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ANIMAL PRODUCTION AND HEALTH

PREFACE

The global demand for animal products is rapidly increasing as the human population grows,
necessitating more efficient, sustainable, and ethical approaches to animal production and health.
This book, Animal Production and Health, offers a comprehensive exploration of the latest research
and advancements in livestock production, genetics, and animal health. It also emphasizes the
ongoing transformation in these fields, addressing the dual challenges of climate change and public
health, while promoting sustainability in livestock production and management.

In Section I: Animal Production and Technology, the focus is on the historical livestock
breed development, genetic improvement, and technological innovations. The chapter on the
History of Development of Livestock Breeds in the World provides an in-depth exploration of
how global breeding efforts have evolved. Breeding Objectives: Aligning Genetics with Goals
highlights the need for setting clear genetic targets to meet industry demands. Additionally, Genetic
Diversity in Livestock Breeds: Challenges and Conservation discusses the critical importance
of conserving genetic diversity in an era of increased commercial breeding. Other key chapters
include the application of Quantitative Genetics and the revolutionary impact of Genomic Tools
and Technologies on livestock improvement. The role of cutting-edge methods, such as CRISPR
Technology and Molecular Docking in feed science, is explored, along with the advent of Precision
Livestock Farming. The environmental impact of animal production, including greenhouse gas
emissions and climate change, is also thoroughly examined, along with the role of probiotics in
improving poultry performance.

Section II: Animal Health shifts the focus to livestock disease prevention and control.
This section covers a range of topics including the role of Probiotics in promoting animal health,
prevention of major diseases like Foot and Mouth Disease (FMD), and the public health implications
of zoonotic diseases. The section also explores into symbiotic relationships between microorganisms
and animals, highlighting potential new health interventions. Emerging technologies, such as
Green Nanoparticles and Nano-Emulsions, are explored for their potential to enhance livestock
health. Furthermore, discussions on the impact of diseases such as H5N! Influenza on Dairy Cows,
reproductive health issues, and the rising threat of Emerging Infectious Diseases (EIDs) emphasize
the critical need for continued innovation in animal health and management.

This book is the result of a collaborative effort by leading scientists, researchers, and practitioners
in the field of animal sciences. It serves as a valuable resource for researchers, veterinarians, animal
breeders, and students, offering critical insights into both the challenges and opportunities in modern
livestock production and health management.

October 2024

Dr. Muhammad Safdar

D.V.M (Pakistan) MS & PhD (Turkey)

Department of Breeding and Genetics, Cholistan University of Veterinary
and Animal Sciences Bahawalpur, Pakistan

Email: msafdar@cuvas.edu.pk, ORCID: 0000 0002 3720 2090
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HISTORY OF DEVELOPMENT OF LIVESTOCK BREEDS IN THE
WORLD

Shahzad ALI
Muhammad SAFDAR

Early Domestication (10,000-3,000 BCE)

The Neolithic Revolution, around 10,000 BCE, marked the transition from hunter-gatherer
societies to agriculture and settled communities. This significant change began in the Fertile Crescent,
located in modern-day Middle East. During this period, humans started the initial domestication
of various animals, including sheep, goats, cattle, and pigs. These early domesticated animals
were essential for providing food, clothing, and labor, which supported the growth of early human
settlements. As agriculture spread across different regions, so did domesticated livestock. By 6,000
BCE, sheep and goats had reached Europe, while cattle had spread to Africa and Europe. The
movement of domesticated animals was facilitated by trade routes and human migration, allowing
different cultures to adopt and adapt these valuable resources.

Ancient Civilizations (3,000 BCE-500 CE)

As early civilizations developed in Mesopotamia, Egypt, the Indus Valley, and China, they
began to recognize the importance of selective breeding. These civilizations started to select
animals for specific traits such as docility, size, strength, and wool production. For instance, in
Mesopotamia, sheep were bred for their wool, which became a crucial commodity for trade. In
Egypt, cattle were valued for their milk and as draft animals. The process of specialization began
during this era, with some livestock being bred for particular purposes, such as dairy production,
meat, or labor. This specialization marked the beginning of more organized breeding practices,
which laid the foundation for future advancements in livestock breeding.

Middle Ages (500-1500 CE)

During the Middle Ages, monasteries in Europe played a crucial role in the improvement
of livestock breeds. Monks in these monasteries meticulously selected animals for desirable traits
and kept detailed records of their breeding programs. This period saw the introduction of improved
breeding practices, as well as the movement of people and trade routes that brought new livestock
breeds to different regions. For example, the Norman conquest of England introduced new breeds of
cattle and horses, which were selectively bred for better traits such as strength and endurance. These
new breeds were instrumental in agricultural activities and warfare, highlighting the importance
of strategic breeding during this era.

Early Modern Period (1500-1800)

The Renaissance and Enlightenment periods brought a renewed interest in scientific approaches
to agriculture. This era saw the development of more systematic breeding methods, driven by the
increasing knowledge of animal biology and genetics. In Britain, pioneers like Robert Bakewell
applied selective breeding techniques with great succes Bakewell’s work with sheep and cattle,
particularly the development of the Leicester Longwool sheep, led to significant improvements
in size, wool quality, and meat production. Bakewell's systematic approach to breeding, which
included inbreeding and record- keeping, laid the foundation for modern animal breeding practices
and set the stage for future advancements.
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Industrial Revolution (1800-1900)

The Industrial Revolution brought significant changes to livestock breeding, driven by
technological advancements and the expansion of the British Empire. During this period, specialized
breeds for meat, milk, and wool production emerged, catering to the growing demands of urban
populations. The establishment of livestock shows and competitions, such as those organized by
the Royal Agricultural Society of England, promoted breed standards and encouraged breeders to
improve their stock. These events provided a platform for showcasing the best animals, fostering
competition, and setting benchmarks for breeding excellence. The Industrial Revolution also
facilitated the global spread of specific breeds, as improved transportation allowed for the export
of livestock to colonies and other countries.

20th Century

The 20th century witnessed revolutionary advancements in livestock breeding, largely due
to the development of genetics and artificial insemination. Scientists like Gregor Mendel laid the
groundwork for understanding heredity and genetic traits, which became crucial for breeding
programs. Improved transportation and communication led to the global dissemination of livestock
breeds, allowing New World countries like the United States, Australia, and Canada to develop
their own breeds, often drawing on European and African stock. For example, the Angus breed,
originally from Scotland, became widely popular in the United States for its superior meat quality.
Concerns about biodiversity loss also emerged during this century, leading to efforts to preserve
rare and heritage breeds. Organizations like The Livestock Conservancy in the U.S. and the Rare
Breeds Survival Trust in the UK were founded to protect endangered breeds and maintain genetic
diversity in livestock populations.

21st Century

Advances in genomic technology in the 21st century have revolutionized livestock breeding,
allowing for precise selection of traits like disease resistance, growth rate, and production efficiency
at the DNA level. These advancements have boosted the productivity and sustainability of livestock
farming. Breeders now emphasize creating livestock that is productive, environmentally friendly,
and humane, focusing on traits like improved feed efficiency and reduced methane emissions. Global
communication and travel have facilitated crossbreeding, leading to new composite breeds that
combine desirable traits from multiple genetic lines, enhancing livestock diversity and resilience.

CATTLE BREEDS
1. ANGUS

Angus cattle, also known as Aberdeen Angus, originate from Scotland and are renowned for
their high-quality beef. Typically, solid black or red and naturally polled, they are medium-sized,
hardy, and adaptable to various climates. Known for efficient feed conversion, Angus cattle are
an economical choice for beef producers. Their beef is prized for its marbling, tenderness, and
rich flavor, making it popular in the beef industry and sought after by high-end restaurants. Angus
cattle are also key in crossbreeding programs to enhance meat quality in other breeds. They have
a calm temperament, making them easy to handle, and their fertility and strong maternal instincts
contribute to high calf survival rates. Overall, Angus cattle are highly valued in the beef industry
for their adaptability, efficient production, and superior beef quality, with a significant global
presence in cattle farming.
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https://simple.m.wikipedia.org/wiki/Angus_cattle
2. AYRSHIRE

The Ayrshire cattle breed, originating from Ayrshire, Scotland, is known for its exceptional
milk production and distinct red and white color patterns. Medium-sized and hardy, Ayrshires
are adaptable to various climates and thrive in both pasture-based and intensive dairy systems,
with excellent grazing abilities. Their milk, valued for its ideal balance of protein and butterfat, is
particularly desirable for cheese production, contributing to high-quality dairy products. Ayrshires
are recognized for their strong udders, longevity, and sustained milk production over multiple
lactations. They have a calm temperament, making them easy to handle, and are known for their
robust health and resistance to common cattle diseases. These traits make Ayrshires a reliable and
favored choice among dairy farmers, contributing significantly to the global dairy industry and
agricultural economy.

https://www.americandairy.com/dairy-farms/dairy-cows/ayrshire/
3. BRAHMAN

The Brahman cattle breed, originating from India, is highly valued for its adaptability and
resilience in hot, humid climates. Recognizable by its distinctive hump over the shoulders, loose
skin, and large, drooping ears, the Brahman is typically gray or red in color. This breed is well-known
for its resistance to parasites and diseases, making it ideal for tropical environments. Brahmans




ANIMAL PRODUCTION AND HEALTH

are hardy animals, able to thrive on limited feed and water resources, which contributes to their
popularity in various agricultural settings. They are primarily used in beef production, where their
meat is appreciated for its tenderness and flavor. Additionally, Brahmans play a significant role
in crossbreeding programs, enhancing the heat tolerance and disease resistance of other breeds.
Their calm and intelligent nature makes them manageable in diverse farming systems. Overall, the
Brahman breed is highly regarded for its adaptability, resilience, and contribution to both purebred
and crossbreeding cattle operations worldwide.

https://www.farmghar.com/blogs/know-about-brahman-bull-a-complete-guide

Other breeds include Brown Swiss, Charolais, Gelbvieh, Holstein, Jersey, Limousin, Simmental
and many more.

SHEEP BREEDS
1. CHEVIOT

The Cheviot sheep, originating from the Cheviot Hills on the England-Scotland border, are
a hardy and distinctive breed known for their resilience, excellent wool quality, and adaptability
to harsh climates. Medium-sized, with rams weighing 160 to 200 pounds and ewes 120 to 160
pounds, they have a notable appearance with white faces, upright ears, and a robust build. Their
dense, fine wool, characterized by a high crimp, is highly valued for its durability and versatility
in textiles like tweeds and knitwear. Cheviots produce high-quality, lean meat with a distinctive
flavor and are renowned for their excellent mothering abilities, ease of lambing, and high lamb
survival rates. Proper care involves a balanced diet, regular grooming, and veterinary check-ups.
The breed's unique qualities are showcased in agricultural events, reflecting their rugged beauty
and resilience.

http://www.rarebreedproject.com/cheviot

4
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2. DORSET

The Dorset sheep, originating from the southwestern coast of England, is a versatile breed
renowned for its dual-purpose capabilities, robust health, and excellent maternal instincts. Medium
to large-sized, with rams weighing 225 to 275 pounds and ewes 150 to 200 pounds, Dorsets are
characterized by their white faces, legs, and sturdy, muscular build, making them suitable for both
meat and wool production. They are notable for their early maturity and ability to breed year-round,
often having multiple births per year, which enhances their productivity. While their wool is of
good quality, it is less emphasized compared to specialized wool breeds. Dorset sheep require a
balanced diet of high-quality forage, grains, and minerals, with fresh water always available. They
adapt well to various climates and farming systems, thriving in both extensive grazing and intensive
management setups. Regular health checks, vaccinations, and grooming are essential for their well-
being. Breeders actively promote and preserve the breed’s qualities through shows and agricultural
events, reflecting their strong maternal instincts, adaptability, and overall value in sheep farming.

https://breeds.okstate.edu/sheep/dorset-sheep.html
3. HAMPSHIRE

The Hampshire sheep, originating from Hampshire County in England, are a highly regarded
breed known for their meat quality, efficiency in production, and distinctive appearance. Medium
to large-sized, with rams weighing 250 to 300 pounds and ewes 200 to 250 pounds, they feature
a striking black face and legs against a white woolly body. Primarily bred for meat, Hampshires
are prized for their lean, flavorful lamb and mutton, offering a high muscle-to-bone ratio that
results in efficient feed conversion and a high dressing percentage. They grow quickly, making
them economical for commercial production, and are noted for their strong maternal instincts,
ease of lambing, and high lamb survival rates. Adaptable to various farming systems, Hampshires
require a balanced diet, fresh water, and regular health checks, grooming, and hoof care. Their
meat production capabilities and robust health make them a valued breed in modern sheep farming.
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https://www.hobbyfarms.com/hampshire/
Other breeds include Algerian Sheep, Columbia, Karakul, Polypay and many more.
GOAT BREEDS
1. ALPINE

Alpine goat, hailing from the French Alps, is highly esteemed for its exceptional milk
production and versatility. Medium to large in size, Alpines display a range of colors and patterns
such as black, white, tan, and gray, complemented by their upright ears and straight profiles. They
are renowned for their high milk yield, which is rich in butterfat and protein, making it ideal for
cheese, yogurt, and milk. Their adaptability to diverse climates—from mountainous regions to
lowlands—along with their efficient foraging abilities, enhances their appeal to farmers worldwide.
Known for their friendly and social nature, Alpine goats are easy to handle and interact well with
both humans and other animals, making them suitable for various farming operations. Additionally,
they are valued for meat and fiber in some regions, showcasing their versatility.

https://planetzoo.fandom.com/wiki/Alpine Goat
2. ANGORA

The Angora goat, originating from the Angora region of Turkey, is renowned for its production
of mohair, a luxurious fiber celebrated for its softness, sheen, and dyeing qualities. Medium-sized
with a distinctive appearance, Angoras are covered in long, curly hair that gives them an elegant
and flufty look. Their mohair, which is sheared twice a year, is highly prized in the textile industry
for its durability and versatility, used in products ranging from clothing to upholstery. Adaptable
to various climates, Angora goats require some protection from extreme weather but are otherwise
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relatively easy to manage due to their docile and friendly temperament. Their gentle nature and
striking appearance make them popular both as fiber producers and show animals. Overall, the
Angora goat is valued for its luxurious fleece, adaptability, and calm disposition, maintaining its
significance in agriculture and the textile industry.

https://blog.paradisefibers.com/mohair-a-unique-goat/
3. BOER

The Boer goat, originating from South Africa, is highly esteemed for its exceptional meat
production. Recognizable by their white bodies and reddish-brown heads, Boer goats are large and
muscular, contributing to their high-quality meat yield. They are renowned for their rapid growth
rates and efficient feed conversion, producing lean, tender, and flavorful meat that is sought after in
both local and international markets. Their adaptability to various climates and terrains, combined
with their docile and friendly temperament, makes them a versatile and manageable breed. Boer
goats are valued not only for their superior meat production but also for their resilience and ease of

handling, solidifying their importance in sustainable farming practices and the livestock industry.
~i.
L

https://smartrepro.com/the-boer-goat-a-guide-to-structure-and-standards/
Other breeds include Beetal, Murciana, Savanna, Kinder, Moxoto and many more.
CHICKEN BREEDS
1. AUSTRALORP

The Australorp chicken, developed in Australia from the Black Orpington in the early 20th
century, is celebrated for its exceptional egg-laying ability, friendly temperament, and adaptability.
Medium to large-sized, Australorps have glossy, jet-black feathers with a greenish sheen, a broad
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body, and a well-rounded breast, making them dual-purpose birds ideal for both egg production and
meat. Known for their prolific laying, Australorp hens can produce over 250 large brown eggs per
year, with some exceeding this number. They are prized for their calm and gentle nature, making
them easy to handle and well-suited for families and beginners. Adaptable to various climates,
Australorps thrive in both hot and cold conditions, thanks to their robust health and well-feathered
bodies. They are good foragers and enjoy free-ranging but are also content in confinement. Overall,
the Australorp's blend of high productivity, hardiness, and pleasant demeanor makes it a popular
choice for diverse poultry operations.

https://treatsforchickens.com/blogs/treats-for-chickens-blog/complete-guide-to-australorp-
chickens-australorp-chicken-facts-treats-for-chickens

2. PLYMOUTH ROCK

The Plymouth Rock chicken, originating in the U.S. in the mid-19th century, is celebrated
for its hardiness, versatility, and friendly nature. Developed as a dual-purpose breed, it excels
in both egg-laying and meat production. Plymouth Rocks are medium to large chickens with a
broad, deep body and distinctive barred plumage, typically featuring alternating black and white
or gray and white stripes. They are prolific layers, producing around 200 to 280 large brown eggs
annually, known for their strong shells and rich yolks. In addition to their egg production, they offer
fine-textured, flavorful meat, making them valuable for both meat and eggs. Their calm, docile
temperament makes them ideal for families and novice keepers, as they integrate well with other
chickens and handle easily. Overall, the Plymouth Rock is a versatile breed that combines excellent
productivity with a pleasant disposition and classic appearance, making it a favorite among poultry
enthusiasts and farmers.

https://www.mypetchicken.com/products/baby-chicks-barred-plymouth-rock
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3. SUSSEX

The Sussex chicken, originating from England in the early 19th century, is renowned for its
dual-purpose qualities, gentle temperament, and historical significance. These medium to large birds
are valued for their robust build, which includes a deep chest, moderately sized single comb, and
clean legs. Sussex chickens come in various plumage colors, including white, red, and speckled,
with the Speckled Sussex being particularly popular for its distinctive feather pattern. Known for
their prolific egg-laying, Sussex hens produce around 250 to 300 large brown eggs annually, prized
for their strong shells and rich yolks. Additionally, they are appreciated for their high-quality meat,
characterized by tenderness and flavor. Sussex chickens are admired for their calm and friendly
nature, making them ideal for families and novice keepers. Their docile behavior ensures they
integrate well into mixed flocks. Overall, Sussex chickens offer a balanced combination of excellent
egg production, quality meat, and amiable temperament, making them a favored choice among
poultry enthusiasts and farmers.

s

g
https://blog.meyerhatchery.com/2021/11/breed-spotlight-the-sussex

Other breeds include Barnevelder, Brahma, Cochin, Hamburg, Aseel and many more.

HORSE BREEDS

1. APPALOOSA

Appaloosa, deeply rooted in North American history, is renowned for its distinctive spotted
coat patterns and versatile abilities. Developed by the Nez Perce Native American tribe in the 18th
century, this breed is celebrated for its endurance, speed, and striking appearance. Appaloosas stand
between 14.2 to 16 hands high and weigh around 950 to 1,250 pounds, featuring a sturdy, muscular
build with unique coat patterns like leopard, blanket, snowflake, and marble. They are known for
their expressive eyes, mottled skin, and striped hooves. Intelligent and gentle, Appaloosas excel
in Western riding, trail riding, show jumping, eventing, and dressage. Their resilience and agility
make them ideal for various disciplines, including those requiring quick turns and bursts of speed.
Proper care includes a balanced diet, regular exercise, grooming, and routine veterinary and farrier
services. The Appaloosa Horse Club (ApHC) is dedicated to preserving and promoting the breed,
showcasing its talents and versatility.
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https://www.texarkanagazette.com/news/2020/jul/31/her-how-appaloosa-escaped-
extinction/

2. FRIESIAN

The Friesian horse, originating from the Friesland region in the Netherlands and dating back
to the Middle Ages, is renowned for its striking appearance and versatility. Standing between 15.2
to 17 hands high and weighing 1,200 to 1,400 pounds, Friesians are distinguished by their solid
black coat, long flowing mane and tail, and feathered lower legs. Their elegant trot and powerful
canter make them excel in disciplines such as dressage, driving, and show riding. Known for their
calm temperament and intelligence, Friesians are highly trainable and suitable for riders of all
levels. Proper care includes a balanced diet, regular exercise, grooming to maintain their coat, and
routine veterinary check-ups. The Friesian Horse Association of North America (FHANA) and
the Koninklijke Vereniging "Het Friesch Paarden-Stamboek" (KFPS) are key in preserving and
promoting the breed, which continues to captivate with its beauty and grace.

https://horsyland.com/the-friesian-horse-because-black-is-beautiful/
3. ARABIAN

The Arabian horse, one of the world’s oldest and most iconic breeds, boasts a lineage spanning
over 4,500 years from the deserts of the Arabian Peninsula. Known for their beauty, endurance,
and intelligence, Arabians typically stand between 14.1 to 15.1 hands high and weigh 800 to 1,000

10
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pounds. They are easily recognized by their finely chiseled head with a concave profile, large
expressive eyes, arched neck, and high-carried tail. Available in colors such as bay, gray, chestnut,
black, and roan, Arabians are celebrated for their stamina and versatility, excelling in endurance
riding, show jumping, dressage, and other equestrian sports. Their unique genetic makeup enhances
their performance in long-distance events and endurance competitions. Known for their spirited
yet gentle temperament, Arabians form strong bonds with their handlers and are highly trainable.
Proper care includes a balanced diet of high-quality forage and grains, regular exercise, grooming,
and routine veterinary, dental, and farrier services.

https://mynewhorse.equusmagazine.com/2024/05/30/everything-you-need-to-know-about-
arabian-horses//

Other breeds include American Saddlebred, Barb, Lipizzan, Paso Fino, Fjord and many more.
CAMEL BREEDS
1. BACTRIAN CAMEL

The Bactrian Camel (Camelus bactrianus), native to the steppes of Central Asia, is distinguished
by its two humps, unlike the single-humped Dromedary camel. These humps store fat, which provides
energy and water during scarcity. Bactrian camels possess a thick, shaggy coat that insulates them
against extreme temperatures, from hot summers to freezing winters. They are generally larger than
Dromedaries, with adult males weighing between 1,300 to 2,200 pounds and females between 900
to 1,500 pounds. Adapted to desert and semi-desert environments, they have large, padded feet for
navigating sandy and rocky terrain and can digest thorny vegetation. Domesticated for thousands
of years, Bactrian camels are vital in Central Asia for transportation, milk, and meat. While not
endangered, their wild populations face threats from habitat loss and competition with livestock.
Conservation efforts are ongoing to protect them in Mongolia and China, where they continue to
be a cultural and practical asset.

https://en.wikipedia.org/wiki/Bactrian_camels
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2. TURKMEN CAMEL

The Turkmen Camel, also known as the Turkmenian Camel or Turkmen dromedary (Camelus
dromedarius), is a breed native to Turkmenistan and surrounding Central Asian regions. This
dromedary camel is distinguished by its single hump, which stores fat that can be converted into
energy and water when needed. Turkmen Camels have a tall, slender build with long legs suited
for traversing sandy deserts, and their short, smooth coat ranges in color from light brown to beige.
Adapted to extreme desert conditions, they have large, padded feet that prevent them from sinking
in sand and are capable of conserving water effectively. Domesticated for thousands of years, these
camels are vital for transportation, milk, and meat production in Turkmenistan, and their wool is
used in traditional textiles. They hold significant cultural value, symbolizing endurance and survival
in harsh environments and playing a key role in the traditional lifestyles of nomadic tribes. Proper
care involves providing adequate food, water, and shelter, along with regular veterinary check-ups
to ensure their health. The Turkmen Camel remains a crucial asset in Central Asia, reflecting its
enduring importance to the region's cultural and economic life.

https://en.m.wikipedia.org/wiki/File:Turkmen man_with camel.jpg
Other breeds include American camel, Mehsani, Syrian, Nigerian and many more
Limitations of Breeds Development

The history of livestock breed development worldwide is marked by several limitations that
have affected its progress and sustainability. Geographic isolation in the early stages of domestication
restricted gene flow, leading to limited genetic diversity within many breeds. Early selective breeding
practices often prioritized traits like physical strength, milk, or meat production, overlooking
genetic health, adaptability, and disease resistance. This focus on productivity sometimes resulted
in increased susceptibility to diseases, inbreeding depression, and reduced fertility. Furthermore, the
environmental conditions, such as climate, feed availability, and local diseases, played a significant
role in shaping breed development, often leading to animals being well-suited to specific regions
but less adaptable to other conditions. In modern times, the industrialization of agriculture and the
rise of commercial breeding practices have favored a few highly productive breeds, pushing many
indigenous breeds toward extinction and contributing to the loss of valuable genetic resources. The
economic pressures to maximize productivity, coupled with the environmental challenges posed by
climate change, make it increasingly difficult to maintain breed diversity and promote sustainable
breeding practices globally.

Future Recommendations of Breeds Development

Future recommendations for livestock breed development should prioritize balancing
productivity, sustainability, and genetic diversity. Conservation of rare and indigenous breeds is
crucial for preserving genetic resources valuable for disease resistance, climate adaptation, and
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resilience. Integrating advanced genomic technologies like CRISPR and GWAS into breeding
programs can accelerate the selection of desirable traits while maintaining genetic health. Promoting
sustainable breeding practices, such as improving feed efficiency and reducing methane emissions, is
essential for minimizing the environmental impact of livestock farming. International collaboration
can bridge the technological gap between developed and developing countries, ensuring equitable
access to breeding advancements and knowledge sharing. Additionally, involving local farmers and
incorporating traditional knowledge will enhance breed development suited to regional conditions.

Key Points:
> Conservation of Genetic Diversity: Global programs to preserve rare and indigenous breeds.

> Use of Genomic Technologies: Application of CRISPR and GWAS to accelerate trait
selection while maintaining genetic health.

> Sustainable Breeding Practices: Focus on feed efficiency, environmental impact reduction,
and long-term sustainability.

> Global Collaboration: Partnerships to ensure equitable access to technologies and foster
knowledge sharing.

> Inclusion of Local Farmers: Integrating traditional knowledge and tailoring breed
development to regional needs.

In conclusion, the development of livestock breeds has been a dynamic and evolving process,
influenced by historical, geographical, and technological factors. While early efforts shaped the
foundation of modern breeds, ongoing challenges like genetic erosion, environmental impacts, and
the need for sustainable practices remain. The integration of modern genomic tools, conservation
of genetic diversity, and collaboration between global and local stakeholders are essential to
address these challenges. By adopting innovative, environmentally conscious breeding strategies
and leveraging traditional knowledge, the future of livestock breed development can ensure both
productivity and resilience, ultimately supporting global food security and sustainability.
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BREEDING OBJECTIVES: ALIGNING GENETICS WITH GOALS
Safdar IMRAN
Muhammad SAFDAR

Selection of animals for particular traits has been practiced at different levels. The preference for
a single trait or set of traits depends upon multiple factors. The design, structure and implementation
of breeding program focuses on achieving specific goals finalized in term of breeding objectives. The
breeding objectives can be defined as preference for certain traits to maximize profit and sustainability
in future generations of animals. The breeding objectives have been defined by breeders, breed
associations, scientific allies, researchers, academia and industry yet the breeder’s point of view has
more weightage followed by consumer demands and market orientation as profit function in animal
breeding gets its bases from economic weightage of traits. The breeding objectives shall include
long term plans for fulfilling consumer demands in future from the animal generations bred from
current population. Breeding objectives helps in selection of animals in line with the set targets that
may vary among breeders, association and countries for different species or breeds. The breeding
objectives may focus on conservation, maintaining biodiversity, developing new breeds, removing
deleterious genes and improving genetic makeup. The socioeconomic, sociodemographic, breeder’s
personal, breeder associations, political and governance factors affect the finalization of breeding
objectives. Selection indices and genomic techniques enriched the process of deciding breeding
goals and selection of animals based on specific objectives and helped breeders to align genetics
with goals to maximize genetic superiority, functionality and sustainability of animal production.

1. Breeding Objectives

Animals have long been domesticated and selectively bred by humans. Selection means
preferring for breeding the best out of available population. The best may be defined by the breeder
or the breed associations. The purpose (objective) of breeding differs in different species or breeds
of animals. The breeding objectives brings sustainable genetic change, maximize profit function and
controls the loss of genetic variation in the population. These purposes may include accumulation of
superior genetics in forthcoming generations, increasing production, improving quality of products
of animal origin, increasing or creating disease resistance of animals, elimination of lethal genes,
decreasing frequency of undesirable genotypes in next generation and for conservation of a breed/
specie. The other objectives may include improvements in type traits of animals and phenotypic
beauty parameters particularly in pets and birds. Thus, the objective of selective breeding usually
involves more than one trait even putting emphasis on one of the major traits and few other relatively
important traits. The breeding objectives decided by farmers/breeders or at large scale by breeder
associations have been implemented for development of breeds for a particular trait or set of traits.
The breeding objectives include trait groups for example growth and number of traits included in
that group, both vary from breeder to breeder, association to association, country to country and
also for species and breed of animals under consideration.

Worldwide it is generally accepted that for initiation and implementation of any structured
breeding program, defining breeding objective is the first step. The breeding objectives are one of
the potential factors contributing to deciding the direction of change in a particular trait and even
in deciding optimal breed size and other attributes. The selection criteria in animal breeding are
defined by many factors including farmer’s choice, market orientation and economic value of traits.
The selection criteria and breeding objectives are only practical when these include the wishes
and perception of breeders for whose animals these are designed for implementation (Dekkers
& Gibson, 1998). The breeder’s choice is always of prime importance in designing selection
criteria. Yet sometimes, the market demand, directs the changes in the breeder’s choices. It is very
complex task to define a selection criterion which may be widely acceptable because of changing
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preferences both at producer and consumer level. The genetic changes led by the breeding objective
are considered individually and the relative profit per unit change in a trait have been applied for
predicting genetic merits of animals in selection index theory (Hazel, 1943) or in best linear unbiased
prediction (Henderson, 1984). As traditionally, breeding objectives involves quantifications of the
genetic changes associated economic benefits. The non-economic factors related to sustainability
shall also be considered in defining breeding objectives for animals (Nielsen et al., 2011; Olesen et
al., 2000). The cattle has long been selected for traits of economic importance currently including
functional traits and more recently focusing methane emission related traits to improve sustainability
and to reduce environmental impacts (Richardson et al., 2023). A methodological framework for
deriving weighting the impact of genetic change on intensities of greenhouse gas emissions for
inclusion in selection indices (Amer et al., 2018). The Spain dairy cattle industry incorporated in
breeding objective and evaluated the genetic and economic aspects of selection index (Gonzalez-
Recio et al., 2020). Recently a new breeding objective with the title of beef on dairy has been
observed across the globe, its acceptability and breeder’s choice are yet to be determined, however
it has been implemented in few countries at different level. Most of the beef originated from dairy
herds, in line with it, the decisions about carcass were being made by dairy farmers (Berry, 2021),
so the interest to obtain valuable calves from dairy is rising. Selection of animals and breeding
objectives based on traits for feed efficiency have also been given due consideration recently. The
Australian Holstein dairy cattle herds feed saved breeding values were used first in 2015 and later
continued to select cows for feed saved breeding value as indicator of low energy requirement of
cattle at similar production level (Bolormaa et al., 2022). Predicted nitrogen use efficiency and
nitrogen losses in Holstein as proxies of nitrogen loss and use are considered traits of importance
in many countries (Chen et al., 2021).

The models for derivation of economic weightage can be based on simulation, profit functions
and dynamic programming. The development of model shall include as much as possible toolset
variations to include all theoretically possible contexts for better quantification of trait changes.
The profit function formulation is straightforward and have many useful applications (Groen,
1989). The tools may include simple profit equations and also the detailed bioeconomic models for
deriving economic values (Nielsen et al., 2014b). The derived toolsets rely mostly on the methods
and procedures used in the animal breeding, farm modeling and economics, even the most recently
tools used for social sciences has been identified as adding aids in defining breeding objectives. The
development of breeding objectives needs a multidisciplinary approach. One of these approaches,
community based breeding program has been recognized as innovative and recommended approach
for sustainable animal genetic resource utilization and genetic improvements (Badjibassa et al.,
2024) as this approach also requires understanding of breeding objectives along with farmer’s
preference and production system.

2. Aspects of Conservation

The local breeds usually are preferred by farmers due to favorable traits. The indigenous
knowledge about the breeds is of importance in term of deciding breeding objectives. The conservation
of goat breeds is better linked with farmer’s knowledge about managemental practices implemented
for the breeding (Whannou et al., 2022). The breeding objectives to conserve and maintain pure
populations can be achieved through participation and knowledge base of farmers that will also
uplift the smallholders and improve the food of animal origin (Scholtz & Theunissen, 2010).
The selective breeding favors the development of new breeds as well as preservation of genetic
resources and it also favors the retention of traits adapted to local climatic conditions (Alderson,
2018; Segelbacher et al., 2022; Zhang et al., 2018).

3. Genetic Aspects

In successful implementation of breeding objectives, the genetic control of trait is of prime
importance. Gene based breeding (Zhang, 2024) is an emerging concept in breeding technology
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both in animals and plants. Gene based breeding technique allow breeders to develop new or hybrid
varieties or strains based on own breeding objectives through targeting genes controlling traits of
choice. The selective breeding in cattle helps in enriching the population with higher prevalence of
alleles contributing to traits of economic importance (Mei et al., 2019). The breeding objectives,
finalized after due consultation with farmers/breeders and relevant stakeholders including market
demand, consumer preferences, economic weightage and sustainability for future generations, bring
fruitful results. The trait of economic importance has their own inheritance mechanism including
underlying molecular/cellular processes. The trait’s genetic control defines the responsiveness of
breeding objectives. Cattle, for example, have long been intensively selected and bred for higher
milk production as well as for good fat percentage in milk and milk composition. These efforts have
brought in higher prevalence of traits for production as well as for higher metabolism. For all traits,
genes are the primary determinants for performance. Selection for multiple traits poses difficulties
as traits may have positive or negative correlation. Multi-objective optimized breeding and selection
approach for multiple traits is more viable than simple multiple trait selection approaches and
yield 20-30& higher gain in long term breeding simulations (Akdemir et al., 2019). The selection
of Polish cattle for milk production in long run resulted in slow yet marked increase in allelic
frequency of desirable alleles of casein gene, good for improving milk quality, yet decrease in
frequency of allele B of betalactoglobuline gene (Kaminski et al., 2023). Intensive rapid selection
for B-casein A2 allele homozygosity has resulted in increased inbreeding across genome and also
on chromosome 6 in Australian A2/A2 Holstein cattle (Scott et al., 2023).

4. Selection Indices and Breeding Indices

The selection index is used to determine criteria for selection of animals for maximizing profit
function of a breed in future generations. The profit function for a particular breed encompasses
both the future acceptance of breed by owner in future and also the acceptability of product by
consumer (Wellmann, 2023). The latest selection indices help to estimate the accuracy of selection
and expected genetic gains using genomic selection and BLUP (Barwick et al., 2013; Bijma &
Dekkers, 2022; Dekkers, 2007). Multiple selection indices have been introduced and used over
time (Satoh, 2024). with varying range of applications. A few were with a focus on directional
selection approach and few others for the stabilizing selection approach while some of these also
uses restriction approach. In animal breeding, linear selection index for estimation of aggregate
breeding value using phenotypic value of each trait, was first introduced by (Hazel, 1943). Next
to it, restricted selection indices were introduces including Kempthorne's index (Kempthorne &
Nordskog, 1959) with objectives to maximize aggregate breeding values by restricting some traits
to zero, Harville's index (Harville, 1975) used the proportional changes in some traits to maximize
the aggregate breeding value and Yamada's index (Yamada et al., 1975) used to achieve relative
desired changes for all traits. The multistage selection implies reuse of data from earlier stages of
selection (Cunningham, 1975), selection index using non-liner profit functions instead of linear
profit functions (Goddard, 1983) and molecular eigen selection using first eigenvector as criteria
for selection index (Cer6n-Rojas et al., 2008).

The breeding indices helps the breeders in good breeding decisions for long term profitability.
Irrespective of the level of management at herd level, good genetic is the sole contributor for long
term profitability and sustainability of a breed. The good genetics is established through effective
selection of animals based on some records of performance and also in a better way, based on the
indices. Some of these indices used for cattle breeding in deciding breeding objectives include
lifetime profitability index and calving index for a particular season. Along with these indices,
genetic parameters for traits are also important. The market oriented or market-based milk quality or
quantity related traits including milk production (quantity), fat quantity and fat percentage, protein
quantity and percentage and more important persistency of production and ease of milking have
also been considered in taking right breeding decisions. Breeding objectives may also consider
health related traits including overall health of animal, mastitis in dairy animals, somatic cell
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count, fertility, life span, longevity, calf survival rates, lameness and chances of other diseases that
may be potential cause of losses at farm or herd level. Relevant to these calving ease in cattle and
buffalo is also considered as one of the traits during selection of animals. Management related traits
particularly temperament of animals has been considered a vital trait in farm animal welfare and
productivity persistency as well as feed efficiency and net merit in dollars have also been included.
The breeding objectives may also include the conformation type traits in cattle including linear
type traits, composite type traits and type merit. There is a long list of traits that has been included
in breeding objectives and will further be modified in future as the breeding objectives are never
stagnant over the years for any specie or breed. In beef few other different traits have been included
in breeding objectives. So breeding animals under human care shall consider all aspects including
exclusion of deleterious genes, welfare aspects, maintaining diversity, conservation of genetic
resources, all covered under umbrella of precision animal breeding (Flint & Woolliams, 2008) yet
based on breeding objectives. In animal breeding a new selection criterion has been introduced
based on area under growth curve for cattle selection allowing farmers to identify heavier animals
in production system with lower risk (Barrera-Rivera et al., 2024).

Factors influencing farmer’s choice in decision-making for breeding objectives have been
changing. These include social status of breeder, sociodemographic factors, regions, continents,
societal or governmental laws, subsidies, market orientation, long term political decisions and
sustainable environmental conditions. The breeder’s viewpoints in animal breeding innovations were
influenced by farm factors such as farming conditions, size and production system, socioeconomic
factors including education and personal factors such as age of breeder (Lapple & Thorne, 2019;
Padel et al., 2017). The cattle breeders have different choice patterns for cattle traits to be included
in breeding objectives encompassing fertility, longevity, workability, resilience and animal health
with dominating traits like production, reproductive and general health (Ule et al., 2024). Genomics
has revolutionized the selection of animals particularly for dairy cattle helping farmers to obtain
higher genetic gains. Genomic selection methods using high density genetic markers and advanced
techniques are economically efficient (Demircioglu, 2024). Genomic selection created ease in
selection of traits which were difficult to measure including energy balance, feed conversion ratio
and methane emission in cattle (Gutierrez-Reinoso et al., 2021; Seidel et al., 2020). A reference
measure was introduced to evaluate farmer’s approach towards tools in animal breeding for
assistance in designing effective breeding program (Martin-Collado et al., 2021). Milk production
and milk composition have been considered primary goals in cattle breeding decision yet such
directive selection has impacted the other traits including fertility, environmental sensitivity,
health and longevity (Brito et al., 2021; Miglior et al., 2017; Nielsen et al., 2014a). although
breeding for some traits out of these has been opted in breeding objectives around the world (Cole
& VanRaden, 2018; Miglior et al., 2017) yet in current scenario, dairy industry need to revise the
breeding objectives and selection indices and put emphasis to include the traits related to health,
longevity, animal welfare, environmental efficiency and overall resilience (De Haas et al., 2021).
Some breeders prefer health and fertility over yield and conformation for dairy cattle (Paakala et
al., 2020). The selection of animals for fertility improves the herd performance, female animals
gain more attention in term of fertility selection however contribution of bulls also remain vital in
genetic improvement, so to optimized cattle production efficiency selection of bull for improved
fertility is necessary (Butler et al., 2020). Genetic improvements in fertility of cattle applies to
variables including calving health, longevity and changes in body condition score other than
regularly used intervals and binary parameters calculated from insemination records. The genetic
improvement in dairy herd for high fertility contributes to herds profitability so the inclusion of
novel reproductive phenotypes in breeding objectives and selection criteria helps in improving
profitability and efficiency of herd (Fleming et al., 2019).

Farmers have diverse preference for traits to be selected for breeding objectives (Ule et
al., 2024). The traits are weighed according to the net economic importance in the net merit in
a Nordic production environment (Kargo et al., 2014). Farmer’s statement on choice of traits, in
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developing countries, where price and production are not widely available, has more importance in
finalizing breeding objectives (Chawala et al., 2019; Kariuki et al., 2017). The breeding objectives
for Brown Swiss and Fleckvieh and cattle were optimized by re-estimating the updated cost, price
and parameters (Fuerst-Waltl et al., 2016). For Norwegian cattle farmer’s ranked fertility at the first
trait while methane emission and parasite resistance were least preferred (Skjerve et al., 2018). The
update of economic in selection index criteria for Australian dairy industry were analyzed with the
focus on effect of changing a trait on profit function of dairy farmers and economic implication of
selective dairy breeding (Byrne et al., 2016). The selection of dairy cattle for highly heritable traits,
in the past, affected functional traits yet now the breeding goals also have included functional traits
in selection criteria for cattle (Miglior et al., 2017). The possible outcomes of selective breeding
for organic production were evaluated (Slagboom et al., 2018). The breeding objective for Brangus
cattle were evaluated for the traits including mature cow weight, warm carcass weight, pregnancy
rate, tick count and fecal nematode egg count per gram, for which bioeconomic model were used
for economic values estimation and it was concluded that selection indexes need to be reformulated
in tropical and subtropical regions for better profitability (Simdes et al., 2020). Beef cattle breeding
programs offer services (evaluations and consultancy) for improving future genetic merit of herds
although some breeders are having better willingness to opt best practices than others resulting
in variation in genetic merit and genetic trends of various herds (Toral et al., 2023). The genetic
trends of traits of economic importance in population may be considered as markers for success
of animal breeding and reproductive techniques (de Oliveira Bessa et al., 2021; Garcia-Ruiz et al.,
2016). Bioeconomic profit model for Boran breed were developed and implemented for evaluation
of economic variables and to characterize production system leading to conclusion that these
models can be used for simulating changes in market circumstances and production (Rewe et al.,
2006). Bioeconomic models were developed to explore the economic values of traits of economic
importance in beef cattle to assess effects of these traits and to develop economic selection index
for Angus cattle (Fernandes et al., 2018).

5. Summary

The selective breeding based on breeding objectives shall help to obtain sustainable genetic
improvements, maximize profit and helps to maintain genetic variation in population. Optimization
of multi-trait breeding objectives and breeding strategies are crucial for sustainable food production.
Genomics, genome wide association studies and modern data analysis tools provide strong bases of
gene specific selection as compared to traditional phenotypic selection. Selection indices including
updated economic weight of traits and genetics of traits enhances the effectiveness of breeding
objectives implementation to harness maximum profit from future generations with sustainable
genetic change and fulfilling consumers need both in terms of quantity and quality of product of
animal origin.
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This chapter explores genetic diversity, providing insight into growing options, consumer
preferences, and modern agricultural practices affecting the region. Agricultural security requires
the protection of many animal species. Due to the great demand for food production, animals are
generally standard and subject to breeding methods. This chapter provides an in depth look at the
various risks associated with genetic diversity, focusing on the potential impact of reduced diversity
on the viability of species and the ability of animals to adapt to changing environments and diseases.
Changing economic and dietary patterns are affecting agriculture and have the potential to damage
culture and localities by causing genetic disruption. To address these issues, this chapter examines
various conservation strategies. This study explores the importance of breeding programs that seek
to improve genetic diversity and highlights the importance of preserving unique traits in populations.
In addition, gene banks must be established and managed correctly to preserve genetic material.
They protect against known and unknown dangers while maintaining good results. Additionally,
this study examines community programs that recognize the importance of local participation in
traditional cattle conservation. Achieving breeding that balances economic goals with biodiversity
conservation requires effective collaboration between scientists, farmers, and policymakers. The
last part of the book presents an analysis of the obstacles and treatment methods for maintaining
diversity in animal breeding. This approach is essentially the combination of academics with
community engagement to protect and improve people's livelihoods in today's agriculture.

1. Introduction

Genetic diversity in animals is important for many reasons. Important native and rare species
associated with traditional land management, which may have traits beneficial to future agriculture,
should not be protected along any way (Wainwright et al., 2019). Animal diversity is important for
their conservation and future generations. Fst, which evaluates genetic difference between animal
breeds, has been proven to quantify their connection. Conservation of cattle breed genetic diversity
is crucial for food security and animal population sustainability (KOYUN et al., 2016).

The loss of small, local breeds reduces genetic variety within and across livestock breeds,
making diversity maintenance difficult. Small breeds' lower output relative to high-output international
transboundary breeds causes this loss. World warming, inbreeding, and rigorous artificial selection
programs endanger genetic diversity. (Biscarini et al., 2015). Exotic breeds imported without adaption
in developing nations might potentially reduce genetic diversity. Poor inbreeding management and
imbalanced ancestor utilization may lower genetic diversity, especially in local breeds with small
populations. Conserving breeds as genetically and culturally different genetic resources and using
breeding procedures that maintain genetic diversity within and between breeds might help solve
these issues (KOYUN et al., 2016).

25



ANIMAL PRODUCTION AND HEALTH

Livestock breeding and conservation need genetic diversity. DNA variations exist across
species, breeds within species, and people within breeds. Diversity is needed to adjust to climate
and customer demand changes and develop economically essential features genetically (Eusebi et
al., 2019). Genetic difference between animal breeds is measured by the Fst statistic. Fst values
vary greatly within and across species, proving that a single criteria cannot reliably quantify breed
difference (Hall, 2022).

Genetic diversity is needed to satisfy production demands in different contexts, maintain
genetic development, and adjust quickly to changing breeding aims. Using genomic assessments in
livestock has enhanced genetic gain rates, but its consequences on genetic diversity and inbreeding
have raised concerns in cow herds (Lozada-Soto et al., 2021). Livestock genetic diversity may help
feed the globe in the face of climate change and hotter weather. Indiscriminate crossbreeding, the
use of non-native breeds, poor regulation, the collapse of traditional production, and breed neglect
continue to threaten many important breeds. (Thornton et al., 2009).

Maintaining enough breeds promotes genetic variety. Selecting within a breed must also
consider species-wide diversity. Advances in genomics and bioinformatics have identified genomic
similarities/differences among livestock breeds, which may explain breed phenotypic uniqueness
and facilitate prioritization and genomic breeding tools to preserve these important resources
(Biscarini et al., 2015).

Genetic diversity conservation in animal breeds is difficult. Many important breeds are
in danger of extinction due to genetic degradation, indiscriminate crossbreeding, non-native
breed usage, poor control, and the decrease of traditional production. Given climate change, new
illnesses, and changing market needs, cattle genetic variety loss may have serious effects. Global
food security and resilience to future challenges depend on animal genetic variety, according to
the FAO (Thornton et al., 2009).

Livestock genetic diversity governance is complex and aims to compensate for the decline
in genetic diversity in conventional livestock breeds and agricultural kinds. Approximately 8000
cattle breeds exist globally, with 7000 local, many of which are threatened by more productive and
cosmopolitan types (Pautasso, 2012). The conservation of genetic diversity among livestock animals,
including taxonomically varied breeds, is essential for addressing these problems. Harmonizing the
objectives of the livestock sector, which include preserving animal genetic diversity and ensuring
environmental sustainability, requires better regulation and oversight (Woolliams & Oldenbroek,
2017).

The conserving the genetic variety of cattle breeds is an international issue that need concerted
international action to safeguard valuable breeds and ensure their continued sustainable use despite
many challenges. Combating genetic erosion and the loss of breed traits in livestock because of
insufficient management, traditional productivity decline, and crossbreeding is part of this.

2. The Significance of Genetic Diversity in Livestock

A great deal of genetic diversity in livestock is very important for several reasons. It is crucial
for adaptation to environmental changes, survival in the face of stress and disease, the ability to
enhance one's genes, and the maintenance of one's population (Woolliams & Oldenbroek, 2017).
Livestock populations' genetic diversity is important because it provides the building blocks for
evolution via natural selection and improvement programs that humans have handled. In the face of
challenges like climate change, new illnesses, and feed and water shortages, it is essential to work
to increase productivity while adjusting livestock numbers (Ligda & Zjalic, 2011). The presence
of genetic modification promotes the development of better livestock. Increased meat and milk
production, resistance to diseases and the ability to adapt to new environments are just some of the
advantages of this breed. It is also important to prevent the loss of genetic diversity for livestock
to have a long life. This occurs when certain genetic markers in the population change. This can
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lead to reduced potency and inbreeding. Therefore, preserving animal diversity is very important to
maintain genetic conservation in the population and make our food edible (KOYUN et al., 2016).

The amount of genetic variation introduced during breeding can have a significant impact on
meat quality. Large genetic differences within and between animals can affect the taste, texture,
and overall quality of meat. Individual and environmental variables such as age, birth, weight, fat
level and diet can affect this change (Sakowski et al., 2022).

Meat quality is directly affected by genetic diversity; This plays an important role in promoting
the development of good traits that help animals resist diseases, change environment and work.
This is due to the positive effects of genetic diversity (KOYUN et al., 2016). Another interesting
finding from research on genetic diversity is that there may be a relationship between meat quality
and the isolation and diversity of genes related to meat quality (Rodriguez et al., 2022). Therefore,
it is important to ensure genetic diversity in animal breeding to ensure and improve meat quality.

Livestock farming practices can affect milk production through several genetic pathways.
In order to meet the current needs in many fields and to ensure continuous genetic improvement,
it is important to protect animals from different diseases, because the use of genetic differences is
close to efficiency (Saravanan et al., 2023).

However, due to the prevalence of only a few milk types, the decrease in genetic diversity
will affect milk production. Additionally, genetic diversity is important in developing traits that help
cattle adapt to changing environments, disease threats, and work needs. This has a direct impact on
the quantity and quality of breast milk (Kiplagat et al., 2012). Hence, the success and marketing
of milk in the long run depend on genetic management in animal husbandry.

3. Factors Influencing Genetic Diversity

Animal genetic diversity is affected by several things. Natural selection, gene flow, mutation,
genetic drift, and population size are all examples of such forces. A population's genetic diversity
is affected by its size (Minter et al., 2022). Genetic drift and inbreeding are more likely to cause
a decline in variety in smaller populations. Both the quantity and variety of a population's genes
are greatly affected by environmental conditions. The fact that various bird species have evolved
to adapt to varied environments exemplifies the impact of environmental variables on genetic
diversity. The level of genetic variety in a population is determined by the interplay between genes
and the environment. Variation in genetic makeup may result from changes in how organisms
adapt, grow physiologically, and survive and reproduce. The total genetic diversity within and
across populations is also influenced by other variables such as mutation, gene flow, and natural
selection. Thus, the genetic diversity of animal populations is impacted by a mix of demographic,
ecological, and environmental variables together (Neff et al., 2011).

3.1. Natural Selection and Evolutionary Pressures

An essential step in the development of all living things is natural selection. As a result, their
traits evolve across the generations. The underlying idea behind this process is that characteristics
that help people survive and reproduce in their environment are more likely to be passed down
across generations. Evolution takes place when beneficial characteristics spread throughout a
population and become the norm over time (Kull, 2014) .

3.1.1. Variation in Traits

Natural selection can only take place when there is genetic diversity in a population. This
variation is often caused by genetic mutations, which are random traits, some of which may provide
individuals with advantages in terms of survival or reproduction in specific environments (Bell,
2008).
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3.1.2. Differential Reproduction

Natural selection relies on differential reproduction, meaning that not all individuals could
reproduce to their full potential. In any given environment, resources such as food, space, and mates
are limited. Consequently, only certain individuals will successfully reproduce. Those individuals
who possess traits that give them an advantage in acquiring these resources are more likely to leave
behind more offspring than those without such traits (Gregory, 2009).

3.1.3. Heredity

For natural selection to result in evolution, the advantageous traits must be heritable. This
means that these traits are passed down from parents to offspring through genetic inheritance. If a
trait that provides a survival or reproductive advantage has a genetic basis, it is more likely to be
passed on to the next generation (Williams, 2018).

3.1.4. Selection Pressures

Selection pressures are factors that influence the survival and reproduction of individuals
within a population. These pressures can include changes in the environment, human activities,
and infectious diseases. For instance, a climate change may favor individuals with a particular coat
color that provides better camouflage, or the emergence of a new disease may favor individuals
with genetic resistance to the pathogen (Thagard & Findlay, 2010).

3.1.5. Evolutionary Change

Over time, natural selection can lead to significant evolutionary changes within a population.
Traits that confer advantages in terms of survival or reproduction become more prevalent, and
the population becomes better adapted to its environment. This process can eventually lead to the
emergence of new species as populations diverge and adapt to different ecological niches (Nehm
& Reilly, 2007).

3.2. Human Intervention: Selective Breeding and Genetic Manipulation

Selective breeding and genetic manipulation are two methods that scientists use to change
the characteristics of living things. The process of selective breeding involves selecting parents
with traits of interest to generate offspring that will inherit these characteristics and hopefully have
even better traits. This works because of the natural differences in genes and the way traits are
passed down from parents to offspring. After many generations of selective breeding, populations
of organisms can have the desired traits. Nonetheless, a downside of this is that less diversity in
genes could result, which may contribute to a higher chance of inheriting diseases since harmful
gene variants will become more common (Milot et al., 2011).

Conversely, genetic manipulation, also referred to as genetic engineering, involves altering an
organism’s genes in a laboratory. With this method, scientists can make very specific modifications
to certain genes to obtain desired traits in an organism. This method is faster and helps to avoid
errors, but there are also doubts concerning its ethics, safety, and unintended effects. Moreover,
both selective breeding and genetic manipulation have consequences in terms of genetic diversity
and the welfare of the modified organisms; furthermore, ethical and social implications extend
beyond them (Sabeti et al., 2006).

3.3. Environmental Factors: Climate Change and Habitat Loss

Climate change and the loss of natural homes for animals and plants are closely linked and
they're both really affecting the variety of life on Earth. Climate change is all about the slow shift
in weather patterns and temperatures, and it's mostly because of what people are doing. This has
made Earth's average temperature go up and has caused all sorts of wild weather that's hard to
predict. This is bad news for lots of different kinds of living things and is causing what some people
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call the sixth big wave of species dying out. The ways climate change hurts living things include
making it hard for them to stay in their usual spots, ruining the places they live, and making life
tough when wild weather like big storms, long dry spells, and heavy rains happen (Shivanna, 2022).

Habitats for animals and plants are being hurt in many places because people are building
more factories and growing more crops. This means that the natural homes where wildlife live are
being broken up and changed. Lots of areas that were once wet and full of life are going away, and
different kinds of nature places are not like they used to be. For example, when people cut down a
lot of trees, places like the big tropical rainforests suffer, and we end up with fewer kinds of animals
and plants. Also, taking too many fish out of the ocean, hunting animals a lot, and bringing in new
species from other places can make the number of different living things go down (Breitholtz et
al., 2013).

The effects of climate change on habitats are quite serious and affect land and ocean ecosystems.
An example of this is rising sea levels, which leads to loss of coastal habitat. Additionally, ocean
acidification has a negative impact on marine ecosystems. Additionally, climate change is affecting
many species and negatively impacting coral reefs, one of the most diverse species on Earth (Malhi
et al., 2020).

It is important to know that climate change and habitat loss in general pose a threat to
biodiversity. These challenges are closely interrelated and need to be clearly addressed to solve the
current problems. A better understanding of how climate change affects ecosystems and biodiversity
is necessary to develop effective strategies to reduce these impacts and ultimately preserve the
diversity of life on Earth (Sebo, 2021).

4. Threats to Genetic Diversity: Modern Agricultural Practices

The spread of agriculture, the disappearance of traditional production methods, illegal animal
crossbreeding and many other problems affect animal diversity. Due to this process, important
traits such as immunity and the ability to adapt to harsh environments may be lost. The use of
many non-native species and lack of proper care and practices have led to genetic damage. If
conservation efforts focus on genetic diversity rather than genetic diversity, overall genetic diversity
and variation will also decrease. To overcome these challenges and ensure the conservation and

use of animal species, international management of animal genetics needs to be promoted (Noni¢
& Sijaci¢-Nikoli¢, 2021).

Genomic technologies and improved communication between conservation geneticists and
animal breeders are essential for preserving the genetic diversity of wild and domestic animals.
The use of genomic technologies, such as genome wide DNA markers and techniques to select
for desired traits based on genomic information, may be beneficial in the conservation of many
species. These techniques not only help preserve genetic diversity and improve traits of different
species, but also make it possible to extract genomic material from affected individuals that are
part of the mixture (Kristensen et al., 2015).

5. Selective Breeding: Impact on Genetic Variation

Artificial selection, sometimes called reproductive selection, has the potential to influence
many genetic factors. It has the potential to reduce overall genetic diversity in the population over
time. This occurs because, in the process of selecting for certain qualities, some genetic variety
is eliminated. As a kind of selective breeding known as inbreeding, subsequent generations may
be less equipped to withstand environmental stresses and genetic abnormalities, and the pace of
genetic evolution may be slowed (Loewe & Hill, 2010).

Particularly in the cattle business, many are worried about how selective breeding would affect
genes. Managing and conserving genetic alteration is fraught with difficulties, including the potential
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for reproductive danger and the limitation of beneficial populations. Thus, it is more intriguing to
think about how we may use our knowledge of genetic conservation to regulate various species.
Conservation efforts and selective breeding might both benefit from the use of genomic technology
to get a deeper understanding of and command over genetic variability (Kristensen et al., 2015).

As a result of selective breeding, the genetics of the population will decrease, making it
more difficult to create new varieties and make them more vulnerable to diseases and genealogy.
It is becoming increasingly important to solve these problems in animal production using genetic
information and genomic methods.

6. Market Forces and the Homogenization of Livestock Breeds

Due to factors such as economic pressure, the phenomenon of homogenization of animal
husbandry has gained importance. Livestock farming moved from a diverse community system
to one dominated by wealthy landowners, leading to the homogenization of previously diverse
communities. The main driving force behind this difference is the preference for rare and high-
quality animals that are commercialized and supported by government projects, extension agencies,
and businesses aiming to increase sales (Kitalyi et al., 2006). Another factor contributing to the
decline is the global economy of production technology; As a result, 9% of known populations have
become extinct and 20% are considered endangered. Many factors, such as trade and marketing,
lack of regulation of the livestock sector, inadequate protection, and inadequate capacity, have
led to the extinction of many animals. Additionally, the high market for high-value animals may
increase homogenization competition (Zambrano Farias et al., 2021).

The fact that the oil market has an impact on the animal breeding pattern demonstrates
the need for management of animal genetics. It is important to develop traditional breeding and
make regulations to protect genetic diversity. Protecting different species and using their unique
characteristics to provide specialized food should be a conservation priority. This difference is
important for the introduction of new genes through hybridization or migration (Fimland, 2007).
Lowering the standard of animal breeding and preserving diversity for future generations are two
ways to solve these problems.

7. Environmental Factors and Genetic Erosion

Environmental factors may have both short-term and long-term effects on animal breeds,
deteriorating their genetic material. Livestock can be affected by natural disasters such as floods,
inundation, earthquakes, or disease. Climate change and agroecological change are examples of
long-term ecological events that have a significant impact on genetic degradation. Both causes and
responses to the environment are greatly influenced by livestock breeding decisions. The practice
of engaging livestock producers as intermediaries in the drying process while simultaneously
conserving AnGR (Animals in the Country) (Cardellino et al., 2009).

The main reason for the decline in livestock farming is lack of connectivity. Loss of useful
properties is the main cause of spoilage with this method. Genetic diversity in cattle is decreasing
for various reasons. Some of these factors include the use of non-native varieties, lax management,
loss of traditional production methods and neglect of competing varieties (Thornton et al., 2009).

There are many differences between livestock, agricultural and economic health, influencing
the different ways and differences in environmental factors and animal diversity. These factors need
to be understood and addressed to preserve the genetic diversity of livestock and make them more
resilient to future challenges such as climate change, weather, and the emergence of new diseases
(Destoumieux-Garzon et al., 2021).

8. Conservation Strategies: Selective Breeding for Diversity

One way to increase diversity in animal breeding is through the practice of selective breeding.
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However, it is important that these measurements are made equally because genetic improvement
is possible. Limiting the number of genetic variants and reducing the average number of ancestors
and offspring are two ways that genomic selection can maximize genetic diversity while preserving
diversity (Liu et al., 2020). Loss of good quality due to uncontrolled contamination is the cause
of genetic diseases in animals. Climate change and agro-ecological change are two examples of
environmental factors that influence genetic degradation. The genetic makeup of animals and
their ability to solve future problems depends on our ability to identify and solve those problems.
Protecting AnGR (pets) by related to cattle manufacturers inside the drying process (Rojas-Downing
etal., 2017).

9. Gene Banks as Safeguards: Preserving Genetic Material

Another important application of biobanks, commonly referred to as gene banks, is the
preservation of genetic material from species, especially cattle. To increase genetic diversity they
have many methods such as DNA sequencing, gamete cryopreservation and in vitro preservation
(Blackburn, 2018). The process of cryo-preservation involves the preservation of the genetic
material of the organism, i. on its sperm and eggs, using specialized freezing equipment The gene
pool aims to preserve agro-environmental diversity and genetic variation that can lead to new
breeding methods and researchers.

The powerful management of genetic conservation in cattle depends on a higher knowledge
of genetic range control, which genomics generation provides (Weise et al., 2019). Methods for
figuring out the quantity of inbreeding encompass subsequent-technology DNA evaluation and
homozygosity investigations. This approach offers vital insights and instruments for genetic
maintenance inside the pursuit of a stability among general evolution and genetic variety. When
it involves permaculture, genetic variety renovation, and helping farm animals adapt to weather
trade, gene banks are vital (de Souza et al., 2024).

10. Community Engagement in Livestock Conservation

Animal conservation activities rely upon the energetic participation of the nearby inhabitants
and different contributors of the network. One of the main dreams of the International Foundation
for Animal Welfare (IFAW) is to ensure that everybody in society is engaged in and benefits from
shielding and being concerned for animals. When it involves human-wildlife conflicts, community-
primarily based applications are all about finding lengthy-time period solutions which might be
proper for all of us worried. Through these projects, local groups are given the opportunity to
percentage their perspectives and take part in decision-making approaches at conferences that
variety from the local to the worldwide (Jackson et al., 2012).

To further have interaction rural people in animal conservation and management, the Snow
Leopard Conservancy (SLC) has created a plethora of gear and tasks. Essential to these endeavors
are comprehending the motives at the back of animal mortality, formulating plans to stop conflicts,
and cataloging nearby resources. Building local functionality and such as the community in decision-
making are two of the SLC's primary goals (Wali et al., 2017).

Improving the fine of life, imparting sources to resolve problems (including ecotourism and
animal insurance) and instructing the network about monetary savings are vital steps in attractive
the community in animal conservation applications. But there are still issues that need fixing. These
include an absence of bottom-up decision-making in conservation leadership, an education gap that
prevents conservation professionals from tapping into the enthusiasm of locals, and an absence of
a system that would allow these people to reap the benefits of conservation efforts. Work related
to security. Important initiatives to improve conservation in the community include developing
and operating training programs, giving financial stability for inspectors and locals to travel and
attend training, and establishing local schools on and surrounding dairy farms (Madden, 2004).

31



ANIMAL PRODUCTION AND HEALTH

Animal protection can only be done effectively with the cooperation of society. As part of
this effort, local communities will be empowered to build healthy communities, and community
members will participate in conservation and decision-making. For conservation projects to be
effective and sustainable, organizations must address challenges and limitations through community
engagement (Wurzinger et al., 2021).

11. Mix of modern and contemporary techniques

The combination of traditional knowledge and modern methods can lead to a more informed
and effective approach to cattle breeding and conservation. Traditional knowledge systems provide
unique insights and methods that can be used to promote permaculture and environmentally friendly
solutions that minimize ecological damage (Biscarini et al., 2015). By recognizing and using this
knowledge, we can not only preserve culture but also promote diversity and inclusion in all areas.
The integration of traditional knowledge and Aboriginal perspectives greatly advances science
and technology through the field of Aboriginal science (Kristensen et al., 2015). Since it has been
recognized that Indigenous and Western views of science should be equal, there have been efforts
to promote cultural leadership in science and science education. However, the prerequisite for
cooperation is respect, cooperation, and good communication. By combining modern understanding
with historical knowledge, we can increase the success of problem solving and the long-term
effectiveness of positive interventions (Fimland, 2007).

12. Policy Implications and Regulatory Frameworks

It is important that national laws and regulations work together to protect genetic material
because this is a big problem that needs to be solved. The regulatory process of animal genetics has
many areas. Some of these include trade in animals and animal products, animal health, nutrition,
and protection. There are other considerations such as animal welfare (Ingrassia et al., 2005). The
conservation of animal genetics is extremely important and requires the coordination of various
national policies and management systems. The regulatory structure that controls the administration
of'animal genetic resources has many parts. Some of these facets include trade in animals and their
products, animal welfare, food production, and conservation efforts. There are other considerations,
such as animal welfare (Galal, 2006).

Government policies and strategies have a significant impact on animal breeding because
they provide the groundwork for a legal framework that reflects the values of the nation. In order
to protect animal genetic resources, it is essential to establish regulations that promote international
and national responsibility for genetic diversity preservation (Martyniuk, 2021). In addition, the
developing world must have access to a wide variety of genetic resources and efficient regulatory
mechanisms so that they may breed animals that are best suited to their unique social and physical
environments, as well as their production and marketing demands (Hiemstra et al., 2006).

13. Livestock Genetic Diversity Conservation

To combat problems associated with inbreeding and restricted effective population levels,
as well as to guarantee sustainable agriculture, it is crucial to preserve the genetic variability in
livestock breeds. Various designs and methods can be used to preserve the genetics of breeding
animals. Genomic technologies, such as whole-genome DNA markers, are one method that can be
used to genetically correct hybrids in endangered populations. Additionally, antibiotic use reduces
depression and increases genetic diversity (Kristensen et al., 2015).

It is also important to develop national laws and regulations to protect genetics, including
animals. These programs should address issues related to the loss of genetic diversity in animal
agriculture, promote permaculture and ensure the survival of genetic resources (Hoffmann, 2011).

Preservation of genetic material is important because it has the potential to influence
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evolutionary processes such as permaculture and adaptation to climate change. Although local
farming is no more profitable than commercial farming, there is an important genetic factor that
makes them more adaptable, making their conservation more important. This is important for the
preservation of genes and the possibility of evolution (Wainwright et al., 2019).

14. Future Opportunities and Challenges for the Livestock Conservation Industry

Agriculture will face many challenges and opportunities in the coming years. The demand
for animal products is expected to increase due to factors such as increasing world population,
increasing income, and expansion of large cities. However, competition for natural resources such
as land and water and economic demands in a carbon-constrained economy will hinder growth
(Thornton et al., 2009). This approach to cattle conservation is changing rapidly due to regulatory
changes, climate change and increasing business needs. Evidence-based models are needed to
support the conservation of endangered species. The challenges of the process, review process,
data management and protection are explained (Rawal et al., 2019).

The livestock industry is facing growing influence from environmental and animal welfare
laws, as well as social concerns. These factors may hinder the implementation of new scientific
advancements and technologies aimed at delivering environmental and social advantages. Hence, the
forthcoming trajectory of livestock systems on a worldwide scale is expected to exhibit disparities
between industrialized and developing nations, as well as between highly concentrated production
systems and small-scale farmer and agropastoral systems (Thornton et al., 2009). Managing increasing
demand in a sustainable way while making optimal use of resources and taking social concerns
into account is, in a nutshell, the future of cow production, which is fraught with complexity.

15. Conclusion: A Call for Sustainable Practices in Livestock Breeding

There is a strong correlation between the cattle business and improvements in food security,
agricultural advancement, and poverty reduction. However, sustainable development may be
jeopardized by the cattle industry's growth, which raises issues of equity, environmental impact,
and public health. Hence, it is essential to internationally advocate for the sustainable management
of animal genetic resources and to transition the livestock industry towards more sustainable
growth (Leinonen, 2019). Actions such as formulating policies to encourage national and global
accountability for preserving genetic diversity, prioritizing knowledge as a fundamental concept to
enforce sustainable management principles for animal genetic resources, and implementing breed
conservation measures are necessary. Livestock breeders have the potential to promote sustainable
animal agriculture by ensuring a harmonious combination of safe and nutritious food, resilient and
well-adapted animals, biodiversity conservation, social accountability, and a competitive and unique
Europe. Pasture-based cattle play a crucial role in sustainable agricultural systems, and adopting
more robust land and water management strategies may enhance the sustainability of the livestock
industry (Fimland, 2007). Implementing effective animal health protocols, modifying the nutritional
composition, and developing innovative products specifically designed to mitigate methane emissions
are among the strategies used to enhance the sustainability of livestock production. As consumers,
we possess a significant responsibility in using our purchasing influence to promote more ethical
and sustainable practices in cattle production.
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QUANTITATIVE GENETICS: UNRAVELING THE COMPLEXITIES
OF LIVESTOCK TRAITS
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Introduction

The trait in animals usually is parameter to describe specific phenotype or character. It may
be a trait which can be observed in general without any technical aid (organism level expressions
e.g., color, height, behavior, production etc) and it may also be a trait which need to be observed
through molecular tools aid (cellular level expressions e.g., blood groups, immune factors, pathways
regulation etc). In animal sciences including birds, livestock, fisheries and even pet and wild
animals, the traits are generally divided into different groups based on nature of expression, ease
of measurement and genetic control of each trait. The traits may also be categorized as single gene
controlled or polygenic traits. The major categories of traits include qualitative traits and quantitative
traits. The qualitative traits in general follow simple Mendelian inheritance patterns except a few
traits. Yet, the quantitative traits follow a complex inheritance pattern due to complexities of genetic
control and possible associations.

Basics of trait variations

The quantitative traits are measured or recorded in animals and presents a continuous variation
in the population as compared to qualitative traits. The numerical values for any continuous trait
usually present normal distribution for whole population when measured at each individual level.
Quantitative traits are controlled by many gene pairs and the genetic interactions (both intra-allelic
and inter-allelic) also contribute to the possible observed variation in any trait in a population.
These quantitative traits also get influenced by the environment when compared to qualitative
traits. The environmental variations, thus, shall be recorded and analyzed in calculating the actual
genetic control for quantitative traits. The standard method includes estimation of the proportion of
additive genetic variance out of total phenotypic variance technically termed as heritability (h"2).
The values of heritability range between 0 and 1, however for most of the quantitative traits it is
between 0-0.4. The numerical value of heritability is indicator of the variations due to genes in
a trait’s phenotype and the rest is being contributed from environmental factors. So, to calculate
heritability usually management conditions are optimized at farm level as the heritability of same
trait may be different for different population due to genetics as well as management.

Quantitative traits in livestock and poultry, in general, are the traits of economic importance.
Although market variations have also created qualitative traits as economically important variable
(color preferences, polled/horned preferences). Yet, most of quantitative traits include productive
and reproductive traits and also new selection indices have been observed to include type traits
as trait of economic importance. The production traits in livestock varies among dairy and beef,
likewise, varies for small ruminants and poultry too. Milk production, milk composition, somatic
cell count, total yield, lactation length, herd life, productive life, longevity, fertility, conception
rates, calving intervals, calving ease, service period, gestation length, birth weight, feed intake,
growth rate, weaning weight, mature body weight, functional appearance, age at slaughter, meat
characteristics, wool traits and many relevant traits are of economic importance at farm level and
are quantitative in nature. The new era has also included traits about carbon footprints of animal
production, methane emissions, gut microbiota, temperament and behavior of animal in economic
importance. In poultry, starting from egg weight, egg composition, fertility, hatchability, day old
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chick weight, growth rate, color, meat characteristics, drumstick length, shank length, height, flight
characters are also recorded as quantitative traits due to continuous variations in each population.

Understanding Variance components

The inheritance patterns of these traits are usually complex as effects of some of the genes
is too low to be counted directly while the effect of few other genes are established for that trait
yet the underlying mechanism and genetic interactions make it difficult to exactly measure the
contribution of each gene so the estimated values or predictive measures are presented in these cases
also counting for the contribution of the environmental factors (feeding, housing, management,
feeding, population density etc.). Earlier, the analysis and predictions have all been made on
basis of phenotypic observations and their interpretation in different terms including heritability,
variance, component of variance, gene frequency and dominance (Falconer and Mackay, 1996).
The quantitative genetics was in action, even without molecular tools and information about
specific genes, by applying statistical procedures involving partitioning of phenotypic variations
(phenotypic variance) into its components. That’s the reason estimation of phenotypic variations
has long been used and are still being applied in animal evaluation and selection. The phenotypic
variance (02P) is collective result of genetic variance (ozG) and environmental variance (GZE). The
interaction between genetic and environment is also counted for in calculations.

2 2 42
07 p= 067G O

The genetic variance is subdivided into additive genetic variance, non-additive genetic
variance, epistatic interactions.

2 =2 2 2
oG 0A+0 +GI
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The environmental variance also can be categorized into temporary or permanent environmental
effects.

2 2 2
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These variances are quantified for calculation of heritability, that is of two types , broad sense
heritability (H*2 ) and narrow sense heritability (h"2). In broad sense heritability proportion of
total genetic variance out of total phenotypic variance is estimated using following formula.

o . o1 . .7, 2 _ 2 9
Broad sense heritability Heritability (H")= o= /o=,

Yet, for the narrow sense heritability only proportion of additive genetic variance out of total
phenotypic variance is calculated using following formula

+ Narrow sense heritability heritability (h?)= o2 A/ %
In both cases, values of heritability range from 0 to 1 and in percentage from 0 to 100.
Quantitative trait Loci

The genetic variations in the animal population are usual and natural. The phenotypic variations
observed in livestock populations are due to continuous natural selection and also selection by
humans for increasing desirable traits in livestock. The natural selection also contributes to the
evolutionary changes in the population, and these can be traced through quantitative trait loci
(QTL). The QTL are specified regions of DNA which are associated with specific trait/phenotype
that present variations in a population and help resolving complex trait expressions and variation
sources. The QTL are identified through QTL mapping, a statistical genetic analysis tool. That is
simply leading to defining quantitative genetic as study of genetic basis causing phenotypic variations
in population (among individuals). The advances in genetic and genomic analysis and improvements
in molecular tools along with development in statistical tools and procedures accompanied by
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application of logarithm, the identification of specific gene action is becoming increasingly easy. It
has opened new horizons for observing the genetic control, genetic variations, QTLs in action and
possible gene interactions. The QTL analysis using inbred lines has more statistical power when
compared to using outbred lines (Erickson et al., 2004) Yet, in presence of all these facilitative
tools and modern prediction procedures the quantitative traits present variations which need more
emphasis on exploring the source of variations, answering the question of “how genotype affects
the phenotype” and bringing improvements in traits of interest in livestock.

Evolution of quantitative genetics

Quantitative genetics is also termed as genetics of complex traits. Quantitative genetics gets
its basis with statistical models, although huge molecular data is currently available, yet, some
trait expressions need more precise predictive models for estimation genetic variation in future
generations and for designing breeding programs. These statistical methods have been proposed,
developed and applied much earlier than invent of molecular tools. R. A. Fisher (1918) invented
and introduced statistical method analysis of Variance (ANOVA), and S. Wright (1921) invented
and introduced statistical methos named as path coefficients method, both methods were used for
partitioning of variations and to explain the resemblance between relatives (Hill, 2010). It has
been more than a century now, yet both of these methods are still applicable and work as core of
many large techniques in data analysis. Although genetics as a discipline come into force right
after the publication of Mendel’s work (Mendel, 1951) and Galton’s ideas of heritability of traits
(Galton, 1876; Galton, 1877). Right after rediscovery of Mendel’s work, there started the debate
between Mendelian school of thought (Mendelian genetics) and biometrical scientists (leading to
Biometrical genetics). The quantitative genetics has matured (Henderson, 1953) in past century and
have gone through tremendous changes with wide applications in both plant and animal breeding
and genetics (Nelson et al., 2013). However, in current scenarios it is evident that genomic data is
taking over the old methods of animal evaluation because of limitations and also with advent of
the new tools and techniques.
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Figurel. Adopted from (Nelson et al. 2013).

The quantitative genetics in earlier days dealt with additive genetic variance and component of
variances, yet later shortcomings of additive genetic approaches became evident in try to understand
complex trait’s genetic architecture from outcomes of genome wide association studies (GWAS)
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at the time (Hindorff et al. 2013). GWAS helped in identification of QTL, as this method uses
whole population data for estimation of natural genetic variation in quantitative traits. Quantitative
genetics is used in evolutionary genetics, as it deals with variations, through most general equation

Az = GP~1S§

Where,Az represents changes in trait mean values, G represents genetic variance—covariance
matrix while P! represents inverse of the phenotypic variance—covariance matrix and S as vector
of selection differentials (Roff, 2007). The comparisons of the different populations represent the
genetic expression differential that help in understanding the variations and evolutionary changes
which can be analyzed through threshold models, where at some point of development, traits values
termed as liability is used to observe subsequent trajectory, so values of liability above threshold
of trait presents one trajectory and liability below trajectory represent alternate path. Such analysis
can be completed through threshold models which represents one of the applications of quantitative
genetics.

Quantitative genetics helps in understanding the genetic basis of variations in population,
the heritability values of same trait may vary in field and lab studies, possibly due to different in
environmental component of variations, yet few studies in wild animals have estimated genetic
parameters through offspring on parent regression (Roff et al., 2004). Although, the simple methods
such as half-sib or offspring—parent regression can’t be generally applied in wild populations of
animal or birds, it leads to need of new techniques in quantitative genetics and these techniques
are animal models. The animal model does not require specific pedigree (Knott et al., 1995; Kruuk,
2004), so animal model can equally be applied to wild animals and livestock for estimation of
genetic variance (Charmantier et al., 2006), maternal effects (Wilson et al., 2005), genotype by
environmental interactions (Nussey et al., 2005) and even effects of age, sex for variations in
genetic parameters.

Quantitative genetics in era of molecular genetics is helping in understanding the variations at
transcriptional level from DNA, as transcription arrays helps in visualization of transcription rates,
the transcription rates vary among individuals in populations and thus also have own heritability
and can be associated with the phenotypes. The transcriptional data can also be analyzed using
statistical models approach of quantitative genetics, particularly mixed models which can resolve
both genetic as well environmental variations (Wolfinger et al., 2001; Nettleton, 2006). The cost
of microarray development and huge data results from analysis, pose some difficulties in finding
statistical significance yet the solution to this technique was collapsing the microarrays data into
manageable number of variables (uncorrelated) through principal component analysis.

Tools and techniques helping in quantitative genetics

Quantitative genetics is primarily a statistical description of gene actions and it in itself does
not have anything to do with genetic mechanisms. The models used in quantitative genetics talk
about the mathematical approximation of gene actions, univariates, bivariate, multivariate analysis,
breeder equations, all have mathematical approximation about the variations and gene actions. The
advent of supercomputers and powerful workstations has provided aid to quantitative genetics for
in refining the statistical models to the next level. The unbalanced data from natural populations
including livestock have been analyzed using powerful computing tools over the time. Few of
these tools include residual/restricted maximum likelihood (REML), facilitated by the availability
of general packages such as ASREML (Gilmour et al., 2008). Bayesian methods are increasingly
being employed, enabled by Markov Chain Monte Carlo Methods (MCMC) methods (Sorensen
and Gianola, 2002) and general packages (e.g. Bugs or Jags), WOMBAT. The results of REML
can easily be used for best linear unbiased prediction (BLUP) of breeding values (Hill, 2012),
advancement in tools and availability has made data analysis easier as BLUPF90. The advancement
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in techniques has also helped in developing GBLUP that presents estimation of the weighted
proportion of genome in analysis and also the single-step genomic best linear unbiased prediction
(ssGBLUP). The estimation of breeding values (EBV) and genomic breeding values (GEBV) are
also part of applied quantitative genetics in livestock industry. Single nucleotide polymorphism
(SNP) genotyping (Raschia et al., 2024) to understand genomic region effects on trait of economic
importance in cattle. The gene associated with milk yield and fat yield were studied in multibreed
dairy cattle populations (Laodim et al., 2024). The advanced gene sequence tools (e.g., eneSeek
Genomic Profiler (GGP) chips, 9K, 20K, 26K, or 80K), imputation tools (e.g., Flmpute version 2.2),
and quality control tools (e.g., PLINK software version 1.7) has increased the selection of animals
for productive traits through association studies and weighted application of quantitative genetics.
Likewise, annotation tools for quantitative trait analysis using R package Genomic Annotation in
Livestock for Positional Candidate Loci (GALLO) (Fonseca et al., 2020). Use of RNA sequence
data for association studies for mapping expression quantitative traits applied Genome Analysis
Toolkit (GATK, v. 4.1.9.0) software for analysis (Diniz et al., 2024). The quantitative genetics in
evolving with the time as the computing tools and molecular tools are advancing which collectively
increases the application of quantitative genetics in resolving the complexities of quantitative trait
inheritance patterns.

Summary

The quantitative genetics is a wonderfully productive approach in analysis of quantitative
variations in the population. The application of quantitative genetics is evident right after from the
days of introduction of genetics. The statistical tools, biometrical records, phenotypic data, genotypic
data, DNA and RNA sequences, transcriptional analysis, translational analysis, microarray analysis,
principal component analysis, all have been used for estimation of variance, component of variance
especially genetic variance and its components, association studies, genetic interaction, genetype
by environment interactions, maternal effects and effects of other variables on quantitative trait
variation. The quantitative genetics deals with the best mathematical approximations of the gene
actions through statistical analysis. Application of quantitative genetics in evolutionary studies is very
important and exemplary. Quantitative genetics helps in understanding complexities of polygenic
traits. Quantitative genetics will continue as a major discipline in future also in encompasses
statistical models, predictive models, animal models, mixed models, genome wide association
studies, quantitative trait loci, genetic interactions, evolutionary studies and many more aspects
of breeding, genetics and genomics of which many are necessary for bringing robust changes and
precision in animal breeding, selection and genetic improvement of livestock.
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In recent years, advancements in genomic tools and technologies have catalyzed a revolutionary
breakthrough in the area of livestock improvement, providing unprecedented opportunities for
precision breeding and genetic enhancement. This chapter presents an outline of the transformative
impact of genomic tools on various aspects of livestock improvement, including breeding strategies,
genetic selection, disease resistance, and production efficiency. The integration of high-throughput
sequencing, genotyping, and bioinformatics has enabled researchers and breeders to unravel the
genetic makeup underlying complex traits and to identify key genomic markers associated with
desirable phenotypic traits. Genomic selection, a revolutionary breeding approach, harnesses
genetic data to anticipate individuals genomic quality, accelerating the pace of genetic gain and
enhancing the efficiency of breeding programs. Additionally, genomic technologies have facilitated
the discovery of novel genes and genetic variants associated with disease resistance, resilience,
and adaptation in livestock species, thereby offering potential solutions to mitigate the impact of
infectious diseases and environmental stressors. Furthermore, genomic tools have revolutionized
reproductive technologies, such as marker-assisted selection and genomic editing, enabling precise
manipulation of the livestock genome to introduce beneficial traits or to mitigate deleterious ones.
However, the widespread adoption of genomic technologies in livestock improvement presents
challenges related to data management, ethical considerations, and regulatory frameworks. This
chapter explores the current trends, challenges, and future directions in the application of genomic
tools and technologies for enhancing livestock productivity, sustainability, and resilience in response
to changing environmental and socioeconomic pressures.

Introduction
1. Background on Traditional Livestock Breeding Methods

Livestock breeding has been a fundamental practice for thousands of years, essential for
human survival and development (Aguzzi et al., 2008). Traditional livestock breeding methods
have evolved over time, shaped by cultural practices, environmental conditions, and the needs of
agricultural communities (Adli, 2018). These methods, although diverse across different regions and
cultures, share common principles aimed at improving the productivity, resilience, and suitability of
livestock for various purposes (Aida et al., 2016). One of the earliest forms of traditional livestock
breeding is selective breeding, where humans intentionally mate animals with desirable traits to
produce offspring with similar characteristics. This process often involves observing and selecting
animals based on traits such as size, strength, milk production, meat quality, or resistance to diseases.
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Over generations, selective breeding can lead to distinct breeds development adjusted to particular
environments and purposes (Anzalone et al., 2020).

Another traditional breeding method is crossbreeding, which involves mating individuals
from different breeds to combine desirable traits from each parent. Crossbreeding can introduce
genetic diversity and hybrid vigor, resulting in animals with improved performance or adaptation to
new environments. This method has been used to develop new breeds or improve existing ones by
incorporating desired traits from different genetic backgrounds (Anzalone et al., 2019). In addition
to selective breeding and crossbreeding, traditional livestock breeding methods may also include
practices such as line breeding, inbreeding, and folk breeding techniques, which vary in their
objectives and implementation depending on cultural traditions and local knowledge (Banan, 2020).

Traditional breeding methods have played an essential par in shaping the diversity of
livestock breeds worldwide and have contributed to the resilience of agricultural systems against
environmental challenges and changing conditions (Bi et al., 2016). These methods have been passed
down through generations, often through oral traditions and cultural practices, and have sustained
livelihoods and food security for communities around the globe. While modern technologies and
scientific advancements have revolutionized livestock breeding in recent decades, traditional
breeding methods continue to be relevant, particularly in resource-constrained settings where
availability to advanced technologies may be limited. Moreover, there is growing recognition of the
value of indigenous knowledge and traditional practices in sustainable agriculture and biodiversity
conservation (Bischoff et al., 2020).

Conclusively, traditional livestock breeding methods represent a rich heritage of knowledge
and practices developed by agricultural communities over centuries. These methods have contributed
to the diversity, adaptability, and productivity of livestock breeds worldwide and continue to play a
vital role in shaping the future of livestock agriculture in an increasingly complex and interconnected
world.

2. Emergence and Significance of Genomic Tools and Technologies

In recent decades, the emergence of genomic tools and technologies has revolutionized various
fields of science, profoundly impacting research, medicine, agriculture, and beyond. Genomic tools
encompass a wide range of techniques and methodologies designed to analyze, manipulate, and
understand the genetic information encoded within an organism's DNA. These advancements have
unlocked unprecedented insights into the complexities of life, offering new avenues for exploration,
discovery, and innovation (Bogliotti et al., 2018). One of the most significant breakthroughs in
genomics is the evolution of high-throughput sequencing technologies, also termed as next-generation
sequencing (NGS). These revolutionary techniques facilitate efficient and economical sequencing
of whole genomes, transcriptomes, and epigenomes, providing researchers with vast amounts of
genetic data in a fraction of the time and cost compared to traditional sequencing methods. High-
throughput sequencing has paved the way for numerous discoveries, from unraveling the genetic
basis of diseases to deciphering the evolutionary history of species (Cameron et al., 2017).

In addition to sequencing technologies, genomic tools encompass a diverse array of
methodologies for genome editing, functional genomics, and bioinformatics analysis. Genome
engineering techniques, such as CRISPR-Cas9, have empowered scientists to precisely modify DNA
sequences within living organisms, offering unprecedented opportunities for genetic engineering,
gene therapy, and agricultural improvement. Functional genomics tools, such as microarrays and
RNA interference (RNA1), enable researchers to elucidate the functions of genes and their regulatory
networks, providing insights into biological processes and disease mechanisms (Carey et al.,
2019). Furthermore, bioinformatics tools and computational algorithms contribute significantly
in analyzing and interpreting genomic information, enabling researchers to identify genes, predict
protein structures, and unravel complex biological phenomena. The integration of genomic,
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transcriptomic, metabolomic, and proteomic data has enabled systems biology approaches to
understanding the interconnectedness of biological systems, leading to new insights into health,
disease, and environmental interactions (Carroll, 2017).

The significance of genomic tools and technologies extends far beyond the realms of basic
research, with profound implications for human health, agriculture, conservation, and beyond.
In medicine, genomic approaches hold promise for personalized medicine, disease diagnosis,
and targeted therapies tailored to an individual's genetic makeup (Bogdanovich et al., 2002). In
agriculture, genomic tools offer opportunities for crop improvement, livestock breeding, and
sustainable food production to address global challenges such as climate change and food security.
Moreover, genomic technologies have implications for biodiversity conservation, environmental
monitoring, and biotechnological innovation, offering solutions to pressing challenges facing
society (Chandler et al., 2013). However, alongside these transformative opportunities, genomic
technologies also incite ethical, legal, and social implications associated with privacy, equity, and
governance, highlighting the need for responsible stewardship and ethical oversight.

However, the emergence of genomic tools and technologies represents a paradigm shift
in our understanding of biology and the natural world, offering unprecedented opportunities for
exploration, discovery, and innovation. These powerful tools hold the potential to revolutionize
various fields of science and society, shaping the future of medicine, agriculture, and beyond.
However, realizing the full potential of genomics requires interdisciplinary collaboration, ethical
reflection, and responsible stewardship to ensure that these technologies benefit humanity and the
planet (Chen et al., 2015).

3. Basics of Genomic Tools
3.1. High-throughput Sequencing Technologies

NGS, a high-throughput sequencing technology, have transformed the landscape of genomics,
revolutionizing our ability to sequence and analyze vast amounts of genetic information rapidly and
cost-effectively. These innovative technologies have opened new frontiers in research, medicine,
agriculture, and beyond, providing unparallel perspective on the intricacies of the genome and its
role in health, disease, and evolution. One of the hallmark features of high-throughput sequencing
technologies is their ability to sequence DNA at an unprecedented scale and speed. Unlike traditional
Sanger sequencing, which sequences DNA fragments one at a time, high-throughput sequencing
platforms can simultaneously sequence millions to billions of DNA fragments in parallel. This
massive throughput enables researchers to sequence entire genomes, transcriptomes, and epigenomes
quickly and efficiently, unlocking a wealth of genetic data that was once unimaginable (Chen et
al., 2021).

Several key technologies power high-throughput sequencing platforms, each with its unique
advantages and applications. [llumina sequencing, depending on reversible dye-terminator chemistry,
is among the most broadly used NGS technologies, known for its high accuracy, scalability, and
cost-effectiveness. lon Torrent sequencing, based on semiconductor sequencing technology, offers
rapid sequencing with simple workflows and minimal sample preparation requirements. Other
platforms, such as Oxford Nanopore Technologies, and Pacific Biosciences (PacBio) utilize single-
molecule sequencing approaches, offering long read lengths and real-time sequencing capabilities.
The implementation of high-throughput sequencing technologies are extensive and diverse, covering
various areas of science and medicine (Cho et al., 2018). In genomics, these technologies have
facilitated genome-wide association studies (GWAS), comparative genomics, and population
genetics, leading to new discoveries in evolutionary biology, human genetics, and biodiversity
research. In medicine, high-throughput sequencing has revolutionized clinical diagnostics, enabling
the identification of disease-causing mutations, personalized cancer therapies, and prenatal screening
for genetic disorders (Cho et al., 2014).
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Furthermore, high-throughput sequencing technologies have revolutionized transcriptomics,
enabling the comprehensive analysis of non-coding RNAs, alternative splicing and gene expression
at a genome-wide scale. Epigenomic studies have also benefited from high-throughput sequencing,
allowing researchers to map histone modifications, DNA methylation, and chromatin accessibility
patterns, offering insights into gene modulation and epigenetic mechanisms underlying development,
aging, and disease. Despite their transformative impact, high-throughput sequencing technologies
also present challenges and limitations, including data management, computational analysis, and
quality control issues. Moreover, ethical, legal, and social implications associated with privacy,
permission, and data sharing must be carefully tackle to assure responsible use and interpretation
of genomic data (Ciccarelli et al., 2020).

However, high-throughput sequencing technologies represent a groundbreaking advancement
in genomics, empowering researchers with unprecedented capabilities to decode the mysteries of
the genome and its role in health, disease, and evolution. As these technologies continue to evolve
and improve, they hold the promise to revolutionize various fields of science and medicine, molding
the future of personalized medicine, agricultural biotechnology, and beyond. However, realizing
the full potential of high-throughput sequencing requires ongoing innovation, collaboration, and
ethical reflection to harness its power for the benefit of humanity and society (Coelho et al., 2020).

3.2. Genotyping Techniques

Genotyping techniques are essential tools in modern genetics, enabling the study of genetic
disparity and the identification of specific GMs (GMs) within an individual's genome. These
approaches are essential across broad range of applications such as biomedical research, personalized
medicine, agriculture, and forensic science (Clark et al., 2000). By decoding the genetic blueprint
of organisms, genotyping techniques provide valuable insights into genetic diversity, disease
susceptibility, and evolutionary relationships. One of the most extensively employed genotyping
techniques is polymerase chain reaction (PCR), which amplifies specific DNA sequences of interest
using thermocycling. PCR-based genotyping allows researchers to detect deletions, insertions,
single nucleotide polymorphisms (SNPs), and other genetic variations with high sensitivity and
specificity. Allele-specific PCR, multiplex PCR, and quantitative PCR (qPCR) are variations of
PCR commonly used for genotyping applications (Cong et al., 2013).

Another commonly used genotyping approach is restriction fragment length polymorphism
(RFLP) analysis, which relies on the detection of DNA sequence variations that result in differences
in the lengths of restriction fragments generated by restriction enzymes. RFLP analysis has been
widely used in genetic mapping, linkage analysis, and population genetics studies. Other genotyping
techniques include allele-specific oligonucleotide hybridization, in situ hybridization, and DNA
sequencing-driven technologies such as NGS and Sanger sequencing. NGS technologies, in particular,
have revolutionized genotyping by enabling the parallel analysis of thousands to millions of GMs
across entire genomes, transcriptomes, and epigenomes (Cowan et al., 2019).

Genotyping techniques are invaluable tools in personalized medicine, where they are used
to identify genetic variants linked with drug response, disease susceptibility, and treatment result.
Pharmacogenomics, the study of how genetic variability impact drug response, relies on genotyping
to guide the selection of optimal drug therapies for individual patients depend on their genetic genetic
makeup. In agriculture, genotyping techniques are employed for marker-assisted selection (MAS)
and genomic selection to accelerate the breeding of crops and livestock with desired characteristics
which includes nutritional quality, yield potential and disease resistance. By identifying GMs
associated with trait variation, genotyping allows breeders to make rational choices in selecting
superior genotypes for breeding programs (Crispo et al., 2015).

Furthermore, genotyping techniques play a crucial role in forensic genetics, where they are
used for criminal investigations, paternity testing and DNA profiling. Short tandem repeat (STR)
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analysis, a variation of PCR-dependent genotyping, is commonly used in forensic DNA analysis
due to its high sensitivity and discriminatory power in identifying individuals based on their unique
genetic profiles (Davis & Maizels, 2016). However, genotyping techniques are powerful tools for
unraveling the genetic basis of traits, diseases, and evolutionary relationships. From biomedical
research to agriculture and forensic science, these techniques provide valuable insights into disease
susceptibility, genetic disparity, and individualized treatment strategies. As genotyping technologies
keep on advancing, they hold the promise to revolutionize our knowledge of the genetic underpinnings
of life and to drive innovations in healthcare, agriculture, and beyond (DENG et al., 2014).

3.3. Bioinformatics and Data Analysis Methods

Bioinformatics and data analysis methods play a critical role in processing and deciphering
the large amount of genetic data obtained from modern genomic technologies. Bioinformatics
encompasses a diverse array of computational tools and techniques for accessing biological data,
such as gene expression profiles, protein structures, and DNA sequences. These methods enable
researchers to derive valuable insights from complicated datasets, identify genetic variations, predict
protein functions, and unravel the molecular mechanisms behind biological processes (Eaton et
al., 2019). From sequence alignment algorithms to machine learning models, bioinformatics tools
facilitate the integration and interpretation of genomic data, driving discoveries in fields such as
genomics, systems biology, and personalized medicine (Derscheid & Ackermann, 2012).

Data analysis methods in bioinformatics are characterized by their adaptability to different types
of biological data and research questions. Statistical approaches like differential gene expression
evaluation and pathway enrichment analysis, are generally used to detect significant patterns and
associations within genomic datasets. Machine learning algorithms such as random forests, neural
networks, and support vector machines increasingly employed for tasks such as disease classification,
protein structure prediction, and drug discovery. As genomic datasets continue to grow in size and
complexity, advances in bioinformatics and data analysis methods will be essential for unlocking
the full potential of genomic research and translating genetic insights into clinical and agricultural
applications (Fan et al., 2018).

3.4. Role of Databases and Genomic Resources

Databases and genomic resources play a fundamental role in facilitating access to vast amounts
of genetic information and enabling research across diverse fields of biology. These resources serve
as repositories for genomic information such as genetic variability data, gene annotations, DNA
sequences, and functional annotations of genes and proteins. By providing centralized access to
curated and standardized data, databases such as GenBank, Ensembl, and the National Center for
Biotechnology Information (NCBI) enable researchers to explore the genetic diversity of organisms,
compare genomes across species, and investigate the molecular basis of biological processes (Fang
et al., 2018).

Moreover, genomic databases serve as invaluable tools for hypothesis generation, experimental
design, and data interpretation in genomic research. Researchers can leverage genomic resources
to identify candidate genes associated with specific traits or diseases, annotate gene function,
predict protein structures, and explore evolutionary relationships between species (Fischer et al.,
2016). Furthermore, genomic databases facilitate data sharing, collaboration, and reproducibility
in scientific research, promoting transparency and accountability in the scientific community. As
genomic datasets continue to expand and evolve, the role of databases and genomic resources will
remain pivotal in driving discoveries and advancements in genetics, genomics, and related disciplines.
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4. Applications of Genomic Tools in Livestock Improvement
4.1. Breeding Strategies
4.1.1. Traditional Breeding vs. Genomic Selection

Traditional breeding and genomic selection are two approaches used in animal and plant
breeding to improve desired traits, but they differ significantly in their methodologies and applications.
Traditional breeding, also known as conventional breeding, relies on phenotypic selection based
on observable characteristics which includes quality, yield, and disease resistance. Breeders select
parent organisms with desirable traits and cross them to produce offspring with a combination of
these traits. Through repeated cycles of selection and crossbreeding, breeders gradually improve
the genetic composition of populations to achieve their breeding goals. While traditional breeding
has been successful in developing new crop varieties and livestock breeds over centuries, it is often
time-consuming and labor-intensive, requiring multiple generations of selection and evaluation
(Foley et al., 2011).

In contrast, genomic selection is a modern breeding method that utilizes genomic data to
anticipate the individual genetic attributes for particular characteristics. Genomic selection relies
on high-throughput genotyping technologies to genotype thousands of GMs scattered throughout
the genome of individuals within a breeding population. These GMs are linked with interested
phenotypic characteristics, allowing breeders to predict the individual genetic value depending on
their genotypic profiles. By incorporating genomic information into breeding programs, genomic
selection facilitates more efficient and precise selection of superior individuals, accelerating the
genetic gain rate and reducing the generation interval (Gaj et al., 2013). While both traditional
breeding and genomic selection aim to improve desired traits in plants and animals, they differ
in several key aspects. Traditional breeding relies on phenotypic selection and may be limited
by the availability of accurate phenotypic data, whereas genomic selection leverages genomic
information to make predictions about genetic merit, reducing the need for extensive phenotypic
evaluation. Additionally, genomic selection allows breeders to select individuals at an earlier stage
of development, potentially accelerating the breeding cycle and enhancing genetic development
rate. However, genomic selection requires access to high-quality genomic data, sophisticated
statistical models, and computational resources, which may pose challenges for breeders in some
contexts (Gao et al., 2017).
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In summary, both traditional breeding and genomic selection are valuable tools in plant and
animal breeding, each with its advantages and limitations. Traditional breeding relies on phenotypic
selection and has been the cornerstone of breeding programs for centuries, whereas genomic selection
harnesses the power of genomics to accelerate the rate of genetic improvement. By combining the
strengths of both approaches, breeders can develop more resistant, high yielding, and sustainable
crop varieties and livestock breeds to meet the problems of feeding a amplifying global population.

4.1.2. Genomic Selection Methodologies

Genomic selection (GS) methodologies represent a revolutionary technique in plant and animal
breeding, leveraging genomic information to estimate the genetic value of individuals particular
characteristics. GS has gained prominence due to its ability to accelerate the rate of genetic gain,
enhance breeding efficiency, and enable the selection of superior individuals at an earlier stage of
development. Several methodologies and statistical models are employed in genomic selection,
each tailored to the unique characteristics of different breeding populations and species (Gaudelli
et al., 2017). One of the key methodologies in GS is the use of high-density genotyping arrays or
single nucleotide polymorphism (SNP) chips to genotype individuals within a breeding population.
These genotyping arrays contain thousands to millions of GMs scattered throughout the genome,
providing dense coverage of genetic variation within individuals. By genotyping individuals at
thousands of loci simultaneously, breeders can capture a comprehensive snapshot of the genetic
architecture underlying complex traits, enabling more accurate predictions of genetic merit (Georges
etal., 2019).

Once genotypic data is obtained, various statistical models are employed to anticipate the
genetic value of individuals for particular characteristics. One commonly used model in genomic
selection is the genomic best linear unbiased prediction (GBLUP) model, which combines genomic
information with phenotypic data to estimate breeding values for individuals. The GBLUP model
assumes that genetic effects are distributed across the entire genome and that genetic similarity
between individuals can be inferred from their genotypic profiles. Other statistical models, such
as Bayesian methods, ridge regression, and machine learning algorithms, are also used in genomic
selection, offering flexibility and robustness in predicting genetic merit (Griinewald et al., 2019).

In addition to statistical models, genomic selection methodologies may incorporate various
genomic parameters and features to improve prediction accuracy. These include genomic relationship
matrices, genomic selection indices, marker-based haplotypes, and genotype-by-environment
interactions. By integrating multiple sources of genomic information and accounting for genetic
heterogeneity and environmental factors, genomic selection methodologies can enhance the
reliability and precision of genetic predictions, leading to more effective breeding strategies and
improved breeding outcomes. Moreover, genomic selection methodologies are continually evolving
with advances in genomic technologies, computational algorithms, and statistical methodologies.
Emerging techniques such as genomic selection for multiple traits, genomic prediction of breeding
values for non-additive genetic effects, and genomic selection across multiple environments hold
promise for further enhancing the efficiency and effectiveness of breeding programs (Haeussler,
2020).

Hence, genomic selection methodologies represent a paradigm shift in plant and animal
breeding, harnessing the power of genomics to accelerate genetic improvement and enhance
breeding efficiency. By integrating high-throughput genotyping technologies, sophisticated statistical
models, and genomic information, genomic selection enables breeders to make rational choices
in choosing superior individuals for breeding programs, ultimately leading to the production of
more resistant, productive, and sustainable cultivars and livestock breeds to meet the problems of
feeding a amplifying global population (Hai et al., 2017).
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4.2. Genetic Selection for Desirable Traits
4.2.1. Identification of Genomic Markers Associated with Phenotypic Traits

Identification of genomic markers associated with phenotypic traits is a fundamental aspect
of genomic selection and genetic improvement in plants and animals. This process involves the
identification and characterization of genetic variants, such as SNPs, deletions, insertions, and
structural variations that are linked with particular phenotypic traits of interest. Genomic markers
can be identified through genome-wide association studies (GWAS), linkage mapping, and other
statistical approaches that examine the relationship between genetic variation and phenotypic
variation across individuals within a breeding population. By analyzing large-scale genomic datasets,
researchers can pinpoint genomic regions or loci that harbor candidate genes influencing target
traits, offering unparallel insights into the genetic makeup and molecular mechanisms underlying
complex phenotypes (Hamernik, 2019).

Once genomic markers linked with phenotypic characteristics are determined, they can be
used to inform breeding decisions and accelerate genetic improvement through genomic selection.
Genomic markers serve as molecular tags or signatures that enable breeders to anticipate the individual
genetic quality for particular characteristics based on their genotypic profiles. These markers are
integrated into statistical models and prediction algorithms used in genomic selection, allowing
breeders to estimate the breeding values or genetic potential of individuals for target traits with
high accuracy and precision. By incorporating genomic markers into breeding programs, breeders
can expedite the selection of superior individuals, increase the genetic gain rate, and develop crop
varieties and livestock breeds with enhanced productivity, resilience, and adaptability to changing
environments (Han et al., 2017).

4.2.2. Application of Genomic Information in Breeding Programs

The application of genetic data in breeding programs has revolutionized the way plants and
animals are bred, leading to significant advancements in crop productivity, livestock performance,
and genetic improvement. By leveraging genomic technologies and bioinformatics tools, breeders
can access detailed information about the genetic makeup of individuals within breeding populations,
ensuring for more accurate and targeted selection of superior genotypes for desired traits. Genomic
information enables breeders to identify genomic markers linked with essential agronomic
characteristics such as yield, disease resilience, and abiotic stress resistance. These markers serve
as molecular signatures that facilitate MAS and GS, enabling breeders to make informed decisions
in selecting individuals with the highest genetic potential for desired traits (Hao et al., 2018).
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Figure 2. Representing the importance of genome editing tools for the improvement of
Livestock

Furthermore, the implementation of genetic data in breeding programs enables breeders
to accelerate genetic gain rate, shorten breeding cycles, and develop crop varieties and livestock
breeds with improved performance and resilience. Genomic selection, in particular, has arisen as a
potent breeding tool, allowing breeders to anticipate the individual genetic quality depend on their
genomic profiles, aside from only phenotypic data. By integrating genomic selection into breeding
programs, breeders can increase the efficiency and effectiveness of selection, leading to faster
genetic progress and more sustainable agricultural production systems. Overall, the implementation
of genetic data in breeding programs has the potential to transform agriculture by unlocking the
genetic potential of plants and animals, enhancing food security, and addressing global issues which
includes population growth and climate change (Harmsen et al., 2018).
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Table 1. Techniques of Genome Editing in Livestock

Technique Description Applications Advantages Limitations

CRISPR-Cas9 A versatile tool | Disease High precision, | Off-target effects,
for targeting resistance, cost-effective ethical concerns
specific DNA muscle growth
sequences to enhancement
induce mutations.

TALENs Uses engineered | Genetic disease | Customizable, Complex design,
nucleases to correction, trait [ high specificity [ higher cost
target specific enhancement
DNA sequences.

ZFNs Zinc Finger Disease High specificity, |Technical
Nucleases that resistance, long-term complexity, off-
create double- increased milk stability target effects
strand breaks production
in DNA.

MegaNucleases | Uses naturally Enhancing meat | Highly specific, [Limited targeting
occurring quality, disease | efficient scope, complex
nucleases for resistance design
precise gene
editing.

Table 2. Applications and Benefits of Genome Editing in Livestock

Application Species Target Trait Benefits Current Status
Disease Pigs PRRSV Reduces In experimental
Resistance resistance economic stages

losses, improves
animal welfare

Muscle Growth | Cattle, Pigs Myostatin Increased muscle | Early trials,
Enhancement gene editing mass, improved | regulatory review
meat yield
Enhanced Milk | Dairy Cows Beta-casein gene | Higher milk Field trials,
Production modification yield, improved |awaiting
nutritional regulatory
quality approval
Heat Tolerance | Cattle Slick gene Improved Field trials, some
incorporation resilience to commercial use
heat stress
Wool Quality Sheep Keratin gene Finer and more | Research
Improvement editing abundant wool phase, potential
commercial
applications
Reproductive Sheep, Goats GDF9 and Increased Experimental,
Efficiency BMP15 gene fertility rates promising
modification initial results

4.3. Disease Resistance and Resilience
4.3.1. Genomic Approaches for Disease Resistance

Genomic approaches for disease resistance have emerged as powerful tools in combating
infectious diseases and pathogens that threaten the health and productivity of plants, animals, and
humans. These approaches leverage genomic technologies, bioinformatics tools, and molecular
techniques to understand the genetic basis of disease resistance, identify resistance genes or markers,
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and develop strategies for breeding or engineering resistant genotypes. By unraveling the genetic
mechanisms underlying host-pathogen interactions, genomic approaches provide valuable insights
into the molecular pathways involved in disease resistance and susceptibility, paving the way for
innovative solutions to mitigate the impact of diseases in agricultural, medical, and environmental
settings (Harrison & Hart, 2018).

In plant biology, genomic approaches for disease resistance have revolutionized plant breeding
and crop protection strategies, enabling breeders to develop crop varieties with enhanced resilience
to pathogens and pests. GWAS, quantitative trait locus (QTL) mapping, and transcriptomic analysis
are commonly used to identify genomic regions or genes associated with disease resistance traits
in crops. Once resistance genes or markers are identified, breeders can incorporate them into
breeding methods through MAS or GS, allowing for the rapid development of disease-resistant
crop varieties with improved yield potential and sustainability. Moreover, genomic approaches
facilitate the discovery of novel resistance mechanisms and the development of biotechnological
interventions, such as genetic engineering or genome editing, to enhance plant immunity and
combat emerging pathogens.

Similarly, genomic approaches for disease resistance play a crucial role in veterinary medicine
and animal breeding, where infectious diseases pose significant threats to animal health, welfare,
and productivity. Genomic studies in livestock species have identified genetic variations associated
with disease resistance characteristics which includes resilience to infection, parasitic infections,
and production-related diseases. With insight into genetic basis of disease resistance, breeders
can implement selective breeding strategies to breed livestock populations with improved disease
resilience, decreasing the requirement of antibiotics and chemical interventions in animal agriculture.
Furthermore, genomic approaches enable the development of vaccines, diagnostics, and targeted
therapies for controlling infectious diseases in livestock populations, thereby enhancing animal
health and food safety (Hashimoto et al., 2016).

In human health, genomic approaches for disease resistance have the potential to revolutionize
disease prevention, diagnosis, and treatment by determining genetic changes linked with vulnerability
to infectious diseases and vaccine response. GWAS, whole-genome sequencing, and functional
genomics approaches are used to identify genetic factors that influence individual susceptibility
to infections such as viral and bacterial infections, and parasitic diseases (Hendel et al., 2015). By
elucidating the genetic basis of disease susceptibility, genomic approaches enable the generation
of personalized medicine approaches customized to an individual's genetic profile, including
vaccination strategies, drug therapies, and targeted interventions to reduce the risk of infection or
disease progression. Moreover, genomic approaches facilitate the discovery of novel drug targets,
vaccine candidates, and diagnostic biomarkers for infectious diseases, accelerating the development
of new treatments and interventions to combat emerging pathogens and antibiotic-resistant microbes
(Hoellerbauer et al., 2020).

Overall, genomic approaches for disease resistance represent a transformative paradigm in
disease control and management across diverse fields of biology and medicine. By integrating
genomics, bioinformatics, and molecular biology, these approaches provide powerful tools for
understanding host-pathogen interactions, identifying genetic determinants of disease resistance,
and developing strategies for disease prevention, diagnosis, and treatment. As genomic technologies
continue to advance, genomic approaches for disease resistance hold promise for addressing global
health challenges, enhancing agricultural productivity, and improving the ecosystems resistance
for emerging infectious diseases and environmental threats (Hsu et al., 2014).

4.3.2. Identification of Genetic Variations linked with Resilience

Identification of genetic variations linked with resilience is a crucial aspect of genomic research
aimed at understanding the mechanisms underlying the ability of individuals to withstand and
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recover from adversity, stress, and trauma. Resilience, defined as the capacity to adapt positively
in the face of significant challenges or adversity, is influenced by a complicated interaction of
genetic, environmental, and psychological factors (Hsu et al., 2014). Genomic studies leveraging
high-throughput sequencing technologies, GWAS, and functional genomics approaches have
determined genetic variants linked with resilience traits across diverse populations, species, and
contexts. These genetic variants may affect various biological pathways and systems involved
in stress response, neurodevelopment, immune function, and psychological resilience, offering
insights into the molecular mechanisms underlying resilience and susceptibility to stress-related
diseases such as anxiety, post-traumatic stress disorder (PTSD), and depression (Hu et al., 2018).

By elucidating the genetic foundation of resilience, genetic research has the potential
to inform the development of targeted interventions, treatments, and preventive strategies for
promoting resilience and mitigating the impact of stress-related disorders. GMs associated with
resilience traits can serve as biomarkers for identifying individuals at risk for stress-related
disorders and tailoring personalized interventions to enhance resilience and mental well-being.
Moreover, genomic approaches enable the discovery of novel drug targets, therapeutic agents, and
psychosocial interventions that modulate resilience-related pathways and systems, offering new
avenues for precision medicine and resilience-focused healthcare (Huang et al., 2020). Overall,
the determination of genetic variations linked with resistance represents a promising avenue of
research with implications for mental health, personalized medicine, and public health strategies
aimed at promoting resilience and well-being across diverse populations and settings.

4.4. Production Efficiency Optimization
4.4.1. Genomic insights into Production Traits

Genomic insights into production traits have revolutionized agricultural breeding programs
by providing a deeper understanding of the genetic factors influencing traits such as yield, growth
rate, feed efficiency, and product quality in livestock and crops. Genomic technologies, including
high-throughput sequencing, genotyping arrays, and bioinformatics tools, enable researchers to
determine genetic variations linked with yield characterisitcs through GWAS, QTL mapping, and
genomic selection approaches. By pinpointing GMs or regions associated with desirable production
traits, genomic insights allow breeders to make rational selection choices, accelerating the genetic
improvement of breeding populations and the development of high yield and sustainable crop
varieties and livestock breeds (Huang et al., 2017).

Moreover, genomic insights into production traits facilitate the implementation of precision
breeding strategies aimed at optimizing production efficiency, minimizing environmental impact, and
addressing the needs of a amplifying world population. By comprehending the genetic architecture
of yield characteristics, breeders can select individuals with superior genetic potential for desired
traits, such as higher yield, improved nutritional value, or enhanced disease resistance, leading to
more resilient and profitable agricultural systems (Ikeda et al., 2017). Additionally, genomic insights
enable the identification of genetic interactions and networks underlying complex production
traits, offering opportunities for targeted genetic engineering, gene editing, and molecular breeding
approaches to further increase the performance and resistance of agricultural crops and livestock
species. Overall, genomic insights into production traits represent a powerful tool for advancing
agricultural productivity, sustainability, and food supply amidst of global problems such as climate
change, population growth, and resource constrains (Hales, 2019).

4.4.2. Strategies for Enhancing Production Efficiency of Livestock

Livestock production plays an essential role in addressing global food requirement, but
improving production efficiency while minimizing environmental impact remains a significant
challenge. Genomic tools offer innovative strategies to enhance livestock production efficiency by
leveraging genetic information to breed animals with superior traits, optimize breeding programs,
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and improve management practices. Through targeted breeding and precision management, genomic
tools empower producers to maximize productivity, profitability, and sustainability in livestock
operations. One key strategy for enhancing production efficiency is genomic selection, which utilizes
genomic data to anticipate the genetic quality of animals for particular characteristics which includes
feed efficiency, growth rate, and disease resistance (Jiang & Doudna, 2017). By genotyping animals
and incorporating genomic data into breeding programs, producers can identify individuals with
the highest genetic potential for desired traits at an early age, accelerating genetic progress and
reducing the generation interval. Genomic selection enables more accurate and efficient selection
of breeding stock, leading to increased productivity and profitability in livestock operations.

Another strategy for enhancing production efficiency is marker-assisted selection (MAS),
which targets specific GMs linked with cost-effectively important traits such as meat quality,
milk yield, and reproductive performance. By identifying GMs linked to desirable traits through
GWAS and QTL mapping, producers can select animals with desired genetic profiles for breeding
purposes, leading to the development of superior breeding lineage with improved performance
and productivity. MAS allows for more accurate and targeted selection of animals with superior
characteristics, minimizing the need for extensive phenotypic evaluation and accelerating genetic
improvement in livestock populations (Jin et al., 2019). In addition to genomic selection and MAS,
genomic tools can also be used to implement genomic-enhanced management practices aimed at
optimizing nutrition, health, and environmental conditions in livestock production systems. By
integrating genomic information with data on nutrition, health status, and environmental factors,
producers can tailor management practices to the specific needs of individual animals, optimizing
feed efficiency, disease resistance, and overall performance. Genomic-enhanced management
strategies enable producers to identify and address potential health issues, nutritional deficiencies,
and environmental stressors, maximizing productivity and well-being in livestock operations
(Ryczek et al., 2021).

Furthermore, genomic tools facilitate the development of genomic breeding values (GBVs) and
selection indices that incorporate multiple genetic and phenotypic traits to guide breeding decisions
and optimize selection strategies. By considering the genetic merit of animals for a range of traits
simultaneously, GBVs and selection indices enable producers to balance competing objectives
such as growth, reproduction, and health, leading to more comprehensive and efficient breeding
programs. Genomic tools also enable producers to monitor and manage genetic diversity within
breeding populations, reducing the risk of inbreeding and preserving genetic resources for future
generations (Joung & Sander, 2013). However, genomic tools offer powerful strategies for enhancing
production efficiency in livestock systems, enabling producers to breed animals with superior traits,
optimize management practices, and improve overall productivity and sustainability. By leveraging
genomic information to inform breeding decisions, implement precision management practices,
and optimize selection strategies, producers can maximize profitability, minimize environmental
impact, and meet the growing demand for high-quality, nutritious livestock products. As genomic
techniques are advancing, the potential for enhancing production efficiency in livestock systems will
only continue to grow, driving innovation and progress in the livestock industry (Kalds et al., 2020)

4.5. Challenges and Ethical Considerations

Improving livestock production through genomic tools presents a promising avenue for
enhancing productivity, health, and welfare. However, this approach has various constrains and
ethical concerns that require careful attention to assure responsible and sustainable implementation.
One significant challenge is the potential for unintended consequences on genetic diversity and
breed integrity. Intensive selection for specific traits using genomic tools may lead to the loss of
genetic variation within livestock populations. This reduction in genetic diversity can decrease
resilience to diseases, environmental stressors, and changing climatic conditions. Preserving genetic
diversity is crucial for maintaining breed resilience and adaptability, as well as safeguarding cultural
heritage and traditional livestock breeds. Ethical considerations arise regarding the preservation
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of genetic diversity and the equitable distribution of benefits and risks associated with genomic
tools, particularly for marginalized communities and small-scale livestock producers who rely on
locally adapted breeds (Kalds et al., 2020).

Equitable access to genomic tools and technologies poses another challenge, particularly
for resource-limited livestock producers and developing countries. The high costs associated
with genotyping, data analysis, and infrastructure requirements may create disparities in access to
genomic information and breeding technologies. Limited access to genomic tools can exacerbate
existing inequalities within the livestock industry, favoring large-scale commercial operations over
smallholders and subsistence farmers. Ethical considerations arise regarding equity, fairness, and
social justice in the distribution of benefits and risks associated with genomic tools, necessitating
efforts to ensure inclusive participation and capacity-building initiatives for all stakeholders in
the livestock sector (Kalds et al., 2019). Ethical considerations also encompass animal welfare
and the potential impacts of genomic selection on livestock health, behavior, and well-being.
Intensive selection for production traits such as growth rate, milk yield, and carcass quality may
lead to unintended consequences such as increased susceptibility to diseases, metabolic disorders,
and welfare issues in livestock populations. Ethical considerations arise regarding the trade-offs
between productivity and animal welfare, as well as the responsibility of producers and breeders to
prioritize the welfare of animals in breeding programs. Strategies to address these ethical concerns
may include incorporating welfare-related traits into breeding objectives, implementing animal
welfare standards and guidelines, and promoting holistic approaches to livestock management that
prioritize animal health, welfare, and quality of life (Kan et al., 2017).

Furthermore, ethical considerations extend to environmental impacts associated with genomic-
enhanced breeding programs, including concerns related to resource use, waste management,
and greenhouse gas emissions in intensive livestock production systems. Intensive selection for
production traits may exacerbate environmental degradation, leading to concerns about sustainability
and ecosystem health. Ethical considerations arise regarding the responsibility of producers and
breeders to minimize the environmental impacts of genomic-enhanced breeding programs through
sustainable management practices, resource conservation, and mitigation strategies to reduce
environmental pollution and degradation (Kelly et al., 2020). However, while genomic tools offer
significant opportunities for improving livestock production, they also present constrains and
ethical concerns that must be overcome to assure responsible and sustainable implementation.
By proactively addressing these challenges and integrating ethical considerations into breeding
programs, producers, breeders, and policymakers can enhances the advantages of genomic tools
by reducing potential risks and encouraging the fitness of animals, people, and the environment.
Ethical, equitable, and sustainable approaches to genomic-enhanced breeding are essential for
building a resilient, inclusive, and ethical livestock industry that meets the needs of present and
future generations (Khan et al., 2018).

5. Future Perspectives

Current trends in genomic livestock improvement reflect a shift towards precision breeding
and data-driven decision-making. With advancements in genomic technologies and bioinformatics
tools, breeders can now determine and choose animals with interested characteristics more efficiently
and accurately than ever before (Khan, 2019). Genomic selection and marker-assisted breeding
programs have become commonplace, enabling breeders to accelerate genetic progress, improve
production efficiency, and enhance animal health and welfare. Moving forward, the combination
of multi-omics data, including genomics, transcriptomics, and metabolomics, holds promise for
unraveling complex biological pathways and identifying novel genetic targets for further improvement
(Kimetal., 2019). Additionally, the development of genomic editing technologies such as CRISPR-
Cas9 opens up new possibilities for precise genetic modifications to introduce beneficial traits or
enhance disease resistance in livestock populations. These trends signal a future where genomic tools
continue to revolutionize livestock breeding, driving advancements in productivity, sustainability,
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and animal well-being (Kurt et al., 2021).

In conclusion, the transformative potential of genomic tools in revolutionizing livestock
improvement is profound and far-reaching. These tools have reshaped the landscape of animal breeding
by providing breeders with unprecedented insights into the genetic makeup of livestock populations.
By leveraging genomic information, breeders can make more rational choices, accelerate genetic
progress, and develop livestock breeds with enhanced characteristics which includes productivity,
disease resilience, and environmental adaptability. The integration of genomic tools into breeding
programs holds promise for resolving global food security constrains, sustainability, and animal
welfare, paving the way for a future where livestock populations are more resilient, productive,
and ethically managed. As genomic technologies continue to evolve, their transformative impact on
livestock improvement is poised to drive innovations and advancements that benefit both producers
and consumers alike.
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Metagenomics has transformed microbial community studies by allowing analysis of both
culturable and unculturable organisms in various environments. This chapter reviews current
sequencing technologies, including high-throughput platforms such as Illumina and Oxford
Nanopore Technologies (ONT), and their applications in metagenomics. This underscores significant
advancements in bioinformatics tools that facilitate strain-level microbial detection, taxonomic
classification, and metagenome functional analysis. Integrating computational pipelines, such as
MEGAHIT, metaSPAdes, and Kraken2, has greatly improved the efficiency of genome assembly
and functional profiling in metagenomic research. This chapter also discusses the challenges
of large-scale metagenomic datasets and examines new hybrid methods for improved genome
reconstruction. By linking microbial taxonomy with functional genomics, this study highlights the
crucial role of metagenomics in the advancement of ecological, clinical, and biomedical research.
Declining sequencing costs and novel methods continue to drive advancements in the understanding
of microbial diversity, antibiotic resistance, and pathogen detection.

1. Introduction

Microbial communities encompassing habitats, such as soil, oceans, and the human body,
are essential for determining microbial distribution and environmental interactions. J. Handelsman
defined “metagenomics” as the functional and sequential analysis of the collective microbial genomes
in 1998. Recent developments have made strain-level community detection possible (Anyansi et
al., 2020; Handelsman et al., 1998). Antibiotics, hydrolytic enzymes, antibiotic resistance genes
(Riesenfeld et al., 2004), and novel enzyme-coding genes (Ferrer et al., 2007) have been identified
through functional metagenomics, which focuses on biochemical and metabolic aspects. Large-scale
metagenomic data from various hosts are used to study species interactions, such as parasitism and
mutualism (P. Gomes et al., 2024). Two high-throughput sequencing techniques were used Amplicon
Metagenomics, which examines specific gene areas for taxonomic classification and biodiversity
assessment, and Whole Metagenome Shotgun Sequencing, which offers comprehensive genetic
insights and minimizes bias in the identification of novel genes (Anyansi et al., 2020; Pérez-Cobas
et al., 2020a).

Traditionally, 16S rRNA analysis has dominated bacterial research (DeSantis et al., 2006),
but rising antibiotic resistance in aquatic and terrestrial ecosystems (Ahmad et al., 2021) highlights
the need for whole metagenome sequencing (Che et al., 2019), such as Nanopore and Illumina, to
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facilitate research on antibiotic failure and antibiotic resistance gene transfer (Pehrsson et al., 2016).
Metagenomic analyses link microbiome composition to human, animal, and plant health (Wei et al.,
2019), that is, the impact of metabolites such as short-chain fatty acids on human health (Wu et al.,
2021). Advancements in sequencing technology have led to reduced costs, enhanced throughput,
and accelerated speeds; however, conventional screening methods have limitations such as low
throughput, labor-intensity, and heightened catalytic promiscuity (Riesenfeld et al., 2004; Simon
& Daniel, 2011). Beyond the limitations of Moore’s law (Wetterstrand, 2013), next-generation
sequencing (NGS) has revolutionized genome sequencing, allowing for comprehensive genome
analysis (Kumar et al., 2019), enhanced diagnosis, elucidated genotype—phenotype correlations,
and aided novel gene discovery (Heremans & Freson, 2018).

I1lumina sequencing provides in-depth read coverage facilitating larger sample sizes, microbial
diversity with additional bar-coded time-points (Lazarevic et al., 2009), cost efficiency, and accuracy;
however, it is constrained to approximately 500 nucleotides per paired-end read (K. D. Curry et al.,
2022). In contrast, Oxford Nanopore technology (ONT), despite its high error rates (5-15%) (Kono
& Arakawa, 2019; Rang et al., 2018), facilitates genetic research, that is, epigenetic modification
and gene expression (Lee et al., 2020), offering high throughput and long read lengths (Gwak et al.,
2021), making it advantageous for genome assembly of repetitive and structurally variant regions
(Michael et al., 2018; Zhou et al., 2019). Having achieved read lengths of 1 M base pairs (Miga et
al., 2020), ONT significantly impacts fields such as oncology, immunology, and neuroscience by
enabling the analysis of phase genetic variants and novel isoforms (Ahumada-Garcia et al., 2019;
Libermann & Zerbini, 2006; Suzuki et al., 2017; Williams et al., 2020; Zalvidea & Claverol-Tinturé,
2011; Zheng et al., 2016). Its portability and real-time data analysis assist environmental research,
i.e. biodiversity assessment, pathogen identification and wildlife conservation, in both laboratory
and field settings (Krehenwinkel et al., 2019; Pomerantz et al., 2018; Reddington et al., 2020)

Next-generation sequencing (NGS) technology has revolutionized microbial profiling by
providing extensive metagenomic data on both culturable and unculturable microbes. In addition,
the reconstruction of genome assembly and its challenges have prompted the creation of algorithms
for contig binning (contig grouping from the same genome) and advanced software tools to classify
individual metagenomic reads or contigs and profile bacterial proportions (Gwak et al., 2021). Rapid
species detection and discovery in both environmental and clinical contexts is made possible by
accurate microbial identification and abundance estimation, which offers unbiased insights into
metagenomic sequencing.

2. Sequencing technology

Approximately 25 years after the DNA structure was uncovered, the first DNA sequencing
method was introduced (Sanger et al., 1977). Sanger and Maxam-Gilbert have developed first-
generation sequencing technologies (Thudi et al., 2012). Sanger terminator sequencing uses
dideoxyribonucleotide triphosphates (ddNTPs) as terminators to create DNA fragments, which
are size-separated and analyzed via gel electrophoresis (Crossley et al., 2020). These fragments
were subsequently size-separated and analyzed by gel electrophoresis to determine the nucleotide
sequence. Sanger sequencing has advanced with capillary electrophoresis and has been widely
adopted.

Between 2004 and 2006, next-generation sequencing (NGS) technologies revolutionized
biomedical research, increasing sequencing data output (Mardis, 2013). NGS is a rapidly evolving
field that significantly advances research and clinical applications by transforming nucleic acid
sequencing and increasing data volume cost effectively (Wetterstrand, 2013). Second-generation
techniques, known as NGS, include pyrosequencing, sequencing by synthesis, and sequencing by
ligation, with read lengths of 50-500 base pairs (bp). Notable companies included Roche, Illumina,
and SOLID. Short-read NGS advances beyond traditional Sanger sequencing through extensive
parallel sequencing of short (250-800 bp), clonally amplified DNA molecules(Tucker et al., 2009).

66



ANIMAL PRODUCTION AND HEALTH

Third-generation sequencing techniques allow single-molecule sequencing with read lengths
of tens of kilobases (kb). Platforms such as Pacific Biosciences and Oxford Nanopore have advanced
beyond Sanger and short-read methods, addressing limitations such as genome-wide repeats and
structural variant detection. Recently, nanopore technology has gained prominence in life science
and biomedical research.(Deamer & Akeson, 2000). This method has the potential to analyze
single molecules of amino acids, DNA, and RNA. (Branton et al., 2008; Rodriguez-Larrea, 2021).
NGS has drastically reduced the sequencing time from years to weeks, providing robust data with
extensive coverage(Mardis, 2013).

2.1. Illumina sequencing platforms

The Solexa next-generation sequencer, launched in 2006, allows up to 1 gigabase of sequencing
data per run (Cox et al., 2010). In 2005, the Illumina Genome Analyzer sequenced 10 human
genomes in one year, and by 2015, 90% of global sequencing data came from Illumina's Synthesis-
By-Synthesis (SBS) chemistry (Akacin et al., 2022). [llumina acquired Solexa in 2007, adopting its
synthesis-by-synthesis technology with fluorescent-labeled reversible terminators (Goodwin et al.,
2016; Mardis, 2013). Illumina platforms perform paired-end sequencing, achieving an error rate
as low as 0.1%, making this the most precise base-by-base sequencing method available. [llumina
sequencers offer a high output (1.2 to 6,000 Gb), exceptional accuracy, low cost per base, and
various applications. However, they struggle to resolve repetitive genome regions, complicating
the detection of genetic variants such as repeat expansion disorders and structural variants (SVs).
Precise sample loading is also crucial to avoid overlapping clusters that compromise the quality,
leading to an overall error rate of approximately 1% (Dohm et al., 2008).I1lumina currently provides
four benchtop platforms (iSeq, MiniSeq, MiSeq, and NextSeq) for smaller experiments and two
production-scale platforms (HiSeq and NovaSeq) primarily used for large-scale whole-exome
sequencing (WES) and whole-genome sequencing (WGS) (Liu et al., 2012).

2.1.1. HiSeq

The Illumina HiSeq platform is known for its high throughput, long read length, and low
error rate, making it ideal for large-scale genomic studies (Stoler & Nekrutenko, 2021). The key
features include precise temperature control, fluidic coupling, and customizable protocols (Pandit
etal., 2022). In 2010, HiSeq 2000 used synthesis-by-synthesis (SBS) to offer high output at a lower
cost than Roche 454 and SOLiD. HiSeq 2500 has two modes high output (up to 1 Tb in 6 days)
and rapid run (up to 300 Gb in 60 h). HiSeq 3000/4000, built on HiSeq 2500, provides higher
throughput at a lower cost (Cyranoski, 2016). In 2014, the HiSeq X Ten was introduced, comprising
10 HiSeq X instruments capable of producing 1.8 Tb in 3 days or 18,000 genomes per year at 30x
coverage, utilizing patterned flow cell technology to enhance cluster generation and throughput.

2.1.2. MiSeq

MiSeq, Illumina’s integrated next-generation sequencing instrument, uses a reversible-
terminator sequencing-by-synthesis technology for end-to-end solutions. This compact benchtop
sequencer has run times as short as 4 hours and performs cluster generation, amplification, sequencing,
and data analysis in a single run. It supports single- and paired-end runs with adjustable read
lengths from 1 x 36 to 2 x 300 bp, making it ideal for targeted gene sequencing, metagenomics, and
gene expression studies (Ravi et al., 2018). Launched in 2017, the NovaSeq 6000 platform offers
exceptional flexibility with various flow-cell yields for different read lengths (Modi et al., 2021).
Although limited to a maximum of 150 nt reads, it can produce over 20 billion paired-end reads
or more than 40 billion total reads (6000 Gb) per run using two S4 300 flow cells. A center with
ten NovaSeq 6000s can sequence at least 60,000 genomes with 30x coverage annually, potentially
exceeding 70,000 at maximum capacity. With just a dozen centers using NovaSeq, nearly one
million genomes can be sequenced each year.
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2.1.3. MiniSeq

MiniSeq is a compact next-generation sequencing system that was developed by Illumina(Yang
etal., 2014). It is designed to offer a cost-effective and efficient solution for small-scale sequencing
projects, making it accessible to a wide range of research laboratories and clinical settings (Pareek et
al., 2011). Utilizing [llumina sequencing-by-synthesis chemistry, MiniSeq offers high accuracy and
low error rates (Kenneth Nelson et al., 2011). It generates high-quality sequencing data with read
lengths of up to 150 bp, which is suitable for small genome sequencing, targeted gene panels, and
amplicon sequencing. However, it is less commonly used for whole genome or exome sequencing
than high-throughput methods such as HiSeq and NovaSeq.

2.1.4. iSeq100

The Illumina iSeq 100 system is a compact and cost-effective platform for small-scale
sequencing projects (Yang et al., 2014). It generates read lengths of up to 2x150 bp and a maximum
output of 1.2 Gb per run (Pervez et al., 2022). With up to 4 million reads per run, it is ideal for
targeted gene expression analysis, small-scale metagenomics, and clinical diagnostic assays (Degnan
& Ochman, 2012).

2.1.5. Mechanism of Illumina Sequencing

The Illumina Next Generation Sequencing (NGS) process involves four steps, starting with
double-stranded DNA or other forms such as genomic DNA, immunoprecipitated DNA, reverse-
transcribed RNA, or cDNA (Rizzo & Buck, 2012). Sequencing libraries are prepared by fragmenting
the DNA into smaller pieces and ligating adapters to incorporate platform-specific synthetic DNA.
Tagmentation can combine fragmentation and ligation to enhance efficiency. The adapter-ligated
fragments are amplified by PCR and purified by gel electrophoresis. Standard kits provide protocols
for whole-genome sequencing (WGS), RNA sequencing, and targeted sequencing. The library was
loaded into a flow cell, where fragments were captured using surface-bound oligos complementary
to the adapters. Each fragment is amplified into clonal clusters, with approximately one million
copies per cluster. For example, 10,000 clusters would generate 10,000 single reads and 20,000
paired-end reads. Once cluster generation is complete, the templates are ready for sequencing.
[llumina Sequencing by Synthesis (SBS) technology uses a reversible terminator-based approach
to identify bases that integrate into DNA strands. The presence of all four reversible terminator-
bound dNTPs during each cycle minimizes incorporation bias and lowers error rates, resulting in
precise base-by-base sequencing, even in repetitive regions. The workflow, from DNA extraction
to sequencing using Illumina, is shown in Figure 1.

2.2. Oxford Nanopore Technologies (ONT)

Nanopore-based sequencing is a promising single-molecule approach developed by Oxford
Nanopore Technologies (Yue Wang et al., 2015). The ONT workflow monitors the electrical
current changes as nucleotides move through a nanopore, translating them into specific DNA/
RNA sequences. Unlike other methods, ONT directly detects and sequences single-stranded DNA
(ssDNA) by measuring the electrical current variations of the bases (Weirather et al., 2017).

ONT offers several advantages over short-read methods, including improved phasing of
polymorphic genes, accurate structural rearrangement detection, real-time data collection, and faster
processing. Using native DNA avoids the errors from amplification processes that are common in
short-read technologies. Additionally, ONT instruments are more affordable and portable, making
them suitable for low-resource setting(Quick et al., 2016). However, ONT has signal-to-noise
limitations, leading to a greater error margin (2—15%) than short-read methods. Gradual nucleotide
processing adjustments can enhance data collection and reduce errors, which are mainly systematic
and difficult to resolve compared with random errors (McCombie et al., 2019). In addition to
MinlON, ONT has released the GridlON and PromethION platforms for high throughput, and the
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upcoming Flongle is an adaptor-based flow cell for small experiments.
2.2.1. MinION

MinION, released by Oxford Nanopore Technologies in early 2014, is the first commercially
available nanopore sequencer. This portable USB-powered device can produce over 90 Mb of data
from approximately 16,000 reads in an 18-hour run, with read lengths of 6 kb to over 60 kb (Ashton
etal., 2015). By measuring 10 % 3 x 2 cm and weighing 90 g, MinlON connects directly to a USB3
port, requiring minimal hardware. Its 512-channel flow cell allows the simultaneous sequencing
of up to 512 DNA molecules (Ip et al., 2015), making it ideal for quick genome sequencing in
challenging environments.

2.2.2. GridlION

GridION can accommodate up to five flow cells, each with 512 channels containing four
nanopores, totaling 2048 nanopores per flow cell. Only one pore per channel is active during
sequencing, allowing for simultaneous sequencing of 512 DNA molecules (Ip et al., 2015).

2.2.3. PromethION

Released in 2015, PromethION offers improved throughput with two versions, PromethION
24 and 48, featuring 24 and 48 flow cells, respectively. With more flow cells than MinlON, the
PromethION system could output up to 7.6 Tb of data. PromethION 48 has 3000 channels and
12,000 nanopores, delivering six times the throughput per flow cell, generating 50—100 Gb of long-
read data compared with 2—20 Gb from the other platforms (Logsdon et al., 2020).

2.2.4. Flongle

Flongle is a quick, accessible, and cost-efficient sequencing system for small tests, and is
ideal for point-of-care clinical use. It uses the same nanopore technology as MinlON, GridION,
and PromethION, allowing for direct DNA or RNA analysis. Flongles are designed for small
samples, such as those from microbiomes, and their single-run capability minimizes the risk of
cross-contamination. It also facilitates rapid quality checks and species identification, demonstrating
the accuracy of sequencing bacterial and viral genomes for diagnosing AMR genes (Ashton et al.,
2015).

2.2.5. Mechanism of ONT Sequencing

Library preparation is essential for nanopore sequencing. DNA fragments must be repaired, and
adapters added for compatibility with the nanopore system. Transposase-mediated tagmentation allows
simultaneous fragmentation and adapter attachment. The DNA strand combines with a processive
enzyme that unwinds the double helix and translocates a single strand through the nanopore, thereby
disrupting the current as it passes. Current fluctuations are analyzed to identify specific bases, but
noisy readout signals complicate the base calling. The resistance of the nanopore is influenced by
nucleotides in its narrowest region, which requires advanced algorithms and substantial training
data for effective analysis. Nanopore sequencing has three formats 1D (single strand), 2D (using a
hairpin structure for dual sequencing), and 1D2 (similar to 2D without hairpins). Depth, quantified
as the total number of sequenced bases relative to genome size, affects the assembly and accuracy.
An optimal depth of at least 100x is recommended, with 200x an ideal. The N50 length, a widely
accepted metric, should exceed that of the longest repeat sequence to achieve comprehensive assembly
(Shafin et al., 2020). Nanopore sequencing relies on nanoscale pores in a membrane separating two
chambers filled with an electrolytic solution. The cis side is the sequencing chamber, whereas the
trans side contains the analyte (Fu et al., 2020; Stoloff & Wanunu, 2013). Each chamber is linked
to a voltage bias that establishes an ionic current through the nanopores (Deamer et al., 2016).
The ONT miniaturizes the detection system into portable ASIC chip configurations (MacKenzie
& Argyropoulos, 2023). The flow cell consists of micro-wells containing synthetic bilayers with
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biological nanopores, enabling sequencing within a microchip integrated with electronic sensors.
The workflow from DNA extraction to sequencing utilizing Oxford Nanopore Technologies is
illustrated in Figure 1.

2.3. Metagenomics
2.3.1. Amplicon Metagenomic Sequencing Approach

Amplicon sequencing uses PCR amplification of a taxonomically informative marker,
like the 16S rRNA gene, to assess the diversity of the microbiota. Sequencing and bioinformatic
analysis are then used to identify the microbes and their relative abundances (Hugenholtz et al.;
Pace). By comparing 16S sequence profiles across samples, one can uncover patterns of microbial
diversity and their connections to environmental factors, which might provide light on host-microbe
interactions and possible disease mechanisms involving the microbiota (Bulgarelli et al.; Muegge
et al.; Smith et al.; Turnbaugh et al.), verified through microbial research (Smith et al.) (David et
al.). Comparisons across host genotypes and treatment situations yield robust theories regarding
microbiota. However, because of PCR biases, amplicon sequencing may overlook community
diversity (Hong et al.) (Sharpton et al.) (Logares et al.). Second, amplicon sequencing may yield
heterogeneous diversity estimates because different genomic locations have different taxonomic
definitions (Liu et al.) (P. D. T. e. o. a. q. Schloss, distance calculation et al.) (Work- et al.) and
unrecognizable artificial sequences are produced via chimeras or sequencing errors (Wylie et al.).
Thirdly, taxonomic composition is revealed by amplicon sequencing, but the direct biological
functions of taxa are not. The functions of genomes with particular 16S sequences can be identified
by phylogenetic analysis (Langille et al.). How well does the genomic diversity of the community
captured in databases affect the accuracy of functional inferences? It is difficult to research novel or
divergent microorganisms because amplicon sequencing is restricted to taxa with known markers.
Transferring the 16S locus across distant taxa through horizontal gene transfer may increase the
diversity estimates (Acinas et al.).

2.3.2. Whole Metagenomic Shotgun Sequencing”

Instead of focusing on certain genomic loci, shotgun metagenomic sequencing fragments and
sequences all the DNA in a sample, thus overcoming the limitations of amplicon metagenomics.
This technique produces sequences from multiple genomic sites, including coding sequences and
taxonomically relevant loci, allowing for simultaneous identification of community members
and their functional roles (Sharpton). Despite its benefits, genomic sequencing data pose several
difficulties because of their complexity and size, which makes informatic analysis more difficult.
Direct sequence comparison is made more difficult by the high diversity of communities and the
challenge of identifying the genomic origin of readings, which frequently leads to distinct reads from
the same gene (P. D. Schloss, and Handelsman, J. (2008). A statistical toolbox for metagenomics et
al.) (Sharpton et al.). The distinct nature of genomes may still be complicated by overlapping reads
(Mavromatis et al.) (Mende et al.). Although improvements in informatic software are increasing
efficiency, processing the massive amount of genetic data needed for significant results may
present computational challenges. Additionally, in metagenomes, host DNA frequently exceeds
community DNA, making it necessary to effectively extract microbial DNA using advanced
molecular techniques and bioinformatics methodologies (Woyke et al.) (Chew et al.) (Delmotte et
al.) (R. Schmieder, and Edwards, R. (2011b). Quality control and preprocessing of et al.) (Garcia-
Garcera et al.). A common issue is contamination (Degnan & community diversity. ISME J. 6),
beside this, contaminants are difficult to identify and remove (Kunin et al.). Diversity assessments
may be affected by the identification of contaminating reads, although these sequences can be
removed using software (R. Schmieder, and Edwards, R. (2011a). Fast identification and removal
of sequence et al.). Although costs have fallen, genome-wide sequencing is still more expensive
than amplicon sequencing, especially when dealing with complicated communities or extra host
DNA. Oxford Nanopore Technologies (ONT) and Illumina have evaluated a molecular inversion
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probe spectrum for the detection of bacterial, viral, and parasitic diseases. With 96.7% agreement
at the genus level for Illumina and 90.3% concordance for ONT, the panel successfully identified
pathogens in clinical samples. Both the ONT and [llumina sequencing platforms demonstrated good
predictive values for pathogen detection, with Illumina sequencing exhibiting larger read counts but
lower mapping percentages. These findings demonstrate the compatibility of molecular inversion
probes with several next-generation sequencing platforms for pathogen identification (Stefan).

2.4. Bioinformatics Pipelines
2.4.1. Amplicon data analysis

Next-generation sequencing (NGS) techniques provide single-end reads from 454 pyrosequencing
and Ion Torrent, while paired-end reads are produced by Illumina and PacBio using the "fastq"
format with quality scores or distinct "fasta" and "quality" files (De et al., 2024).

Commonly used tools for quality assessment include FastQC (v0.11.9) and SeqKit (Andrews,
2010; Shen et al., 2016). Tools for raw data trimming include the FASTX-Toolkit, PRINSEQ, and
Trimmomatic (Bolger et al., 2014; Gordon, 2010; Schmieder & Edwards, 2011). Primer removal
from demultiplexed fastq files is done by Cutadapt (Martin, 2011). Tools such as Fastq-Join, PEAR,
and IDBA-UD are used to join trimmed reads (Aronesty, 2013; Peng et al., 2010; Zhang et al.,
2014). DADAZ2 and Deblur handle chimera identification, quality filtering, and amplicon denoising
(Amir et al., 2017; Callahan et al., 2016; Pérez-Cobas et al., 2020a). Deblur only allows single-end
reads despite its ability to process large datasets (Nam et al., 2023). NanoPlot (v1.33.0) was used to
evaluate the quality of the Oxford Nanopore long readings (De Coster et al., 2018). Filtlong v0.2.1
(Steinig & Coin, 2022) is used for length-based filtering, and NanoFilt v2.8.0 filters sequences with
a minimum read length of 1000 bp for 16S amplicons and a mean quality score >10 (De Coster et
al., 2018; Kruasuwan et al., 2023). Porechop 0.2.4 is used to trim ligation adapters and manages
adapter trimming and barcode demultiplexing for readings that pass basecalling (Fu et al., 2022).
The adapter is deleted from reads that have >85% adapter identity in the middle, splitting them
into two (Chen et al., 2021). A consensus sequence for readings allocated to the same species can
be produced by Medaka (v. 0.10.1) (Fu et al., 2022).

High-quality merged reads are classified into operational taxonomic units (OTUs) or amplicon
sequence variants (ASVs) in amplicon metagenomic analyses, which correspond to distinct microbial
species (Edgar, 2018). Depending on the sequence identity needed for clustering, reads are usually
grouped de novo into amplicon sequence variants (ASVs) or denoised OTUs (Odom et al., 2023).
OTUs were previously grouped using a 97% sequence identity cutoff [8, 9], although newer guidelines
have proposed 99-100% identity to improve species-level identification accuracy (Callahan et
al., 2017; Edgar, 2018). Despite its widespread use, the OTU technique has drawbacks, including
decreased sensitivity to minute genomic variations and species misidentification (Pérez-Cobas et
al., 2020a). For greater accuracy and error correction, denoising techniques that pinpoint precise
ASVsare becoming increasingly popular (Amir et al., 2017; Callahan et al., 2016; Pérez-Cobas et
al., 2020a). OTU clustering relies on thresholds such as 99% to reduce sequencing artifacts (Stevens
et al., 2023). Filtering thresholds derived from abundance data have been employed to eliminate
uncommon OTUs that are commonly linked to PCR and sequencing errors (Bélint et al., 2016;
Bokulich et al., 2013). Denoising algorithms are currently the most effective approach (Stevens et
al., 2023). ]. Data are cleaned, clustered, and quantified using tools such as VSEARCH, DADA?2,
and Deblur. DADAZ?2 is particularly good at pinpointing ASV's and generating fewer false positives
(Amir et al., 2017; Callahan et al., 2016; Rognes et al., 2016). Deblur only allows single-end reads
but is successful for large datasets (Amir et al., 2017; Nam et al., 2023). Sequences are clustered
using >97% similarity by popular OTU clustering algorithms including USEARCH, UCLUST, and
SWARM (Edgar, 2010; Mahé et al., 2014; Nguyen et al., 2016). Similarly, UPARSE clusters at 97%
similarity but may overlook minute strain or species variations (Edgar, 2013). The ASVs in DADA2
are closer to the real sequences (Callahan et al., 2016). Denoising can be done using unoise3 in
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USEARCH, Deblur in QIIME 2, or DADA2 (Bolyen et al., 2019; Edwards et al., 2015). For mock
community sequencing, QIIME 2 with DADA?2 provides the most accurate richness estimations
(Almeida et al., 2018; Straub et al., 2020). For 16S amplicon sequencing, DADA2(Callahan et al.,
2016), QIIME 2 (Bolyen et al., 2019), and Mothur(Schloss et al., 2009) are the most frequently
utilized programs. (Fu et al., 2012; L1, 2009).

Aligning reads directly to reference genome libraries, as performed by PathoScope 2.0
(Hong et al., 2014), is an alternative to OTU clustering. In order to minimize sequencing errors
and genetic variants, PathoScope reassigns ambiguously matched reads using a Bayesian mixed
modeling approac(Byrd et al., 2014; Francis, 2012). Using k-mer searches, Kraken 2 provides an
alignment-free technique for taxonomy assignment based on cumulative k-mer matches throughout
a full read (Wood et al., 2019) (Odom et al., 2023). Although they avoid the inherent hazards of
sequence grouping and denoising, both methods are susceptible to sequencing errors (He et al.,
2015; Nearing et al., 2018). Although DADA2, QIIME 2, Mothur, Greengenes, and SILVA are
specifically designed for 16S amplicon sequencing, some of the difficulties these tools solve are
no longer as important because of advancements in sequencing technology, expansion of bacterial
reference genomes, and increasing computational capacity. Despite being more computationally
demanding and intended for a wider range of metagenomics, PathoScope provides more versatile
and potent outcomes (Miossec et al., 2017; Nearing et al., 2018).

Taxonomic assignment of ASVs or OTUs is crucial for understanding the composition of
the microbial community (De et al., 2024). By measuring the feature sequences in each sample
and assigning taxonomy at several levels, from kingdom to species, a feature table (also known
as an OTU/ASYV table) is created that offers insights into the structure of microorganisms(Liu et
al., 2021). In addition to reviewing 4 and 15 databases for microbial taxonomy and functional
profiling, respectively, Wajid et al. examined 69 tools for taxonomic categorization (Wajid et al.,
2022). For taxonomy assignment, common classifiers like SINTAX (Edgar, 2016a) and the RDP
classifier(Wang et al., 2007) compare ASVs to full-length 16S rRNA gene databases OTUs/ASVs
are commonly classified using tools such the RDP classifier, UCLUST, Deblur, BLAST, and
SINA (Edgar, 2010; Sf, 1990; Wang et al., 2007). To infer precise ASVs, denoising algorithms
such as Deblur (Amir et al., 2017), DADA2 (Callahan et al., 2016), or UNOISE3(Edgar, 2016b)
are employed. Taxonomy is assigned based on comparisons to reference databases (Edgar, 2016a,
2016b; Wang et al., 2007)). Additional taxonomic assignment tools are Emu, minimap2, Kraken
2, and Bracken; Kristen D. Curry (Kristen D Curry et al., 2022) found Emu to be the best tool for
taxonomic profiling. Full-length 16S rRNA amplicon sequencing from ONT devices. The first
technique for taxonomic profiling using full-length 16S rRNA amplicon sequencing from ONT
devices was NanoClust (Rodriguez-Pérez et al., 2021). MetaMaps(Dilthey et al., 2019) handles
long-read data faults using an approximate read mapping technique and expectation-maximization
(EM) approach, although it is less appropriate for substantially identical 16S rRNA genes (Bray et
al., 2016; Roberts & Pachter, 2013). For taxonomic binning of ONT readings, Centrifuge(Kim et
al., 2016) is utilized, and filtered results yield species relative abundance tables (Alili et al., 2021).
BLAST and Centrifuge are well-known because of their incorporation into Oxford Nanopore's
EPI2ME software, which provides a user-friendly interface for screening MinlON fastq readings
against several databases. MinION ribosomal RNA readings can also be taxonomically assigned
by BLASTn and Discontiguous MegaBLAST utilizing standard or custom databases, such as
EZBioCloud or NCBI 16S rRNA. (Kerkhof, 2021). Another effective instrument for taxonomic
categorization in amplicon metagenomics is Kraken2 (Wood et al., 2019). Other tools for taxonomic
assignment include Emu and Bracken, with Emu proven to be the best tool for taxonomic profiling
by Curry (Kristen D Curry et al., 2022).
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2.4.2. Whole metagenomics shotgun data Analysis
2.4.2.1. Illumina data

Although shotgun metagenomics offers accurate functional gene profiles and high-resolution
taxonomy, it has drawbacks, such as high computational requirements, restricted software compatibility,
and massive data volumes. Installing and maintaining tools can be made easier with Conda and the
BioConda channel (Dale et al., 2018) when implementing metagenomic analysis pipelines. The
[llumina HiSeqX/NovaSeq platforms generate 150 bp paired-end reads, whereas the BGI-Seq500
produces 100 bp paired-end reads for metagenomic sequencing.

Sequencing adapters, low-quality reads, and host DNA sequences present in the samples
are eliminated using Knead Data (https//github.com/biobakery/kneaddata), employing the default
Trimmomatic (Dale et al., 2018) settings (SLIDINGWINDOW420 MINLENS50) and the “—very-
sensitive” option in Bowtie (Langmead et al., 2018). The quality and statistical features of the
sequences can be evaluated using FastQC. KneadData or a Trimmomatic-Bowtie 2 combination
can effectively manage quality and remove host contamination from metagenomic analyses
(Langmead & Salzberg, 2012). Trimmomatic clears primers, adapters, and low-quality sequences
from Illumina data; host-aligned reads are eliminated by Bowtie 2. These tools are integrated by
KneadData for clean read production and quality checking. These readings are transformed into
functional and taxonomy tables using metagenomic analysis; taxonomy profiling is accomplished
with MetaPhlAn2 (Segata, 2018). MEGAHIT and metaSPAdes are assembly-based algorithms
that generate contigs from clean reads. MEGAHIT easily handles large, complicated metagenomic
datasets with few resources (Li et al., 2015), whereas MetaSPAdes can produce longer contigs but
requires more computational resources (Nurk et al., 2017). Genes inside assembled contigs are
then identified using metaGeneMark (Zhu et al., 2010) or Prokka (Seemann, 2014). Metagenomic
datasets with millions of genes are aggregated into functional annotations, such as KEGG Orthology
keywords, modules, and pathways, to reduce dimensionality (Kanehisa et al., 2016). Ten different
software tools, namely (BLASTN (Johnson et al., 2008), DIAMOND (Buchfink et al., 2021),
MEGAN (Huson et al., 2016), Kraken2 (Wood et al., 2019), Bracken (Lu et al., 2017), Centrifuge
(Kim et al., 2016), CLARK (Ounit et al., 2015), CLARK-s (Ounit & Lonardi, 2016), Metaphlan3
(Beghini et al., 2021), and Kaiju (Menzel et al., 2016)) can be used for taxonomic profiling..
Software, namely DIAMOND and MEGAN for a single profile, is utilized with default settings
according to their manuals. Tools are chosen to cover a range of database classification techniques,
including DNA-to-marker (MetaPhlAn3), DNA-to-DNA (BLASTN, Kraken2, Bracken, CLARK,
CLARK-s, Centrifuge), and DNA-to-amino acid mapping (DIAMOND+MEGAN, Kaiju). Numerous
algorithms are used in these techniques, including taxon-specific markers, FM index, K-mer-based,
Bayesian, and alignment-based markers. See (Menzel et al., 2016) for the benchmarking. It is also
possible to investigate within- and between-sample contribution diversity (species contributions
to a certain function) using HUMANN?2 (Franzosa et al., 2018), a functional profiling program that
is frequently used. The Cross-platform Graphical User Interface (GUI) software MEGAN [48]
facilitates customizable databases for effective functional and taxonomic analyses. Gene clusters
associated with the biosynthesis of secondary metabolites are identified, annotated, and visualized
using the antiSMASH database (Blin et al., 2019).

2.4.2.2. ONT data

Whole genome sequencing (WGS) provides phylogenetic analysis and extensive genomic
variety, clarifies species relationships and functional functions, and shows genetic diversity among
bacteria, viruses, plasmids, eukaryotes, and archaea (Pearson et al., 2009). NGS raw whole-genome
sequencing datasets must be trimmed and their quality evaluated to exclude short- and poor-
quality reads (Craig et al., 2001). To help with decisions about whether to proceed with analysis
or sample cleanup, NanoPlot offers a summary of read length against quality. Prokka annotation
files, a Bandage diagram enabling a graphical evaluation of assembly completeness, and a final
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completed genome in FASTA format are all provided by NanoForms (De Coster et al., 2018). In
order to improve genome assembly continuity and remove adaptor contamination, 50 bp are clipped
from both ends and sequences less than 1,000 bp with a quality score below 10 are removed using
NanoFilt v2.8 (De Coster et al., 2018; Murigneux et al., 2021). Porechop (v0.2.3) (https//github.
com/rrwick/Porechop) is used to eliminate adapter sequences, and NanoFilt (v2.2.0) is then used
to filter low-quality reads and choose sequences based on length (De Coster et al., 2018).

Using de novo techniques, high-quality, trimmed genome fragments are assembled with
or without a reference genome. De Bruijn graph (DBG) methods are particularly effective for
reconstructing genomic sequences using overlap analysis with k-mers. The ideal k-mer length for
these assemblies can be determined using programs such as Genome Scope, findGSE, and Kmer
Genie (Chikhi & Medvedev, 2014). Other software tools used for short-read assembly include
Euler-USR, Velvet, ABySS, AllPath-LG, SOAP de novo, MEGAHIT, and IDBA-UD, all of which
are based on the de Bruijn graph (DBG) algorithm (Zerbino & Birney, 2008). Because the de
Bruijn graph (DBG) technique is good at removing false contigs, it is frequently employed for the
de novo assembly of variable-depth data. QUAST 5.2.0 and MetaQUAST are used to evaluate
the quality of each metagenome assembly (Mikheenko et al., 2016). Numerous important quality
measures are generated by this evaluation N50, L50, the length of the longest contig (in base
pairs), the total length (in base pairs), and the number of contigs (Simao et al., 2015). Contigs from
assemblies can be used for binning, which classifies genomic segments into biological categories
to ascertain species abundance, characterize functions, and comprehend interactions, or for gene
function assignment. Because binning may manage complexity from shorter read lengths, it can
help expedite the process and lower the computing costs prior to assembly (Mallawaarachchi et al.,
2021). For metagenomic research, binning techniques can be taxonomy-independent (unsupervised)
or taxonomy-dependent (supervised). Without requiring prior knowledge of the genome, taxonomy-
independent or reference-free approaches cluster fragments from the same species by grouping
reads according to k-mer distribution. This method depends on k-mer distribution within the same
genome being identical. Alignment-free statistical research has demonstrated that single-sequence
noise can have a substantial impact on k-mer distance (Girotto et al., 2016). In order to efficiently
detect isolated clusters and aggregate low-abundance reads, BiMeta and MetaCluster bin reads are
clustered based on Euclidean distance between k-mer count vectors (Girotto et al., 2016; Wang et
al., 2012). Tools such as Metawatt, SCIMM, and LikelyBin use nucleotide compositions to cluster
fragments from the same genome. Other unsupervised binning methods include abundance-based,
hybrid, and composition-based approaches (Pérez-Cobas et al., 2020a). Utilizing programs like
AbundanceBin, Poisson distribution-based techniques, MBBC, and Canopy, abundance-based
methods group contigs with comparable abundance levels within a sample (Kembel et al., 2012;
Pérez-Cobas et al., 2020a; Ying Wang et al., 2015).

Both abundance-based and composition-based strategies are integrated using hybrid
methodologies. MetaCluster4, CompostBin, MaxBin2, MetaBAT2, CONCOCT, and COCACOLA
are notable tools that use these hybrid techniques To reconstruct draft MAGs, the MAGenie process
(https//github.com/jackchen129/MAGenie) combines taxonomic classification, sequence extraction,
and metagenome assembly. Flye is the best out of the five assemblers that are assessed; Shasta, Raven,
Unicycler, and Canu are the next best. Canu 2.2 (Koren et al., 2017), Flye 2.9.2 (Kolmogorov et
al., 2020), Raven 1.8.1 (Vaser et al., 2017), Shasta 0.10.0 (Shafin et al., 2020), and Unicycler 0.5.0
(Wick et al., 2017) are the assemblers that have been benchmarked. Sequences are categorized into
taxonomic bins, and genome annotation occurs, identifying and characterizing genes, ORFs, and
RNA molecules, signaling the transition from computational analysis to biological interpretation.
To predict genes from fragmented genomic sequences, programs such as MetaGene, Metagene
Annotator, and GeneMarkS-2 have been utilized (Noguchi et al., 2006; Noguchi et al., 2008; Pérez-
Cobas et al., 2020a). Modern technologies for annotating metagenomic data include MetaProdigal and
Glimmer-MG, but conventional techniques use automatic annotation followed by human curation.
As numerous genomes are being sequenced quickly, fully automated workflows are crucial. PGAP,
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DFAST-core, and Prokka automated annotation pipelines are notable examples (Seemann, 2014;
Tanizawa et al., 2018; Tatusova et al., 2016). For the functional annotation of eukaryotic genomes,
specialized tools such as GenSAS and MAKER?2 are employed. Metagenomic databases provide
taxonomies and functional capabilities of the microbial community; BLAST is a popular tool
for the functional annotation of assembled reads (Pérez-Cobas et al., 2020a). To further enhance
and verify projected functional annotation, large databases like FunGene, MetaPathways, PFAM,
InterPro, PRIAM, and MetaCyc are used (Pérez-Cobas et al., 2020a). For functional metagenomic
investigations, comprehensive reference gene catalogs—such as those utilized by MGS-Fast for the
human gut microbiome—are essential werebecause they facilitate taxonomic resolution, connect
genes to MAGs, and recreate full-length 16S rRNA genes (Brown et al., 2019; Pérez-Cobas et al.,
2020a). At the strain level, genome profiling of Metagenome-Assembled Genomes (MAGs) has
been made possible using recently developed techniques. MetaMLST, StrainPhlAn, PanPhlAn,
DESMAN, and MetaSVN are notable examples (Costea et al., 2017; Pérez-Cobas et al., 2020a;
Quince et al., 2017; Truong et al., 2017; Zolfo et al., 2017). To classify metagenome assemblies
taxonomically, Kraken 2 2.1.3 (Wood et al., 2019) is used mostly. A standard database can also
be used with the following parameters two minimum hit groups, k-mer size of 35 bp, minimizer
length of 35 bp, and minimizer spacing of 6 bp. Gene annotation can be carried out using standalone
pipelines or web-based tools such as MG-RAST v.4.0, Mgnify, Edge, Micro-Scope, or IMG/M
v.5.0 (Dong & Strous, 2019; Pérez-Cobas et al., 2020b). Online systems that lack specialized
annotations or have slower processing speeds are typically better suited for standalone pipelines.
The comparison of Amplicon and Shotgun Metagenomics workflows reveals distinct approaches
in data analysis and assembly (Figure 2).
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Figure 1: Step 1: DNA extraction from the sample, followed by PCR amplification. Step 2:
Addition of adapters and barcodes for further PCR amplification. Step 3: Sequencing using [llumina
and Oxford Nanopore Technologies (ONT) platforms for high-throughput analyses.
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Figure 2: Comparison of Amplicon and Shotgun Metagenomics Workflows:

On the left (Amplicon Metagenomics) Raw reads are quality checked using FastQC,
followed by trimming with Fastp and Nanofilt. After a second quality check with FastQC, reads are
assembled with MEGAHIT. Taxonomic classification is performed using QIIME2 and Kraken2,
with data visualization via R and Krona. On the right (Shotgun Metagenomics) Raw reads are
quality checked using FastQC and NanoPlot, then trimmed with Trimmomatic and Porechop. Reads
are assembled into contigs using MEGAHIT for short reads and Flye for long reads. Assembly
quality is assessed with QUAST, followed by binning with MaxBin2 and MetaBAT2. Genome
and functional annotation are conducted using Prokka, taxonomic classification with Kraken2, and
visualization through Krona.

Summary

Advancements in sequencing technologies and computational biology have significantly
improved our ability to conduct metagenomic research, leading to significant progress in the
fields of microbial ecology, biotechnology, and medicine. The combination of Illumina and
Oxford Nanopore technologies, along with advanced computational methods, has revolutionized
the creation and examination of extensive metagenomic datasets, offering unparalleled precision
and thoroughness. As sequencing costs continue to decrease and innovative methods emerge, the
integration of metagenomics and functional genomics offers promising avenues for elucidating the
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roles of microbes in health, disease, and environmental systems. Advancements in hybrid techniques,
long-read sequencing technologies, and real-time data analysis methods will enhance our capacity
to study microbial communities and discover new genetic functions. These developments enhance
our understanding of microbial diversity and have practical applications in fields such as antibiotic
resistance, pathogen detection, and environmental monitoring. Consequently, metagenomics has
become a leading approach in microbial studies.
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CRISPR technology has been a breakthrough in molecular biology and especially in animal
genetics given that it allows modification in DNA sequence and thus the genome of the animal. With
the help of this new tool, the breeders will be able to target specific genes that are associated with
such favorable traits as immune response to diseases, productivity, and feed conversion efficiency
to increase the rate of animal breeding. In foundational strategies, it creates or offers the standard
technique of develop a method that involves the establishment of favorable Changes of Links or
the elimination of negative genetic changes. This outcome to emergence of better characterized
healthier, stronger as well as more valuable breeds of cattle meant for production purposes. CRISPR
also eliminates any potential of multiple genes and alters the pathways that create irreversibility of
phenotypes depending on genomics. Given several reasons why the use of animals and the impact
that this advancement can bring about in foods produced should not be endorsed without animal
welfare as well as kind poultry and livestock productions’ policy. Despite the mentioned shortcoming
which restrict the efficacy of the CRISPR technology, the beneficial impacts of the method have
to a considerable extent the ability to set a direction toward improving the food production and
making the agriculture safe and ecological. This chapter describes the fact that the CRISPR method
is utilized in the improvement of the livestock variety.

1. Introduction

The new revolution in the genetic modification of animals is by employing CRISPR which
is a method that assists in the manipulation of genomes of different livestock species (Perisse et
al., 2021). With the help of this great tool, new opportunities, for an advanced breeding in cattle,
have emerged. It has provided response for improvement of animal welfare, disease resistance,
immunocompetence of animals to diseases, efficiencies in animal production and development of
superior disease resistant bio-medical models (Wang et al., 2022).

Among the fields outlined earlier as potentially useful in breeding work, the most attention is
paid to the development of one or another characteristic relevant to the economy of meat, milk, and
wool production. As a result, through genetic manipulation research, have found ways of increasing
muscle mass by exercising, altering the quality of milk (Laible et al., 2015), improving quality of
wool in different species of livestock dissected (Singh & Ali, 2021). For instance, as the analysis
of myostatin gene, which plays the role of a negative regulator of muscle genes, is conducted, the
animals with the extraordinarily large muscles and the increased quantity of meat in relation to
bones have been obtained (Petersen, 2017).

The CRISPR technique has also been used to create cattle that is resistant to diseases via the
process of altering genes that offer immunity or a tolerance to certain diseases (Islam et al., 2020).
The implication is that this strategy can easily lead to some improvements in the health and well-
being of animals apart from the reduced costs of outgoing that are because of infectious diseases.
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CRISPR-based genome manipulation has helped to address issues affecting animal plight
such as; depictions of horns from cattle (Jabbar et al., 2021) and minimizing aggression in pigs
(Prosman, 2021). These lofty improvements that we are about to highlight have the propensity
of improving on the health of cattle in addition to being beneficial to the farmers and producers.

Genetic manipulation, particularly of large animals, has therefore been made accurate, thus
enabling the development of complex biological models that may be used for the study of human
diseases, including potential treatment. Moreover, the CRISPR technique enables development of
livestock products that are developed to synthesize therapeutic proteins or biopharmaceuticals in the
milk or blood from the developed livestock species (Lin et al., 2022). This results in a production
method that is cheap to implement as well as easy to expand.

Although chances are high that different traits in animals can be genetically enhanced using
CRISPR technologies, then there are ethical issues to be considered when it comes to applying
the technology and legal frameworks that should be set to best suit such processes (Singh & Alj,
2021). It is about the animals, the impact the interventions themselves have on the ecology, the
health of the people and no one should take these issues lightly or vocalize about them without
having gone through critical analysis and research, greater thinking, and appropriate, serious and
sane debate once more.

Hence, the CRISPR technology should be looked at as a resource in improving the level of
particular genetic livestock species. First, it conducted research possibly to enhance production
capability, disease resistance, animal health, and/or biomedical science. It needs to be pointed
out that following the examples of other industries, to promote further use of this technology in
livestock farming in the extensive range, it is more proper to emphasize the positive aspects of
the technology in question and come up with the ethical and legal concerns that may arise in the
consecutive development of this field.

1.1 Orientation on CRISPR Technology.

CRISPR is a new addition to the world of genetic engineering and stands for clustered
regularly interspaced short palindromic repeats. It also makes it possible that all kinds of genetic
changes in different plants and animals are an efficient and professional process. The following
is an understanding of the significance of the CRISPR technology: Here are the details of the
information on the significance of the CRISPR technology:

CRISPR is a natural mode of defense that is innate in microorganisms while, rather than
the use of proteins to code RNA molecules in order to direct Cas proteins to excise DNA which is
severed (Pak, 2014). Key elements of the CRISPR system include the following: There are several
components to the CRISPR system, (Figure 1) these are the following aspects:

1- Cas-RNA is a small RNA molecule that detracts attention to the recognizable DNA sequence
and forms a complex with it (Pak, 2014).

2- Cas9 is an enzyme that had functions like molecular shears and the ability to stick to the
DNA on the site where the gRNA has recognized it.

3- The last component that combines CRISPR with Cas9 enzyme is to attach a particular
element called gRNA to direct the Cas9 enzyme to the DNA and fix it at a certain point that a
researcher desires. This helps in chiseling of detail within the featured genetic map (Ghorbani et
al., 2021).

92



ANIMAL PRODUCTION AND HEALTH

gRNA “Spacer”

3' I
“Scaffold” EE :
5'

/ Complex formation

yﬂgm

SI
Cas 9: gRNA
Complex

Figure 1. Component of CRISPER System
1.2 Significance in the Field of Genetic Engineering

It is more accurate to say that the CRISPR technology can be considered as one of the true
revolutions in the field of genetic engineering regarding such factors as versatility, efficiency, and
simplicity of the method. The significance of the product can be seen in.

1. Precise gene editing: CRISPR has the intent and the capability of creating a new style of
genetic surgery, it can create targeted alterations, insertions, deletive, or correction of particular
genes with an accuracy which had been so far unimaginable (Yang et al., 2021).

2. Versatility: One of the advantages that many researchers like about CRISPR is that this
technique is applicable across many species, on plants, animals, and even microorganisms, these
make many applications possible (Montagud-Martinez et al., 2024).

3. High-throughput screening: A tremendous advantage of CRISPR is the nature of gene
editing at once at multiple positions — this has always been very useful for large physiological-
genetic trials (Shalem et al., 2015).

4. Disease modeling and gene therapy: That new breakthroughs on genome editing by
the application of CRISPR technique have made possible for deeper investigation and synergistic
approach on a number of genetic disorders by creating disease models and gene therapies (Zhang,
2021).

5. Agricultural applications: There are views concerning the possibility that the use of this
technique CRISPR might be applied in agriculture to improve yield, nutritional quality of crops,
and also their ability to endure conditions, diseases, and pests (Haque et al., 2018).

6. Biomedical research: Also through CRSPR, it becomes easy to develop animal models
for the study of human diseases as well as the potential treatment (Chow et al., 2008).

7. Prospects of CRISPR: However, it is imperative to address the ethical dilemmas regarding
the application of the CRISPR technology further for proving the efficiency of the regulatory
measures in addition to advancement in the aspects such as specificity and modes of delivery of
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the established regulations. CRISPR technology specifically has made a significant impact in the
genetic engineering field especially through a process that allows the researcher to target genes
of interest and make changes to the sequence they want at a high precision and speed as well as
multiple uses. This has in turn has led to its usage across the fields including agricultural, medical
and other basic research fields (Ayanoglu et al., 2020).

1.3 - Application of genetic improvement in livestock species is vital for agriculture
products and food products.

The genetic evolution of animal species plays a significant role in enhancing agricultural
sustainability and guaranteeing food security. These are some crucial aspects to consider. These
are some salient points:

1- Enhanced Output: The breeding and genetic selection programmed envisaged, are for
improvement in traits such as gain, FCR, milk & eggs production and quality of carcass. Therefore,
the pressure for resources and environment is reduced and due to this, more offspring is produced
from the same or even fewer animals yield more (Maiorano et al., 2024).

2- Disease Resistance: Some of the mechanisms that can be used to introduce genes of
resistance to bacterial, viral and parasite diseases in to livestock are through breeding and gene
modification by techniques such as CRIPRs. Subsequently, animals acquire more health and better
production rates, easy on antibiotics as well as other treatments (Sollner et al., 2021).

3- Climate resilience: It means that the development of livestock stock-breed must be
suited according to the areas affected by climate change, such as heat tolerance, drought copy and
adaptability to the environment. This is useful in creating an insurance policy on food to prevent
situations of food shortage (Rashamol & Sejian, 2018).

4- Feed Efficiency: Feed conversion ratio is capability to feed conversion because through
selection of genetic the amount of feed required per unit of animal product is in a position to be
reduced hence improving the sustainability and feasibility of livestock production (Waghorn &
Hegarty, 2011).

5- Animal wellbeing: It also improves the welfare of cattle since the above traits are
unpleasant or have negative effects on animal health; some are deadly to the cows, or the farmers
are forced to remove them or trim them often (Yunes et al., 2021).

6- Biomedical Applications: In addition to therapeutic proteins and production of antibodies
and all biopharmaceutical products, and improving human life , genetically modified animals can
serve as bioreactors (Bertolini et al., 2016).

7- Conservation: This way the genetically diverse Regionally Adapted Breeds are characterized
and preserved in form of gene banks in order to have those breeds ready for future breeding activities
and the sustainable animal production (Yaro et al., 2017). Genetic improvement programs hence
have a crucial function to play in the enhancement of efficiency, greenness and sustainability by
raising production efficiency, and lowering the greenness of production, while both remaining
crucial during the expansion of the existing livestock production systems to meet the growing
global consumption of source animal meals.

2. Fundamentals of CRISPR Technology

CRISPR has progressed to a level that the application of enhancing genes in livestock
species through CRISPR based technology is revolutionized. The essential foundations of CRISPR
technology in livestock are as follows: This chapter aims to define the following basic components
of CRISPR technology in livestock:
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CRISPR-Cas9 Mechanism

1- The foundation from which CRISPR-Cas9 system has been derived is the fundamental
function of bacteria as the defense mechanisms against plasmids and viruses (Menchaca et al., 2020).

2- The system is comprised of two primary constituents: sSgRNA and Cas9 which is a DNA
endonuclease to provide corresponding short guide RNA molecules for endogenizing the CPE
gene (Petersen, 2017).

3- The sgRNA is specific by it binds to a particular target DNA sequence and directs the
Cas9 enzyme to the site of desired locus to introduce a double-strand break (DSB) within the DNA

(Viotti et al., 2021).
- /ﬂ\_

CRISPER /Cas 9 ™
Complex
Doner
DNA —
insertion
er\ ‘ T N___
Genetically modified DNA PAM Sequence
Sequence

Figure 2. Mechanism of action of CRISPER
Mechanism of Action

1- Currently, the sgRNA is made of a scaffold region which is responsible for the binding
of Cas9 and a 20-nucleotide sequence that is reverse complement to the target DNA (Nishimasu
etal., 2014).

2- Cas9 shows preference to its binding to a specific target known as protospacer adjacent
motif (PAM) which is adjacent to the target DNA (Mekler et al., 2020).

3- Cas9 has scissor like action which cutting the target DNA at two strands and leave a nick
that can be repaired by intrinsic reparation system of the cell (Williams et al., 2007).

DNA Repair Mechanisms

1- The repair process that it uses is non homologous end point joining which is an error prone
process and in this process insertion deletion (indels) may occur at the break points. Such occurrences
may lead to their deletion or even inactivation or even alteration resulting in the disruption of the
certain genes (Bennett et al., 2020).

2- As it involves the use of a supplied DNA template, homology-directed repair or HDR
is precise in altering the wanted sequence to enable the precise gene insertion or correction
(Budhagatapalli et al., 2015).
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Applications in Livestock

1- Transgenic application of CRISPR has also been successfully done in livestock species
with objectives of gene ablation, gene correction, gene insertion, transcription factor regulation
and epigenetic changes (Lamas-Toranzo et al., 2018).

2- It has applications in the improvement of production parameters such as fiber traits,
muscle development and lactation, for creating biopharmaceutical models, feeding parameters
optimization, and most importantly, better animal ethics (Bomkamp et al., 2022).

Advantages
1- Individuals with specific DNA sequences are directly attacked with high effectiveness.

2- It is even inexpensive and considered to be relatively easier in design as compared to other
previous approaches of gene editing instruments.

3- One of its possibilities is to apply itself to the simultaneous muting of several genes.
4- there is adaptability among various types of livestock species and cells (Ding et al., 2023).

Primarily, the CRISPR technology has played a very important role in the genetic enhancement
of livestock as it avails accurate and effective ways of controlling the genes. Therefore, many
inventions in the practice of agriculture and biomedical science have been developed.

3.1. Explanation of CRISPR-Cas systems and their mechanism of action.

CRISPR-associated CRISPR-Cas (CRISPR-Cas) systems are adaptive immune mechanisms
that are present in bacteria and archaea. They function to safeguard against exogenous genetic
material, including plasmids and viruses. The CRISPR-Cas system operates in three primary phases:

Stage 1: Adaptation

1- The CRISPR locus of the host genome aquisition of protospacers, short tracts of exogenous
DNA which are flanked by repeats.

2- About this, the Cas1 and Cas2 proteins play a role of capturing and integrating protospacers
into the Cas array.

3- However, it must also be remembered that as a genetic memory, the array aids the host in
forgetting previous infections (Mohanraju et al., 2016).

Stage 2: Biogenesis

1- There is a long precursor CRISPR RNA (pre-crRNA) to be synthesized from the CRISPR
array.

2- The Cas proteins inclusive of Cas6 and Cas9 possess endoribonuclease activity and
consequently transcribe the pre—crRNA into crRNAs.

3- Basically, every crRNA consists of spacer sequence that targets a certain s foreign genetic
element (Behler & Hess, 2020).

Stage 3: Interference

1- The Cas effector protein complex is guided to the target foreign DNA or RNA based on
if the crRNA has sequence complementarity.

2- Cas effector complex has been identified to bind near a target sequence in proximity to a
protospacer adjacent motif (PAM).
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3- Cas effector complex eliminate the FGE through its ability to cut or degrade the target
nucleic acid upon recognition (Gleditzsch et al., 2019).

The Mode of action varies depending on the specific CRISPR-Cas system involved in the case
of multi type CRISPR-Cas systems. (e. g. Cas9 and its orthologs, can be classified as generalistic
Type I- and Type V-REases or specialized Type II- or Type III-REases, as these systems utilize
different Cas effector proteins and function on nucleic acid substrates like RNA or DNA (Makarova
& Koonin, 2015). However, in all the variants of the CRISPR-Cas system, the mechanism of
obtaining genetic memory, recognition of crRNAs, and the ability of Cas-gene controls to eliminate
foreign nucleic acids is the same (van Beljouw et al., 2023).

3.2. Different CRISPR tools used for precise genome editing in livestock.

A variety of applications for genetic enhancement in livestock species, including sheep,
goats, cattle, and pigs, have been made possible by CRISPR technology (Mehra & Kumar, 2022).
Important applications consist of:

Improving Production traits

1- One potential approach to augmenting muscle mass and fiber production is through the
disruption of the myostatin gene (MSTN).

2- Improving the quality of milk.
3- Increasing reproductive efficiency (Kalds et al., 2023).
Enhancing Disease Resistance and Animal Welfare

1- To enhance animal welfare and disease resistance, genetic modifications are being
implemented.

2- Producing livestock with advantageous characteristics that promote animal welfare, such
as the "slick" hair variant in cattle that aids in heat tolerance (Hallerman et al., 2022).

Developing Animal Models for Biomedicine:
For scientific research, developing large animal models of human diseases (Ziegler et al., 2016).
Pharmaceutical Protein Production:

Animal modification for therapeutic protein production (Dicks et al., 2015; Perisse et al.,
2021). Two primary methodologies employed to produce livestock with edited genes are somatic
cell nuclear transfer (SCNT) and zygote manipulation through microinjection or electroporation.
Efficient gene ablation, knocking, base editing, and epigenetic modifications in livestock have been
made possible by CRISPR (Menchaca et al., 2020).

However, the new CRISPR technologies themselves have a somewhat less confident, or
rather more positive, potential to influence the rate of growth in stock and livestock; but it is
not a bad idea to also recall the genera which pose concern on animal welfare, the impact on the
environment, and moral dimensions. It is clear that this tool is rather effective and, as it can be stated
with reference to the examples of the present days, it is also applied rather actively: the extended
usage of CRISPR demonstrates that this tool is powerful and gradually, it is changing the field of
genetics and, particularly, animal breeding at the present stage (Raza et al., 2022).

4. Applications of CRISPR CAS9

The livestock genetic enhancement industry has been changed immensely due to this CRISPR
gene editing technology that creates the method that is accurate as well as efficient in having the
desirable traits in the animals. Enhancing the health, and quality of life, as well as increasing
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production yields in many livestock species inclusive of cattle, swine, sheep, and poultry among
others; this advancement has been useful.

One of the significant applications of CRISPR in livestock improvement involves leveraging
on ‘gain’, that is, speeding up the rate of change on beneficial characteristics that would otherwise
take time to disseminate through the population naturally. This is done by firstly, the introduction
of alleles associated with the given traits from one breed to another with the help of selective
breeding, thus negating the need for crossbreeding or secondly, by increasing the frequency of
the said alleles in a particular population (Fischer & Schnieke, 2023). By using this approach it
would increase the option to reduce significantly days between generations, increase the level and
accuracy of selection, genetic variation (Govindaraj et al., 2015).

Also, to overcome heat stresses the CriSPr has been used to improve heat tolerance in cattle
especially in the tropical and subtropical areas. Heat stress plays a great role in provoking these
challenges to cattle husbandry primarily in the hot regions; nevertheless, gene editing can be
employed to transfer heat-tolerant alleles to native breeds, improving yield and reducing effects
of heat stress (Camargo et al., 2023).

Additionally, CRISPR has been applied in increasing yield and the quality of milk, control
of the reproduction of bulls and reduction of methane emission in bovine origin (Camargo et al.,
2023). Indeed, use of this technology when improving poultry breeding has made it possible to
introduce such desirable characteristics as, for instance, faster growth and resistance to diseases
(Upadhayay & Vishwa, 2014).

The use of genetically manipulated animals is cited to make use of the versatility of CRISPR-
Cas9 system in a manner that permits the direct change on the DNA sequence within the animals.
This is achieved by employing the guide molecule that pins the Cas9 enzyme to a particular position
of the genomes in a cell whereby the DNA is cut open and the required changes are then made
(Menchaca et al., 2020).

Further advancement in the application of CRISPR in genetic improvement in livestock
cannot be only expected to expand but is already doing so in different areas. Pros towards utilizing
CRISPR in this field are; high efficiency, low pollution levels, and improved wellbeing of animals.
On the other hand, there are some ethical and regulation related issues which are also revealed by
this technology (Perisse et al., 2021; Viotti et al., 2021).

Thus, it is seemingly reasonable to suggest that CRISPR could contribute further to the
enhancement of objectives on genetic improvement of domestic animals given the ability of this
technique to deliver, intentionally and with high accuracy, desirable traits to the animal’s genome
within a relatively quick time. Different breeds of animals have been improved by the efficacy of
this method, and undoubtedly the sphere of'its application in animals breeding and genetics is liberal.

5. Disease Resistance:

Thus, targeting the genes that contribute to disease resistance by using CRISPR technology
has become an important aspect in breeding of livestock for disease resistance. Genetically modified
cattle have also been grown using CRISPR/Cas9 to enhance the infection immunity through different
germs, virus, fungus (Gao et al., 2023). This makes them healthier and more productive as it was
witnessed with the animals.

Enhancing Virus Resistance using CRISPR/Cas9
Targeting plant viruses:

In the same method, CRISPR has been employed to develop plants that can be resistant to
plant viruses notable as a menace to basic and novelty crop varieties. Previous study focused to
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cultivate edited plants harboring CRISPR mods to increase resistance against ssDNA Gemini virus
genomes (Mohd Azman et al., 2022).

Applications of CRISPR/Cas9:

The CRISPR/Cas system has been investigated for its potential in fighting viral infections,
namely by targeting single-stranded DNA geminivirus genomes. This research has demonstrated
the effectiveness of the technique in providing resistance against viruses (Khan et al., 2022).

Resistance Against Fungal and Bacterial Infections.

One of the generic resistances that have been used to protect plants is the Fungicolous resistance
and here are why CRISPR technique is used.  This achievement in the genetic modification of
the host through CRISPR / Cas 9 causes the genetic alteration or editing of genes has been made
to intensify the immunity towards fungal pathogens (Tyagi et al., 2021).

Bacterial diseases:

CRISPR/Cas system has been revealed to possess capability to enhance plants’ resistance to
bacterial diseases, which in turn enhance sustainable agricultural productivity by enabling precise
genetic modification to increase disease resistance (Shelake et al., 2019).

Future Prospects and Challenges.

The current applications of the CRISPR technology in bioengineering disease resistant cattle
in a sustainable system of agriculture has what that can make the use of pesticides redundant and
at the same time leads to increased productivity. Challenges include, the ability to transition from
laboratory or greenhouse environments that uphold predetermined conditions to field conditions to
verify the efficiency of disease resistance, a confirmation of agronomic performance of transgenic
crops, and regulation issues on gene-edited livestock (Jhu et al., 2023).

6. Productivity Enhancement:

Genes that can be targeted to improve livestock productivity using CRISPR technology.
Some of the genes that can be targeted to enhance livestock productivity under CRISPR include:

Meat production: Consequently, the deletion of MSTN gene is desirable for the growth of
somatic muscles like the cattle, pigs, as well as goats. Lipoplin gene which is associated with
the fat-1, transform goats into muscular and useful animal that provielt lean meat that is healthier
to be consumed when preparing the diet that does not contain N-6 PUFA to N-3 PUFA ratio (Tait-
Burkard et al., 2018).

Milk production: Enhancing production of the genes of interest in order to modify the milk
content for the improvement of quality and quantity of the milk comprising the dairy products
(Karatzas & Turner, 1997).

Egg production: Employing CRISPR in targeting those poultry’ genes which are associated
with matters surrounding egg-laying may help enhance the process in poultry (Barkova et al., 2022).

The genetic manipulation is also done with the intention of enhancing meat, milk and egg
production livestock species as well as to find ways of feeding human beings that does not need
to involve consuming animals.

7. CRISPR for edition on feed conversion ratio and nutrient utilization

CRISPR has been applied by enhancing efficiency of nutrient uptake and utilization by crops
(Kumar et al., 2022; Sathee et al., 2022) This is done by genetic manipulation of certain target
genes and pathways that the way it will be utilized is quite clear and happens obviously.
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Effective dietary changes: CRISPR-Cas9 mediated mutation of OsHAK3 in rice resulted in
decreased K+ uptake, and susceptibility to low K stress and salt stress. Genome editing techniques
have been used to manipulate positive and negative nutritional signals, with the aim of improving
nutrient utilization and stress indicators under deficient conditions (Sathee et al., 2022).

Nutrient absorption: The CRISPR-Cas system has been used to access genes involved in
the uptake and transport of micronutrients, increasing their content in plants. The CRISPR/cas9
system has also been applied for increasing the nutritional quality of seed crops; such as rice, wheat,
barley, sorghum, and vegetables; such as potatoes and tomatoes (Kumar et al., 2022).

Increase nutritional intake: The transgenic breeding has also been applied in crops
enhancement to address issues to do with nutrition and crop performance through alteration of
the genes that control metabolic activities (Yang et al., 2022). The Further researches have tried
editing genes such as St16DOX through the use of the CRISPR/Cas9 system in which retrieval of
recessive alleles of waxy, rc, rice, alc and Tomato mutants have been made possible in genome-
engineered crops (Ku & Ha, 2020).

These post-editing modifications through CRISPR technology have the potential to raise
quantities of nutrients in crops, enhance the efficiency of nutrient uptake and utilization, and thus
to enhance world foods’ nutrient density.

8. Advantages and Challenges

Efficiency: Functional benefits of CRISPR-Cas9 in animals are quite remarkable on this
aspect, offering a perfect approach to easy rapid and accurate genomics (Zhu et al., 2014).

Simplicity: Compared to other methods of selective breeding in genetic engineering, CRISPR
is less procedural and specific to strains and enables the altering of specific genes (Chen et al., 2019).

Cost-Effectiveness: CRISPR-Cas9 as well cheaper than other techniques in animal breeding
hence making it possible to genetically improve animals (Wani et al., 2023).

Sensitivity: The advancement in technique used in CRISPR makes it more possible for
people to search for better genes amongst animals by making a precise gene editing (Maximiano
etal., 2021).

Prospects and difficulties in using CRISPR technology in veterinary medicine

Off-target effects: The first effect of CRISPR on Human body is the failure of specificity
that causes nonspecific cleavage which creates a change in genes and there are all single exchanges
and irreversible (Boutin et al., 2022).

Formation mosaic animals: Instead of introducing the genetic variation in all cells of the
animal, CRISPR mutations might result in mosaic animals where only some tissues contain the
variation, and can influence the stability of descendants’ traits (Irion & Niisslein-Volhard, 2022).

Regulatory barriers: Currently, there are some issues in the regulation of CRISPR-corrected
livestock around the world that continues to create challenges in the approval of the CRISPR-
corrected livestock for releasing to the market and the ethical questions posed by the future of the
CRISPR-corrected livestock are also in the right direction (Davisson, 2019).

Ethical Issues: It is vital to be cautious on the following aspects of ethics concerning the
use of CRISPR on animals; Animal suffering and welfare, manipulate genes and the ripple effects
of genetic manipulation (Schultz-Bergin, 2018).

CRISPR is a promising tool in improving the livestock through enhancing the rate of genetic
alterations by being precise and relatively affordable without some drawbacks like off target effects,
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restrictions by laws, and ethical issues regarding the use of this technology in genetic engineering.
9. Case Studies

Range of information sources on the progress in the livestock industry around the world
are presented accompanied by the case and success stories, including new practices in managing
livestock industry.

1. Erica and Stuart Halliday 'Ben Nevis' Angus Stud, Walcha NSW: They plant annually;
diversely; rotate grazing: that sustains the health of the soil, reduces cost of investment and increases
the weight of cattle They plan to achieve a net zero by 2030 (Thamo et al., 2017).

2.AACo Achievement Development Program 'Brunette Downs', Barkly Tableland, NT:
Currently, AACO is the globally leading producer of beef which is involved in the sustainable
development which is translated into the achievement of the company’s strategic development
goals that includes the application of the sustainable modeling and efficient pasture management
based on the use of data analytics (Ricketts et al., 2023).

3. Andrew & Mandy Bouffler 'Trigger Valley', Lockhart NSW: The Bouffler sheep seed
producers have adapted their breeding programmes in accordance with the market trends, thereby
using simple techniques to improve the seed production, easy management, and increased prices
of wool purchase (Bagozzi et al., 2012).

4. East Gippsland and South Coast WA: extension programs that have been learnt and adopted
by farmers in Livestock farming in east Gippsland and south coast WA, Tree fencing; Sustainable
grazing and sustainable grazing systems have been put into practice to enhance productivity, profit
and a sustainable production has been enhanced (Nie et al., 2016).

From these case studies the realignment of livestock management practices was established
indicating that the practice can lead to betterments of the soil conditions, carbon stocks, and of
breeding, grazing, and of the growth of the potential livestock and enhancements of the environments
all whilst using sustainable livestock management practices for sustainable development. It also
raises the measure of importance of actions.

10. Applications of CRISPR in Livestock Genetic Improvement

Application of CRISPR technology in improving the genes of animals from diverse sectors
are as follows.

1. MSTN gene editing for meat production: Goats were cloned in China in which the
MSTN gene was modified by CRIPSR technology to get bigger muscles needed to weigh more,
get meat efficiency and better quality (Zhou et al., 2022).

2. Fat-1 gene insertion in goats for healthy meat production: The study was done in United
States of America. Thus, it was shown that recombinase specie CRISPR was used to clone the fat-1
gene in goats and during the experiment. These changes helped marbling development of better
meats and yielded the muscle meat which has a desirable n-6 PUFA to n-3 PUFA that off-sets the
negatives associated with saturated fat (You et al., 2021).

3. Introduction of UCP1 gene in mice for thermoregulation: Australian scientists and
hydrologists studied how a cloning-realted tool called CRISPR-worked to beef up the UCP1 gene
of mice so that their cold-regulation yardstick and fat tissue sharp declined (Michurina et al., 2023).

These examples suggest that CRISPR is a useful tool in genetic engineering and improvement
of animals in various farms and proves it effectiveness, efficiency in the improvement of yield,
meat quality, and animal welfare in various animal plant.
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10.1. CRISPR-edited livestock as an example

CRISPR revolution can improve productivity and sustainability in agriculture and animals
in the following ways.

Increase performance: The genetic engineering scientist has pointed out that way of eliminating
MSTN gene could improve the quality of meat production animals such as cattle hogs and goat
(Kalds et al., 2023). The MSTN enrichment using CRISPR in goat’s knockout model displayed
muscular build up and added weight gain when compared to the wild type animals. The MSTN
knockout improves muscle growth by restraining the fat-1 gene in goat and produces muscular and
crunchy meat with a favorable n-6 PUFA to n-3 PUFA (He et al., 2018).

Immunodeficiency cells: CRISPR should also be adopted to create more animals with the
right sensitiveness to ailments like TB from Mycobacterium bovis that will enhance animal’s health
and suppress losses (Gong et al., 2020).

Improving animal welfare: Overcoming the UCP1 gene in mice could also enhance the
ways through which body heat could be conserved in the cold and decrease adiposity consequently;
enhancing animal welfare (Cannon & Nedergaard, 2011).

Reduces environmental Impact: It is acknowledged that CRISPR can be applied to the
genes involved in methane production of animals due to the advantage of decreasing its emission
capabilities (Leahy et al., 2013).

Medical supplies: The clone animals can be used in disease gene mapping in human diseases
and also in the production of human proteins in Medical researches and treatment (Murray et al.,
2010).

The general goal of this technology in livestock is to enhance productivity through meat
and dairy yield, improve production and animal health and welfare, and decrease the amount
of resources used by animals as well as the impact on the environment but the insecurities and
moral implications of these technologies must be faced and sorted before they are commonly used
(Murray et al., 2010).

11. Future Perspectives

Future perspectives of CRISPR/Cas9 technology in animal genetics, especially in mice and
poultry research, offer exciting developments and potential challenges:

Swine Research:

Advances: CRISPR/Cas9 technology has greatly improved genome editing in mice, improving
breeding, vaccine development, xenotransplantation, and disease modeling (Zhang et al., 2021).

Possible applications: The technology enables the production of transgenic mice with reduced
fat content and lean meat, as demonstrated by modifying the *UCP1* gene in in the piglets (Tu
et al., 2022).

Poultry Industry:

Emerging Applications: CRISPR/Cas9 technology is gaining momentum in chicken and
quail and other poultry species, allowing researchers to modify gene function for transcriptional
regulation, target genes and epigenetic modification (Idoko-Akoh, 2019).

Future prospects: The poultry meat industry is poised to benefit from CRISPR-powered
genetically modified chickens that are more efficient in feed consumption and lean meat production,
potentially appealing to consumers acceptance (Tizard et al., 2019).
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Challenges and Opportunities:

Avian Species Development: Although the use of CRISPR in mammals such as pigs has
advanced significantly, its use in avian species is still emerging and will soon become more
competitive and will provide opportunities for genetic improvement in poultry (Khwatenge &
Nahashon, 2021).

Specificity and Off-Target Effects: To increase the specificity of CRISPR in animals, it
is important to overcome challenges such as target effects, ensuring that the genome is altered
accurately and not inadvertently output (Epstein et al., 2021).

The future of CRISPR/Cas9 technology in animal genetics holds promise for enhancing
productivity traits, improving feed efficiency, and addressing disease resistance in pigs and poultry.
To fully exploit the potential of this adaptive genetic modification tool in animal agriculture, it will
be important to address the challenges associated with specific cases and regulatory frameworks.

12. Summary

CRISPR/Cas9 technology has enabled genetic manipulation of animals, enabling precise
genome manipulation with ease and efficiency compared to previous methods (Singh & Ali, 2021).
The use of CRISPR in animal research has expanded rapidly, with more than 500 papers published
since 2014.

CRISPR has enabled many genetic improvements in animal husbandry, e.g.
» Increased quality of products such as meat, dairy and fibers.

* Disease prevention and improved animal health.

* Provides large animal models for human diseases.

* Production of recombinant proteins for pharmaceutical applications.

* Analysis of gene activity involved in growth and development.

Major innovations include the ability to edit multiple genes, detect site-specific mutations,
and target ancient disease cells in different species. Although challenges remain specific effects
and off-target effects though ongoing research is addressing these limitation.

The future implications of CRISPR in animals are profound. It offers the potential for
significantly increased yields, better feed efficiency and leaner meat in animals such as pigs and
poultry. As technology advances, it becomes increasingly important to guide legal and ethical
considerations.

In conclusion, CRISPR/Cas9 is a revolutionary tool that is changing animal genetics and
reproduction. Its application in enhancing livestock sustainability, yield and animal welfare to meet
the increasing global demand for feed holds great promise Continued research to optimize CRISPR
will continue to unlock potential a it has to reshape the future of animal agriculture.
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RECENT DEVELOPMENTS IN THE USE OF MOLECULAR
DOCKING TECHNOLOGY IN FEED SCIENCE

Muhammad SAFDAR
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Salma BIBI
Yasmeen JUNEJO
1. Introduction

A computer method called molecular docking is extensively utilized in feed science and other
scientific fields to anticipate the binding mechanism and affinity of compounds. When it comes to
feed science, molecular docking is essential for comprehending how bioactive substances interact
with biological macromolecules like enzymes, receptors, or transporters that are involved in an
animal's digestive system. By using computational simulation, the preferred orientation or binding
affinity of a ligand (molecule) to a target (molecule) when they interact to create a stable complex
can be predicted using a technique called molecular docking. Within feed science, targets might
be proteins or enzymes involved in the breakdown and assimilation of nutrients, whereas ligands
can be bioactive substances found in feed ingredients.

Since its original description in 1982 (Kuntz et al. 1982), molecular docking has evolved into
the main concept of structure-based virtual screening. It consists of two main tasks, each handled
by a different algorithm. The ligand can assume several forms, or postures, within the binding or
active pocket, which are predicted by the sampling process. Next, for every anticipated pose, a
scoring function forecasts the binding energies between the ligand and receptor.

Explaining the structural characteristics and reactions of biological systems & uncovering
the mysteries of the microcosmic universe have proven difficult when research relies solely on
experiments. A common technique for describing a molecule's reaction system and forecasting its
macroscopic physical characteristics is molecular modeling. The field of molecular simulation (MS)
technology has advanced significantly over the past 20 years, particularly after the 2013 Chemistry
Nobel Prize was given out (Nie et al. 2018).

Molecular docking provides a useful framework for comprehending drug biomolecular
interactions, which is useful in both mechanistic research and rational drug design as well as
discovery. It works by aligning a ligand with the preferred binding site of a target-specific region
of DNA or protein (receptor), primarily through non-covalent means, to form a stable complex
with increased specificity and potential efficacy (Guedes, de Magalhdes, and Dardenne 2014).

Since the human body needs food to obtain critical elements such proteins, lipids, carbs,
and vitamins, molecular docking has broad applications in these specific fields. Furthermore, drug
residues, biotoxins, and foodborne pathogens are major concerns in food safety research, which is
becoming more and more concerned with molecule-level analysis (Sledz and Caflisch 2018). To
investigate the connection between substrates and enzyme activity, the molecular docking method
was used. Hydrophobic interaction and hydrogen bonding are two ways that protease interacts
with substrates; the primary binding site is indicated by the Hydrophobic Cavity of the enzyme
(Yue et al. 2017).

2. Recent Advancements in Molecular Docking

In recent years, molecular docking has emerged as a crucial component of in-silico drug
development. This method entails forecasting the atomic-level interaction between a tiny chemical
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and a protein (Sahoo et al. 2022). This makes it possible for scientists to examine how tiny
compounds, like nutraceuticals, behave within a target protein's binding region and comprehend
the basic biochemical mechanism underpinning this interaction (Meng et al. 2011). For molecular
docking approaches, several free and commercial computational algorithms and tools are available.
These applications and resources were created and are presently being utilized in academic fields
and pharmacological research (Jorgensen 2004).

According to (Sahoo et al. 2022) some of the most widely used docking applications are UCSF
Dock, MC Dock, Surfex, Auto Dockgold, Glide, Discovery Studio, MOE-Dock, FlexX, DOCK,
Cdcker, LigandFit, ICM, LeDock, rDock, FRED and Auto Dock Vina. Molecular docking has been
essential in many drug development efforts, particularly for virtual examination of phytochemicals
or nutraceuticals as potential medicinal compounds (Kitchen et al. 2004) as shown in figure 1.

The features of tiny compounds known as ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) can also be predicted via docking. Initially in the drug development
process, the projected ADMET attributes can be utilized to weed out molecules with undesirable
features (Das et al. 2020).

It is also possible to utilize molecular docking to clarify the molecular structure of proteins
whose structures are uncertain. By using docking, one may forecast how tiny molecules will attach
to proteins and create a protein homology model based on the predicted binding mode. Next, the
constructed model can be refuted use experimental data to determine the protein's precise structure
(Ferreira et al. 2015). A computational method called molecular docking validation is being applied
more and more in the field of nutraceutical research to find possible targets for the treatment of
different illnesses. Nutraceuticals have are naturally occurring substances that can be found in
food sources such as as vegetables, herbs, and fruits that may have health benefits (Vergallo 2020).
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Figure 1. Recent Advancements in Molecular Docking
3. Molecular Docking Algorithms

Molecular docking algorithms provide important information on drug-receptor binding by
predicting the interactions of tiny molecules with target proteins. As the field of discovery of drugs
advances, scientists are always working to create docking algorithms that are more precise and
effective. The current state of molecular docking approaches is reviewed, and their advantages and
disadvantages are thoroughly examined.

The level of grading in the algorithm flow can be used to categorize docking algorithms
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into two categories: integrated and edge functions. Scoring is incorporated into the search phase
of integrated algorithms, which filters out potential solutions. Scoring is applied at the conclusion
of the search phase in edge algorithms. Therefore, the primary distinction is that, in integrated
algorithms, the scoring function is incorporated into the solution design, but in edge algorithms, it
is not. Some of the computational systems utilized in docking, such as anchoring algorithms and
genetic algorithms, require integrated algorithms. A fitness score is necessary for genetic algorithms,
and it is applied after each generation and employed in the selection pressure operation (Gardiner,
Willett, and Artymiuk 2001).

Due to its effectiveness and precision in ligand-protein binding prediction, AutoDock Vina has
become more well-known. Better docking results are a result of its increased scoring mechanism
and search methodology (Trott and Olson 2010). GOLD effectively searches for ideal binding
orientations by examining ligand conformations using a genetic algorithm. It is a strong docking
tool due to its adaptability and capacity to manage a variety of ligand-receptor interactions (Jones
et al. 1997). Advanced methods such as adjustable ligand sampling and precise scoring functions
are incorporated in Schrodinger's Glide. When managing extensive virtual screening efforts, it
is renowned for its accuracy and quickness (Friesner et al. 2004). Molecular docking has been
profoundly affected by recent advancements in machine learning. Neural networks are used by
algorithms like BindML and DeepDock to estimate binding affinities; these algorithms show better
accuracy than traditional scoring systems (Jimenez et al. 2017) as shown in figure 2.
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Figure 2. Different Algorithms in Molecular Docking
4. Applications in Feed Additive Design

Designing balanced ration techniques for high-yielding animals while keeping the cost-benefit
ratio is one of the biggest issues encountered by farm managers, livestock rearers, animal’s scientists,
and nutritionists working in the animal feed sector or research field. It should also be remembered
that the costs associated with meat, dairy, and animal byproducts are not constant and can change
for several reasons, one of which is the cost of the feed (Thornton 2010).

The European Commission defines feed additives as goods used in animal nutrition to raise
the standard of animal-derived food and feed, as well as to increase the health and performance of
the animals, for example, by making feed materials more easily digested. Yeast culture or sodium
bicarbonate, respectively, are two examples of the nutrients that can be found in a variety of feed
additives. In terms of technicality, feed additives are neither seen as necessary nor do they provide
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high animal productivity or financial success in animal husbandry methods (Pandey, Kumar, and
Saxena 2019).

North America or Asia-Pacific are the world's largest users of feed additives. Over 60% of the
world's animal feed consumption is attributed to them (Pandey, Kumar, and Saxena 2019). According
to estimates, the region with the fastest revenue growth is Asia-Pacific. Growth is especially strong
in emerging economies like Brazil, China, and India because of the population's steady rise in
income levels brought about by increased industrialization and the boom in the service sector. This
has also helped the feed industry because per capita meat consumption has increased (Arenas-Jal
et al. 2020). Due to the advantages feed additives can provide, such as promoting animal growth
and controlling infectious diseases, their significance is growing daily in addition to improving
feed digestibility (Pandey, Kumar, and Saxena 2019). The market for animal feed additives has a
stable growth graph and is expected to continue growing in the future due to the world's rapidly
rising demand for dairy, meat, and meat products (Hines 2022).

The most recent of the disruptive technologies that appear to be making a significant impact
on the food and agriculture sectors is additive manufacturing or AM. By building up layers of a
particular material by a design specification, it can produce a real part straight from a digital model.
This gives the part's size and shape a great deal of flexibility. It produces a novel product attribute
that cannot be produced with current technology (Jee and Sachs 2000). Significant advancements
in the sector and bespoke food design are possible using additive manufacturing technologies.
This technology's design construction is reliant on the properties of the materials and the building
mechanisms. In the subject of food engineering, AM faces numerous issues, including those related to
processed productivity, product innovation, and functionality (Godoi, Prakash, and Bhandari 2016).

5. Integration with Nutritional Strategies

The integration of nutritional strategies in animals involves a comprehensive understanding
of species-specific requirements, life stages, health considerations, and environmental impact. For
development, reproduction, and general health maintenance, animals need a certain diet. Vitamins,
minerals, proteins, carbs, and fats are examples of essential nutrients. Different species have different
needs, and for optimum functioning, a proper diet must be created. The nutritional requirements of
infants, adolescents, adults, and the elderly change with these life phases. When it comes to treating
and preventing illnesses in animals, nutrition is crucial. Eating well helps the immune system work
and reduces the chance of dietary excesses or deficiencies that might cause problems.

The nutritional value of animal products is mostly determined by feeding practices. Meat,
milk, & eggs are examples of goods derived from animals, and their nutritional value is directly
influenced by the kind and makeup of their food. Numerous feeding techniques, both conventional
and contemporary, have an impact on elements like the macronutrient balance, vital vitamins, or
minerals, as well as the general safety and quality of the product. Alternative feed sources with
bioactive components are being used as agents to raise the standard of animal products and promote
animal health (Untea et al. 2023).

The quality characteristics of animal products are directly impacted by feeding practices. The
nutritional makeup of diets greatly impacts the sensory and nutritional qualities of the finished beef
products, impacting everything from fatty acid profiles to nutritional quality and tastes, ultimately
influencing customer preferences and choices. Some of the studies featured in this Special Issue
demonstrate the ongoing interest that academics, farmers, and producers have in the impact that
animal diets have on the quality of their products (Lefter et al. 2022). The food and feed markets'
increasing focus on natural products has led to a surge in demand for organic components. Research
on cattle nutrition is currently trending towards formulations of diets that include organic and
natural feed additives (Vlaicu et al. 2022).

Animal welfare, productivity, and health are all intrinsically linked to animal husbandry
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techniques. The simplest tactic to use at the farm level is undoubtedly diet composition management,
which can be used to maintain ideal animal health and safely and effectively generate high-quality
animal products. Significant advancements in animal genetics, animal husbandry, management,
health, or nutrition have been accomplished by the dairy and beef cattle industries. Adoption of
intensive production systems, however, may jeopardize the welfare and health of cattle, which
would raise the prevalence of infectious and metabolic illnesses. Furthermore, because there are
fewer rangeland pastures and forages available, the current changing climate phenomenon poses
an extra barrier to ruminant productivity. The escalation in the frequency of extreme temperatures
may potentially impede optimal health and welfare (Henry et al. 2012).

6. Applications

In feed science, molecular docking technology has become a potent tool that helps with the
design and optimization of nutritional formulations, supplements, and feed additives. This thorough
analysis focuses on effective case studies where feed science, animal nutrition, and sustainable
farming practices have all benefited greatly from the application of molecular docking. Protein-
protein interactions among feed components were examined using molecular docking techniques.
Researchers have successfully created feed compositions that support the best possible protein
digestibility by understanding the interactions between proteins during digestion. This solves
sustainability issues with protein usage in addition to improving animal health.

In recent years, molecular docking has emerged as a crucial component of in-silico drug
development. This method entails forecasting the atomic-level interaction between a tiny chemical
and a protein (Sahoo et al. 2022). This makes it possible for scientists to examine how tiny
compounds, like nutraceuticals, behave within a target protein's binding region and comprehend
the basic biochemical mechanism underpinning this interaction (Meng et al. 2011).

The rapidly expanding subject of "in silico biology" deals with the theory, programming,
and use of computational techniques to model, forecast, and clarify molecular biological processes
(Palsson 2000). These days, there is a vast array of biomolecular simulation techniques that can
be used to solve a variety of structural biology issues, including medication design. Biomolecular
simulation approaches based on integrated bioinformatic analysis, such as molecular docking, are
tools that study the interaction between molecules (such proteins and peptides) and use computer
programming to anticipate their binding patterns and affinities at the molecular or atomic level
(Tao et al. 2020).

In drug discovery research, they have been frequently used as theoretical simulation tools
for virtual screening investigations aimed at discovering new active biomolecules, like bioactive
peptides. However, complex food systems—Ilike food emulsions with several interfaces where the
protein is reacting differently to each local environment—require instrumental techniques that can
directly access high-resolution molecular information (Zare, McGrath, and Allison 2015).

7. Challenges and Opportunities

Molecular docking technology has advanced significantly, offering new insights into feed
science by allowing researchers to model and predict interactions between feed additives and
animal proteins or gut microbiota. However, one of the major challenges in this field lies in the
complexity of biological systems, especially in livestock. The variability of metabolic responses
among different species, breeds, and even individual animals makes it difficult to generalize docking
results. Furthermore, the accuracy of molecular docking algorithms remains limited by computational
resources, simplifying assumptions in the models, and the need for high-quality, well-characterized
receptor structures. Experimental validation of computational predictions remains crucial, but it is
often time-consuming and expensive, creating a bottleneck in the practical application of molecular
docking in feed science.
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Despite the challenges, recent developments in molecular docking present exciting opportunities
for innovation in feed science. Advances in high-throughput docking and artificial intelligence-
enhanced algorithms allow researchers to screen thousands of feed additives quickly and efficiently,
identifying compounds that may enhance animal growth, immunity, or gut health. Additionally, the
integration of omics technologies (such as proteomics and metabolomics) with molecular docking
enables a more holistic understanding of how feed components interact with animal physiology. These
technological advancements can lead to more personalized and species-specific feed formulations,
improving livestock performance and sustainability in the agricultural sector.

8. Future Directions and Recommendations

a. Integration with Multi-Omics Data: Future advancements should focus on the
integration of molecular docking with multi-omics data, including genomics, transcriptomics,
proteomics, and metabolomics. This would enable a more comprehensive understanding
of the interactions between feed components and biological systems, providing more
accurate predictions of feed efficacy and safety.

b. Al and Machine Learning in Docking Simulations: Incorporating artificial
intelligence (Al) and machine learning (ML) models into molecular docking workflows
can help improve the prediction accuracy and reduce computational costs. Al-driven
models could streamline the analysis of large datasets, enabling rapid identification of
promising feed additives for animal health and growth.

c. Personalized Feed Formulation: A future goal should be the development of
personalized feed formulations based on molecular docking results, tailored to the
specific needs of different livestock species, breeds, and even individual animals. This
could enhance feed efficiency and optimize nutrient absorption for better overall health
and productivity.

d. Enhanced 3D Structural Data: Continued efforts to enhance the availability and
quality of 3D structural data of relevant proteins, enzymes, and microbial communities in
livestock systems are essential. Better structural data will lead to more reliable docking
simulations, reducing false positives and improving feed additive design.

e. High-Throughput Docking for Feed Additives: Developing high-throughput docking
platforms to screen large libraries of feed additives can accelerate the identification
of novel bioactive compounds. This would be particularly useful for discovering new
phytochemicals, probiotics, and enzymes that can improve animal health and performance.

f. Validation through In Vivo and In Vitro Studies: While molecular docking
offers predictive power, it is critical to validate computational predictions through in vivo
and in vitro studies. Strengthening collaborations between computational scientists and
experimental researchers will ensure that predictions translate into practical, real-world
applications.

g. Regulatory Considerations and Standardization: As molecular docking becomes
more widely used in feed science, regulatory bodies should establish standardized
guidelines for the acceptance of computational predictions. This could streamline the
approval process for new feed additives while ensuring safety and efficacy.

h. Sustainability and Environmental Impact: Future research should explore how
molecular docking can contribute to the development of sustainable feed solutions that
reduce environmental impact. For instance, docking could help identify feed additives
that improve nutrient absorption, reduce waste, and minimize greenhouse gas emissions
from livestock production systems.
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Precision Livestock Farming (PLF) is an emerging technology-driven approach that utilizes
advanced sensors, data analytics and automation to monitor and manage livestock farming systems
with enhanced precision and efficiency. This chapter explores the potential applications of PLF that
is associated with dairy farming in Pakistan. It discusses how the integration of PLF technologies
improve the animal health, productivity and welfare while optimizing resource utilization and
reducing environmental impact. Moreover, the chapter emphasizes the significance of adopting PLF
practices in dairy sector to address the challenges faced by farmers and enhance the sustainability
and profitability of dairy operations.

1. Introduction

Milk and dairy products have been a major source of dietary energy, protein, and fat for
the global population throughout generations. Milk is currently the EU's top agricultural product,
accounting for roughly 15% of the agricultural product in terms of value (TROPEA, 2015). Precision
livestock farming (PLF) is the use of contemporary information and computer technology (ICT) for
real-time animal monitoring and management. PLF systems can be useful tools in dairy production
to supplement and enhance the farmer's skills in monitoring and assessing cow health and welfare.
Dairy farmers may manage larger herds more efficiently with automated PLF systems. (Rutten et al.,
2013). Previously, scientists have not taken into account soil factors, when combined with animal
behavior that could lead to the development of realistic models to improve grazing practices and,
as aresult, increased productivity (Garcia et al., 2020). According to (Banhazi & Black, 2009), one
key advantage of implementing a PLF system is that "every process within a livestock enterprise,
which can have a large positive or large negative effect on productivity and profitability, is always
controlled and optimized within narrow limits. While the potential of PLF to improve animal well-
being has been highlighted, it is unclear whether the purpose of PLF development in poultry has
been to promote welfare or to increase production efficiency. These two criteria are not mutually
exclusive; gains in welfare can be connected to increases in output, for as by lowering 85 mortality.
PLF systems might thus strive to increase both animal welfare and production (Dawkins, 2016)
Precision livestock farming is a branch of precision agriculture that focuses on improving livestock
farming operations by designing and developing multiple software as well as hardware technologies
for automatic tracking, monitoring, and identification of diseases, record keeping, feed management,
and other livestock farming operations (Lima et al., 2018). The cattle sector plays critical economic,
social, and cultural functions in helping farm families improve their income and well-being. The
cattle sector's economic output could be significantly increased if it was properly incorporated
into new technologies and practices. Keeping livestock is an important risk-reduction strategy for
vulnerable communities since animals can serve as insurance in times of need and provide a source
of income diversification to assist deal with times of stress (Thornton, 2010). Precision livestock
farming (PLF) is the use of information and communication technology to increase the management
of fine-scale animal and physical resource variability in order to optimize farm economic, social,
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Figure 1. Assessment of the Opportunities and Hazards associated with PLF
2. Advancements in PLF

Livestock production is regarded as a key route out of poverty for developing-country
rural poor. Livestock farmers face a variety of management issues, including sickness, a lack of
feed resources, and a scarcity of grazing grounds. The term "Innovation System" refers to the
collection of organizations, businesses, and individuals focused on putting new goods, processes,
and organizational forms into economic usage, as well as the institutions and regulations that
influence the systems' behavior and performance (Hall et al., 2006). PLF technologies can assist
farmers in increasing livestock production potential and product quality in a sustainable manner. A
computerized management system provides us with unbiased, real-time data that may be summarized
into relevant, actionable insights. Data-driven decision-making results in better, more efficient, and
timely decisions that increase animal herd productivity. Artificial insemination is often regarded as
the most effective biotechnological method for enhancing reproductive capability. However, due
to several technological, financial, infrastructural, and managerial issues, its application in Africa
has yet to match its success in industrialized countries (van Arendonk, 2011). Improving both the
quantitative and qualitative value of livestock products necessitates a high potential for technology
adoption through increasing the potential for investment in the industry through public-private
partnerships and the promotion of appropriate regulations for value addition. The main technologies
that are widely employed are artificial insemination and sperm storage. If procedures and protocols
are followed correctly, reproductive technology can also be utilized to control reproductive illnesses
(Madan, 2005). PLF technology has the ability to improve animal welfare as well as increase output.
PLF enables non-intrusive welfare assessment, where information can be gathered without the stress
of disturbing or handling animals (Wathes et al., 2008). Precision livestock production technology
acceptance and uptake is complex and influenced by a range of parameters like demographics and
socioeconomic (age, education), financial resources, and farm size, with these variables having
varying effects on adoption. The adoption of livestock production technology is one of the most
established fields of research in information systems (Sharma & Mishra, 2014). In response to
this challenge, PLF technologies are being developed to regularly and autonomously monitor
livestock welfare and health indices, allowing for enhanced productivity and the early detection
of health issues (Schillings et al., 2021). Precision livestock farming (PLF) techniques are now
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being developed for the benefit of modern livestock industries. Several writers reported on the use
of' novel PLF technologies to detect heat stress, the quality of the environment around the animals,
and their physiological state. (Eigenberg et al., 2008). The potential of applying PLF approaches
to give accurate heat stress modeling output will be discussed. It is widely acknowledged that
PLF technologies involve model or software-based developments in addition to hardware-based
developments (Black et al., 2016) as shown in figure 2.

Socioeconomic factors

Livestock Innovation
» Climate and Technology
» Soil and land scape adoption

Figure 2. Conceptualization of Determinant Factors for Livestock Production Technology
3. Automated Feeding Systems

Feeding automation utilizing automatic feeding systems (AFS) is also growing more common,
with an estimated thousand systems in operation around Europe in 2013 (Bonsels et al., 2013).
According to (King et al., 2016) The feeding system in modern dairy farms is an essential issue in
terms of animal welfare; also, choosing between the various types available on the market necessitates
economic and technological considerations. Due to the high cost of feed required for high-yielding
herds, optimal feed efficiency is critical for profitable farms. Feeding a total mixed ration (TMR)
diet is currently a favored practice, which has influenced the development of mechanized feeding
systems, which are usually represented by manually driven mixer-feeder wagons.

AFS allows for enhanced feed distribution frequency (up to 15 cycles per day), which optimizes
dry matter intake by the animals and helps to maintain ruminal pH stability, which has major health
and productivity benefits (DeVries et al., 2005). The incorporation of AFSs into the layout of
new or existing barns creates concerns about the position and capacity of AFS components. Even
though a reasonably wide range of models varying in complexity and cost have become available
on the market, transitioning to an automated TMR feeding system involves costly investments.
Robots, on the other hand, appear to require less room and power than a traditional tractor-drawn
mixer wagon (Nydegger & Grothmann, 2009). Robotic dairy farms, also known as Automated
Milking Systems (AMS), are the result of the use of cutting-edge robotics technology to boost the
production of milk through increased efficiency and automation (Britt et al., 2018). Dairy land
must be managed properly, with the annual output of digestible nutrients being a key indicator of
the contribution that home-grown feeds may contribute to total herd nutrition. However, there is
great variance in pasture production and consumption on farms within dairying regions, reflecting
in part the intrinsic capabilities of the soil or access to water (Armstrong et al., 2000). In their most
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basic form, automation systems include a control panel, a programmed command manager, a scale,
a communication interface, and lastly all of the necessary equipment to organize the process of
feeding and supplying feed to animals of varied ages (Brito et al., 2020). Different software has
been developed in recent years by computer scientists in order to provide the best alternative for
farmers in ration formulation. To construct ideal feeding regimens, sophisticated tools such as live
weight, racing, lactation period, and animal feedstock information can be used. Feed preparation,
mixing equipment, and feed distribution installations are all part of automated feeding systems.
The systems will load, mix, and deliver feed components like as grass and maize/corn silage to the
feed table, as well as mineral feed and feed concentrate (Braun et al., 2013). Individualized feeding
that is automated. Given the differences between individual animals, it is logical to believe that
by using data relevant to each animal, we can make better decisions about what and how much to
feed. As previously said, model-based feeding helps optimize farm productivity because individuals
are likely to have different and distinct requirements. Individual feeding necessitates the ability to
collect data unique to each animal, as well as analytics capable of estimating individual needs based
on that data (Rue & Eastwood, 2017). A regular supply of good quality feed and fodder assures
enhanced productivity, as feeding accounts for around 60%-70% of the entire cost of milk production
on dairy farms. Therefore, nutrition management is critical in unlocking the true potential of dairy
animals; a well-balanced feed (green and dry fodder, and also a concentrated ration) is beneficial
to the farm's sustainability and profitability; and a minor improvement in animal nutritional status
through additional supplemental funding can improve animal productivity with a minimal cost
increase (Asmare, 2014) as shown in Figure 3.

Dairy Farm
Management

Areas

Figure 3. Flowchart of Important Dairy Farm Management
4. Health Monitoring and Disease Detection

Global livestock production methods have become more productive per animal in recent
years. 37 Intensification involves social considerations that influence consumers' perceptions of
food security and safety 38 as well as sustainability, animal welfare, and animal and human health
issues (Charlton & Rutter, 2017). Most nations are seeing a decrease in the number of farms with a
limited number of 63 animals, to the benefit of large and efficient farms with a great amount of area
for crop 64 cultivation and slurry dispersion, as well as a large number of bred animals (Fournel
et al., 2017). Nutrition, husbandry, and health constraints, as well as the limited availability of
vaccines and veterinary extension services, all have an impact on the productivity of Pakistan's
dairy business (Warriach et al., 2018). Due to poor husbandry practices and inadequate resources,
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the productivity of dairy animals on small-scale farms might be suboptimal, posing a greater
biosecurity risk for the spread of livestock and zoonotic illnesses than commercial dairy farms
(Hayes et al., 2017). Livestock animal infections are critical in the lives of dairy producers since
they not only reduce productivity but also monetarily hurt the farmers. Disease-related mortality
deprives producers of dairy earnings. Disease morbidity causes both short-term and long-term
product losses. These losses are more economically significant than mortality (Hasnain & Usmani,
20006). Disease-related losses are one source of reduced milk output and farm revenue. Foot and
Mouth disease (FMD), Parturient Hemoglobinuria, Bovine Viral Diarrhea (B.V.D.), and a black
quarter are among the many lethal diseases in Pakistan. Farmers do not vaccinate their animals
against these deadly diseases, which reduces dairy production. Mastitis affects one out of every
three cows or buffalo, considerably contributing to milk output loss. Ticks and other parasites are
also reducing sector output (Saleem & Ashfaq, 2009). Ticks are blood-sucking parasites that live
on mammals, birds, and reptiles. Ticks are regarded as a significant danger to economic animal
production around the world due to the multiple direct and indirect effects they have on their hosts.
Tick infestation and tick-borne diseases threaten around 80% of the world's cattle population. The
economic losses caused by ticks and tick-borne diseases are estimated to be worth up to $18 billion
each year (de Castro, 1997). Parturient Hemoglobinuria is a serious and economically significant
illness of dairy animals. It is a severe sporadic disease that affects both pregnant buffaloes and cows
globally. Intravascular hemolysis, hemoglobinuria, straining while defection, labored breathing, and
death are among the symptoms (Jubb et al., 1985). FMDV (Foot and Mouth Disease Virus) is the
causal agent of FMD in the Aphthovirus genus and family Picornaviridae. It is a non-enveloped,
single-strand RNA virus with a diameter of 26 nm that comes in seven primary serotypes and over
60 sub-serotypes (Admassu et al., 2015). FMD is an extremely contagious disease. Pigs, cattle,
goats, sheep, and buffalo are among the animals infected. FMD affects cloven-hoofed wild animals
such as antelope, wild pigs, elephants, camelids, and deer. Resistance to spontaneous infection
with some strains may be found in old-world camels. Llamas and alpacas from South America are
somewhat sensitive. The FMD strain that infects deer and wild pigs can potentially infect cattle.
Guinea pigs, rats, mice, and armadillos can all be experimentally infected (Yakobson et al., 2014)
as shown in Figure 4.

Contaminated Route of
Things Transmission

Indirect contact via ingestion
or secondary aerosol

Direct and indirect contact
with secondary aerosols or

Figure 4. The Primary Pathways of FMD Transmission among Vulnerable Animals
5. Reproduction Management and Heat Detection

The goal of PLF is to manage individual animals while continuously monitoring their
health, welfare, production/reproduction, and impact on the environment in real-time. The term
"continuous" refers to the fact that PLF technology is always measuring and analyzing (Berckmans,
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2015). Dairy product demand is expected to climb steadily as the world population rises from 7.7
billion in 2019 to 9.7 billion in 2050. In recent years, intensive farming practices have been widely
employed to meet consumer expectations and requirements. Despite the fact that the size of dairy
farms worldwide is increasing due to rising costs and the additional benefits of economies of scale,
the ratio of animal caregivers to total animals is decreasing (Simitzis et al., 2021). The application
of research and technology breakthroughs in farm animal breeding around the world has sparked
the creation of PLF farming. Sensors (cameras, microphones, and accelerometers) are employed in
this new technology to construct algorithms to identify the welfare of animals without disturbing
them with sounds and movements, as well as to estimate productivity (Greenwood et al., 2014).
PLF incorporates digital technology. It tries to reduce environmental effects by carefully monitoring
agricultural activities in order to maximize productivity, reproduction, animal welfare, and targeted
resource usage. PLF focuses on digital technologies to collect data about single animals, animal
species, or the environment. The use of technology has made daily duties in the agriculture sector
easier (Groher et al., 2020). Global livestock production systems' productivity per animal has
lately increased. Customers' perceptions of animal welfare, human health, food security, safety,
and sustainability are influenced by social issues. An intensive production system with a high
level of organization and efficiency is stated to have the best possibilities of long-term viability
(Lovarelli et al., 2020). Livestock farms vary greatly in terms of size, housing, nutritional practices,
labor, genetics, record keeping, sexual management, herd welfare and health, overall replacement
strategies, and individual goals, so when there are PLF systems, the concept of "one size fits all" is
not applicable to all. Even if the crucial activity is the same, the ROI (Return on Investment) may
differ depending on the program used to enforce the action (Carillo & Abeni, 2020).

Many studies have been undertaken to determine the potential installation and validation of
monitoring systems, which are constantly evolving. Behavioral and physiological monitoring of
animal characteristics can be difficult because the method used to gather data can change and there
will always be interindividual variations. Several methods were used to monitor animal characteristics,
including image and sound analysis utilizing cameras, sensors, or other equipment such as water/
feed consumption, scales, and so on (Norton et al., 2019). PLF technologies also allow breeders to
detect and control animal health and well-being at any time through continuous, direct monitoring
or observation of animals. In this approach, there will surely be long-term increases in the efficiency
and quality of goods from healthy and "prosperous" animals (Berckmans, 2014). Precision livestock
farming technologies can inform animal caregivers in real-time, allowing them to provide tailored
care to an animal exhibiting altered behavior as a result of disease, injury, or a stressor. PLF can also
be used for a variety of other applications to increase the efficiency of livestock operations, such
as detecting estrus in beef and dairy cattle for optimal herd reproductive management, precision
feeding by monitoring daily feed intake and weight gain, and so on. Furthermore, PLF systems
can detect novel phenotypes or indicator features for application in advanced breeding programs
(Rosa, 2011) as shown in Figure 5.
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Figure 5. The Effects of Heat Stress on Animal Health, and Productivity
6. Milk Quality Monitoring and Management

Milk is widely regarded as a full diet because of the presence of important components such
as proteins, lactose, milk fasts, minerals and vitamins, and so on. Livestock farming is an essential
component of Pakistan's rural economy since it is the only sector that offers agricultural families
almost consistent income and readily cashable assets (Agrihunt.com). Pakistan is the world's third-
largest milk producer, trailing only India and the United States. On the consumption side, milk and
its products account for 26% of Pakistan's food expenditure (Farooq, 2016). Pakistan has a sizable
cattle population that is well-suited to the local environmental conditions. There are 41.2 million
cattle, 35.6 million buffaloes, 29.4 million sheep, 68.4 million goats, 1 million camels, and 932
million poultry in our national herd (Rafique & Ahmad, 2018). Pakistan's dairy industry contributes
significantly to the national economy. In 2013-14, 41.1 million tons of milk worth Rs.1766.51
billion were produced, which is nearly equal to the whole value of wheat, maize, cotton, and their
byproducts produced in the country. According to (Farooq, 2016) 80% of production took place
in rural areas, 15% in semi-urban areas, and 5% in urban areas. Milkmen gather approximately
90% of the total milk entering the milk marketing channels from subsistence farms. Total milk
production does not meet the population's milk needs. The primary cause of this situation is that
the human population is growing at a quicker rate (3% per year) than milk production (Bilal et al.,
2006). Despite policymakers' lack of interest, the dairy industry is increasingly a commercial one.
Despite being the world's leading milk producer, Pakistan nevertheless imports powdered milk to
meet domestic demand. In 2011-12, the value of imported milk and allied products was $134.4
million, while in 2012-13, it was $112.4 million (Shoaib, 2013). Punjab produces over 73% of the
country's milk, while Sindh contributes approximately 23%; the remainder is produced by different
other provinces (Hashmi et al., 2007) as shown in Figure 6.
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Figure 6. Factors that influenced the Cost of Milk Production

7. Environmental Monitoring and Control in Dairy Farming

Climate change affects cattle productivity in both direct and indirect ways. Livestock are
homotherms, which means they regulate their body temperature to keep themselves healthy and
productive. Animals get stressed when the ambient temperature is above or below the thermo-neutral
range. A rise in temperature combined with humid conditions can cause heat stress in livestock,
causing behavioral and metabolic changes as well as a reduction in feed (Sirohi & Michaelowa,
2007). Climate change has major repercussions for several sectors of the economy, most notably
crops, animals, and human health. Because of their over-reliance on low-input rain-fed agricultural
production, developing and underdeveloped countries are expected to suffer the most damage. The
bulk of rural inhabitants in these countries rely largely on livestock raising for a living. The livestock
industry has been reported to be extremely vulnerable to climate change (Moreki & Tsopito, 2013).
Regionally, Pakistan ranks second in carrying the second biggest number of dairying animals
in South Asia (138.12 million heads) after India (517.08 million heads), and the dairy sector's
annual growth rate is positive, indicating a good climate for dairy in Pakistan (Siddiky, 2017).
Temperature and humidity are combined into a single variable and assigned a single value via the
temperature-humidity index. This is thought to be a valuable tool for forecasting the effects of the
environment on farm animals. It is well known that the daily maximum and lowest values for the
temperature-humidity index are 80 and 70, respectively, above which the heat-induced fatality rate
increases. It has also been discovered that changes in the temperature-humidity index stimulate the
emergence of new bug species, which has a direct impact on the health of dairy animals (Lacetera,
2019). Because of rising temperatures, livestock productivity in Pakistan is expected to fall by
20 to 30% in the future. Finally, a dairy and meat industry crisis will raise the pricing of products
that are out of reach for middle-class consumers (Abbas et al., 2019). The cattle industry helps to
alleviate poverty and add value to the economy, raising foreign exchange reserves of 1333 billion
rupees (8.495 billion USD). Climate change and a lack of natural resource endowment are the most
important development challenges confronting dairy production in Pakistan. Small and marginal
farmers produce more than 70% of milk, and they are especially exposed to unforeseen extreme
weather events (Abbas et al., 2019). Climate change is the main cause of weather-related hazards
that adversely affect livestock production systems, especially in developing countries. Policymakers
and researchers agree at this point that climate change significantly impacts the livestock sector
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(Naqvi & Sejian, 2011). The primary externality of climate change is warmth, which, if it exceeds
the ideal level, impairs the operations of biological systems in dairy animals. Warming has a direct
impact on dairy production methods. Excess heat created by warming causes heat stress in dairy
animals, which results in decreased milk production immediately. When the temperature rises above
the animal's thermo-neutral zone, it undergoes inherited physiological changes to cool its body and
maintain a steady body temperature (Rhoads et al., 2009) as shown in Figure 7.
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Figure 7. Techniques that are being used in Environmental Scanning & Monitoring
8. Data Analytics and Decision Support Systems

The Precision Animal Farming (PLF) method envisions sustainability in animal production
operations (Banhazi et al., 2012). PLF is one of the most powerful breakthroughs in the livestock
farming business, providing farmers with real-time monitoring and management capabilities. PLF
encompasses a broad range of technologies that are used in tandem with modern technologies such
as microfluidics, sound analyzers, image-detection techniques, sweating and salivary sensing,
serodiagnosis, and others (Neethirajan, 2017). Different terms, such as precision livestock farming
(PLF), smart livestock farming, and smart animal agriculture, to name a few, have been assigned to
the same paradigm in the animal science community: how to sustainably increase food production
while maintaining animal welfare and reducing environmental burden by combining data acquisition
(sensors), storage (IoT), and transformation with prediction analytics using artificial intelligence
(AI) tools (Tedeschi et al., 2017). There are no evidence-based methods to enable herd-level
strategy development. To facilitate advisor input on herd health, several streams of sensor data
can be merged in a time-efficient, automated, and objective method. Climate change, with its
growing frequency of environmental disturbances, places strains on the livestock industry (Hansen
et al., 2012). The Moss system involves the systematic acquisition, investigation, analysis, and
up-to-date information on animal and human health/production/reproductive data. Surveillance
systems are used for a variety of objectives, including monitoring and identification of pandemic
diseases of alien origin, such as corona. These programs help determine effective preventative
and control techniques. It also monitors the development and completion of response initiatives
and indicates the noninfectious and nonhazardous status of animals and animal-derived products
in the field of animal health. Ultimately, ensuring that surveillance plans are on target is superior
(Drewe et al., 2012). Improved management with PLF provides for an increase in the efficacy of
medications used in food-producing animals; as a medication, it is only used as an adjunct to a good
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management system with public health responsibilities in livestock. Early detection of individual
changes in disease-related health markers is critical for both early diagnostic interventions and
successful chemotherapeutic therapy (Lhermie et al., 2017). Although PLF has a good impact on
industrial farming and is appealing to young people, it can also have a negative impact on farmers
and animals if the tools are not matched to farmers' requirements and talents. To promote farmers'
acceptance of these new technologies, it is necessary to address the various facets of their labor
(Hostiou et al., 2017). These complicated processes can be described using advanced statistical and
mathematical modeling approaches, machine learning (ML), and data mining. As a result, they are
increasingly being used in novel algorithms for predictive analytics in animal health and welfare
(Vazquez-Diosdado et al., 2019).

9. Economic Benefits and Sustainability

The dairy industry in Pakistan is an important component of the agricultural sector, contributing
significantly to the country's economy and providing livelihoods for millions of people. It is a
significant source of income, particularly for small-scale farmers and rural communities, accounting
for more than 12% of the country's agricultural GDP (Tariq & Singh, n.d.). In Pakistan, dairy
production systems are divided into two categories: traditional and contemporary. Over 12,000
commercial dairy farms are believed to exist in Pakistan, with approximately 75% operating on a
modest scale (Tahir et al., 2019). The most significant difficulty confronting Pakistan's dairy sector
is a lack of access to high-quality feed resources (Tariq, 2020). Since Pakistan's inception, livestock
(animal agriculture) has been regarded as the most important component of the national economy.
During 2010-11, livestock contributed around 55.1% of agricultural value added and 11.5% of GDP.
The livestock sector plays an essential part in the development of rural economies, as evidenced
by the fact that 35-40 million rural populations rely on livestock (Abdullah, 2010). Livestock is
the agricultural sector's backbone; although being a neglected industry, it nevertheless plays a vital
role in our national economy by providing draught power, high biological value animal proteins,
and by-products (hides, skin, wool, mohair, bones, and manure). The development of the dairy
sector is required not only to meet the increasing demand for animal protein, but also for social and
economic reasons, as dairy animals are a good source of regular cash income, economically utilize
family labor, produce social security, and supply growing markets (Sarwar et al., 2002). Economic
concerns are not the only ones driving dairy farmers to adopt new technologies. Economic models
have been created to assess the worth of investing in PLF technologies (Schewe & Stuart, 2015).
Modern farmers will face increasing pressure to care for a higher number of animals per farm in
order to run a profitable company, which will become more intense in the coming years (Marquer
et al., 2014). Economic losses caused by these diseases have been estimated to be Rs. 79 billion,
which is roughly equivalent to one billion US dollars in Punjab alone, and economic losses caused
by various livestock diseases have been estimated to be Rs. 8.4 million per district per year in
Punjab by dairy farmers and others (Nazir & Khan, 2009). Human preferences and environmental
influences are reducing livestock variety. Dairy farming is typically altering farming or production
systems in response to the local economy and the significance of a certain breed in the evolving
economic and farming system (Afzal & Naqvi, 2004).

10. Challenges and Future Directions

The livestock sector provides employment opportunities, and the livestock labor force in
Pakistan is estimated to be approximately 8 million individuals, including both full-time and part-
time workers (Hussain et al., 2019). In Pakistan, livestock breeding procedures differ based on the
species and region (Tariq, 2013). To improve the genetic potential and productivity of livestock
through the adoption of modern breeding technologies, the government implemented a number of
policies and programs, including the National Al Program, the Livestock Breeding and Development
Project, and the National Animal Genetic Resources Management and Conservation Programme
(Tarig, n.d.). Livestock, as a significant sector of Pakistan's economy, need increased government
support for its various tasks. One of the most significant issues for livestock farmers in Pakistan
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is a lack of financial facilities (Ullah et al., 2020). The government has also failed to provide
enough training and extension assistance to livestock farmers (Idrees et al., 2007). In Pakistan, the
livestock healthcare system is mostly dependent on governmental and commercial veterinarian
services. The federal and provincial governments provide public veterinary services through the
Livestock and Dairy Development Department. Private veterinarians and pharmaceutical firms
provide private veterinary services (Afzal, 2009). Lack of proper resources, obsolete infrastructure,
limited awareness, and inadequate illness surveillance are some of the primary issues in healthcare
(Shaikh et al., 2022). In Pakistan, livestock breeding procedures differ based on the species and
region (Tariq, 2013). Because there is no unified marketing structure dominated by intermediaries
and brokers, the livestock market is fragmented, resulting in low prices for farmers and high
prices for consumers (Khan, 1991). There is a lack of adequate infrastructure, and farmers must
frequently travel vast distances to have their livestock treated (Rehman et al., 2017). There are
no subsidies for high-quality animal feed and veterinary treatments, which limits the sector's
expansion (Tariq et al., 2021). Many farmers are unable to obtain extension services. However,
livestock extension services in Pakistan face a number of challenges, including a lack of access to
information and training, limited resources, poor infrastructure, a lack of coordination, and a lack
of farmer participation (Qamar, 2004).
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