
Cytogenetics 
Cytogenetics is the study of chromosomes, their structure, function, and role in 
heredity and disease. It combines cytology and genetics to analyze chromosomes 
during cell division, helping to understand genetic variation and abnormalities.  

Key areas include the cell cycle, which governs chromosome replication and 
division; standard karyotyping and banding techniques like G-, C-, and Q-banding 
that reveal detailed chromosome patterns; and the identification of chromosomal 
abnormalities that affect health and development.  

Advanced tools such as Fluorescent In Situ Hybridization (FISH) allow precise 
detection of genetic changes. Important concepts like Lyon’s hypothesis explain 
X-chromosome inactivation, while telomeres and centromeres ensure chromosome 
stability and proper segregation. Together, these topics are fundamental for genetic 
research, clinical diagnosis, and anthropological studies. 

Cell Cycle 

The cell cycle refers to the series of carefully regulated stages that a cell passes 
through from one division to the next.  

It is fundamental to the biological continuity of life, ensuring proper cell growth, 
replication of genetic material, and formation of new cells.  

In cytogenetics—the scientific study of chromosomes and their behavior—the cell 
cycle plays a critical role because it is during cell division, especially at metaphase, 
that chromosomes become condensed and visible under a microscope. 

Why Is the Cell Cycle Important in Cytogenetics? 
Cytogenetics involves the microscopic study of chromosomes. Chromosomes, which 
carry hereditary material (DNA), are best visualized when they are maximally 
condensed.  

This happens during the metaphase stage of cell division. Hence, the cell cycle 
provides the necessary temporal window during which chromosomes can be 
harvested and studied. 

At this stage, cytogeneticists can: 

●​ Count the total number of chromosomes in a cell, 

●​ Detect any structural abnormalities such as deletions, duplications, or 
translocations, 
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●​ Create a karyotype, which is a visual profile of an individual's complete set of 
chromosomes. 

Major Phases of the Cell Cycle 
The cell cycle is divided into two broad parts: 

1.​ Interphase – the phase where the cell grows and prepares itself for division. 

2.​ Mitotic Phase (M Phase) – the phase where the cell actively divides to 
produce new daughter cells. 

Each of these phases comprises several sub-stages, each of which plays a specific 
role in cell maintenance and reproduction. 

1. Interphase: The Preparatory Stage 

Interphase represents the longest and most metabolically active portion of the cell 
cycle.  

Although the cell is not dividing during this phase, it is highly engaged in essential 
preparatory activities like DNA synthesis and organelle duplication.  

Interphase consists of three sequential stages: G1, S, and G2. 

a) G1 Phase (Gap 1): Growth and Preparation 

●​ During the G1 phase, the cell increases in size and actively synthesizes RNA, 
enzymes, and proteins that are required for DNA replication. 

●​ It also produces various organelles and cellular structures necessary for the 
upcoming division. 

●​ The cell performs a critical evaluation of environmental conditions and 
internal readiness for entering the S phase. 

b) S Phase (Synthesis Phase): DNA Replication 

●​ The hallmark event of the S phase is the duplication of DNA. Each 
chromosome replicates to produce two identical copies known as sister 
chromatids. 

●​ These sister chromatids are held together by a constricted region called the 
centromere. 

●​ The process ensures that both resulting daughter cells will inherit a complete 
set of genetic material. 

Additional Concepts: 

●​ Sister Chromatids are exact replicas of each other, joined at the centromere. 

●​ The centromere is also the site where spindle fibers attach during mitosis. 
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c) G2 Phase (Gap 2): Final Checks and Preparation for Division 

●​ The cell undergoes further growth and prepares all the necessary 
components for mitosis, including the production of spindle-associated 
proteins such as tubulin. 

●​ The cell checks for errors in DNA replication. If any damage is detected, repair 
mechanisms are activated. 

●​ If the DNA damage is irreparable, the cell may undergo apoptosis 
(programmed cell death) to prevent the propagation of errors. 

Additional Concepts: 

●​ Spindle fibers are protein structures that help segregate chromosomes during 
cell division. 

●​ Apoptosis is a genetically controlled mechanism for the safe elimination of 
faulty or unnecessary cells. 

2. Mitotic Phase (M Phase): The Division Process 

The M phase is the culmination of the cell cycle where actual cell division takes 
place. It includes: 

●​ Mitosis – division of the nucleus and its chromosomes. 

●​ Cytokinesis – division of the cytoplasm and cell membrane, resulting in two 
separate cells. 

Let us examine the sub-stages of mitosis in detail. 

a) Prophase: Chromosome Condensation Begins 

●​ Chromatin (loose DNA) condenses into visible chromosomes. 

●​ The nuclear envelope begins to disintegrate. 

●​ Centrosomes (structures that organize the mitotic spindle) move toward 
opposite poles of the cell. 

●​ Spindle fibers start forming, preparing the cell for chromosome movement. 

b) Metaphase: Chromosomes Align 

●​ Chromosomes align along the metaphase plate, an imaginary line at the cell’s 
equator. 

●​ Spindle fibers attach to the centromere of each chromosome. 

●​ This is the most important stage for cytogenetics as chromosomes are fully 
condensed and neatly arranged. 

Note: Laboratories often use chemicals like colchicine to arrest cells in metaphase 
for karyotyping. 
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c) Anaphase: Separation of Sister Chromatids 

●​ Spindle fibers pull the sister chromatids apart, moving them to opposite poles 
of the cell. 

●​ Each pole now contains an identical set of chromosomes. 

d) Telophase: Reformation of Nuclei 

●​ Chromosomes begin to decondense back into chromatin. 

●​ Nuclear envelopes reappear around the chromosome sets at each pole. 

●​ The cell now contains two distinct nuclei, one at each end. 

Cytokinesis: Cytoplasmic Division 

●​ The final step involves the division of the cytoplasm and organelles between 
the two daughter cells. 

●​ In animal cells, a cleavage furrow forms, pinching the cell into two. 

●​ The result is two genetically identical diploid daughter cells, each with a full 
set of chromosomes. 

Mitosis and Meiosis: A Comparison 
While mitosis results in the formation of genetically identical body cells, meiosis is a 
specialized type of division that occurs only in germ cells (sperm and egg). 

Mitosis: 

●​ Occurs in somatic (body) cells. 

●​ Produces two identical diploid cells. 

●​ Essential for growth, tissue repair, and maintenance. 

Meiosis: 

●​ Occurs in germ cells. 

●​ Involves two successive divisions. 

●​ Produces four haploid cells, each with half the number of chromosomes. 

●​ Promotes genetic diversity, an important subject in anthropological studies of 
human variation and evolution. 

Errors in the Cell Cycle and Their Consequences 
Disruptions in the cell cycle can lead to serious biological outcomes: 

●​ Uncontrolled cell division may lead to cancer. 

●​ Errors in DNA replication can result in mutations. 
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●​ Improper chromosome separation may lead to aneuploidy, such as trisomy 21 
(Down syndrome). 

Understanding these errors is crucial in cytogenetics, particularly in diagnosing 
genetic disorders and studying patterns of inheritance. 

Summary of the Cell Cycle 

Phase Key Events Relevance to Cytogenetics 

G1 Cell growth, organelle 
duplication 

Prepares materials for DNA 
replication 

S DNA replication, formation of 
sister chromatids 

Central to accurate inheritance 

G2 Error correction, preparation for 
mitosis 

Ensures DNA integrity 

Prophase Chromosome condensation, 
spindle formation 

Chromosomes become visible for 
observation 

Metaphase Chromosome alignment at 
equator 

Ideal stage for karyotyping 

Anaphase Separation of chromatids Ensures equal genetic material 
distribution 

Telophase Reformation of nuclei Restores nuclear architecture 

Cytokinesis Cell divides into two Produces new, genetically 
identical cells 

Standard Karyotyping and Banding 
Techniques 

The study of chromosomes—the carriers of genetic material—is a core component 
of cytogenetics. To understand chromosome number, structure, and abnormalities, 
cytogeneticists use a tool called a karyotype.  
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This method, along with banding techniques, allows scientists and anthropologists 
to visualize individual chromosomes, detect mutations, and explore patterns of 
human diversity. 

Karyotyping and banding are especially important in anthropological genetics for: 

●​ Diagnosing chromosomal disorders, 

●​ Investigating evolutionary changes in populations, 

●​ Understanding the genetic basis of diseases, 

●​ Studying chromosomal polymorphisms across human groups. 

A) Standard Karyotyping 
What Is a Karyotype? 

A karyotype is an organized visual profile of an individual's chromosomes. In a 
karyotype: 

●​ Chromosomes are arranged in pairs (homologous chromosomes), 

●​ The arrangement is based on size, centromere position, and banding pattern, 

●​ The profile allows researchers to examine the entire chromosomal 
complement of a person. 

This method is standardized globally using the International System for Human 
Cytogenetic Nomenclature (ISCN) to ensure consistency and accuracy in 
chromosome analysis. 

How Is Karyotyping Done? 

Standard karyotyping typically involves the following steps: 

1.​ Source of Cells: 

○​ Cells used for karyotyping are usually peripheral blood lymphocytes 
(a type of white blood cell). 

○​ Other sources may include amniotic fluid (for prenatal diagnosis), bone 
marrow, or skin fibroblasts. 

2.​ Arresting Cells in Metaphase: 

○​ Cells are cultured and treated with a chemical like colchicine, which 
halts them at metaphase.  

○​ Metaphase is the stage where chromosomes are highly condensed and 
easily visible under a microscope. 

3.​ Staining and Photography: 
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○​ Chromosomes are stained using specific dyes and photographed under 
a microscope. 

○​ The images are digitally arranged in homologous pairs and numbered 
from 1 to 22 (autosomes), followed by the sex chromosomes (XX for 
females, XY for males). 

4.​ Normal Human Karyotype: 

○​ A healthy human karyotype consists of 46 chromosomes, organized 
into: 

■​ 22 pairs of autosomes (non-sex chromosomes), 

■​ 1 pair of sex chromosomes (XX or XY). 

Importance in Anthropology and Genetics 

●​ Karyotyping helps in identifying numerical abnormalities such as trisomy 
21 (Down syndrome), monosomy X (Turner syndrome), or Klinefelter 
syndrome (XXY). 

●​ It is also used in tracing chromosomal variations among populations, 
making it an essential tool in anthropological genetics. 

B) Banding Techniques 
While standard staining can reveal the general structure of chromosomes, banding 
techniques provide greater detail.  

These methods stain chromosomes in such a way that they show distinct light and 
dark bands, which reflect the organization of DNA along the chromosome.  

Each banding pattern is unique and reproducible, making it easier to identify 
individual chromosomes and detect structural changes. 

The three major types of banding used in human cytogenetics are: G-banding, 
C-banding, and Q-banding. 

i) G-Banding (Giemsa Banding) 

G-banding is the most commonly used chromosome banding technique. 

Procedure: 

●​ Chromosomes are first treated with trypsin, an enzyme that partially digests 
proteins. 

●​ They are then stained with Giemsa dye, which binds strongly to regions rich 
in adenine (A) and thymine (T) base pairs. 

Appearance: 
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●​ Results in a pattern of alternating dark and light bands. 

●​ Each chromosome exhibits a unique banding pattern, like a fingerprint, 
allowing precise identification. 

Applications: 

●​ Identifies structural abnormalities such as: 

○​ Deletions (missing segments), 

○​ Duplications (extra segments), 

○​ Translocations (segments that have changed position), 

○​ Inversions (segments that are flipped). 

●​ Essential for constructing idiograms—diagrammatic representations of 
banded chromosomes. 

ii) C-Banding (Constitutive Heterochromatin Banding) 

C-banding selectively stains regions of chromosomes that consist of constitutive 
heterochromatin, which is a tightly packed form of DNA that remains condensed 
throughout the cell cycle. 

Procedure: 

●​ Chromosomes are treated with an alkaline solution and then stained with 
Giemsa. 

Appearance: 

●​ Stains centromeric regions (central constrictions of chromosomes) and 
other heterochromatic regions. 

Applications: 

●​ Useful in identifying: 

○​ Centromeric variations, 

○​ Polymorphisms in certain chromosomes (especially chromosomes 1, 
9, 16, and Y), 

○​ Certain structural rearrangements such as isochromosomes or 
marker chromosomes. 

Anthropological Relevance: 

●​ C-banding is valuable for exploring population-specific chromosomal 
patterns, particularly in Y chromosome studies related to male lineage 
tracing and ancestry. 

iii) Q-Banding (Quinacrine Banding) 
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Q-banding was the first banding technique developed in human cytogenetics. It 
uses a fluorescent dye, called quinacrine, to stain chromosomes. 

Procedure: 

●​ Chromosomes are stained with quinacrine mustard and observed under a 
fluorescence microscope using ultraviolet (UV) light. 

Appearance: 

●​ Produces bright and dull bands depending on the DNA sequence 
composition. 

●​ Areas rich in adenine-thymine (AT) base pairs fluoresce brightly. 

Applications: 

●​ Particularly useful for identifying the Y chromosome, which has a bright 
fluorescent region. 

●​ Though now largely replaced by G-banding, Q-banding still holds significance 
in specific diagnostic and research contexts. 

Anthropological Relevance: 

●​ Plays a role in early studies of chromosomal differences across ethnic and 
geographical groups. 

●​ Used to examine Y-chromosomal polymorphisms, important in tracing 
male migration patterns in human evolution. 

Summary of Banding Techniques 

Technique Stain Used Highlights Applications 

G-Banding Giemsa Light and dark 
bands (AT-rich) 

Identifies structural 
abnormalities 

C-Banding Giemsa 
(post-treatment
) 

Centromeric 
heterochromatin 

Detects polymorphisms 
and rearrangements 

Q-Banding Quinacrine 
(fluorescent) 

Bright and dull 
fluorescent bands 

Best for Y chromosome, 
early diagnostics 

3. Chromosomal Abnormalities 
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Chromosomal abnormalities refer to deviations from the normal number or 
structure of chromosomes in a cell. These abnormalities can result in genetic 
disorders, reproductive challenges, or even evolutionary variations across 
human populations. 

Chromosomal abnormalities are broadly classified into two types: numerical and 
structural. 

a) Numerical Abnormalities (Aneuploidy) 
Numerical abnormalities involve the loss or gain of one or more chromosomes, 
leading to a condition known as aneuploidy. Normally, human cells have 46 
chromosomes (23 pairs), but in cases of aneuploidy, this number is altered. 

Causes: 

●​ Most often caused by nondisjunction, a failure of chromosomes to separate 
properly during meiosis (gamete formation) or mitosis (cell division). 

Types of Aneuploidy: 

●​ Trisomy: Presence of an extra chromosome (47 instead of 46). 

●​ Monosomy: Absence of one chromosome (45 instead of 46). 

Major Examples: 

1.​ Down Syndrome (Trisomy 21): 

○​ Caused by an extra copy of chromosome 21. 

○​ Characteristics include: 

■​ Intellectual disability (mild to moderate), 

■​ Distinct facial features (flat nasal bridge, upward slanting eyes), 

■​ Hypotonia (poor muscle tone) in infancy, 

■​ Increased risk of heart defects and other health issues. 

○​ Occurs in approximately 1 in 700 live births. 

○​ Frequency increases with maternal age. 

2.​ Turner Syndrome (Monosomy X or 45,X): 

○​ Affects females who have only one X chromosome instead of two. 

○​ Clinical features include: 

■​ Short stature, 

■​ Webbed neck, 

■​ Infertility due to undeveloped ovaries, 
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■​ Normal intelligence in most cases. 

○​ It is the only monosomy compatible with life. 

3.​ Klinefelter Syndrome (47,XXY): 

○​ Affects males who possess an extra X chromosome. 

○​ Features include: 

■​ Tall stature, 

■​ Reduced facial and body hair, 

■​ Breast development (gynecomastia), 

■​ Infertility and small testes, 

■​ Mild cognitive and language development difficulties. 

○​ Often underdiagnosed because symptoms can be subtle. 

b) Structural Abnormalities 
Structural abnormalities involve alterations in the physical structure of 
chromosomes.  

These are typically caused by chromosomal breakage and faulty rejoining, 
leading to segments being lost, duplicated, reversed, or transferred. 

Such abnormalities may be balanced (no genetic material lost or gained) or 
unbalanced (genetic material is duplicated or deleted), which can have major 
developmental and health consequences. 

Major Types: 

1.​ Deletions: 

○​ A portion of the chromosome is missing or deleted. 

○​ Example: Cri-du-chat Syndrome 

■​ Caused by deletion on the short arm of chromosome 5. 

■​ Named after the characteristic "cat-like cry" of affected infants. 

■​ Associated with intellectual disability, delayed development, and 
microcephaly. 

2.​ Duplications: 

○​ A segment of the chromosome is copied more than once. 

○​ Can lead to overexpression of certain genes and developmental issues. 

○​ Example: Charcot-Marie-Tooth disease type 1A (caused by 
duplication on chromosome 17). 
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3.​ Inversions: 

○​ A segment of a chromosome breaks off, reverses its orientation, and 
reattaches. 

○​ Two types: 

■​ Paracentric (does not include the centromere), 

■​ Pericentric (includes the centromere). 

○​ Inversions may be harmless in carriers but can cause infertility or 
miscarriages due to disrupted meiosis. 

4.​ Translocations: 

○​ A segment from one chromosome is transferred to another 
chromosome. 

○​ Two main types: 

■​ Reciprocal Translocation: Exchange of segments between two 
non-homologous chromosomes. 

■​ Robertsonian Translocation: Fusion of two acrocentric 
chromosomes (e.g., chromosomes 13 and 14), reducing the 
chromosome count to 45 but generally maintaining genetic 
balance. 

○​ Can be balanced (phenotypically normal carriers) or unbalanced 
(causing syndromes in offspring). 

Anthropological Relevance: 

●​ Structural changes can be population-specific, aiding in studies of human 
variation and migration. 

●​ Translocations have been used to trace ancient ancestry and shared genetic 
traits across ethnic groups. 

●​ Inversions and other variants are important for studying fertility patterns, 
evolutionary adaptation, and genetic drift. 

4. Fluorescent In Situ Hybridization (FISH) 
Fluorescent In Situ Hybridization, commonly known as FISH, is a powerful 
technique in molecular cytogenetics. It allows scientists to directly visualize and 
locate specific DNA sequences on chromosomes by using fluorescently labeled 
DNA probes.  

The name "in situ" means "in place," referring to the fact that DNA sequences are 
detected while they remain in their natural chromosomal locations. 
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This technique has transformed cytogenetic studies by enabling the precise 
detection of chromosomal abnormalities that are not easily visible under 
conventional karyotyping methods. 

How FISH Works: Step-by-Step Process 

The basic principle of FISH is complementary base pairing—the ability of DNA 
strands with matching sequences to bind together. Here is a step-by-step 
explanation of how the FISH technique is performed: 

1. Sample Preparation 

●​ Cells are collected from blood, bone marrow, amniotic fluid, tissue biopsies, or 
cultured cell lines. 

●​ The cells are placed on a microscope slide and fixed using a chemical solution 
that preserves the chromosomes. 

●​ This preparation is most often done during the metaphase stage of cell 
division because chromosomes are most condensed and visible at this point. 
However, interphase nuclei can also be used, especially in clinical settings 
where rapid results are needed. 

2. Denaturation of DNA 

●​ DNA is naturally double-stranded. To allow the probe to bind, the DNA in both 
the chromosomes and the probe must be denatured, meaning the two 
strands are separated by applying heat or a chemical solution. 

●​ This step makes the DNA single-stranded, exposing the base sequences so 
that the probe can attach to its matching sequence. 

3. Hybridization with Fluorescent Probes 

●​ A DNA probe is a small fragment of single-stranded DNA that is designed to 
match a specific DNA sequence of interest (for example, a gene known to be 
involved in a genetic disorder). 

●​ This probe is labeled with a fluorescent dye (such as fluorescein, rhodamine, 
or cyanine). 

●​ The probe is applied to the slide and allowed to hybridize—that is, it binds to 
the complementary sequence on the chromosome if that sequence is present. 

4. Washing and Detection 

●​ After hybridization, the slide is washed to remove any probes that did not 
bind specifically to the DNA. 

●​ The slide is then viewed under a fluorescence microscope, which uses 
ultraviolet (UV) light to make the fluorescent dye glow. 
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●​ The location and number of fluorescent signals are recorded. Each glowing 
spot represents the specific DNA sequence that the probe was designed to 
detect. 

5. Interpretation 

●​ A normal pattern of signals indicates that the target sequence is present in the 
correct location and copy number. 

●​ Extra, missing, or misplaced signals can indicate chromosomal 
abnormalities, such as duplications, deletions, or translocations. 

Applications of FISH 

FISH has a wide range of applications in medicine, genetics, and anthropology. Its 
ability to detect subtle changes in DNA makes it useful in situations where 
traditional karyotyping falls short. 

1. Detection of Microdeletions and Microduplications 

●​ Standard karyotyping cannot detect very small chromosomal changes. 

●​ FISH can reveal these submicroscopic abnormalities, such as: 

○​ DiGeorge Syndrome (22q11.2 deletion) 

○​ Williams Syndrome (7q11.23 deletion) 

2. Identification of Structural Rearrangements 

●​ FISH is excellent for identifying changes in the arrangement of 
chromosomes, such as: 

○​ Translocations: A piece of one chromosome is attached to another. 

○​ Inversions: A section of a chromosome is reversed end-to-end. 

●​ These are especially important in cancer diagnosis, where specific gene 
rearrangements can guide treatment decisions. 

3. Prenatal Diagnosis 

●​ FISH is used on amniotic fluid or chorionic villus samples to quickly check 
for common chromosomal abnormalities such as: 

○​ Trisomy 21 (Down syndrome) 

○​ Trisomy 18 and Trisomy 13 

○​ Sex chromosome aneuploidies (e.g., Turner syndrome, Klinefelter 
syndrome) 

●​ The results can be obtained within 24–48 hours, offering a rapid diagnostic 
option during pregnancy. 
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4. Cancer Cytogenetics 

●​ In cancer, certain gene mutations or rearrangements are associated with 
tumor development. 

●​ FISH can detect: 

○​ Gene amplifications (e.g., HER2 in breast cancer) 

○​ Fusion genes (e.g., BCR-ABL fusion in chronic myeloid leukemia) 

●​ These findings are critical for both prognosis and treatment decisions. 

5. Anthropological and Evolutionary Studies 

●​ In anthropology, FISH is used to: 

○​ Study evolutionary relationships between humans and other 
primates by comparing chromosome structures. 

○​ Trace chromosomal changes that have occurred over time in different 
populations. 

○​ Identify population-specific chromosomal markers, helping understand 
human migration patterns and genetic diversity. 

Significance and Advantages of FISH 

●​ High Sensitivity and Specificity: FISH can detect even a single missing or 
extra gene copy, offering much greater resolution than traditional 
techniques. 

●​ Rapid Results: Interphase FISH does not require cell division, allowing for 
quick diagnosis. 

●​ Multiplexing Capability: Multiple probes with different dyes can be used 
simultaneously to examine various parts of the genome in a single test. 

●​ Applicable to Different Sample Types: FISH can be used on solid tissues, 
liquid samples, paraffin-embedded sections, and cell cultures. 

5. Lyon’s Hypothesis: X-Chromosome Inactivation 
The Lyon’s Hypothesis, proposed by Mary F. Lyon in 1961, is a fundamental 
concept in genetics and cytogenetics.  

It explains how females manage the presence of two X chromosomes in each of 
their cells, while males have only one.  

This process, called X-chromosome inactivation, ensures that there is equal 
expression of X-linked genes in both sexes.  

The hypothesis is important for understanding genetic balance, expression of 
X-linked disorders, and sex chromosome behavior. 
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Key Points of the Hypothesis 

1.​ Sex Chromosome Composition in Humans: 

○​ Humans have 46 chromosomes, including one pair of sex 
chromosomes. 

○​ Males have one X and one Y chromosome (XY), while females have 
two X chromosomes (XX). 

○​ The X chromosome contains many important genes that are unrelated 
to sexual traits, such as those for vision, blood clotting, and brain 
function. 

○​ If both X chromosomes in females remained active, they would produce 
double the amount of X-linked gene products compared to males. 
This would lead to an imbalance in gene dosage, which can be 
harmful. 

2.​ Random Inactivation of One X Chromosome in Females: 

○​ To maintain balance between males and females, one X chromosome 
in each female cell is turned off or inactivated. 

○​ This inactivation happens randomly during early stages of embryonic 
development—around the blastocyst stage (when the embryo is just a 
few days old). 

○​ In some cells, the maternal X (from the mother) is inactivated, and in 
others, the paternal X (from the father) is inactivated. 

○​ Once a cell inactivates one X chromosome, all its daughter cells will 
have the same X chromosome turned off. This creates a mosaic 
pattern in the female body. 

3.​ Formation of the Barr Body: 

○​ The inactivated X chromosome condenses into a dense structure called 
the Barr body, discovered by Murray Barr in 1949. 

○​ The Barr body is located on the edge of the cell nucleus and can be 
seen using certain stains under a microscope. 

○​ Normally, females have one Barr body per somatic (body) cell, 
while males have none. In rare cases (like XXY males or XXX females), 
the number of Barr bodies increases. 

4.​ Functional Balance Between Males and Females: 

○​ By inactivating one X chromosome, females ensure that only one 
active copy of X-linked genes is present in each cell—just like males. 
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○​ This process is called dosage compensation. It helps avoid 
overproduction of proteins and maintains normal development and 
cellular function. 

5.​ Exceptions and Variability: 

○​ Although inactivation is usually random, in some cases (like 
chromosomal translocations or mutations), the cell may preferentially 
inactivate one specific X chromosome—this is called non-random 
or skewed inactivation. 

○​ Also, some genes on the inactivated X chromosome escape 
inactivation and are still expressed, contributing to differences in 
gene expression among females. 

Importance and Applications of Lyon’s Hypothesis 

1.​ Explains Female Carriers of X-Linked Disorders: 

○​ Many diseases like hemophilia, color blindness, and Duchenne 
muscular dystrophy are caused by mutations in genes on the X 
chromosome. 

○​ Males, with only one X, are more likely to show symptoms if that X 
carries a mutation. 

○​ Females with one normal and one mutated X are called carriers. Due to 
random X-inactivation, some cells express the healthy gene, and others 
the mutated one. 

○​ This usually results in mild or no symptoms, but if more cells 
inactivate the healthy X, the female carrier might show some disease 
symptoms. 

2.​ Explains Female Genetic Mosaics: 

○​ Since inactivation occurs randomly, females are genetic mosaics, 
meaning they have two cell populations—each expressing a different 
X chromosome. 

○​ This is clearly visible in animals like calico cats, where different fur 
patches express different pigment genes based on X-inactivation. 

○​ In humans, mosaicism can explain variability in disease symptoms, 
especially in female carriers of X-linked traits. 

3.​ Significance for Anthropology: 

○​ For anthropologists, studying X-chromosome inactivation helps: 

■​ Understand gene expression differences between males and 
females. 
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■​ Study evolutionary changes in sex chromosomes. 

■​ Explore population diversity, especially in how certain X-linked 
traits are inherited. 

■​ Investigate how epigenetic regulation (gene control without 
DNA change) affects human variation. 

4.​ Insights into Epigenetic Regulation: 

○​ X-inactivation is one of the best-known examples of epigenetics, where 
genes are turned “on” or “off” without changing the DNA code. 

○​ A special gene called XIST (X-Inactive Specific Transcript) plays a 
central role. 

■​ It produces RNA that coats the X chromosome and signals it to 
become inactive. 

■​ The inactive X also receives chemical modifications, like DNA 
methylation and histone changes, to stay silent. 

6. Importance of Telomere and Centromere in 
Cytogenetics  
Chromosomes are thread-like structures located inside the nucleus of every cell, 
containing DNA that carries genetic information essential for growth, development, 
and reproduction. To understand how chromosomes maintain their structure and 
function throughout the life of a cell and across generations, it is crucial to study 
specific regions called telomeres and centromeres. These regions are fundamental 
in cytogenetics — the study of chromosomes — because they ensure chromosome 
stability and accurate genetic transmission. 

a) Telomeres: The Protective Chromosome Caps 

Telomeres are specialized DNA-protein structures found at the very ends of 
chromosomes. They consist of repetitive DNA sequences, which in humans are 
made up of the six-nucleotide sequence TTAGGG, repeated thousands of times. 

●​ Structural and Functional Role: 

○​ Telomeres serve as buffers or protective caps that prevent the natural 
ends of chromosomes from being mistaken as broken DNA strands by 
the cell’s repair machinery. 

○​ If chromosome ends were unprotected, they could fuse with other 
chromosome ends or degrade, leading to chromosomal abnormalities 
such as rearrangements, which can disrupt gene function. 

●​ DNA Replication and the End-Replication Problem: 
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○​ During DNA replication, the enzymes that copy DNA (DNA 
polymerases) cannot fully replicate the extreme ends of linear 
chromosomes — this is called the end-replication problem. 

○​ As a result, a small part of the telomere sequence is lost every time 
a cell divides. 

○​ This progressive shortening of telomeres acts as a molecular clock that 
limits the number of times a normal somatic (body) cell can divide, a 
process linked to cellular aging or senescence. 

●​ Telomerase and Immortality: 

○​ Some cells, such as stem cells, germ cells, and cancer cells, produce an 
enzyme called telomerase. 

○​ Telomerase can rebuild and extend telomeres, allowing these cells to 
divide many more times than normal somatic cells. 

○​ The reactivation of telomerase is a hallmark of many cancers, enabling 
uncontrolled cell division and tumor growth. 

●​ Anthropological and Evolutionary Perspectives: 

○​ The length of telomeres varies among individuals and populations due 
to genetic factors, environmental influences (such as diet, pollution, 
and stress), and lifestyle choices. 

○​ Studies in anthropology use telomere length as a biomarker of 
biological aging and to investigate how humans adapt to different 
environmental conditions. 

○​ Research has shown that populations living under chronic 
environmental stress often display shorter telomeres, indicating 
accelerated cellular aging. 

○​ Telomere studies also contribute to understanding life history 
evolution—how species, including humans, have evolved different 
strategies for growth, reproduction, and lifespan. 

b) Centromeres: The Chromosome’s Anchoring Hub 

The centromere is a specialized constricted region of the chromosome, where the 
two identical sister chromatids are joined together after DNA replication. 

●​ Role in Cell Division: 

○​ The centromere is the site where kinetochore proteins assemble, 
forming a platform for spindle fiber attachment during both mitosis 
and meiosis. 
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○​ Spindle fibers are structures made of microtubules that pull sister 
chromatids apart to opposite poles of the cell, ensuring that each new 
daughter cell inherits the correct number of chromosomes. 

○​ Accurate centromere function is vital; any failure in spindle attachment 
or centromere integrity can result in chromosome missegregation, 
causing genetic disorders like Down syndrome or cancer. 

●​ Centromere Position and Chromosome Morphology: 

○​ Chromosomes are classified based on the position of the centromere: 

■​ Metacentric: Centromere is near the middle, creating two arms 
of almost equal length. 

■​ Submetacentric: Centromere is slightly off-center, resulting in 
one arm longer than the other. 

■​ Acrocentric: Centromere is very close to one end, producing a 
very short (sometimes satellite) arm. 

○​ This classification aids in karyotyping, allowing cytogeneticists to 
identify and compare chromosomes across individuals and species.​
 

●​ Centromeric DNA and Structural Variation: 

○​ The DNA sequence at centromeres is typically composed of highly 
repetitive satellite DNA, which varies in sequence and length between 
species and even among individuals within a species. 

○​ This variation provides valuable information in population genetics 
and evolutionary biology. 

○​ Some chromosomal rearrangements involving centromeres, such as 
Robertsonian translocations (fusion of two acrocentric 
chromosomes at their centromeres), are important in human genetics 
and anthropology because they influence genetic diversity and 
reproductive outcomes. 

●​ Anthropological Importance: 

○​ Differences in centromere structure and position across populations 
can help trace ancestry and migration patterns. 

○​ Centromere changes can contribute to speciation, the evolutionary 
process by which populations diverge into separate species. 

○​ Anthropologists use centromere data to understand how human and 
primate chromosomes have evolved and how these changes relate to 
species-specific traits. 
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PYQ Insights 
●​ Insights from Past Year Questions (PYQs) in UGC NET Anthropology clearly 

demonstrate the steady importance of cytogenetics-related topics in the 
examination, especially in Paper 2, Unit 3. Over the years, candidates have 
been asked to define and identify various chromosomal abnormalities, 
including both numerical changes such as trisomies and monosomies, and 
structural alterations like deletions, duplications, inversions, and 
translocations. These questions test the understanding of the types, causes, 
and phenotypic effects of such abnormalities in humans. 

●​ Another frequently tested area is the standard karyotyping process and the 
different banding techniques—G-banding, C-banding, and Q-banding. 
Candidates must explain the methodology of how these banding patterns are 
produced, how they differ, and their practical uses in detecting chromosomal 
abnormalities and structural rearrangements. This shows the emphasis on 
both theoretical knowledge and technical application. 

●​ Lyon’s hypothesis of X-chromosome inactivation is a recurring topic, often 
asked in an application or explanation format. Questions typically explore 
how X-inactivation balances gene dosage between males and females, its 
genetic and phenotypic consequences, and its role in explaining the mosaic 
nature of female carriers for X-linked disorders. 

●​ Short notes on the importance of telomeres and centromeres are 
commonly included, highlighting their protective and structural roles in 
chromosome stability, cellular aging, and chromosome segregation during cell 
division. These questions test the candidate’s ability to connect molecular 
structures with their biological functions. 

●​ Some PYQs go beyond basic definitions, linking cytogenetic principles to 
broader human genetics, evolutionary biology, and anthropological 
studies. For example, variations in telomere length among populations or 
centromere positions across species have been discussed in the context of 
genetic diversity and evolutionary adaptation. 

●​ Overall, PYQs reveal that UGC NET expects candidates to possess a thorough 
understanding of cytogenetics, not only from a biological perspective but also 
its significance in anthropology. Both conceptual clarity and the ability to 
apply knowledge in different contexts are consistently assessed, making these 
topics foundational for exam preparation. 

Conclusion 

Cytogenetics is a crucial branch of genetics that studies chromosomes—their 
structure, function, and behavior during the cell cycle. Understanding the cell cycle 
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helps identify the best stages for chromosome analysis, especially metaphase, where 
chromosomes are most visible.  

Standard karyotyping and banding techniques like G-, C-, and Q-banding allow 
detailed visualization and identification of chromosomes and their abnormalities. 
Chromosomal abnormalities, both numerical and structural, have significant 
implications for human health and genetic diversity.  

Advanced methods like Fluorescent In Situ Hybridization (FISH) provide higher 
resolution for detecting subtle chromosomal changes. Lyon’s hypothesis explains the 
important process of X-chromosome inactivation for dosage compensation in 
females.  

Telomeres and centromeres play vital roles in chromosome stability, cell division, 
and aging. Together, these cytogenetic concepts form a foundation for genetic 
diagnosis, evolutionary studies, and anthropological research. 

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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