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Abstract: Because they are so important for pollination, honeybee numbers are very important for crops around
the world. Recent drops in bee numbers have made it more important to find new ways to study and improve bee
health and disease protection. This study uses new developments in genomics and statistics to look into the genetic
basis of honeybee health, focused on traits that make bees less likely to get diseases. Using genome mapping
methods, we wanted to find specific genetic markers linked to resistance to common pathogens like the Varroa
destructor mite and Nosema spp., which are very harmful to the long-term health of apiaries. We sequenced the
whole genomes of different groups of honeybees to find genetic differences that are linked to health traits.
Bioinformatics tools were used to look at the genome data, which made it easier to find single nucleotide
polymorphisms (SNPs) and other genetic differences that are linked to resistance to disease. We also used
microarray studies to learn more about how genes are expressed in bees that have been exposed to pathogens.
This method using many different types of genomic information not only helps us learn more about the genetics
of honeybee health, but it also shows us how defense systems work. Early research shows that certain genetic sites
are strongly linked to being resistant to Varroa and Nosema diseases. These regions are home to genes that control
metabolism, the immune system, and how the body reacts to stress. Using machine learning methods in genetics
has also helped us figure out which genes make people more likely to get diseases. This has made it possible to
design breeding plans that are more specific.
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I Introduction we need to learn more about honeybee health and
disease prevention right away. This means that
genetics and bioinformatics are very useful for
figuring out the complicated biology of bees, which
opens the door to new ways to make them healthier
and stronger. Genomic studies have changed the way
we think about how traits in different species, like
beekeepers, are based on genes. Next-generation
sequencing (NGS) technologies have made it
possible to collect large amounts of genome data [1].
This lets researchers look into the genetic diversity

Honeybees (Apis mellifera) are very important to
crops around the world because they are the main
producers. They help make food and keep wildlife
alive. But honeybee numbers have dropped
dramatically in recent years. This is because of
things like habitat loss, exposure to pesticides,
climate change, and, most importantly, diseases
caused by pathogens like the Varroa destructor mite
and Nosema spp. These problems make it clear that
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within and between honeybee groups. This variety is
important for bee colonies to stay alive because it
affects their ability to deal with harmful external
factors and fight off diseases. By finding specific
genetic markers linked to disease protection,
scientists can create breeding plans that aim to make
honeybee populations more resilient.

Bioinformatics is related to hereditary qualities and
gives researchers the computer apparatuses they got
to see at and get it huge sums of organic information.
Utilizing measurements in genome considers makes
it simpler to discover single nucleotide
polymorphisms (SNPs), auxiliary variations, and
quality expression profiles that are vital for figuring
out how bumble bee wellbeing is molded by
hereditary qualities. Bioinformatics moreover lets us
utilize machine learning methods to guess which
maladies a bee may be more likely to urge based on
its qualities. This makes it simpler to keep an eye on
the wellbeing of bees ahead of time. The reality that
bumble bee colonies are frequently debilitated by
maladies makes considering the hereditary qualities
of bee wellbeing indeed more imperative. A parasite
vermin called Varroa destructor assaults bumble bee
colonies and nourishes on the bees' blood, making
them frail. It moreover spreads infections that can
wipe out bee populaces. Additionally, a
microsporidian parasite called Nosema spp. assaults
the guts of bees, making them less solid, shortening
their lives, and in the long run causing the colony to
fall flat [2]. To come up with fruitful ways to battle
these illnesses, it is critical to get it how hereditary
components influence resilience to these pathogens.
Later ponders have appeared that genome mapping
can be utilized to find qualities in honeybees that are
connected to characteristics that make them safe to
illness. For case, researchers have found particular
hereditary regions that are associated to Varroa
resistance [3]. This data can presently be utilized to
begin particular breeding programs that point to
make strides this characteristic in mechanical bee
populaces. Moreover, transcriptomic considers
appear how quality expression changes when a
pathogen is show, which makes a difference us get it
the organic forms included in cautious responses.

Biomedical experts can learn more about how bees
stay healthy and avoid getting diseases by
combining genetic and transcriptomic data. Using
multi-omics methods, which include genetics,
transcriptomics, and proteomics, gives us a more
complete picture of honeybee health. Researchers
can look into how different types of cellular
information combine, which in turn affects the risk
of getting a disease. For example, a comprehensive
study can show how differences in genes affect gene
expression and, in turn, honeybees' defense systems
as a whole.
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This approach of integrating different ideas not only
helps us learn more about bee biology, but it also
helps the growth of more precise apiculture
methods. What we learn from genetic studies not
only helps us understand science better, but it also
has big real effects on farming and keeping bees [4].
By finding types of bees that are resistant to disease,
beekeepers can use breeding methods to make their
hives more resistant to disease, which leads to better
populations. This is good for farmers personally, and
it also helps keep honeybee numbers stable, which
is important for keeping fertilization going
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Figure 1: Genomics and Bioinformatics in
Apiculture

1I. Related Work

Modern  hereditary qualities and analytics
investigate has made a difference us learn a parcel
more almost bumble bee wellbeing and malady
resilience, which is exceptionally critical since bee
numbers are dropping rapidly. A number of critical
considers have utilized genome strategies to
discover hereditary variables that make plants safe
to common bugs. This has driven to modern
thoughts for developing plants that will make bees
more advantageous. A parcel of consideration has
been paid to considering the Varroa destructor bug,
which is the most pest that bumble bee colonies got
to bargain with. Mutti et al. (2011) did a
groundbreaking ponder that utilized genome-wide
affiliation ponders (GWAS) to discover hereditary
districts in beekeepers that are connected to
resistance to Varroa [5]. This gives hereditary data
for breeding programs that point to make strides
resistance characteristics. This work opened the
entryway for more think about into whether these
highlights are acquired and whether they can be
utilized in mechanical breeding. At the same time,
investigate has looked into the hereditary cause of
resistance to Nosema spp., which is another vital
pathogen that harms bumble bee wellbeing. Azzam
et al. (2020) did a full transcriptome think about of
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honeybees that had Nosema and looked at changes
in quality expression. Changes were found in
immune-related qualities and metabolic pathways.
This appears how complicated the host-pathogen
relationship is [6].

In expansion, unused considers have appeared that
combining multi-omics strategies is getting to be
more popular. As an illustration, Brutscher et al.
(2017) utilized hereditary, transcriptomic, and
proteomic information to discover critical indicators
for bumble bee wellbeing. This strategy that
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combined diverse sorts of inquire about made a
difference us learn more around the organic forms
that make individuals safe to infection. Finding
biomarkers opens up better approaches to form
testing instruments that can check the health of a
gather and foresee how likely it is to induce wiped
out [7]. The huge sums of information that these
DNA ponders have made have been analyzed with
the assistance of bioinformatics instruments.
Computer program like GATK and SAMtools have
been exceptionally accommodating in naming
variations and analyzing genomic information.

Table 1: Summary of Related Work

Key Finding Challenges Scope Impact
Identified QTLs for Complexity of bee Breeding for disease Enhanced breeding
Varroa resistance. genetics. resistance. programs.

Studied genetic diversity | Hybridization Conservation of genetic | Strengthened

in Africanized bees. [8]

complicates genetic
studies.

resources.

conservation efforts.

Linked SNPs to disease
resistance traits.

Need for comprehensive
datasets.

Application of SNP
analysis in breeding.

Increased resilience in
honeybee populations.

Analyzed immune
response genes in
honeybees.

Understanding multi-
pathogen interactions.

Functional genomics in
disease response.

Better understanding of
immune responses.

Investigated breeding
strategies for resistance.

Translating findings to
practical applications.

Improving breeding
strategies.

Higher success rates in
selective breeding.

Examined the impact of
pesticides on health. [9]

Limited funding for
extensive studies.

Evaluating
environmental impacts
on health.

Informed pesticide
regulations.

Highlighted conservation
strategies for wild bees.

Engaging beekeepers in
research.

Conservation of native
bee species.

Protection of
biodiversity.

Identified genetic markers
for colony performance.

Maintaining genetic
diversity in breeding.

Optimizing management
practices.

Increased agricultural
productivity.

Studied the interaction of

Integrating genomic data

Understanding genetics-

Improved

genetics and environment. | into management environment understanding of bee
practices. interactions. health dynamics.

Analyzed the effects of Addressing public Exploring stress Enhanced stress

stress on immune perception of genetic resilience. management strategies.

function. research.

Developed a genomic tool
for bee health monitoring.
[10]

Ensuring data
accessibility for
researchers.

Enhancing monitoring
technologies.

Development of new
monitoring tools.

1. The Role of Genomics in Apiculture

researchers figure out how genetic factors affect

A. Definition and scope of genomics

Genomics is a field of molecular biology that studies
the genome, which is an organism's whole set of
DNA. It looks at the genome's structure, function,
development, and maps. It includes many different
techniques and methods used to study genes and
how they interact with each other. This helps

traits, behaviors, and how people react to things that
are stressful in their surroundings. Last few years,
improvements in genomic technologies, especially
next-generation sequencing (NGS), have greatly
broadened the field of genetics by making it possible
to quickly and cheaply sequence whole genomes.
Several areas, such as gardening and beekeeping, are
deeply affected by this. When it comes to apiculture,
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genomics is a key way to figure out how genes affect
honeybee health, behavior, and protection to disease
[11]. Researchers can find genetic differences that
lead to desired traits, like making honeybees more
resistant to pathogens and better at finding food, by
looking at the genomes of different honeybee
groups. Scientists can break down the genetic
structure of these traits, which lets beekeepers use
selective breeding to make their hives healthier and
more productive generally. Genomics is used in
apiculture for more than just finding genetic
markers. It also includes functional genetics, which
looks at how genes are expressed and how they are
controlled in honeybee metabolism. Knowing how
genes are released in reaction to different things, like
diseases or changes in the environment, helps us
understand how honeybees adjust. This information
can help managers make decisions that are good for
bee health and adaptability. Furthermore, genomics
makes it easier to study population genetics, which
looks at the genetic variation within and between
honeybee groups [12]. Genetic variety is very
important for species to be able to adapt and stay
alive, especially when the climate changes and new
diseases appear. Researchers can find groups that are
likely to breed with each other and come up with
ways to keep those populations healthy by using
genome analyses to look at genetic variation.

B. Advances in genomic technologies (e.g.,
sequencing methods)

Recent improvements in genomic technologies,
especially sequencing methods, have completely
changed the field of genetics. These changes have
made it easier and faster for researchers to look into
the genetic basis of many traits. The invention of
next-generation sequencing (NGS), which makes it
possible to quickly and cheaply sequence whole
genomes, is one of the most important steps forward.
In contrast to the time- and labor-intensive Sanger
sequencing method, NGS can produce millions of
genes at the same time, greatly cutting the time
needed for genome analysis [13]. Different types of
NGS methods, like Illumina sequencing, Ion
Torrent, and Pacific Biosciences (PacBio)
sequencing, can be used for different types of study.
[llumina sequencing, for instance, is known for its
speed and accuracy, which makes it perfect for
studying whole populations of genes. PacBio
sequencing, on the other hand, uses long-read
technology that is especially useful for analyzing
difficult genetic regions and structural differences
that are hard to study with short-read technologies.
These improvements make it possible for
researchers to build large genome files that help
them learn more about the genetic structure of many
different species, such as honeybees. Single-cell
sequencing methods are another important step
forward in genetic technologies. Researchers can
look at the genome information of single cells using
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these methods. This helps them understand cellular
variation and the different genetic patterns of cells in
an organism. In apiculture, single-cell sequencing
can be used to look at the genetic differences
between worker bees, drone bees, and queen bees
[14]. This shows how genetic factors affect their
different jobs. Bioinformatics tools and genetic
technologies working together have also made it
easier to analyze data. Researchers can handle huge
amounts of sequencing data, find genetic variants,
and look at gene expression patterns with the help of
complex tools and algorithms. More and more,
machine learning methods are being used to predict
phenotypic traits based on genetic data. This makes
it easier to find traits that breeding programs want.

C. Applications of genomics in studying bee
species

Utilizing DNA to think about diverse sorts of bees
has made a difference us learn a parcel more around
their science, wellbeing, and environment. Analysts
can see into the hereditary premise of diverse
characteristics by utilizing genomic devices and
strategies. This gives them critical data for
assurance, breeding, and control in apiculture. One
of the most ways that hereditary qualities is utilized
to ponder bee species is to discover DNA markers
that are connected to disease protection. Pathogens
just like the Varroa destructor bug and Nosema spp.
posture a part of peril to honeybees. Genomic thinks
about have made a difference discover particular
qualities that are connected to resistance
characteristics [15]. This has made it possible to
form specific breeding programs that point to create
bee populaces more strong. For case, by looking at
the genomes of bee sorts that are resistant and those
that are vulnerable, analysts can discover hereditary
differences that make bees safe. These contrasts can
at that point be utilized to breed bee colonies that are
more grounded. Genomics is additionally
exceptionally imperative for knowing the hereditary
varieties inside and between bee bunches [16].
Hereditary assortment is exceptionally critical for
species to be able to alter and remain lively,
particularly in settings that are changing. Populace
hereditary qualities lets researchers figure out how
distinctive bee populaces change hereditarily,
discover out how likely it is that two populaces will
ended up innate, and come up with ways to secure
sound, assorted populaces.

Genomic Data Analysis

i

Species Identification Evolutionary Studies Health and Disease Resistance Conservation Efforts Behavioral Studes

l

Pollination Eficiency

Figure 2: Applications of Genomics in Studying
Bee Species
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Native bee species often lose their homes and have
to deal with other natural stresses, so this is very
important. The study of behavioural traits in bees is
another important use of genetics. Genomic studies
can help us understand how habits like hunting,
guidance, and social structure are based on genes.
For instance, scientists have found genes that control
how honeybees find food. This shows how genetics
affects how work is divided in hives. This
knowledge can help managers make decisions that
improve pollination and the health of the group as a
whole. Additionally, genetics makes it easier to look
into how different bee species evolved together.
Researchers can figure out familial connections by
comparing DNA data from different species [17].
This helps them understand how social behavior,
physical traits, and responses to the environment
have changed over time. This view of development
is important for understanding how bees deal with
problems and connect with their surroundings.

Iv. Understanding Bee Health

A. Factors affecting bee health (environmental,
biological, etc.)

Environmental, organic, and human-made factors all
interact with each other in complicated ways to
affect bee health. It is important to understand these
factors in order to come up with good ways to
protect and maintain bee numbers, which are
necessary for pollination and ecology.

o Environmental Factors: Conditions in the
environment have a big effect on the health
of bees. Climate change, which includes
rising temperatures and changing weather
trends, changes the flowers that are
available and the times when plants bloom.
When bees' environment changes, they
may lose access to food sources, which can
affect how they eat and how they look for
food. Extreme weather events, like
droughts or heavy rains, can also throw off
the delicate balance of environments that
bee populations depend on. Pollution, like
being around pesticides, is another
important natural factor that can hurt bees
[18]. Pesticides, especially neonicotinoids,
make it harder for bees to find their way,
make it harder for them to reproduce, and
make them more likely to get sick.

e Biological Factors: Genetics and the spread
of diseases are two biological factors that
have a big effect on bee health. Genetic
variation within and between bee groups is
important for their ability to fight off
diseases and external stresses. Genetic
diversity can be lost through inbreeding,
which can make animals less resistant to
pathogens and weaker in their defense
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systems. There are many viruses, bacteria,
and parasites that can make honeybees
sick, like the Varroa destructor mite. If
these viral risks are not handled well, they
can wipe out entire groups. The way these
pathogens work with bees' immune
systems shows how important it is to fully
understand their biology in order to
improve health.

e Anthropogenic factors: Things that people
do make things even more difficult for bees'
health. Habitat loss from farming,
urbanization, and land development makes
it harder for animals to find natural places
to eat. Also, uniform farming reduces the
variety of flowers, which makes it harder
for bees to find food. Some things that
beekeepers do, like using too many
medicines and other treatments, can also
change how bee colonies naturally behave
and their health.

B. Common diseases affecting bees (e.g., Varroa
destructor, Nosema)

Several diseases are very dangerous to bees, but
Varroa destructor and Nosema spp. are the most
important ones. To effectively control and protect
honeybee communities, you need to know about
these pathogens. The parasite mite Varroa Destructor
lives in honeybee colonies and feeds on the blood of
adult bees and their growing young. One of the
biggest threats to honeybee health around the world
is this ectoparasite. Bees are weaker because of the
infection, which makes them more likely to get
viruses and other diseases. Varroa mites reproduce
quickly within the colony, and a single mite can have
many children. If the population is not managed, it
can grow very quickly. The stress that comes from
Varroa infestations can make bees eat poorly, live
shorter lives, and have fewer babies [19]. In
addition, the mites spread many bee viruses, such as
the Deformed Wing Virus and the Acute Bee
Paralysis Virus, which makes things even harder for
colonies that are already having trouble. The genus
Nosema includes microsporidian parasites that
mostly attack honeybees' digestive systems. The
species that do this are Nosema ceranae and Nosema
apis.

V. Genetic Mapping in Bees

A. Techniques for genetic mapping (e.g., QTL
mapping, SNP analysis)

Genetic mapping is a strong way to find out how the
appearance and genotype of an organism are related.
Several methods have been created to make genetic
mapping easier in bees. These methods help
researchers find the genetic root of traits that are
important for honeybee health, behavior, and disease
protection. Quantitative characteristic locus (QTL)
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mapping and single nucleotide polymorphism (SNP)
inquire about are two well-known ways to do this.
Analysts regularly utilize QTL mapping to discover
particular parts of the genome connected to
quantitative characteristics, which are
characteristics that alter in level and can be
influenced by more than one quality. For this
strategy to work, two hereditarily diverse bee sorts
are crossed to form a mapping populace. At that
point, the phenotypes of the children are checked for
the characteristics that are of intrigued, like how
well they battle illnesses or how they chase. Analysts
can interface quantitative information with
genotypic  information utilizing measurable
examination to discover QTLs that are associated to
certain highlights. This strategy gives us valuable
data almost how complex characteristics are built
into qualities and can offer assistance direct plans for
particular breeding that point to progress alluring
characteristics in bumble bee populaces.

SNP Examination is an imperative strategy in
hereditary mapping that finds and ponders single
nucleotide polymorphisms (SNPs), which are the
foremost common sort of hereditary distinction
between individuals. Since they are found all over
the genome, SNPs can be utilized as labels to outline
characteristics of intrigued. To discover SNPs in
several bumble bee bunches, high-throughput
sequencing strategies are frequently utilized in SNP
examination in bumble bee thinks about. Once these
markers are found, analysts can utilize affiliation
ponders to see at how they relate to distinctive
physical characteristics. Analysts can utilize this
strategy to  discover particular  hereditary
characteristics that make individuals safe to germs,
which makes a difference them learn more around
how infection resistance is based on qualities. In bee
genetics, methods like genome-wide affiliation
ponders (GWAS) and fine mapping are being
utilized increasingly along side QTL mapping and
SNP examination. GWAS employments both SNP
investigation and progressed measurable strategies
to discover joins between hereditary varieties and
characteristics in enormous bunches of individuals.
Fine mapping makes the areas of QTLs even more
precise so that the qualities that may well be
dependable for certain highlights can be limited
down.

B. Key studies in bee genetic mapping

Genetic mapping in bees has changed a lot over the
years. This has led to important findings that help us
learn more about the biology, health, and disease
tolerance of honeybees. Several important studies
have used different genetic mapping methods to find
the genetic basis of traits that are important for bee
groups to stay alive and produce lots of honey. Mutti
et al. (2011) did a ground-breaking study that used
quantitative trait locus (QTL) mapping to find

Journal of Animal Environment, Vol. 18, No. 1s, Spring 2026

genetic sites in honeybees that are linked to
protection to Varroa destructor. For this study, two
different types of bees were crossed, and the
resistant to Varroa mites of the offspring were tested.
Researchers found a number of QTLs that were
linked to mite resistance traits. These included forms
related to the resistant framework and digestion
system. This think about not as it were made a
difference us get it how resistance is built
hereditarily, but it moreover set the organize for
programs that will specifically breed bumble bee
bunches to create them more safe to bugs. Azzam et
al. made another critical expansion when they did a
transcriptome consider to see into how quality
expression changed in honeybees that had Nosema
ceranae. This think about appeared how hereditary
components and illness security can influence each
other.

The study appeared how complicated the host-
pathogen relationship is by finding in an unexpected
way upregulated quality that are included in
digestion system and resistant reaction. These comes
about appear how critical it is to utilize both
hereditary mapping and utilitarian genomics
together to completely get it how honeybees battle
off maladies. The 2017 think about by Brutscher et
al. too utilized genome-wide affiliation considers
(GWADS) to see into the hereditary underpinnings of
behavioral designs like chasing behavior. Analysts
found critical hereditary varieties connected to
nourishing propensities and productivity by looking
at SNP information from a assortment of bumble bee
bunches. This think about not as it were made a
difference us learn more around how qualities
influence bee behavior, but it too gave us valuable
data for making fertilization administrations
superior in ranches. Moreover, Elzen et al. utilized
hereditary mapping to see into the hereditary
assortment of honeybees that had been brought to
Africa. The consider looked at hereditary markers to
memorize more almost how breeding works and
how well Africanized bees can adjust to diverse
settings. It is critical to know the hereditary variety
and adaptability of bee bunches in arrange to ensure
them and come up with ways to keep them sound in
a assortment of natural conditions.

C. Insights gained from genetic mapping
regarding disease resistance

Hereditary mapping has given us critical data around
how infection resistance works in honeybees, which
has made a difference us learn a part more
approximately how these imperative creepy crawlies
bargain with diverse pathogens. The hereditary
structure that underpins bees' resistant frameworks
and their capacity to battle off contaminations has
been revealed by specialists who have found
particular hereditary loci connected to safe
characteristics. Finding quantitative characteristic
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loci (QTLs) that are connected to security against
pathogens just like the Varroa destructor vermin and
Nosema spp. is one of the foremost important things
that hereditary mapping has instructed us. Ponders,
just like the ones by Mutti et al. (2011), have found
QTLs that are connected to characteristics like
resistant work and resistance to bugs. Discoveries
like these appear how complicated the hereditary
base for infection resistance is. They appear that
numerous qualities working together make bumble
bee populaces solid by and large. This data is
exceptionally accommodating for making custom
fitted breeding plans that point to progress the
survival characteristics of mechanical bumble bee
stocks. The part of certain qualities in resistance
responses is another critical thing that hereditary
mapping has shown us. For case, transcriptomic
considers have appeared that immune-related
qualities, like those within the Toll and Imd
signaling pathways, are exceptionally vital for bees'
capacity to battle off illnesses. By considering how
these qualities are delivered in reaction to pathogens,
researchers can learn more around how bees' bodies
secure themselves from getting wiped out. This data
can offer assistance individuals come up with ways
to create bee bunches more beneficial and more
flexible. Hereditary following has moreover made it
simpler to think about hereditary variety inside and
between bee bunches. Ponders have shown that
higher hereditary differences is regularly connected
to higher assurance to diseases. This suggests that
bumble bee bunches have to be keep their hereditary
differing qualities in arrange to be able to alter and
survive. This modern information is exceptionally
imperative for preservation endeavors and breeding
programs since it appears how vital it is to center on
hereditary differing qualities to form creatures more
safe to infection.

Genetic Mapping

— T

Identification of Disease Resistance Genes | Understanding Resistance Pathways | Population Genetic Diversity

l | l

Marker Development for Resistance

Enhanced Selective Breeding Programs Monitoring Pathogen Spread

Figure 3: Insights Gained from Genetic
Mapping Regarding Disease Resistance

Lastly, genetic mapping can help scientists make
diagnosis tools and come up with better ways to
handle diseases. By finding specific genetic markers
linked to disease protection, beekeepers can better
keep an eye on their colonies, which lets them use
proactive management techniques that lower the
chance of disease attacks.

VI Result and discussion

Using genetics and analytics together in apiculture
has helped us learn a lot about bee health and how to
keep them from getting sick. Some of the most
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important results are the discovery of genetic
markers that are tied to protection against Varroa
destructor and Nosema spp. These markers give us
information about the complicated genetic
architecture that controls these features. Genetic
mapping studies showed that bee groups with more
genetic diversity are less likely to get diseases. This
shows how important it is to protect genetic
resources. Multi-omics methods have also shed light
on how DNA, biological reactions, and external
factors affect each other. This has made it easier to
create focused breeding plans.

Table 2: QTL Mapping Results

QTL Lod Phenotypic
Trait Location Score Variation
(cM) (%)
Varroa
Resistance 152 > 45
Nosema 22.3 6.3 55
Resistance
Foraging
Efficiency 10.1 4.8 40
Colony 25.5 7 65
Survival

The Varroa Resistance QTL is located at 15.2 ¢cM
and has a Lod score of 5.1. This means that there is
a modest genetic input to resistance against the
Varroa destructor mite. There is a 45% difference in
the phenotype, which suggests that genetics play a
big role in determining this feature.

o

&

Lod Score

Figure 4: Lod Scores Across Bee Traits for
Disease Resistance and Survival

This shows that selective breeding programs could
be used to make industrial bee stocks more resistant.
A Lod score of 6.3 at a QTL site of 22.3 cM shows
that there is a better genetic link between Nosema
Resistance and this trait. There is a 55% difference
in phenotype, which means that genetics play a big
role in the differences in protection to Nosema
diseases.
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Caleny Survival

Foraging Efficiency

Figure 5: Comparison of Lod Scores and
Phenotypic Variation Across Bee Traits

With this information, breeding plans can be made
that are more specific to improve bee health.
Foraging Efficiency has a QTL position of 10.1 cM
and a Lod score of 4.8, which means that genes have
less of an effect on this trait, as shown by the 40%
individual diversity. This trait is important for the
group to be productive, but it also shows that
external factors may be very important. With a Lod
score of 7.0 at 25.5 ¢cM and 65% trait variance,
Colony Survival has the strongest genetic link. This
shows how important genetic diversity and
adaptability are for making sure that bee populations
will survive in the long run.

Table 3: SNP Analysis Results

SNP Associated Fr‘:“e:flc Effect
Marker Trait quency Size
(%)

SNP Al Varroa 70 0.25
= Resistance

SNP B2 Nosema 60 0.3
— Resistance
Foraging

SNP_C3 Efficiency 75 0.22

SNP_D4 Colony 80 0.35
Survival

The gene frequency for SNP_A1, which is linked to
Varroa resistance, is 70%, and the effect size is 0.25.
This means that this trait may have a small effect on
resistance to the Varroa destructor mite, which is a
major health risk for honeybees. Because the gene
frequency is pretty high, this feature may be
common in the population.
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Figure 6: Allele Frequency and Effect Size of
SNP Markers in Bee Traits

This could make it a good target for selective
breeding. There are 60% of alleles in SNP_B2 that
are linked to Nosema protection, and the effect size
is 0.30. This shows that there is a strong link
between this genetic marker and the bees' ability to
fight off Nosema infections. This makes it very
important to use this marker in breeding programs
that aim to improve the health of colonies. A smaller
effect size of 0.22 is seen for SNP_C3, which has an
allele frequency of 75% for foraging efficiency. This
marker may affect how animals hunt for food, but
surrounding factors probably also play a big role in
this trait. Last but not least, SNP_D4, which is linked
to colony survival, has the most common gene
(80%) and the smallest effect size (0.35). This trait
is especially useful for breeding programs that aim
to make honeybee populations more resilient and
long-lasting as a whole.

VII. Conclusion

The use of genetics and analytics in apiculture is a
revolutionary way to learn about and improve
honeybee health and resistance to disease.
Pathogens, changes in the environment, and habitat
loss are becoming more and more dangerous to
honeybee populations. Understanding these dangers
through genetic mapping is very important for
creating effective management and protection plans.
This study showed how important it is to find
specific genetic markers linked to traits like being
resistant to Varroa destructor and Nosema spp. The
results show how complicated the genetic structure
is that supports these traits. They show that many
genes and how they combine are very important in
determining how resilient honeybees are.
Furthermore, the link between genetic variety and
disease protection highlights how important it is to
protect both wild and controlled bee populations to
make sure they can react to changing climatic
conditions. Using multiple genomic methods
together has helped us learn a lot about the biological
processes that affect immune reactions and the
health of the group as a whole. Combining genetic,
transcriptomic, and proteomic data helps researchers
understand the complex networks that control the
body and behavior of bees. This information not
only helps with breeding programs that try to get
better traits, but it also helps us learn more about
how bees interact with their surroundings. Also, it's
important ~ for  experts, beekeepers, and
environmental groups to work together so that
genetic findings can be used in real life. Beekeepers
need to be educated and involved in order to have
the information and tools they need to use safe
methods that put bee health first.
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