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Abstract

This chapter explores the fundamental concepts of Mendelian inheritance and the role of genetic mutations in shaping genetic diversity and
evolution. Mendelian inheritance, based on Gregor Mendel's principles, explains how traits are passed down from parents to offspring
through dominant and recessive alleles. The chapter discusses the laws of segregation and independent assortment, which govern the
inheritance patterns of genes and how they contribute to genetic variation within populations. Additionally, the chapter delves into genetic
mutations, which are random changes in DNA that create new alleles and introduce diversity into the gene pool. While mutations can be
neutral, beneficial, or harmful, they provide the raw material for natural selection to act upon, leading to evolutionary change over time. The
chapter also highlights the interaction between Mendelian inheritance and mutations, emphasizing how genetic variation, driven by
mutations, is inherited according to Mendelian principles, thus shaping the genetics and biology of populations. This interplay is crucial for
understanding evolutionary processes and the adaptation of species to their environments.
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Introduction

Mendelian inheritance refers to the set of principles regarding heredity and genetic variation established by Gregor Mendel, primarily
focusing on how traits are passed from one generation to the next through discrete units, or genes (Gayon, 2016). Understanding Mendelian
inheritance is essential in genetic studies as it provides a foundational framework for predicting inheritance patterns, which can reveal how
various traits are transferred and how mutations occur. Studying genetic mutations is critical because these alterations in DNA sequences can
have profound effects on an organism's health, development, and adaptability. Some mutations can lead to diseases or inherited disorders,
while others contribute to genetic diversity and evolution. Table 1 elaborates key terminologies.

Table 1: Key Terminologies

Term Definition Example
Genotype The genetic composition of an organism RRYY (homozygous round yellow), RrYy (heterozygous
round yellow)

Phenotype The observable traits expressed by the organism. Round Yellow, Wrinkled Green

Allele Variants of a gene at the same locus on chromosomes. R (round), r (wrinkled); Y (yellow), y (green)

Homozygous Two identical alleles for a particular trait. RR (homozygous round), yy (homozygous green)

Heterozygous Two different alleles for a particular trait. Rr (heterozygous round), Yy (heterozygous yellow)

Monohybrid Cross A genetic cross analyzing a single trait. Round (RR) x Wrinkled (rr) - Rr (all round)

Dihybrid Cross A genetic cross analyzing two traits. Round Yellow (RRYY) x Wrinkled Green (rryy) -> 9:3:3:1

P Generation The initial parental generation with contrasting traits. Round Yellow (RRYY) x Wrinkled Green(yyrr)

F1 Generation The first offspring generation from crossing the P generation. All Round Yellow (RrYy)

F2 Generation The second offspring generation from self-pollinating F1 9 Round Yellow: 3 Round Green: 3 Wrinkled Yellow: 1
individuals. Wrinkled Green
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Mendelian Inheritance Principles
Gregor Mendel's Experiments

Gregor Mendel, the "Father of Genetics," conducted ground-breaking experiments in the mid-19th century using pea plants (Pisum
sativum). He selected pea plants because they had easily observable traits, such as flower color, seed shape, and plant height, and because they
could self-pollinate or be cross-pollinated, allowing controlled breeding.

Mendel focused on seven contrasting traits, such as tall vs. short plants and round vs. wrinkled seeds. He began his experiments by creating
pure-breeding (homozygous) lines for each trait. Then, he cross-pollinated plants with contrasting traits (e.g., tall vs. short). The offspring of
this first generation, called the F1 generation, all exhibited the dominant trait (e.g., tall plants).

When Mendel allowed the F1 plants to self-pollinate, the resulting F2 generation displayed a 3:1 phenotypic ratio, where three plants
exhibited the dominant trait, and one showed the recessive trait. This led to the discovery that traits are inherited as discrete units (now known
as genes) and that individuals carry two factors (alleles) for each trait, one from each parent. Through meticulous cross-breeding, he identified
distinct patterns of trait inheritance, leading to the formulation of three fundamental laws of inheritance (Tariq, 2020; Kampourakis, 2023):
1. Law of Segregation: Each organism carries two alleles for a given trait, and these alleles separate during gamete formation, ensuring
that each gamete carries only one allele (Figure 1).
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Law of Independent Assortment: Alleles for different traits assort independently during gamete formation, provided the genes are on different
chromosomes (Figure 2).

Law of Dominance: In a heterozygous individual, one allele (dominant) can mask the expression of the other (recessive) (Figure 3).

In the F1 generation, all individuals share the same genotype and phenotype, expressing the dominant trait (red). In the F2 generation, the
phenotypes follow a 3:1 ratio. Specifically, the genotype distribution includes 25% homozygous dominant individuals, 50% heterozygous
carriers of the recessive trait, and 25% homozygous recessive individuals expressing the recessive character.

Historical Significance and Modern Relevance

Mendel's experiments marked the beginning of classical genetics, offering a systematic way to study heredity. Despite being overlooked
during his lifetime, his principles laid the foundation for understanding genetic inheritance in all living organisms. Today, Mendel’s laws are
applied in fields like medical genetics, evolutionary biology, and agriculture to predict inheritance patterns, understand genetic disorders, and
develop crop varieties with desirable traits.

Exceptions to Mendelian Laws
While Mendel's laws provide the foundation for understanding inheritance, some genetic phenomena do not conform strictly to these
principles. Below are key exceptions:

1. Linkage and Crossing Over
e Linkage: Genes located close to each other on the same chromosome tend to be inherited together because they do not assort
independently (Ott et al., 2015). For example, in Drosophila (fruit flies), certain traits such as body color and wing shape are linked.
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e  Crossing Over: During meiosis, homologous chromosomes exchange segments of DNA, leading to new combinations of linked genes. This
recombination disrupts linkage and increases genetic variation, but the likelihood depends on the distance between genes on the chromosome
(Figure 4) (Kohl & Sekelsky, 2013).

Fig. 3: Law of Dominance
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Incomplete Dominance
e In this case, the heterozygous phenotype is an intermediate between the two homozygous phenotypes, showing a "blending" effect.

284


https://biorender.com/

e  Example: In snapdragon flowers, crossing a red-flowered plant (RR) with a white-flowered plant (rr) produces pink-flowered offspring (Rr).
Codominance

e  In codominance, both alleles are fully expressed in the heterozygous condition, without blending.

e  Example: In human blood types, individuals with genotype IAIB express both A and B antigens, resulting in blood type AB.

These exceptions highlight the complexity of genetic inheritance, where interactions between alleles or between genes can produce diverse
phenotypic outcomes (Moldekova, 2020; Wolf et al., 2022).

Patterns of Mendelian Inheritance

3.1. Autosomal Inheritance

Traits governed by genes on non-sex chromosomes (autosomes) can follow dominant or recessive inheritance patterns (Figure 5).

e  Dominant Traits: Only one copy of the dominant allele is needed to express the trait (Lewis & Simpson, 2024).

o  Example: Huntington’s disease, where individuals with one defective copy of the HTT gene develop the condition (Ghosh & Tabrizi, 2018).
e Recessive Traits: Two copies of the recessive allele are required to express the trait (Gulani & Weiler, 2024).

o  Example: Cystic fibrosis, caused by mutations in the CFTR gene, requires both alleles to be defective (Ehre et al., 2014).

Fig. 5: Autosomal Inheritance
Created in BioRender. Noor, M.

(2025)
https://BioRender.com/c80a819
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Sex-Linked Inheritance
Traits linked to genes on sex chromosomes (X or Y) show unique inheritance patterns.

285


https://biorender.com/c80a819

X-Linked Traits: More commonly affect males due to the presence of a single X chromosome (Figure 6).

Example: Hemophilia, caused by mutations in the F8 gene on the X chromosome, leads to blood clotting issues.

Y-Linked Traits: Affects only males, as the Y chromosome is exclusive to them.

Example: The SRY gene, responsible for male sex determination, is Y-linked (Laurentin Tariba, 2023; Verma, 2023).
MultipleAlleles:

Some genes have more than two possible alleles, each contributing to trait variation. Table 2 expalins ABO Blood Group System.

O ®& O e

Table 2: ABO Blood Group System

Blood Group Alleles  Antigen on RBCs  Antibody in Plasma  Can Donate To Can Receive From

A FAor M A Anti-B A, AB A0

B Flor I B Anti-A B, AB B,O

AB e A and B None AB A, B, AB, O (Universal Recipient)
(0] ii None Anti-A and Anti-B A, B, AB, O (Universal Donor) (0]

Epistasis

Epistasis occurs when one gene affects or suppresses the expression of another, modifying expected Mendelian ratios (Figure 7) (Domingo
et al.,, 2019) .
e  Example: In Labrador retrievers, two genes influence coat color. The first determines pigment (black or brown), while a second gene can
suppress pigment production entirely, resulting in a yellow coat.
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Pleiotropy

Pleiotropy occurs when a single gene influences multiple phenotypic traits, often seemingly unrelated. This phenomenon arises because
the gene produces a product (such as a protein) that affects multiple biological pathways or structures.

Example:

Marfan Syndrome:

o Gene Involved: FBN1 (Fibrillin-1).

o  Effects: Causes abnormalities in connective tissue, leading to long limbs, cardiovascular issues (e.g., aortic aneurysms), and vision
problems (Pepe et al., 2016).

These examples showcase how genetic inheritance extends beyond simple Mendelian principles, adding complexity to trait expression
Polygenic Traits: These traits are controlled by multiple genes, each contributing to the phenotype, leading to a continuous spectrum of
variation (Rosenberg et al., 2019). For example, Human skin color is determined by the cumulative effect of several genes, producing a wide
range of tones rather than discrete categories (Figure 8).
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Fig. 8: Pleiotropy vs Polygenic

PLEIOTROPY Example: sickle-cell anemia Trait
A single gene controls multiple traits Inherited red blood cell disorder tha causes multiple pleiotropic phenotypes
Diseased red
O Trait A blood cells
. B-globin gene
O T mutation causes

Gene ‘ Vascular damage
O mitc
O it
Resistance to
malaria

POLYGENIC INHERITANCE Example: height

Multiple genes control a single trait Difference in height across the population is caused by polygenic i itance

Gene A
Gene B .\
O Trait
Gene © ./
Gene D '
'

Plecccncncssnanne
|

a

Height (in.)

Genetic Mutations
Genetic mutations are permanent changes in the DNA sequence that make up a gene. These changes can affect the structure and function
of the proteins encoded by the gene, leading to a variety of phenotypic outcomes (Figure 9, 10) (Table 3).

Fig. 9: Types of Mutation ( Mahdieh &

Types of Mutation Rabbani, 2013; Stenson et al., 2014)

)
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nucleotides nucleotides
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Huntington's
gene) Fibrosis
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Table 3: Causes of Mutation (Reece et al., 2014; Wu et al., 2020)

Cause of Mutation Description Examples
Spontaneous Mutations Occur naturally during DNA replication or due to De novo mutations in offspring.
spontaneous chemical reactions.
Errors in DNA Replication Mistakes made when DNA is copied can lead to mutations. Base-pair substitutions, frameshift mutations.
Chemical Exposure (Mutagens) Chemicals can damage DNA, leading to mutations. Tobacco smoke, certain pesticides.
Radiation Exposure High-energy radiation (UV light, X-rays) can break DNA Skin cancer from UV exposure; leukemia from X-
strands. rays.

Transposons (Jumping Genes) Mobile genetic elements that can insert themselves into Gene disruptions leading to various disorders.
various locations in DNA.

Environmental Factors External factors like temperature and pressure can Changes in mutation rates with environmental
influence mutation rates. stress.
Aging Increased mutation rates due to accumulated DNA Higher mutation rates in older parents’ sperm.

damage over time.

Effects of Fig. 10: Effects of Genetic Mutations
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Molecular Basis of Inheritance and Mutations
DNA Structure and Function

Mendel's principles of inheritance, which include the laws of segregation and independent assortment, laid the groundwork for
understanding how traits are inherited across generations. The discovery of DNA as the hereditary material by Avery, McCarty, and MacLeod
in 1944 bridged the gap between Mendelian genetics and molecular biology. Later, Watson and Crick's identification of the double-helix
structure of DNA in 1953 provided insight into how genetic information is organized, stored, and replicated.

DNA consists of nucleotides, each composed of a phosphate group, deoxyribose sugar, and a nitrogenous base. It forms a double helix,
with complementary base pairing: Adenine (A) pairs with Thymine (T), and Cytosine (C) pairs with Guanine (G).

The main functions of DNA include replication, where it duplicates itself during cell division, and the storage of genetic information, which
encodes the instructions for protein synthesis. This genetic information is transmitted from one generation to the next, ensuring the
continuation of inherited traits (Figure 11) (Spiegel et al., 2020).

Mechanisms of Gene Expression

Central Dogma of Molecular Biology

DNA — RNA — Protein: Genetic information flows from DNA to RNA (transcription) and then to protein (translation) (Liu et al., 2018). Table
4 elaborates mutations in the central dogma.

Transcription

Transcription is the process of synthesizing mRNA from DNA. It begins with initiation, where RNA polymerase binds to the promoter
region of the DNA, signaling the start of transcription. During elongation, the RNA strand is synthesized in a complementary manner to the
DNA template strand, creating an mRNA molecule. The process ends with termination when RNA polymerase reaches a termination sequence,
causing it to stop transcription and release the newly formed mRNA (Figure 12) (Cramer, 2019).

Translation

Translation is the process by which mRNA is decoded to synthesize proteins. It begins with initiation, where the ribosome ass embles
at the start codon (AUG) on the mRNA, signaling the start of protein synthesis. During elongation, transfer RNAs (tRNAs) bring specific
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amino acids that correspond to the codons on the mRNA, creating a growing polypeptide chain. The process concludes with termination
when the ribosome encounters a stop codon (UAA, UAG, or UGA), prompting the release of the completed polypeptide (Figure 13)

(Pamudurti et al., 2017).
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Sugar,phosphate Fig. 11: DNA Structure

backbone

Nucleobase

Nucleobases

Purines:

E Adenine E Guanine

Complementary nucleobase pairing

Phosphate H-bond
Sugar
v RNA Pol II
° ©
Initiation \
3] MPOPVPVP LI DODDPVDDLPVLOPDPUVAP T
Promoter DNA double helix

Elongation

Termination

Newly synthesized mRNA

Fig. 12: Transcription

Pyrimidines:

H Thymine

E Cytosine

H-bond

Non-Mendelian Inheritance
Mitochondrial Inheritance

Mitochondrial inheritance refers to the transmission of
genetic material through mitochondria, which are inherited
exclusively from the mother (Breton & Stewart, 2015).
Mitochondrial DNA (mtDNA) is circular and encodes 37 genes
essential for energy production. Disorders linked to mtDNA follow
a maternal inheritance pattern, meaning affected males do not
transmit the disorder to their offspring. Examples of
mitochondrial disorders include Leigh syndrome and
mitochondrial myopathy (Ruhoy & Saneto, 2014).

Epigenetics and Genomic Imprinting
Epigenetics

Epigenetics is the study of heritable changes in gene
expression that occur without alterations to the underlying DNA
sequence. The key mechanisms include DNA methylation, histone
modification, and the action of non-coding RNA. Epigenetics plays
avital role in development, mediating interactions between genes
and the environment, and influencing susceptibility to various
diseases (Felsenfeld, 2014).

Genomic Imprinting
Genomic imprinting is a form of epigenetic regulation in
which specific genes are expressed exclusively from either the

maternal or paternal allele. This selective expression is governed by DNA methylation, which silences one allele (Barlow & Bartolomei, 2014).
Imprinting disorders include Prader-Willi syndrome, caused by the silencing of the paternal gene, and Angelman syndrome, resulting from the

silencing of the maternal gene (Figure 14) (Bird, 2014; Cheon, 2016).
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Table 4: Mutations in the Central Dogma
Type of Mutation Effect on Transcription/Translation Example
Silent Mutation No change in the amino acid sequence due to codon redundancy. GGC (Gly) — GGU (Gly)
Missense Mutation Substitution of one amino acid for another, possibly altering protein function. ~ Sickle Cell Anemia (Glu — Val
substitution)
Nonsense Mutation Premature stop codon leads to truncated, non-functional protein. Duchenne Muscular Dystrophy
Frameshift Mutation  Insertion or deletion shifts the reading frame, altering downstream protein. Tay-Sachs Disease
Splicing Mutation Errors in splicing introns/exons disrupt mRNA processing. [-thalassemia

Applications of Mendelian Genetics and Mutations
Medical Applications
Genetic Counseling

Genetic counseling provides families with an understanding of the risk of inherited disorders by constructing pedigrees, assessing risks,
and offering psychological support (Madlensky et al., 2017). For example, counseling can guide families dealing with conditions such as cystic
fibrosis or sickle cell anemia.

Diagnostic Tests

Diagnostic tests play a critical role in identifying mutations in specific genes to diagnose genetic conditions. These include carrier testing
to identify carriers of recessive conditions, prenatal testing to screen for genetic conditions in a fetus, and predictive testing to assess
susceptibility to late-onset disorders such as Huntington's disease. An example is BRCA1/BRCA2 testing to evaluate breast cancer risk
(Rosenberg et al., 2016).
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Applications in Medicine
[ ]

Precision medicine: Tailoring treatments based on genetic profiles (Ginsburg & Phillips, 2018).

®  Gene therapy: Correcting mutations to treat genetic diseases (Ginn et al., 2018).
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Fig. 14: Genomic Imprinting

Fig. 15
Medicine

Pharmacogenomics: Optimizing drug efficacy and safety based on genetic makeup (Figure 15) (Relling & Evans, 2015).
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Agricultural and Industrial Biotechnology
Plant Breeding
Mendelian principles play a crucial role in agriculture by guiding the selection and crossing of plants with desired traits. These principles,
based on dominant and recessive gene inheritance, are applied to develop high-yield or disease-resistant crops (Bigini et al., 2021).
Hybridization programs leverage these principles by combining traits from two parent strains to create hybrids with superior
characteristics. A notable example is hybrid maize, which exhibits enhanced productivity, resilience, and adaptability compared to its parent
strains (Abbas et al., 2020).

Genetically Modified Organisms (GMOs)
Mendelian Genetics in GMO Development

Genetically Modified Organisms (GMOs) involve the identification and incorporation of genes responsible for beneficial traits, such as pest
resistance and drought tolerance, into plants or animals. For example, Bt cotton contains a gene from Bacillus thuringiensis that provides
resistance to pests.

The benefits of GMOs are numerous. They include enhanced nutritional value, such as Golden Rice, which is fortified with vitamin A to
combat deficiencies; reduced pesticide use due to inherent pest resistance; and improved shelf life and crop yield, contributing to food security
and sustainability (Yali, 2022).

Tools and Technologies in Genetics
CRISPR-Casg

CRISPR-Casg is a revolutionary tool for genome editing, known for its precision, efficiency, and ease of use. It consists of two main
components: CRISPR, a guide RNA (gRNA) that directs the Casg enzyme to a specific DNA sequence, and Casg, an enzyme that cuts the DNA
at the target site. This technology has numerous applications, including treating genetic disorders such as sickle cell anemia and Duchenne
muscular dystrophy, developing disease-resistant crops and livestock, and studying gene functions in research models. The process involves
identifying the target DNA sequence, designing the guide RNA, delivering the CRISPR-Casg components into the cells, and introducing genetic
changes through cellular repair mechanisms such as homology-directed repair (HDR) or non-homologous end joining (NHE]) (Figure 16).

Fig. 16: CRISPR-Casg Gene
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Pedigree Analysis

Pedigree analysis involves creating a chart or "family tree" to study the inheritance patterns of traits or genetic conditions. It is used to
identify carriers, determine inheritance patterns such as dominant, recessive, or X-linked, and predict the risk of passing genetic conditions to
offspring. This tool is valuable in genetic counseling and research on rare inherited disorders (Waller et al., 2018).

Genetic Testing

Genetic testing is the process of analyzing DNA to detect changes or mutations associated with diseases. It includes various types, such as
carrier screening, which identifies individuals carrying genes for recessive disorders; prenatal testing, which screens unborn babies for genetic
abnormalities; newborn screening, which detects genetic conditions early in life; and diagnostic testing, which confirms suspected genetic
conditions. Genetic testing offers significant benefits, including early detection and management of genetic conditions, reproductive planning,
and the development of personalized treatments (Figure 17) (Shaw et al., 2020).
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Mutations are spontaneous changes in the DNA sequence that introduce new genetic variations. These variations contribute to the genetic
diversity within populations. Over time, beneficial mutations may increase the fitness of individuals, enabling them to adapt to their
environment. While mutations can be neutral or harmful, those that confer a survival advantage are more likely to be passed on to subsequent

generations, driving evolutionary change (Ellegren & Galtier, 2016).

Role of Mendelian Inheritance in Evolutionary Theory: Mendelian inheritance explains how traits are passed down from one generation to
the next according to predictable patterns. It highlights the role of dominant and recessive alleles in shaping the phenotype of an individual. As
genetic variation occurs through mutations, these variations are inherited according to Mendelian principles, allowing them to spread through
populations if they confer a reproductive advantage. This process is fundamental to natural selection, where traits that improve survival and
reproduction become more common in the gene pool over time (Table 5) (Gupta et al., 2020). Ethical concerns and future trends in genetic

research are explained in Table 6.

Table 5: Role of Mendelian Inheritance in Evolutionary Theory

Mendelian Inheritance Concept

Evolutionary Significance

Allele Variation

Dominant and Recessive Alleles

Genetic Drift

Segregation and Independent

Assortment
Natural Selection

New mutations create different alleles, increasing genetic diversity within populations.

alleles may persist at lower frequencies.

Dominant alleles may quickly spread in the population if they confer advantageous traits, while recessive

In small populations, alleles may become more or less common purely by chance, influencing

evolutionary outcomes.

future generations.

Ensures that genetic variation is shuffled and passed on to offspring, contributing to genetic diversity in

Mutations that offer a survival or reproductive advantage become more frequent in the population,

contributing to evolution by natural selection.

Table 6: Ethical Concerns and Future Trends in Genetic Research (Callier et al., 2016; Braverman et al., 2018; Munsie & Gyngell, 2018;

Chapman et al., 2020).

Aspect Ethical Implications Future Perspectives
Gene Editing (e.g., Potential for unintended consequences, concerns about More precise and safer gene editing technologies, with
CRISPR) designer babies, and irreversible changes to the potential for treating genetic disorders.

Genetic Testing

Equity and
Accessibility

Eugenics and Genetic
Enhancement

Gene Therapy

Gene-Environment
Interactions

germline.

Privacy issues, concerns about consent, and possible
discrimination.

Unequal access to cutting-edge
exacerbating healthcare disparities.
Ethical concerns about enhancing traits like intelligence
or physical abilities, leading to societal inequality.
Potential risks of gene therapy in humans, including
long-term effects and safety.

Ethical issues around intervening in complex gene-
environment interactions.

technologies,

Personalized medicine and the ability to predict and
prevent diseases based on genetic risk.

Wider access to gene-editing tools and genetic testing
for public health improvement.

Genetic enhancement may become a reality, sparking
ongoing debates about ethical limits.

More effective and targeted therapies for genetic
diseases with long-term success rates.

Advances in understanding how environmental
factors influence genetic expressions and disease
prevention.

Conclusion

Mendelian principles, including the laws of segregation and independent assortment, provide the foundation for understanding how traits
are inherited from one generation to the next. These principles highlight the predictable inheritance patterns of dominant and recessive alleles,
shaping the genetic makeup of organisms. Genetic mutations, as random changes in DNA, introduce new variations in the gene pool,
contributing to genetic diversity. While most mutations are neutral or harmful, beneficial mutations can lead to adaptive traits that enhance
survival and reproduction. Together, Mendelian inheritance and mutations play a crucial role in evolution, driving genetic variation and
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enabling natural selection to act on advantageous traits. This dynamic process shapes the biological diversity observed in populations,
influencing the development of species and their ability to adapt to changing environments.
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