálatok kimutatták, 

hogy a Röntgen-sugárzás jelentősen módosítja az immunsejtek összetételét: nőtt a plazmatociták 

és granulociták aránya, miközben csökkent a prohemociták száma. A Duncan post-hoc teszt 

kimutatta, hogy a hemolimfa arányok jól elkülöníthetők az alacsony dózis, már akár a kontroll 

csoporttól is. 
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Ez a tanulmány az A. mellifera esetében elsőként dokumentálta a Röntgen-sugárzás differenciált 

hemocita számra gyakorolt hatásait, és alapvető referenciaértékeket szolgáltatott a CT- és micro-

CT-vizsgálatok során alkalmazható biztonságos dózistartományok meghatározásához. Emellett a 

tanulmány először vizsgálta a gazda-parazita nagy energiájú Röntgen-sugár tűrőképességét. 

Mindamellett kiemelendő, hogy a kívánt aktagyérítő hatást a kísérletek nem érték el. 

Az ötödik vizsgálat az infravörös termográfia alkalmazását elemzi terepi körülmények 

között, a V. destructorral parazitált fiasítás kolónia-szintű élettani válaszainak vizsgálatára. A 

mérések során hordozható kézi hőkamerával sikerült kimutatni, hogy a parazitált lépsejtek felszíni 

hőmérséklete tartósan magasabb, az intakt szomszédos sejtek értékeihez képest. 

A térben strukturált melegedési mintázatok a károsított lépsejtek esetében arra utalnak, hogy a 

hőmérséklet-emelkedés nem passzív jelenség. A család hőháztartásában fontos szerepet játszó 

mintázatok ismerhetők fel a hőképeken, így a dolgozó méhek által kiváltott aktív válasz 

feltételezhető. Ez a megfigyelés az első in situ, terepi bizonyítéka az ún. szociális láz jelenségének 

V. destructor parazitizmus esetén. A hőmérséklet-emelkedés valószínűsíthetően kedvezőtlen 

feltételeket teremt az atka szaporodása számára, miközben a méhbábok toleranciahatárán belül 

marad, viszont ezen megállapítások jobb megértéséhez további vizsgálatok szükségesek. 

A vizsgálat rávilágított arra, hogy az infravörös termográfia valóban non-invazív, káros 

sugárzásoktól mentes és terepen is alkalmazható módszer, amely új távlatokat nyithat a V. 

destructor vizsgálatában akár az atka toleráns méhcsaládok szelekciójában. 
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