Linkage and Chromosome Mapping,
Genomic Imprinting

Understanding how traits are passed from one generation to the next is a key part of
modern biological anthropology. Important concepts like linkage, chromosome
mapping, and genomic imprinting help explain how genes are arranged on
chromosomes and how they behave during inheritance.

Linkage shows how genes close together on the same chromosome are often
inherited together. Chromosome mapping helps locate genes and measure how far
apart they are using recombination data. Genomic imprinting adds another layer
by showing that only one copy of a gene (from either mother or father) may be
active, while the other is silenced.

How Are Chromosomes, Location of Genes, and
Inheritance Related?

1. Chromosomes Are the Carriers of Genes

Think of a chromosome as a long train, and the genes as the passengers sitting in
specific seats.

e (Chromosomes are long, thread-like structures made of DNA and proteins,
found inside the nucleus of every cell.

e Humans have 23 pairs of chromosomes (total 46), with one chromosome in
each pair coming from the mother and the other from the father.

e Each chromosome carries thousands of genes, all arranged in a specific
order along its length.

Simple point: Chromosomes are like books, and genes are the lines of text
written inside them.

2. Genes Have Fixed Locations on Chromosomes
Every gene has a specific position on a chromosome, called a locus (plural: loci).
e The locus is like the seat number of a gene on the chromosome-train.

e For example, the gene for eye color might be found at a particular spot on
chromosome 15.

3. Inheritance Depends on Where Genes Are Located

When parents pass on their chromosomes to children, they also pass on the genes
attached to them.

But here's the key idea:
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e [ftwo genes are located on different chromosomes, they are inherited
independently of each other.

e [ftwo genes are on the same chromosome, and especially if they are close
together, they may be inherited together. This is known as linkage.

4. Crossing Over and the Role of Gene Distance

In meiosis, chromosomes can exchange parts with each other. This is called
crossing over or recombination.

e This process increases genetic variety in offspring.

e But whether crossing over separates two genes depends on how far apart
they are on the chromosome.

e I[f two genes are far apart, it's easier for crossing over to separate them. So,
they are often inherited independently.

e I[f two genes are very close together, it's hard for crossing over to split
them, so they are usually inherited together.

Example
e The gene for eye color is on chromosome 15.
e The gene for hair color is on chromosome 3.

Because they’re on different chromosomes, they are inherited independently.
So, a child might get brown eyes + black hair, blue eyes + blond hair, or any other
combination—there’s no rule tying them together.

1. Linkage: Genes Are Not Always Independent

Definition and Historical Discovery

Linkage means that genes located close together on the same chromosome are
often inherited together. This goes against Mendel’s idea that genes assort
independently.

The idea was first noticed by Bateson and Punnett while studying sweet peas.
Later, Thomas Hunt Morgan confirmed it through experiments on fruit flies. He
showed that some traits, like eye color and wing shape, were passed on as a pair
more often than expected.

Key Features of Linkage

Understanding linkage involves a few essential points that help clarify how genes
are transmitted from generation to generation:

1. Genes Located on the Same Chromosome are Linked
When two or more genes are present on the same chromosome, they are said
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to be physically linked. This means they are part of the same DNA molecule
and do not assort independently like genes on different chromosomes.

Distance Matters: Closer Genes Stay Together

The physical distance between linked genes influences how often they are
inherited together. If two genes are very close to each other on the
chromosome, they are less likely to be separated during crossing over in
meiosis. As a result, they are usually inherited together.

Linkage is Not Absolute

Just because two genes are on the same chromosome does not mean they are
always inherited together. During meiosis, homologous chromosomes
exchange segments through recombination or crossing over.

If a crossover happens between two linked genes, it can separate them,
resulting in new combinations of traits. Therefore, linkage reduces, but does
not eliminate, independent assortment.

Linkage Groups Reflect Chromosomes

All the genes located on a single chromosome form a linkage group. In
humans, for example, there are 23 pairs of chromosomes, so there are 23
linkage groups.

Types of Linkage

1. Complete Linkage

In this rare form, no crossing over occurs between the two genes.

As aresult, the genes are always inherited together and only parental
combinations are observed in the offspring.

This kind of linkage is uncommon in eukaryotes (organisms with a nucleus),
but it has been observed in certain experimental organisms with very closely
spaced genes.

2. Incomplete Linkage

This is the most common form of linkage found in nature.

The linked genes are not too close on the chromosome, allowing crossing
over to occur during meiosis.

As a result, both parental and recombinant types are produced in the
offspring.

The frequency of recombination depends on the distance between the
genes: the greater the distance, the higher the recombination frequency.

2. Chromosome Mapping: Locating Genes

What is Chromosome Mapping?
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Chromosome mapping is the process of finding out where genes are located on a
chromosome, and how far apart they are from each other.

It helps scientists draw a “genetic map”, like a roadmap showing gene positions
on the chromosome.

What Is the Basic Mechanism Behind It?

The process is based on a natural event called crossing over (recombination) that
happens during meiosis (formation of egg and sperm cells).

Here’s how it works:
1. Crossing Over Happens in Meiosis

e When cells make sperm or egg, homologous chromosomes (pairs of the
same chromosome from each parent) line up.

e Sometimes, these chromosomes exchange segments — this is called
crossing over.

e I[f two genes are far apart, there is a higher chance a crossover will happen
between them.

e Ifthey are close together, crossing over is less likely to separate them.

This is the mechanism chromosome mapping uses to measure how far apart
genes are.

2. Recombination Frequency = Gene Distance

Scientists use the frequency of recombinant offspring (those with new
combinations of traits) to estimate distance between genes.

e If 1 outof 100 offspring shows a new gene combination, the recombination
frequency is 1%.

e This means the genes are 1 centimorgan (cM) apart on the chromosome.
Rule of thumb:

e 1% recombination = 1 cM = genes are a little far apart.

e Higher recombination % = genes are farther apart.

e 0% recombination = genes are right next to each other (completely
linked).

Example:
Let’s say:

e Inan experiment, genes A and B show 10% recombination, and genes B and
C show 5% recombination.
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e Then, gene map might look like:
A——10cM———B——5cM——C

This tells us gene A is farther from B than B is from C.

Steps in Genetic Mapping

1. Crossing Experiments

e Scientists perform controlled breeding experiments (especially in model
organisms like fruit flies or mice).

e By analyzing the offspring, they observe how often different combinations of
traits appear.

e The frequency of recombinant types (offspring with new trait combinations)
is used to calculate recombination rates.

What Are Recombinant Types?

Recombinant types are offspring that show new combinations of traits that are
different from their parents.

Think of it like this:

e Ifa parent has Trait A and B, and the other parent has Traita and b,
then the usual (parental) combinations in offspring would be:

o A B (like one parent)
o ab (like the other parent)

But sometimes, mixes like A b or a B appear in the offspring.
These are called recombinant types.

How do recombinants happen?

During reproduction, a process called crossing over happens. Parts of
chromosomes swap places, creating new combinations of genes.

In Simple Words: Recombinant types are children with a mix of traits that
don’t exactly match either parent.

2. Use of Genetic Markers

e Genetic markers are specific, identifiable DNA sequences used as
landmarks on a chromosome.

e These could be microsatellites, SNPs (single nucleotide polymorphisms),
or RFLPs (restriction fragment length polymorphisms).

e Markers help locate unknown genes by finding which markers they tend to be
inherited with.

Simple Explanation of Genetic Markers
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1. Microsatellites
e What they are: Tiny sequences of DNA that repeat (like “ATATAT...").

e The number of repeats varies from person to person, so they are great for
identifying individuals or families.

2. SNPs (Single Nucleotide Polymorphisms)

e What they are: A single letter difference in the DNA sequence (like A
instead of G).

e SNPs are very common and can be used to track genes or find disease risk.
3. RFLPs (Restriction Fragment Length Polymorphisms)
e What they are: DNA pieces that vary in length when cut by special enzymes.

e These length differences help locate genetic differences between individuals.

3. Mapping Functions

e Because recombination is not always linearly related to distance (especially
over large stretches of DNA), scientists use mathematical formulas to
convert recombination frequencies into accurate distances.

e The two commonly used mapping functions are:
o Haldane’s function (assumes no interference in crossover events).

o Kosambi’s function (accounts for interference, making it more
accurate in real biological conditions).

Classic Example: Chromosome Mapping in Drosophila

The first practical demonstration of chromosome mapping was carried out by
Thomas Hunt Morgan and his students using the fruit fly (Drosophila
melanogaster), a model organism still widely used in genetics today.

Morgan'’s team observed that traits like:
e Eye color
e Wing shape
e Body color

This was a groundbreaking achievement because it confirmed that genes are
arranged linearly on chromosomes, and it provided a method to locate them
using experimental data.

Applications in Humans

Chromosome mapping, which began with fruit flies, is now extensively applied in
human genetics. It has led to major medical breakthroughs and has enhanced our
understanding of hereditary diseases and gene function.
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Notable Human Applications:
1. Cystic Fibrosis Gene (CFTR)
o Located on chromosome 7 using linkage and positional mapping.
o Helped identify carriers and develop targeted therapies.
2. BRCA1 Gene and Breast Cancer
o Mapped to chromosome 17.

o Women with mutations in BRCA1 are at a higher risk for breast and
ovarian cancer.

o Enabled genetic screening and preventive healthcare.

3. Genomic Imprinting: Parent-of-Origin Effects
Definition: What is Genomic Imprinting?

Genomic imprinting is when only one copy of a gene is active, depending on
whether it comes from the mother or the father. The other copy is silenced by
chemical changes called epigenetic modifications.

These changes don'’t affect the DNA sequence but control how the gene works. The
most common modification is DNA methylation, which turns a gene off. So, even
though we inherit two copies of each gene, only one is expressed. This
parent-specific gene activity plays an important role in growth and development.

Discovery: Challenging Mendelian Genetics

The concept of genetic imprinting was discovered in the 1980s through
experiments in mice. Researchers noticed that some genes showed different
patterns of expression depending on whether they were inherited from the mother
or the father.

These findings contradict Mendel's laws, which assume that both alleles contribute
equally to an organism's traits.

Later, similar patterns were confirmed in human genetics, particularly in the study
of developmental disorders. The discovery of imprinting introduced a new layer of
complexity to our understanding of heredity and brought attention to the
importance of epigenetic regulation in shaping human biology and evolution.

Mechanism: How Does Imprinting Work?
1. Imprinting Marks During Gametogenesis

o During the formation of sperm or egg cells, certain genes are
chemically "marked" with epigenetic tags, such as methyl groups.

o These marks are based on whether the gene is coming from the male or
female parent.
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2. No Change in DNA Sequence

o Itis important to understand that imprinting does not change the
genetic code.

o The gene sequence remains the same; only its activity is altered due to
the chemical modification.

3. Maintenance of Imprints

o After fertilization, the imprinting marks are preserved during all
subsequent cell divisions.

o This ensures that the chosen parental allele remains active, while the
other remains inactive throughout the individual’s development.

Examples of Imprinted Genes and Associated Conditions

Imprinting affects a limited number of genes—Iless than 1% of the human
genome—but the effects can be profound. Here are some key examples:

1. IGF2 (Insulin-like Growth Factor 2)
o Involved in fetal growth and development.
o Expressed only when inherited from the father.
o The maternal copy is silenced.
2. H19 Gene
o Located near IGF2 and involved in growth regulation.
o Expressed only from the maternal allele.

o The paternal allele is methylated and inactive.
Medical and Evolutionary Implications of Genetic Imprinting

1. Imprinting Disorders

When imprinting goes wrong—either due to improper methylation, deletion of the
active allele, or uniparental disomy (where both copies come from the same
parent)—it can result in serious genetic disorders.

e Prader-Willi Syndrome

o Caused by the absence of a functional paternal allele on chromosome
15.

o Leads to obesity, short stature, and intellectual disability.
e Angelman Syndrome

o (Caused by the loss of the maternal allele on the same region of
chromosome 15.

o Results in severe cognitive delay and neurological problems.
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2. The Parental Conflict Hypothesis

One of the most interesting aspects of imprinting is its evolutionary explanation.
The "Parental Conflict Hypothesis" suggests that imprinting evolved due to
conflicting interests between the mother and father over how much resources the
offspring should receive.

e Paternal genes may favor more growth to maximize the offspring's chances
of survival (especially in polygamous species).

e Maternal genes, on the other hand, may limit growth to conserve energy for
future offspring.

This evolutionary "tug-of-war" is reflected in the differential expression of
growth-regulating genes like IGF2 and H19, which are regulated oppositely
depending on their parental origin.

Anthropological Relevance of Genetic Imprinting

Research in South Asian populations, including India, has shown that maternal
malnutrition and low birth weight in offspring may be linked to altered
imprinting of growth genes.

This may predispose individuals to diabetes and cardiovascular disease later in
life. This is a key area where biology, evolution, and society intersect, making it
highly relevant for anthropological studies.

Case Studies in Anthropological Genetics
1. Mapping Thalassemia Loci in Mediterranean and South Asian Populations

e Thalassemia, another blood disorder, is common in Mediterranean, Middle
Eastern, and South Asian populations.

e Through chromosome mapping, scientists located the a and p thalassemia
gene clusters and studied their variations across populations.

e These maps have been used to design carrier screening programs,
particularly in consanguineous communities, where the risk of genetic
diseases is higher due to inbreeding.

2. Imprinting and Maternal Malnutrition in South India

e Studies conducted in parts of South India have examined the impact of
maternal undernutrition on offspring health.

e Researchers found altered expression in imprinted genes like IGF2, which
controls fetal growth.

e This epigenetic change, linked to low birth weight, increases the risk of
diabetes, heart disease, and hypertension in adulthood—a pattern known
as the fetal origins hypothesis.
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e Such findings integrate genetics, social anthropology, and public health,
showing how poverty, gender inequality, and maternal care affect biology
across generations.

PYQ Insights

1. UGC asks questions about how linkage explains the non-independent
inheritance of genes located close together (high frequency).
PYQ: "What is genetic linkage? Discuss with examples.”

2. UGC tests understanding of recombination frequency as a measure of
gene distance and its role in gene mapping (high frequency).
PYQ: "If recombination between two genes is 10%, how far apart are they?”

3. UGC seeks clarity on how mapping functions like Kosambi convert
recombination data into chromosome maps (medium frequency).
PYQ: "What is the significance of the Kosambi function in genetic mapping?"

4. UGC asks applied questions on how linkage and mapping help identify
disease genes in specific populations (medium frequency).
PYQ: "How has linkage mapping helped study the sickle cell gene in Indian
tribes?”

5. UGC asks questions about genetic imprinting as a form of epigenetic
regulation involving parent-specific gene expression (high frequency).
PYQ: "What is genetic imprinting? Give one example.”

6. UGC tests knowledge of how imprinting involves DNA methylation and
other epigenetic changes during gametogenesis (medium frequency).
PYQ: "How does DNA methylation regulate imprinting?"

7. UGC frequently asks about imprinting-related syndromes like Angelman
and Prader-Willi in a clinical-genetic context (medium frequency).
PYQ: "Angelman syndrome is caused by mutation of which parental gene?"

8. UGC seeks critical analysis of the evolutionary explanation of
imprinting, such as the parental conflict hypothesis (medium
frequency).

PYQ: "Explain imprinting through the lens of the parental conflict theory.”

9. UGC invites anthropological reflection on how linkage, mapping, and
imprinting connect genetics with Kkinship, disease, and development
(low-medium frequency).

PYQ: "Discuss the anthropological relevance of linkage and genetic imprinting
in understanding reproduction and health.”

Conclusion
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The concepts of linkage, chromosome mapping, and genetic imprinting enrich
our understanding of heredity far beyond Mendel’s early principles. For
anthropologists, especially in genetic and molecular anthropology, these tools are
essential for investigating biological diversity, disease prevalence, and human
evolution. They provide deep insights into how genetic material is inherited,
expressed, and altered across generations and geographies. In today’s genomic age,
integrating molecular genetics with anthropological inquiry opens new pathways for
exploring the biological fabric of humanity.

Support Free Education

If you've found these lectures helpful, consider supporting my
work with a voluntary contribution.

UPI: dineshbhatia1991@oksbi
Any amount is appreciated. Thank you for your support!
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