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UPSC Zoology Optional Paper II – Model Answer  
Que.1.a. Protein sorting in Golgi apparatus  
Ans. Protein sorting is the systematic process where the Golgi apparatus modifies, tags, and packages 

proteins into specific vesicles, directing them to lysosomes, the cell membrane, or secretion based on 

signals. The Golgi apparatus serves as the "post office" of the cell. It receives proteins from the 

Endoplasmic Reticulum (ER), modifies them, and sorts them for delivery to their specific destinations.  

  

Steps  
Step 1: Entry at the Cis-Golgi Network (CGN)  

Proteins arrive from the ER in COPII-coated vesicles. They enter the Golgi at the cis-face, the side facing 

the nucleus.  

● Mechanism: The vesicles fuse to form the Cis-Golgi Network (CGN).  

● Sorting/Retrieval: At this stage, the Golgi performs its first "quality check." Any resident 

ER proteins that escaped (like BiP or PDI) are recognized by their KDEL signal and sent 

back to the ER in COPI-coated vesicles.  

                

Step 2: Processing in the Golgi Stack (Cisternae)  

As proteins move through the medial and trans cisternae (the middle layers), they undergo sequential 

modifications.  

● Modification: This is where glycosylation occurs. Enzymes add or remove sugar 

residues in a specific order.  

● Mechanism: Most scientists follow the Cisternal Maturation Model, where the 

cisternae themselves "mature" and move forward, carrying the proteins with them, while 

resident Golgi enzymes are recycled backward.  

Step 3: Sorting at the Trans-Golgi Network (TGN)  

The Trans-Golgi Network (TGN) is the primary sorting hub. Here, proteins are segregated into different 

types of vesicles based on their final "zip code" (signal sequences).  
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1. The Lysosomal Pathway (Signal-Mediated)  

Proteins destined for lysosomes (like digestive enzymes) are specifically tagged.  

● The Tag: A Mannose-6-Phosphate (M6P) group is added to the N-linked 

oligosaccharide of the protein.  

● The Sorting: M6P receptors in the TGN membrane recognize this tag and gather these 

enzymes into clathrin-coated vesicles.  

● Destination: These vesicles fuse with late endosomes, which eventually become 

lysosomes.  

2. The Constitutive Secretory Pathway (Default)  

This is the "auto-pilot" route for proteins that do not have specific sorting signals.  

● Mechanism: Proteins are packaged into vesicles that move immediately to the plasma 

membrane.  

● Example: Secretion of extracellular matrix proteins (like collagen) or the continuous 

supply of new lipids to the cell membrane.  

3. The Regulated Secretory Pathway  

Some proteins are stored in specialized vesicles and only released when the cell receives a specific 

signal.  

● Mechanism: Proteins aggregate in the TGN and are packaged into secretory granules. 

They stay in the cytoplasm until a trigger (like a hormone or change in voltage) occurs.  

● Example: The release of insulin from pancreas cells in response to high blood sugar.  

Protein sorting ensures cellular homeostasis by accurately delivering enzymes, receptors, and 

hormones to their functional sites. This precision prevents metabolic disorders, maintains 

membrane integrity, enables rapid intercellular communication, and facilitates the targeted 

degradation of waste, ultimately allowing complex multicellular organisms to coordinate growth, 

defense, and vital physiological responses.  

  

Que.1.b. Structure and function of Lampbrush chromosome  

Ans. Lampbrush chromosomes are a special type of "giant" chromosome found in the growing 

oocytes (immature eggs) of most animals, except mammals. They were first described by 

Walther Flemming in 1882 and are named for their resemblance to the brushes used to clean oil 

lamps in the 19th century.  

1. Structure of Lampbrush Chromosomes  

A lampbrush chromosome consists of a main rigid axis and a series of laterally extending loops.  

● The Main Axis: This is the "backbone" of the chromosome. It consists of two sister 

chromatids held tightly together. Along this axis, there are highly condensed regions 

called chromomeres.  
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● Lateral Loops: These are the most distinctive feature. They are symmetrical pairs of 

loops that extend outward from the chromomeres. o  Each loop consists of a single DNA 

molecule.  

o  The loops are covered in a "matrix" of RNA and proteins, representing sites of 

active transcription (RNA synthesis).  

● Symmetry: Because they are observed during the Diplotene stage of Meiosis I, the 

chromosomes are present as bivalents (two homologous chromosomes joined at 

chiasmata).  

2. Formation of Lampbrush Chromosomes  

The formation is a strategic structural change that occurs during the prolonged prophase I of 

meiosis.  

1. Condensation and Pairing: Homologous chromosomes pair up to form bivalents.  

2. Extended Diplotene: While most chromosomes condense during meiosis, lampbrush 

chromosomes do the opposite. To meet the high metabolic demands of a growing egg, 

specific regions of the DNA "uncoil" or "decondense."  

3. Loop Extrusion: As the DNA uncoils, it pushes out laterally from the central 

chromomeres.  

4. Transcription Initiation: High-speed RNA polymerase activity begins on these loops, 

coating the DNA in nascent RNA strands, which gives the loops their "fuzzy" or "brush-

like" appearance under a microscope.  

  
Functions  

Lampbrush chromosomes are not just structural oddities; they are high-performance "factories" 

for the cell.  

● Massive Transcription: Their primary role is the large-scale production of messenger 

RNA (mRNA) and ribosomal RNA (rRNA). These are stored in the egg for use after 

fertilization, during the early stages of embryo development when the new nucleus isn't 

yet active.  

● Protein Synthesis: They facilitate the production of "yolk proteins" and other structural 

proteins required for the massive volume of the oocyte.  

● Chromosomal Organization: They serve as a model for understanding how DNA 

folding and unfolding (chromatin remodeling) regulates gene expression.  

● Gene Mapping: Because they are so large (up to 800–1000 μm in length), researchers 

use them to physically map the location of specific genes using fluorescent probes.  
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Lampbrush chromosomes are significant for driving massive RNA synthesis, providing a stockpile of 

maternal transcripts essential for early embryonic development. Their expansive lateral loops facilitate 

high-speed transcription and protein production within growing oocytes. Structurally, they serve as vital 

cytogenetic models for studying chromatin decondensation, gene mapping, and the physical 

organization of active genetic loci.  

  

 Que.1.c. Symptoms, causes and treatment of thalassemia  
Ans. Thalassemia is an autosomal recessive genetic disorder, meaning a child must typically inherit a 

mutated gene from both parents to develop the severe form of the disease. Thalassemia is an inherited 

blood disorder where the body produces an abnormal form or inadequate amount of hemoglobin, the 

protein in red blood cells that carries oxygen. This leads to excessive destruction of red blood cells, 

resulting in anemia.The primary cause is a genetic defect that disrupts the production of globin chains—

the protein building blocks of hemoglobin  

Causes of  Thalassemia  
Thalassemia is caused by mutations or deletions in the genes that control the production of 

hemoglobin's protein chains: Alpha-globin and Beta-globin.  

1. The Genetic Blueprint  

Normal adult hemoglobin (HbA) is a tetramer consisting of two alpha (alpha) globin chains and two beta 

(beta) globin chains.  

● Alpha-globin is controlled by four genes (two on each Chromosome 16).  

● Beta-globin is controlled by two genes (one on each Chromosome 11).  

Thalassemia occurs when these specific genes are either deleted or mutated.  

2. Causes of Alpha-Thalassemia (Gene Deletions)  

Alpha-thalassemia is almost always caused by the physical deletion of one or more of the four alpha-

globin genes. The severity depends entirely on how many genes are missing:  

● One Gene Deleted (-α/αα): Known as a Silent Carrier. The remaining three genes 

produce enough hemoglobin for the person to be healthy and asymptomatic.  

● Two Genes Deleted (- - /α α or – α / - α): Known as Alpha-Thalassemia Trait. Causes 

very mild anemia and small red blood cells (microcytosis).  

● Three Genes Deleted (- - / - α): Known as Hemoglobin H (HbH) Disease. The shortage 

of alpha chains causes the remaining beta chains to clump together, leading to moderate-

to-severe chronic anemia and an enlarged spleen.  

● Four Genes Deleted (-- -/-- -): Known as Alpha-Thalassemia Major or Hydrops 

Fetalis. No alpha-globin is produced. This is typically fatal before birth because the fetus 

cannot produce functional hemoglobin.  
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3. Causes of Beta-Thalassemia (Point Mutations)  

Unlike alpha-thalassemia, beta-thalassemia is usually caused by point mutations (small "typos" in the 

DNA sequence) rather than large deletions. These mutations occur in the HBB gene and are categorized 

by how much protein they allow the body to make:  

● β0 (Beta-Zero) Mutation: The mutation completely prevents the production of any beta-

globin protein.  

● β+ (Beta-Plus) Mutation: The mutation allows some beta-globin to be made, but the 

amount is significantly reduced.  

The Resulting Conditions:  

1. Beta-Thalassemia Minor: One mutated gene (β/βo  or β/β+). The person is a carrier with 

mild or no symptoms.  

2. Beta-Thalassemia Intermedia: Two mutated genes, but at least one is a "milder" beta+ 

mutation. Symptoms are moderate.  

3. Beta-Thalassemia Major (Cooley’s Anemia): Two severe mutations (usually β/β). No 

functional beta-chains are made, leading to severe, life-threatening anemia starting in 

infancy.  

4. The Mechanism of Damage  

The cause of the actual disease symptoms isn't just a lack of hemoglobin, but an imbalance.  

● In Beta-thalassemia, the "leftover" alpha chains have no beta partners to bind with.  

● These excess alpha chains are toxic; they clump together and destroy the red blood cell 

from the inside while it is still in the bone marrow (ineffective erythropoiesis) or once it 

enters the blood (hemolysis)  

  

2. Symptoms  

The symptoms vary based on the severity of the mutation but generally stem from the lack of oxygen 

being delivered to tissues.  
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● General Anemia Signs: Fatigue, weakness, pale or yellowish skin (jaundice), and 

shortness of breath.  

● Bone Deformities: The body tries to compensate for the lack of red blood cells by 

expanding the bone marrow. This can lead to widened, brittle bones and an irregular 

facial bone structure (often called "chipmunk facies").  

● Growth and Development: Delayed growth in children and delayed puberty.  

● Organ Complications: * Enlarged Spleen (Splenomegaly): The spleen works overtime 

to filter the high volume of damaged red blood cells.  

o Dark Urine: Caused by the breakdown products of red blood cells (bilirubin).  

o Heart Problems: Arrhythmias or congestive heart failure due to chronic anemia 

or iron overload.  

3. Treatment and Management  

Treatment depends on the type and severity of the condition. While mild forms may require no 

treatment, severe forms require lifelong management.  

Treatment Type  Description  

Blood Transfusions  
The primary treatment for severe thalassemia. Frequent transfusions provide 

healthy red blood cells but can lead to iron buildup.  

Iron Chelation 

Therapy  
Medications like Deferasirox or Deferiprone are used to remove excess iron from 

the body (iron overload) caused by frequent transfusions.  

Folic Acid  

Supplements  
A B-vitamin that helps the body build healthy red blood cells.  

Bone Marrow  

Transplant  

Currently the only potential cure. It replaces the defective stem cells with healthy 

ones from a matching donor.  

Gene Therapy  
Newer treatments (like Zynteglo or Casgevy) aim to "repair" the genetic defect or 

reactivate fetal hemoglobin to reduce the need for transfusions.  

Luspatercept  
An injection used to help the body produce more mature red blood cells, reducing 

transfusion frequency.  

Prevention relies on genetic counseling and prenatal screening to identify carriers, alongside 

pre-implantation genetic diagnosis for at-risk couples. Currently, thalassemia imposes a heavy 

burden on patients, who face chronic fatigue and life-threatening organ damage from iron 

overload, necessitating frequent transfusions and expensive chelation therapy that significantly 

impacts their quality of life. Proper management is critical because untreated severe thalassemia 

can lead to liver failure, heart failure, and endocrine issues (like diabetes) due to iron deposition 

in organs.  
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Que.1.d. Coupling and repulsion phases of linkage  

Ans. Genetic linkage was discovered by English scientists William Bateson and Reginald C. Punnett 

around 1905-1906. Later, Thomas Hunt Morgan , proposed that linked genes are physically close on 

the same chromosome, using his work with fruit flies (Drosophila). Linkage is the biological 

phenomenon where genes located in close proximity on the same chromosome tend to be inherited 

together as a single unit during meiosis. This process restricts the independent assortment of alleles, 

thereby increasing the frequency of parental trait combinations in offspring while reducing genetic 

variation and recombination.  
Types of linkage- The "Coupling" and "Repulsion" phases describe the specific arrangement of 

dominant and recessive alleles on the homologous chromosomes. These concepts were first introduced 

by Bateson and Punnett through their work on Sweet Peas.   

          
1. Coupling Phase (Cis-Configuration)  

In the coupling phase, the dominant alleles of two different genes are located on one chromosome, 

while their corresponding recessive alleles are located on the other homologous chromosome.  

● Arrangement: For genes A/a and B/b, the configuration would be AB/ab.  

● Inheritance Pattern: This arrangement produces a higher frequency of offspring with parental 

phenotypes (e.g., AABB or aabb) because these combinations are physically linked on the 

chromosome and tend to stay together during meiosis.  

● Result: Test crosses (e.g., AaBb x aabb) in this phase typically yield a large number of parental 

types and a smaller number of recombinant types  

● Significance: The dominant alleles "travel together." When a test cross is performed, the 

parental combinations (AB and ab) occur in much higher frequencies than the recombinant 

combinations.  

Example: Sweet Pea (Lathyrus odoratus)  

Imagine two traits: Flower color (Purple P is dominant over red p) and Pollen shape (Long L is dominant 

over round l).  

● Parent 1: Purple, Long (PPLL)  

● Parent 2: Red, Round (ppll)  

● F1 Generation: All are Purple, Long (PpLl).  

● The Phase: Because the P and L came from the same parent, they are "coupled" on the 

same chromosome.  
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2. Repulsion Phase (Trans-Configuration)  

In the repulsion phase, each chromosome carries one dominant and one recessive allele from the two 

gene pairs. Repulsion occurs when a dominant allele of one gene is on the same homologous 

chromosome as the recessive allele of the other linked gene. The dominant alleles "repel" each other by 

staying on separate chromosomes.  

● Arrangement: The configuration would be Ab/aB.  

● Inheritance Pattern: This arrangement produces a higher frequency of offspring with 

recombinant phenotypes (e.g., Aabb or aaBb) because the initial parental combinations (AAbb 

or aaBB) are less likely to be inherited as a block.  

● Result: Test crosses in this phase also show a deviation from the expected 1:1:1:1 ratio, favoring 

the recombinant combinations that match the parental input into the F1 generation  

● Significance: The dominant alleles are inherited separately. In a test cross, the parental 

combinations (Ab and aB) will still be the most frequent, but they look different from the 

coupling example because the dominant traits are "split."  

Example: Sweet Pea  

Parent 1: Purple, Round (PPll)  

Parent 2: Red, Long (ppLL)  

F1 Generation: All are Purple, Long (PpLl).  

The Phase: Although the F1 looks identical to the coupling example, the $P$ and $L$ alleles are on 

different homologous chromosomes. They are in "repulsion."  

  

Diverse linkage is significant for maintaining genetic stability by preserving favorable parental gene 

combinations across generations. By restricting independent assortment, it facilitates the inheritance of 

adaptive trait clusters, which is crucial for evolutionary survival and selective breeding. However, it also 

limits recombination, reducing the genetic variation available for natural selection to act upon.  

  

Que. 1.e. Sympatric and allopatric speciation  

Ans.  Speciation is the evolutionary process by which a single ancestral population splits into two or 

more distinct species. It occurs when reproductive isolation prevents gene flow between groups, 

allowing them to accumulate independent genetic changes. This transformation marks the fundamental 

point where biological diversity increases through natural selection or genetic drift.  

  

1. Allopatric Speciation  

Derived from "allo" (other) and "patric" (homeland), this occurs when a population is physically divided 

by a geographic barrier.  

Mechanism:  

1. Geographic Isolation: A physical barrier (e.g., mountain range, river, or ocean) emerges 

or a group migrates to a remote island. This halts gene flow between the two groups.  

2. Genetic Divergence: In different environments, the two populations face unique 

selection pressures. Mutations and genetic drift occur independently in each group.  

3. Reproductive Isolation: Over time, genetic differences accumulate so much that the 

populations can no longer interbreed, even if the physical barrier is removed.  
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Example: The Grand Canyon Squirrels When the Grand Canyon formed, it separated a single 

population of squirrels. Today, the Kaibab squirrel lives on the north rim and the Abert’s 

squirrel lives on the south rim. They have evolved distinct fur colors and physical traits and are 

now considered separate species.  

        

2. Sympatric Speciation  

Derived from "sym" (same) and "patric" (homeland), this occurs when a new species evolves within the 

same geographic area as the parent species.  

Mechanism:  

Since there is no physical barrier, reproductive isolation must occur through other means:  

● Polyploidy (Common in Plants): An error during cell division results in extra sets of 

chromosomes. Polyploid offspring cannot mate with the original diploid population but 

can mate with other polyploids, creating a new species instantly.  

● Habitat/Ecological Differentiation: Part of the population begins to use a different 

resource or niche in the same environment.  

● Sexual Selection: Mate preferences (e.g., choosing a mate based on specific color or 

song) can split a population into two non-interbreeding groups.  

Example: The Apple Maggot Fly (Rhagoletis pomonella) Originally, these flies laid eggs only 

on Hawthorn fruit. When apple trees were introduced to North America, a subset of flies began 

laying eggs on apples. Because apples mature at a different time of year than hawthorns, the two 

groups rarely encounter each other to mate, leading to a genetic split despite living in the same 

orchard.  

Speciation is biologically significant for increasing biodiversity and enabling organisms to exploit new 

ecological niches. Allopatric speciation drives divergence through geographic isolation, while sympatric 

speciation promotes rapid evolution within shared habitats via polyploidy or behavioral shifts. 

Collectively, these processes prevent genetic homogenization, ensuring life's resilience and long-term 

evolutionary adaptation across diverse environments.  

  

Que.2.a.(i) Describe composition of plasma membrane.  

Ans. The plasma membrane is the semi-permeable "skin" of the cell, providing protection and 

controlling the movement of substances. Its structure is best described by the Fluid Mosaic 
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Model, which suggests that the membrane is a flexible, fluid layer of lipids with a "mosaic" of 

proteins and carbohydrates floating within or on it.  

Composition of Plasma Membrane  

A typical human cell membrane is composed of approximately 50% proteins, 40% lipids, and 

10% carbohydrates by mass.  

1. Lipids: The Structural Fabric  

Lipids form the primary barrier of the membrane. They are amphipathic, meaning they have both a 

water-loving (hydrophilic) part and a water-fearing (hydrophobic) part.  

  

  

● Phospholipids: These are the most abundant lipids. They arrange themselves into a 

bilayer:  

o Heads: Polar and hydrophilic; they face the aqueous environment inside and 

outside the cell.  

o Tails: Non-polar fatty acid chains; they face inward, away from water, creating a 

hydrophobic core.  

● Cholesterol: In animal cells, cholesterol molecules are tucked between the phospholipid 

tails.  

o Function: It acts as a "fluidity buffer." At high temperatures, it keeps the 

membrane from becoming too fluid; at low temperatures, it prevents the tails from 

packing too tightly and freezing.  

● Glycolipids: Lipids with attached sugar chains, found only on the outer leaflet. They 

assist in cell recognition and stabilize the membrane.  
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2. Proteins: The Functional Workers  

If lipids provide the structure, proteins provide the function. They are categorized based on how they 

are attached to the membrane:  

● Integral Proteins: These are permanently embedded within the lipid bilayer. Many are 

transmembrane proteins, meaning they span the entire membrane from one side to the 

other.  

o Channels and Pumps: Allow specific ions and polar molecules (like glucose) to 

pass through.  

o Receptors: Bind to external signaling molecules (like hormones) to trigger 

internal cell responses.  

● Peripheral Proteins: These are loosely attached to the exterior or interior surfaces of 

the membrane. They often serve as enzymes or help maintain the cell's shape by 

attaching to the cytoskeleton.  

3. Carbohydrates: The Identification Tags  

Carbohydrates are only found on the extracellular (outer) surface of the plasma membrane. They are 

usually short, branched chains of sugar molecules.  

● Glycoproteins: Carbohydrates attached to proteins.  

● Glycolipids: Carbohydrates attached to lipids.  

● The Glycocalyx: Together, these surface carbohydrates form a fuzzy coating called the 

glycocalyx. This acts like a "molecular ID badge," allowing the immune system to 

recognize "self" versus "non-self" (foreign) cells and aiding in cell-to-cell adhesion.  

The plasma membrane's composition is vital for its functions, creating a flexible, selectively 
permeable barrier that protects the cell, regulates nutrient/waste transport, allows cell recognition 
(immune system), facilitates communication (receptors, signaling), provides structural support 
(anchoring cytoskeleton), and maintains internal environment, with variations (like cholesterol in 
animals) adapting it for specific cell needs, ensuring cellular life and proper tissue function  

  

Que. 2.a.(ii).  Differentiate between facilitated and passive diffusion across the membrane with 

examples Ans.  Membrane transport is the vital movement of substances across the cellular boundary. It 

is driven largely by diffusion—the spontaneous net movement of particles from high to low 
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concentration without utilizing ATP.  By harnessing diffusion, and other active method to transport, cells 

selectively exchange nutrients and waste to maintain the internal stability required for life.  

  

Simple Diffusion  

In simple diffusion, molecules move across the membrane by dissolving into the lipid bilayer, passing 

through it, and emerging on the other side.  

● Mechanism: Direct passage through the phospholipids.  

● Rate Factor: The rate is directly proportional to the concentration gradient and the lipid 

solubility of the molecule. It is generally slower than facilitated diffusion at low 

concentrations.  

● Molecules: Only small, non-polar (hydrophobic) molecules can cross this way because 

they aren't repelled by the fatty acid tails of the membrane.  

● Examples:  

o Gases: Oxygen (O2) and Carbon Dioxide (CO2) in the lungs and tissues. o 

Lipids: Small fatty acids and steroid hormones (like estrogen or testosterone).  

o Tiny Polar Molecules: While water is polar, it is small enough to leak through 

the bilayer in small amounts (though most moves via proteins).  

  

Facilitated Diffusion  

Molecules that are too large, polar, or charged cannot pass through the oily interior of the membrane.  

They require transmembrane proteins to "facilitate" their movement.  It does not utilize ATP.   

● Mechanism: Uses specific proteins—Channels (pores) or Carriers (shape-shifters).  

● Rate Factor: The rate can reach a maximum (Vmax). Since there are a limited number 

of proteins, the system can become "saturated" when every protein is busy.  

● Molecules: Large molecules (glucose), polar molecules (water, amino acids), and ions 

(Na+, K+, Cl-).  
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● Examples:  

o Glucose: Transported into red blood cells or muscle cells via GLUT carrier 

proteins.  

o Water: Rapid movement through Aquaporins (specialized water channels).  

o Ions: Sodium moving into a nerve cell through voltage-gated ion channels to 

trigger a signal.  

Membrane transport is the essential process by which cells regulate the movement of ions, 

nutrients, and waste across the plasma membrane. This movement maintains homeostasis, 

ensuring the internal environment remains stable despite external changes, while facilitating vital 

cellular communication and metabolism.  

Que.2.b. Explain how mutations affect variations in population and natural selection.  

Ans. Mutation is a process that produces a gene or chromosome that differs from the wild type. The 

mutation may result due to changes either on the gene or the chromosome itself. It was first discovered 

by Hugo de Vries. Mutations are the primary engine of evolution. They provide the raw genetic material 

that creates variation within a population, which natural selection then "filters" based on environmental 

demands  

  

How Mutations Create Variation  

A mutation is a permanent change in the DNA sequence of an organism. While most DNA replication is 

incredibly accurate, random "errors" occur due to radiation, chemicals, or simple copying mistakes.  

● New Alleles: Mutations create new versions of genes, known as alleles. This is the only 

way truly new genetic traits enter a population.  

● Genotype to Phenotype: A change in the DNA (genotype) can lead to a change in a 

physical trait (phenotype), such as a different wing color or a more efficient digestive 

enzyme.  

● The "Raw Material": Without mutations, every individual in a population would be 

genetically identical (clones), and evolution would stop because there would be no 

differences for nature to choose from.  

● Inheritance: For a mutation to affect a population over time, it must occur in the 

germline cells (sperm or eggs) so it can be passed to the next generation.  

Example- Antibiotic Resistance in Bacteria: A random mutation in bacterial DNA can change a protein, 

making the bacterium unable to bind to an antibiotic. Since bacteria reproduce rapidly, this advantageous 

trait spreads quickly, creating a resistant population  
Human Eye/Skin Color: Variations in genes controlling melanin production, driven by mutations, result 

in the wide spectrum of human eye colors (brown, blue, green) and skin tones  

  

The Role of Natural Selection  

Natural selection is the core mechanism of evolution where organisms better adapted to their environment 

are more likely to survive, reproduce, and pass advantageous, heritable traits to their offspring, causing 
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populations to change and evolve over generations by increasing the frequency of beneficial genes. 

Natural selection does not create mutations; it simply determines which ones stay. It acts on the variation 

produced by mutations through a various process  
● Variation: A mutation occurs, creating a new trait in an individual.  

● Differential Survival: If the environment changes or competition is high, individuals with 

"beneficial" mutations survive longer and avoid predators better.  

● Reproduction (Inheritance): Survivors pass the mutated gene to their offspring. Over 

generations, the frequency of this beneficial mutation increases until it becomes a standard trait 

of the species  

● Random Mutation: A new trait appears in one or few individuals due to different level of 

environmental changes, which may impact their survivability, which lead to new changes.  

● Environmental Pressure: The environment "tests" the trait (e.g., a new predator, climate 

change, or food scarcity)  

Example- Peppered Moths (Industrial Melanism):  
Mutation: A gene mutation causes some moths to be dark (melanic), while others are light.  
Selection: In polluted, dark-sooted forests, dark moths blend in better with tree trunks, hiding from bird 

predators, while light moths are easily seen and eaten.  
Population Change: Dark moths survive to reproduce more, making the dark form common in industrial 

areas; when pollution clears, light moths become favored again.  
Sickle Cell Trait & Malaria Resistance (Humans):  
Mutation: A DNA mutation changes hemoglobin, causing sickle-shaped red blood cells (sickle cell anemia 

in homozygotes).  
Selection: In malaria-prone regions, individuals with one copy of the sickle cell gene (heterozygotes) are 

partially protected from malaria.  
Population Change: Natural selection favors these heterozygotes, keeping the sickle cell allele common in 

populations where malaria is prevalent, despite the severe health issues of the full disease.  

  

How Mutation impact-   

Mutation 

Type  
Impact on Individual  Selection Outcome  Example  

Beneficial  
Increases  

survival/reproduction  

Becomes common 

(Adaptation)  

Antibiotic 

resistance  

Harmful  
Decreases  

survival/reproduction  

Eliminated or kept very 

rare  

Albinism in the 

wild  

Neutral  No effect on survival  
Persists as genetic 

diversity  

Blood types; eye 

color  

Mutations act as the ultimate source of genetic variation, serving as the "raw material" upon 

which evolution operates. A mutation is a random change in the DNA sequence that introduces 

new alleles into a population. Mutations provide the diversity, and natural selection determines 

which of these variations become the standard for the species.  

Que.2.c. Draw pedigrees for autosomal recessive and sex-linked inheritance using examples from 

human.  

Ans.  Inheritance is the passing of genetic information, carried in DNA within chromosomes, from parents 

to offspring, explaining why families share similar traits and also introducing variations that drive 

evolution. This process involves the transmission of genes through reproductive cells (gametes), 
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determining the inherited characteristics (phenotype) of the new organism. In pedigree analysis, we track 

the inheritance of specific traits through generations of a family. The key difference between autosomal and 

sex-linked inheritance lies in whether the gene is located on a non-sex chromosome (autosome) or a sex 

chromosome (X or Y).  

Autosomal Recessive Inheritance  

Autosomal recessive conditions arise from mutations in genes located on one of the 22 pairs of 

autosomal (non-sex) chromosomes. For an individual to express an autosomal recessive trait, they must 

inherit two copies of the mutated recessive allele, one from each parent. Individuals with only one copy 

of the recessive allele are carriers; they do not typically show symptoms but can pass the allele to their 

offspring.   

  

Key Characteristics in a Pedigree:  

1. Skips Generations  

Unlike dominant traits, which appear in every generation (vertical inheritance), recessive traits often 

"hide" in carriers. You will frequently see the trait disappear in one generation and reappear in the next.  

2. Unaffected Parents with Affected Children  

This is the classic "smoking gun" of a recessive trait. If two parents who do not show the trait (carriers, 

Aa) have a child who does show the trait (aa), the trait must be recessive.  

●  The 25% Rule: When both parents are carriers (Aa & Aa), there is a 25% chance for 

each child to be affected.  

3. Equal Frequency in Males and Females  

Because the gene is on an autosome rather than a sex chromosome, males and females are equally likely 

to inherit and express the trait. This helps distinguish it from X-linked recessive traits, which primarily 

affect males.  

4. Consanguinity (Inbreeding)  

The trait appears more frequently in pedigrees where there is mating between close relatives 

(represented by a double horizontal line). This is because relatives are more likely to carry the same 

rare, hidden recessive alleles inherited from a common ancestor.  
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5. Affected Parents Have 100% Affected Children  

If both parents express the trait ($aa \times aa$), they can only pass on recessive alleles. Therefore, all 

of their biological children must also express the trait.  

Common Human Examples  

● Cystic Fibrosis (CF): A disorder affecting the lungs and digestive system.  

● Sickle Cell Anemia: A blood disorder where red blood cells take on a crescent shape.  

● Tay-Sachs Disease: A fatal neurological disorder common in certain populations.  

● Albinism: A lack of pigment in the skin, hair, and eyes.  

Sex-linked inheritance  
In pedigree analysis, sex-linked inheritance refers to traits controlled by genes located on the sex 

chromosomes (X or Y). Because males ($XY$) and females ($XX$) have different combinations of these 

chromosomes, the traits show distinct patterns that differ from autosomal inheritance.  

1. X-Linked Recessive Inheritance  

This is the most common form of sex-linkage. Since males have only one X chromosome, they are 

hemizygous; a single recessive allele on their X will cause them to express the trait.  

Key Characteristics:  

● Male Bias: The trait appears much more frequently in males than in females.  

● No Male-to-Male Transmission: A father gives his Y chromosome to his sons and his X 

to his daughters. Therefore, an affected father cannot pass the trait to his son.  

● Carrier Mothers: Affected males usually inherit the trait from an unaffected mother who 

is a carrier (XA Xa).  

● Skipping Generations: The trait can "hide" in carrier females and reappear in their sons, 

often creating a "diagonal" pattern (e.g., grandfather to grandson).  

● Example: Red-Green Color Blindness Affected Male (Xb Y): Inherited the Xb from his 

mother. Carrier Female (XB Xb): Has normal vision but can pass the trait to 50% of her 

sons.  
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2. X-Linked Dominant Inheritance  

In this pattern, a single dominant allele on the X chromosome is enough to cause the trait in both males 

and females.  

Key Characteristics:  

● Affected Fathers: An affected father will pass the trait to all of his daughters (because 

they must receive his X) but none of his sons (who receive his Y).  

● Affected Mothers: An affected heterozygous mother has a 50% chance of passing the 

trait to any child, regardless of sex.  

● More Common in Females: Since females have two chances to inherit an X (one from 

each parent), they are often more frequently affected than males.  

● Example: Vitamin D-Resistant Rickets This condition causes bone softening. If a father 

has it, every one of his daughters will also have the condition, while his sons will be 

healthy (assuming the mother is unaffected).  

  

3. Y-Linked (Holandric) Inheritance  

Traits are carried on the Y chromosome. Because only males have a Y, these traits are exclusive to men.  

Key Characteristics:  

● Males Only: Only males are affected; females never express or carry the trait.  

● Direct Lineage: Every son of an affected father must be affected.  

● No Skipping: The trait appears in every generation of the male line.  

● Example: SRY Gene MutationsThe SRY gene is responsible for male sex determination. 

Other rare examples include certain types of male infertility or the (debated) trait of hairy 

ear rims.  

Pedigree analysis is a cornerstone of genetic science, offering vital insights into inheritance patterns and 

disease risks. Beyond its clinical role in diagnosing hereditary disorders and informing reproductive 

decisions, it serves as a powerful tool for evolutionary biology and forensic science, bridging the gap 

between historical family records and modern molecular genetics to understand human diversity.  

Que.3.a.(i) Describe the synthetic theory of evolution.  

Ans. The Synthetic Theory of Evolution, often called the Modern Synthesis or Neo-

Darwinism, is the current scientific paradigm for understanding how life evolves. It emerged in 

the mid-20th century (roughly 1930–1950) as a way to bridge the gap between Charles Darwin’s 

theory of natural selection and Gregor Mendel’s laws of genetics.  

While Darwin understood that traits were inherited and that the "fittest" survived, he didn't know 

how those traits were passed down or why variations appeared in the first place.3 The Synthetic 

Theory provides these missing links.  
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Key Concepts: The "Synthesis"  

The theory is a combination of several scientific disciplines:  

● Darwinism: Natural selection and the concept of common descent.  

● Mendelian Genetics: The mechanism of heredity (genes and alleles).  

● Population Genetics: The study of how gene frequencies change in a population over 

time.  

● Paleontology and Systematics: Evidence from the fossil record and the classification of 

species.  

The Five Pillars of the Theory  
The Modern Synthesis identifies five primary factors that drive evolutionary change  

A. Genetic Variation  

Evolution cannot happen without variety. This variation is produced in two main ways:  

1. Gene Mutation: Random, permanent changes in the DNA sequence. Mutations are the 

only way to create brand-new alleles (gene versions).  

2. Genetic Recombination: During sexual reproduction (specifically meiosis), genes from 

two parents are "shuffled" to create unique offspring. This explains why children look 

different from their parents without needing a new mutation.  

B. Natural Selection  

Natural selection doesn't create new traits; it "edits" the existing ones. It is the process where 

individuals with traits better suited to their environment survive and reproduce more successfully.  

In the Modern Synthesis, natural selection is defined as differential reproduction—the change in the 

frequency of alleles in a gene pool from one generation to the next.  

C. Genetic Drift  

This refers to random changes in the gene pool, particularly in small populations. Unlike natural 

selection, which is based on "fitness," genetic drift is based on "luck." A random event (like a forest fire) 

might wipe out certain individuals, changing the population's genetic makeup regardless of how "fit" 

they were.  

D. Gene Flow (Migration)  

When individuals move from one population to another, they carry their genes with them. This "gene 

flow" introduces new alleles to a population or changes the frequency of existing ones, preventing two 

populations from becoming too genetically different.  

E. Reproductive Isolation  

To form a new species (speciation), a group of organisms must be prevented from breeding with the 

original population. This can happen through:  

● Geographical Isolation: Physical barriers like mountains or oceans.  

● Temporal Isolation: Breeding at different times of the year.  

● Behavioral Isolation: Different mating calls or rituals.  
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The Evolutionary Process  

The Synthetic Theory summarizes evolution as a two-step process:  

1. Production of Variation: Mutations and recombination create a "gene pool" of diverse 

traits.  

2. Ordering of Variation: Natural selection and genetic drift determine which of those 

traits are passed on to the next generation.  

Over long periods, these small genetic changes (microevolution) accumulate to create large-

scale changes and new species (macroevolution). The Synthetic Theory of Evolution is one of 

the significant theory of evolution as it unified Darwin’s natural selection with Mendelian 

genetics, resolving the "missing link" of inheritance. It shifted the focus from individuals to 

populations and defined evolution as changes in allele frequencies. By identifying mutation and 

recombination as sources of variation, it provides a comprehensive, genetically-backed 

framework that remains the foundation of modern biology.  

Que.3.a.(ii) Describe common types of mimicry in insects with suitable examples.  

Ans.  Mimicry is an evolutionary adaptation where one organism (the mimic) resembles another species 

or object (the model) to deceive a third party. Mimicry in insects is a highly evolved survival strategy 

where one species (the mimic) evolves to resemble another species or object (the model) to deceive a 

third party (the dupe), typically a predator or prey.  

Types of Mimcry  

1. Protective Mimicry  

This type is used by insects to avoid being eaten by predators like birds, lizards, or larger insects.  

A. Batesian Mimicry  

In this form, a harmless or palatable insect mimics the warning signals (colors, sounds, or patterns) of a 

dangerous or unpalatable species. The predator, having had a bad experience with the dangerous 

model, avoids the harmless mimic as well.  

● Example: The Hoverfly (Syrphidae) has no stinger and is perfectly harmless, but it 

possesses the yellow-and-black striped abdomen of a Wasp or Bee.  

● Example: The Viceroy butterfly was long considered a classic Batesian mimic of the 

toxic Monarch butterfly (though modern studies suggest they may also share toxicity, 

moving them toward Müllerian mimicry).  

B. Müllerian Mimicry  

This occurs when two or more dangerous or unpalatable species evolve to look like each other. By 

sharing a common "warning uniform," they reduce the number of individuals lost while "teaching" 

predators to stay away.  

● Example: Many species of Heliconius butterflies in South America share nearly 

identical wing patterns and are all toxic.  

● Example: Various species of Bees and Wasps share the same black-and-yellow 

aposematic (warning) coloration.  
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C. Wasmannian Mimicry  

The mimic resembles a host species (usually social insects like ants or termites) in order to live inside 

their colony. This allows the mimic to gain protection, food, or shelter without being attacked by the 

hosts.  

●  Example: Certain Staphylinid beetles mimic the chemical scent and physical 

appearance of Ants to live within ant nests and scavenge on their food.  

2. Aggressive Mimicry (Peckhamian Mimicry)  
Unlike protective mimicry, this is used by predators to lure or approach their prey without being 

detected. It is often described as "a wolf in sheep's clothing."  

● Example: The Orchid Mantis (Hymenopus coronatus) mimics the petals of an orchid 

flower. Pollinating insects, looking for nectar, fly directly toward the mantis and are 

captured.  

● Example: Female Photuris fireflies mimic the light-flashing patterns of female Photinus 

fireflies. When a male Photinus approaches to mate, the Photuris female attacks and eats 

him.  

3. Other Specialized Types  

● Automimicry: An insect has one body part that mimics another to confuse predators. For 

example, some Hairstreak butterflies have "false heads" (tails that look like antennae) 

on their hindwings, tricking predators into attacking a non-vital area.  

● Mimesis (Masquerade): The insect mimics an inanimate object rather than another 

animal.  

o Example: Stick insects (Phasmatodea) looking like twigs or Leaf insects looking 

like green leaves.  

Mimicry in insects serves as a critical survival mechanism, offering protection by deterring predators 

through the imitation of toxic models. It also facilitates aggressive strategies, enabling predators to lure 

unsuspecting prey. By enhancing reproductive success and reducing predation rates, mimicry acts as a 

powerful driver of evolutionary adaptation and biodiversity within diverse ecosystems.  

  

Que.3.b. Discuss the process of chain elongation during protein synthesis in prokaryotes. Ans. 

Protein synthesis also known as translation process in Prokaryotes  is the cytoplasm-based 

process where ribosomes build proteins from mRNA. This Chain elongation in prokaryotes is a 

highly coordinated, cyclic process where the ribosome adds one amino acid at a time to the 

growing polypeptide chain, happening in three stages: Initiation, Elongation and Termination.  

   

Chain elongation during protein synthesis in prokaryotes.  

This cycle occurs in the 5' to 3' direction along the mRNA and is powered by the hydrolysis of  

GTP. The process begins once the 70S initiation complex is formed, with the initiator tRNA 

(fMet-tRNAfMet) positioned in the P (peptidyl) site, leaving the A (aminoacyl) site empty. This 

process can be differentiated into 3 step-  
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Step 1: Binding of Aminoacyl-tRNA (Decoding)  

The next codon in the A site specifies which charged tRNA will enter.  

1. Ternary Complex Formation: An aminoacyl-tRNA (charged tRNA) binds to 

Elongation Factor Tu (EF-Tu) and a molecule of GTP.  

2. Entry to A-site: This complex enters the A-site of the ribosome.  

3. Proofreading: If the tRNA anticodon matches the mRNA codon, EF-Tu hydrolyzes its 

GTP to GDP and dissociates from the ribosome.  

4. Recycling: Elongation Factor Ts (EF-Ts) acts as a "guanine nucleotide exchange 

factor," replacing the GDP on EF-Tu with a fresh GTP so it can participate in the next 

cycle.  

  

Step 2: Peptide Bond Formation  

Once both the P and A sites are occupied, the actual protein building occurs.  

1. Catalysis: The enzyme Peptidyl Transferase (which is actually the 23S rRNA of the 

50S subunit acting as a ribozyme) catalyzes the reaction.  

2. The Link: The bond between the amino acid and the tRNA in the P-site is broken, and a 

new peptide bond is formed between that amino acid and the one currently in the A-site.  

3. Result: The growing chain is now attached to the tRNA in the A-site, while the tRNA in 

the P-site is now "uncharged" (deacylated).  

Step 3: Translocation  

The ribosome must now move to the next codon to continue the chain.  

1. Movement: Elongation Factor G (EF-G), also known as translocase, binds to the 

ribosome and hydrolyzes GTP. GTP is hydrolyzed to GDP and inorganic phosphate, and 

EF-G is released ready to bind more GTP for another round of elongation.  
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2. Shifting: This energy causes the ribosome to shift exactly three nucleotides toward the 

3' end of the mRNA.  

3. Exit: * The uncharged tRNA moves from the P-site to the E (exit) site and leaves the 

ribosome.  

o The tRNA holding the polypeptide chain moves from the A-site to the P-site.  

4. Reset: The A-site is now empty and ready to receive the next aminoacyl-tRNA.  

The A site and the E site cannot be occupied simultaneously. Thus the deacylated tRNA is 

released from the E site before the next aminoacyltRNA binds to the A site to start a new round 

of elongation. Elongation continues, adding one amino acid to the C-terminal end of the growing 

polypeptide for each codon that is read, with the peptidyltRNA moving back and forth from the 

P site to the A site as it grows.  

Prokaryotic translation is one of the crucial step where mRNA's genetic code is converted into 

functional proteins, driving all cellular activities like metabolism, structure, and regulation, 

allowing rapid adaptation to the environment; uniquely, transcription and translation happen 

simultaneously in the cytoplasm, speeding up protein production. Elongation in prokaryotes is 

important as the main protein-building phase, ensuring rapid, accurate polypeptide chain growth 

by decoding mRNA codons into amino acids significantly impacting protein production, folding, 

quality control (pausing for mRNA checks), and overall cellular homeostasis, making it a vital 

regulatory checkpoint in gene expression.  

Que.3.c. Describe the mechanism of ribozyme action and comment on its technological applications. 

Ans.  A Ribozyme is a ribonucleic acid (RNA) molecule that acts as an enzyme, catalyzing specific 

biochemical reactions. Discovered by Thomas Cech and Sidney Altman (who shared the 1989 Nobel 

Prize), ribozymes shattered the long-held belief that only proteins could be biological catalysts. 

Ribozymes are RNA molecules that act like protein enzymes, using precise 3D folding to bring reactive 

groups together for catalytic action, primarily cleaving or ligating phosphodiester bonds via nucleophilic 

attack (often by a 2'-OH group) for specific RNA targets.  

Mechanism of Ribozyme Action  

The catalytic power of a ribozyme stems from its ability to fold into complex three-dimensional  

(tertiary) structures, creating a specific "active site" similar to protein enzymes. The 

mechanism generally proceeds through three main stages: Substrate Binding, Catalysis, and 

Product Release.  

A. Substrate Recognition and Binding  

Ribozymes recognize their substrates (usually other RNA molecules) through highly specific Watson-

Crick base pairing.  

● Specificity: The ribozyme has "binding arms" that are complementary to the target RNA 

sequence.  

● Induced Fit: Upon binding, the ribozyme often undergoes a conformational change that 

aligns the catalytic groups with the specific bond to be broken (the scissile bond).  
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B. Catalytic Strategies  

Ribozymes primarily catalyze phosphoryl transfer reactions (cleavage or ligation of the RNA backbone).7 

They employ several chemical strategies to accelerate these reactions by up to 1011 fold.  

1. General Acid-Base Catalysis: Nucleotides within the active site (often Adenine, 

Guanine, or Cytosine) act as proton donors (acids) or acceptors (bases).  

o Example: In the HDV (Hepatitis Delta Virus) ribozyme, a cytosine residue acts 

as a general base to pull a proton from the 2'-OHgroup of the ribose, making it a 

strong nucleophile for attacking the phosphorus atom.  

2. Metal Ion Coordination (Metalloenzymes): Most ribozymes require divalent cations, 

typically Mg++ o The metal ions help fold the RNA into its active shape.  

o They neutralize the negative charge of the phosphate backbone.  

o They can directly participate in the chemistry by stabilizing the transition state or 

activating water molecules.  

3. In-line Nucleophilic Attack: The ribozyme precisely orients the 2'-OH group and the 

leaving 5'-O group at 180 degree relative to the phosphorus atom. This "in-line" geometry 

is essential for the some reaction that breaks the phosphodiester bond.  

C. Product Release  

Once the bond is cleaved (or formed), the products dissociate.13 While ribozymes are true catalysts (they 
emerge unchanged), their turnover rate is often slower than protein enzymes because the product 

release step can be rate-limiting due to the strong base-pairing between the mimic and the substrate.14 

Technological Applications  

Ribozyme technology exploits the precision of RNA-RNA recognition to manipulate genetic 

expression for medical and industrial use.  

A. Therapeutic Gene Silencing (Antiviral & Anticancer)  

Because ribozymes can be engineered to target almost any RNA sequence, they are used as "molecular 

scissors" to destroy harmful transcripts.  

● Antiviral Therapy: Ribozymes have been designed to target and cleave the genomes of 

HIV, Hepatitis B, and Influenza. By destroying the viral mRNA, they prevent the virus 

from replicating.  

● Oncology: They are used to silence oncogenes (cancer-causing genes). For example, 

ribozymes targeting the BCR-ABL fusion transcript in chronic myeloid leukemia can stop 

the production of the abnormal protein driving the cancer.  

B. RNA Repair (Trans-splicing)  

Using Group I introns, scientists can perform "RNA surgery." Instead of just destroying a message, a 

ribozyme can be engineered to cut out a mutated part of an mRNA and replace it with a healthy 

sequence. This is a potential treatment for genetic diseases like cystic fibrosis.  
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C. Biosensors and "Aptazymes"  

By combining a ribozyme with an aptamer (an RNA sequence that binds to a specific small molecule), 

researchers create Aptazymes.  

● Mechanism: The ribozyme only becomes active (cleaves itself) when the specific target 

molecule (like a toxin or drug) is present.  

● Application: These serve as highly sensitive molecular sensors in diagnostics to detect 

the presence of specific pathogens or chemical pollutants.  

D. Synthetic Biology  

Ribozymes are used as "genetic switches" to control the flow of information within engineered cells.23 

They can be used to build logic gates (AND$, $OR$) in cells, allowing scientists to program bacteria to 

produce biofuels or drugs only under specific environmental conditions.  

Application  Mechanism  Target  

Antiviral  Sequence-specific cleavage  Viral mRNA/Genomes  

Gene Therapy  Trans-splicing / Silencing  Mutated mRNA / Oncogenes  

Diagnostics  Allosteric activation (Aptazymes)  Small molecules / Toxins  

  

Ribozymes are evolutionary landmarks that provide the strongest evidence for the RNA World 

Hypothesis, proving RNA can simultaneously store genetic information and catalyze reactions. 

Biologically, they are essential for RNA splicing, tRNA processing, and protein synthesis within the 

ribosome. Technologically, their sequence-specific cleavage allows for targeted gene silencing in 

antiviral and anticancer therapies.  

Que.4.a. Describe the steps of constructing a recombinant DNA and its cloning.  

Ans. “Recombinant DNA” comes from the term “recombination” which means the rearrangement of 

genetic material, especially by crossing over in chromosomes or by the artificial joining of segments of 

DNA from different organisms. In other words, recombinant DNA technology is genetic engineering and 

gene editing Recombinant DNA (rDNA) is a DNA molecule created in a lab by combining genetic 

material from two or more different sources, usually different organisms, to form a new, artificial DNA 

sequence not naturally found. The construction of Recombinant DNA (rDNA) and the subsequent 

cloning process is the cornerstone of genetic engineering. It involves combining DNA from two different 

sources (the insert and the vector) and introducing this hybrid molecule into a host cell for replication.   

  

Steps- The process is generally divided into seven key steps, each requiring specific enzymes 

and conditions.  

1. Isolation of Genetic Material (DNA)  

The first step is to extract the donor DNA (carrying the gene of interest) and the vector DNA 

(usually a bacterial plasmid) in their pure form.  

● Enzymes Used: * Lysozyme (for bacteria), Cellulase (for plants), or Chitinase (for 

fungi) to break the cell walls.  

 o  Proteases and Ribonucleases to remove proteins and RNA.  
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● Result: Pure DNA is precipitated using chilled ethanol and collected.  

2. Cutting DNA (Restriction Digestion)  

Both the donor DNA and the vector are cut at specific locations called recognition sites.  

● Enzymes Used: Restriction Endonucleases (Molecular Scissors).  

o  Type II Endonucleases like EcoRI are most common. They recognize 

palindromic sequences and often leave "sticky ends" (staggered, single-stranded 

overhangs) that allow for easy re-joining.  

● Result: Linearized vector and fragments of donor DNA with matching ends.  

3. Isolation of the Desired DNA Fragment  

The mixture of cut DNA fragments is separated by size to find the specific gene of interest.  

● Technique: Agarose Gel Electrophoresis. Since DNA is negatively charged, it moves 

toward the positive electrode.14 Smaller fragments move faster and farther.15  

● Result: The target gene is identified, cut out from the gel, and extracted (a process called 

elution).  

4. Amplification (PCR)  

If the isolated gene quantity is too low, it is amplified in a test tube.  

● Enzymes Used: Taq Polymerase (a heat-stable DNA polymerase).  

● Process: Polymerase Chain Reaction (PCR) involves three steps: Denaturation, 

Annealing (using primers), and Extension.  

● Result: Millions of copies of the gene of interest.  

5. Ligation (Joining of DNA)  

The amplified gene of interest is mixed with the linearized vector.  

● Enzymes Used: DNA Ligase (Molecular Glue).  

o  It catalyzes the formation of phosphodiester bonds between the sugar-phosphate 

backbones of the two DNA fragments.  

● Result: A circular Recombinant DNA molecule.  

6. Transformation (Insertion into Host)  

The rDNA must be introduced into a host cell (like E. coli) to be copied.  

● Methods:  

o Heat Shock: Treating cells with ice-cold Calcium Chloride (CaCl2) followed by a 

brief heat pulse at 42°C.  

o Electroporation: Using high-voltage pulses to create temporary pores in the cell 

membrane.  

● Result: Transformed host cells containing the recombinant plasmid.  
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7. Selection and Screening  

Not every bacterial cell will take up the plasmid. Scientists use Selectable Markers (like antibiotic 

resistance genes) to find the right ones.  

● Method: Bacteria are grown on agar plates containing an antibiotic (e.g., Ampicillin). 

Only cells carrying the recombinant plasmid (which has the resistance gene) will survive 

and grow into colonies.  

● Screening: Often, Blue-White Screening is used. Recombinant colonies appear white, 

while non-recombinants appear blue.  

Uses of Recombinant DNA Technology  
1. Medical and Pharmaceutical Applications  

● Production of Therapeutic Proteins: Mass production of human insulin (Humulin), 

growth hormones, and blood-clotting factors (Factor VIII) using engineered E. coli or 

yeast.  

● Recombinant Vaccines: Development of safer vaccines, such as the Hepatitis B and 

HPV vaccines, by using only the viral protein coat rather than the live virus.  

● Gene Therapy: Inserting functional genes into human cells to treat genetic disorders like 

Cystic Fibrosis or SCID (Severe Combined Immunodeficiency).  

● Monoclonal Antibodies: Production of targeted antibodies used in cancer 

immunotherapy and treating autoimmune diseases.  

2. Agricultural Advancements  

● Pest Resistance: Creation of Bt Crops (like Bt Cotton and Bt Corn) which produce a 

natural toxin that kills specific insect pests, reducing the need for chemical pesticides.  

● Herbicide Tolerance: Engineering crops that can survive specific weed-killers, allowing 

farmers to control weeds without damaging the harvest.  

● Nutritional Enrichment: Biofortification of crops, such as Golden Rice, which is 

engineered to contain high levels of Vitamin A.  

● Abiotic Stress Tolerance: Developing plants that can thrive in harsh conditions like 

drought, high salinity, or extreme temperatures.  

3. Industrial and Environmental Uses  

● Enzyme Production: Large-scale manufacturing of enzymes for the food industry (e.g., 

Recombinant Chymosin for cheese making) and laundry detergents (proteases and 

amylases).  

● Bioremediation: Engineering "super-bugs" (microbes) that can digest oil spills, detoxify 

heavy metals, or break down plastic waste in the environment.  
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● Biofuel Production: Enhancing the ability of yeast and bacteria to convert plant biomass 

into ethanol and other renewable energy sources.  

4. Forensic and Research Tools  

● DNA Fingerprinting: Using rDNA techniques to identify individuals in criminal 

investigations or paternity tests.  

● Gene Mapping: Helping scientists sequence genomes and understand the function of 

specific genes in health and disease.  

Recombinant DNA technology stands as a monumental milestone in modern science, bridging 

the gap between genetic potential and practical application by enabling the precise manipulation 

of life’s fundamental blueprint across diverse species. Its significance lies in its power to 

revolutionize medicine through life-saving biopharmaceuticals and gene therapies, secure global 

food supplies with resilient genetically modified crops, and offer innovative biotechnological 

solutions for environmental restoration, ultimately shifting the paradigm of biology from mere 

description to active, purposeful creation for the betterment of human society.  

Que. 4.b. Discuss the major morphological modifications during horse evolution.  

Ans. The evolution of the horse (Equus) is one of the most well-documented examples of macroevolution 

in the fossil record. Over approximately 55 million years, horses transformed from small, forest-dwelling 

browsers into large, open-plain grazers.These changes were primarily driven by a shift in global climate 

that replaced dense forests with expansive, hard-ground grasslands (steppes). Horses are placed in the 

suborder Hippomorpha, superfamily Equidae under order Perissodactyla.It is claimed that origin and 

evolutionary history of Horse is known most clearly and completely.  

 Morphological Modifications  

A. Limb and Digit Reduction  

To survive on open plains, horses evolved for speed and endurance.  

● Digit Reduction: The side toes gradually shrunk until only the third (middle) digit 

remained. The lateral toes (II and IV) are now reduced to "splint bones" hidden under the 

skin.  

● Unguligrade Gait: Horses shifted from walking on pads (like dogs) to walking on the 

tips of their toes protected by a thick hoof.  

● Springing Mechanism: Evolution of strong ligaments (like the suspensory ligament) 

created a "spring" that stores energy during a stride, allowing for efficient long-distance 

running.  

B. Dental Adaptations (Browsing to Grazing)  

Early horses ate soft leaves (browsing), but modern horses eat grass (grazing), which contains abrasive 

silica.  

● Hypsodonty: Teeth became high-crowned with complex enamel ridges. This allows the 

teeth to wear down slowly over a lifetime of grinding tough grass.  
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● Molarization: The premolars evolved to look and function exactly like molars to 

increase the grinding surface area.  

● Diastema: A large gap (diastema) developed between the front nipping teeth (incisors) 

and the back grinding teeth (molars), allowing the tongue to manipulate large amounts of 

forage.  

C. Skull and Brain Development  

● Facial Elongation: The "face" or pre-orbital region lengthened significantly to 

accommodate the massive roots of the high-crowned teeth and to allow the horse to graze 

while keeping its eyes high enough to watch for predators.  

● Brain Complexity: The cerebral hemispheres became larger and more convoluted, 

reflecting an increase in sensory coordination and social intelligence.  

  
Modification  Primitive Ancestor (Eohippus)  Modern Horse (Equus)  

Body Size  Small (size of a fox/dog; ~25–50 cm)  Large (average ~150–160 cm)  

Digits (Toes)  4 on front, 3 on hind (padded feet)  1 functional digit (hoof)  

Limbs  Short, flexible, unfused bones  Long, rigid, fused bones (Radius/Ulna)  

Teeth  Brachyodont (low-crowned)  Hypsodont (high-crowned)  

Skull/Face  Short snout, eyes more central  Elongated muzzle, eyes far back  

 Notable Evolutionary Stages  

1. Hyracotherium (Eocene): The "Dawn Horse." Small, 4-toed, forest browser.  

2. Mesohippus (Oligocene): "Middle Horse." Sheep-sized, 3-toed, began transitioning to 

woodlands.  

3. Merychippus (Miocene): "Ruminant Horse." The first true grazer; stood on its middle 

toe with high-crowned teeth.  

4. Pliohippus (Pliocene): The first one-toed (monodactyl) horse.  

5. Equus (Pleistocene–Present): The modern genus including horses, zebras, and donkeys.  
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The evolution of the horse is a cornerstone of evolutionary biology, providing a continuous 

fossil record that vividly illustrates macroevolution over 55 million years. It demonstrates how 

environmental shifts from forests to grasslands drove dramatic adaptations, including the 

reduction of toes into hooves, increased body size, and the development of high-crowned teeth 

for grazing.Key Scientific Importance:Fossil Continuity: One of the most complete lineages 

available for study,Environmental Proxy: Shows how climate change (forest to steppe) dictates 

anatomy, Evolutionary Pattern: Transitions from a "linear" view to a complex, branching 

"bush" of diversity.  

Que.4.c. Write down the salient features of zoological nomenclature.  
Ans.  Nomenclature provides names to species and higher taxa, to facilitate communication among 

zoologists. According to Article 1 of the code: “Zoological nomenclature is the system of scientific names 

applied to taxonomic units of animals (taxa) known to occur in nature, whether living or extinct.” 

Zoological nomenclature is the scientific system of naming animal species, governed by a strict set of 

rules known as the International Code of Zoological Nomenclature (ICZN), Adopted by the 15th 

International Congress of Zoology (London) and published on November 6, 1961.  

Features of Zoological Nomenclature  

Uniqueness: The name of a taxon is like the index number of a file. It gives immediate access to all 

information in literature, available about a particular taxon. Every name must be unique because it is 

key to the entire literature. Uniqueness has been achieved by adopting binominal nomenclature, as 

proposed by Linnaeus in the X edition of Systema Naturae in 1758. According to binominal 

nomenclature, each species name should consist of the first generic and second species name. Species 

name should not duplicate under any genus, e.g. Panthera leo, Panthera tigris, Panthera pardus. A 

combination of the two makes the name unique.   

Universality: Scientific names should be known to all and be universally accepted. Vernacular names 

would be difficult to keep track of, and scientists will have to learn names in several languages of the 

world. To avoid this, zoologists have adopted by international agreement a single language, Latin, which 

is a dead language and therefore does not evolve and is acceptable to everybody. One need not learn 

Latin language in order to give name. Any word in any language, if latinized by changing the ending by 

suffixing –us,-a, or –ensis is acceptable as valid Latin name, e.g., japonica, indicus, chinensis.   

Use of Latin or Latinized Names Use of Latin is also advantageous due to the fact that most of the 

ancient scientific literature is written either in Latin or Greek and it would be easy to refer to the old 

literature if names are given in Latin.   

Binomial Nomenclature   

Genus Name: The first part, always capitalized (e.g., Panthera). It represents a group of closely related 

species. Specific Epithet: The second part, always lowercase (e.g., leo). It identifies the specific species 

within the genus. Formatting: Both names must be italicized when typed or underlined when 

handwritten  

  

Stability: Zoological names would lose their utility if they were changed frequently and arbitrarily. It 

would create confusion if we call an object spoon today and apple next week. International Code of 
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Zoological Nomenclature has been designed to bring about stability. Taxonomists are bound to follow 

the rules given in the code before assigning names to taxa. Most of the changes in names are due to 

taxonomists’ errors. Lot of name changing has taken place during the last 200 years. International Code 

of Zoological Nomenclature safeguards against frequent name changing.  

The Principle of Homonymy No two different animals can have the same name.  

● A name that is spelled exactly like another name used for a different animal is called a 

homonym.  

● The first name published is kept (Senior Homonym), and the later one (Junior Homonym) 

must be replaced with a new name.  

Higher Taxonomic Ranks While species names are binomial, higher ranks follow specific suffix rules 

to help identify their level:  

● Family names always end in -idae (e.g., Felidae).  

● Subfamily names always end in -inae (e.g., Felinae).  

● Superfamily names end in -oidea.  

Zoological nomenclature is significant because it provides a universal, standardized language that 

eliminates confusion caused by regional common names. By enforcing rules like the Principle of Priority 

and Binomial Nomenclature.  Its primary goal is to ensure that every animal has a unique, universally 

accepted name, providing stability and clarity across the global scientific community. it ensures 

taxonomic stability, unique identification, and a clear framework for organizing and communicating 

global biodiversity across scientific disciplines.  

                                                                      SECTION .B  

Que.5.a.  Block to polyspermy  

Ans. Polyspermy is one of the lethal biological condition where an egg is fertilized by more than one 

sperm cell. This results in an embryo containing multiple sets of chromosomes (polyploidy) and extra 

centrioles, which causes defective cell division and genomic instability. To ensure survival, organisms 

utilize electrical or chemical blocks to prevent multiple sperm entries.  

  

Mechanism  To prevent this, eggs have evolved two primary mechanisms: the Fast Block and the Slow 

Block.  

1. The Fast Block to Polyspermy (Electrical)  

This is an immediate, temporary response that occurs within 1–3 seconds of the first sperm's 

contact with the egg membrane.  

1. Resting Potential: Before fertilization, the egg cell membrane maintains a resting 

potential of approximately -70 mV relative to the surrounding seawater.  

2. Sperm-Egg Binding: As soon as the first sperm cell attaches to the egg's plasma 

membrane, sodium channels open.  
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3. Depolarization: Sodium ions (Na+) rush into the egg, causing the membrane potential to 

shift from negative to positive (about +20 mV).  

4. The Barrier: Sperm cells can only fuse with membranes that have a negative potential. 

The positive shift acts as an "electrical fence" that prevents other sperm from fusing with 

the egg.  

 The Fast Block is transient and lasts only about a minute, giving the egg enough time to set up the more 

permanent Slow Block.   

 

 

2. The Slow Block to Polyspermy (Chemical)  

Also known as the Cortical Reaction, this is a permanent physical change to the egg's surface 

that begins about 20–60 seconds after sperm entry.  

Step A: Calcium Release  

The fusion of the sperm triggers the release of Calcium ions (Ca++) from the egg's endoplasmic reticulum. 

This calcium wave travels across the egg starting from the point of sperm entry.  
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Step B: Cortical Granule Exocytosis  

The rise in calcium causes thousands of small vesicles called cortical granules (located just beneath the 

plasma membrane) to fuse with the membrane and release their contents into the perivitelline space.  

Step C: Formation of the Fertilization Envelope  

The released contents include three critical components:  

1. Proteases: These enzymes break the "tethers" (protein links) connecting the vitelline 

envelope to the plasma membrane and clip off any remaining sperm receptors.  

2. Mucopolysaccharides: These create an osmotic gradient, drawing water into the space 

between the membrane and the vitelline envelope. This causes the envelope to lift and 

swell away from the egg.  

3. Peroxidases: These enzymes harden the elevated envelope, turning it into a tough, 

impenetrable fertilization envelope.  

Step D: Hyaline Layer Formation  

A protein called hyaline forms a coating around the egg, providing structural support for the developing 

embryo during its first few divisions.  

The significance of polyspermy blocking lies in maintaining genomic stability by ensuring only a single 

sperm fertilizes the egg, preserving the species-specific diploid chromosome number. By preventing the 

entry of extra centrioles and genetic material, these mechanisms avert lethal mitotic errors and 

abnormal cleavage, thereby guaranteeing the viable development of a healthy embryo and successful 

reproductive outcomes.  

  

Que.5.b. Fate map of frog embryo  

Ans.  The topographical surface mapping to show the fate of each part of an early embryo i.e., blastula) 

is called the Fate map. A fate map is a topographical diagram of an embryo at an early stage (usually the 

blastula) that shows which specific regions will eventually develop into particular tissues or organs in the 

adult organism.In the frog (Xenopus laevis), the fate map is established early due to the uneven 

distribution of yolk and the reorganization of the cytoplasm following fertilization.  

Process- After the sperm entry and fertilization with ova, there is process of  Cortical Rotation 

occurs in which within minutes of entry, the outer layer of the egg's cytoplasm (the cortex) 

rotates approximately 30° relative to the inner cytoplasm, which lead to the appearance of the 

Crescent: This rotation shifts the dark animal pigment. On the side opposite the sperm entry 

point, a "grey" area is exposed between the dark animal pole and the pale vegetal pole. This 

region is the Grey Crescent.  
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The whole surface of a frog blastula can be divided into: • 1. A large dark grey or black area on and 

around the animal pole. It consists of two main regions: • a. A region of perspective epidermal ectoderm 

which gives rise to skin and its derivatives. • b. Region of perspective central nervous system which 

contains materials for brain, spinal cord and the area of sense organs (Eyes, ears, nose).  

The Topography of the Frog Fate MapBy the late blastula stage, the embryo is divided into 

three primary germ layers arranged along the animal-vegetal axis:  

A. The Animal Hemisphere (Ectoderm)  

The cells at the Animal Pole are small, pigment-rich, and contain very little yolk.  

● Neural Ectoderm: The region directly above the dorsal lip of the blastopore. It will form 

the brain, spinal cord, and nervous system.  

● Epidermal Ectoderm: The remaining animal hemisphere area which will form the skin 

(epidermis), hair, and sensory receptors.  

B. The Equatorial Region (Mesoderm)  

Located at the "belt" or marginal zone between the animal and vegetal poles.  

● Chorda-mesoderm: The central dorsal region that forms the notochord.  

● Prechordal Plate: Forms the head mesoderm.  

● Lateral Plate and Somites: Form the muscles, skeleton, circulatory system, and 

connective tissues.  

● Ventro-lateral mesoderm consisting of lateral and ventral parts of marginal zone and 

gives rise to the mesodermal lining of the body cavity, kidneys and reproductive organs.  

C. The Vegetal Hemisphere (Endoderm)  

The cells at the Vegetal Pole are large and laden with yolk.  

● This region is destined to form the lining of the gut, as well as associated organs like the 

lungs, liver, and pancreas.  

● Perspective Endoderm: It lies below the prechordal plate and gives rise to the endodermal 

lining of the mouth, gill region and pharynx.  
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Fate maps are crucial embryological tools that trace the developmental destiny of specific larval 

or adult structures back to their origins in the early embryo. They provide a spatial framework 

for understanding cell lineage, morphogenetic movements, and the timing of cell commitment. 

By highlighting which regions are pluripotent versus determined, they serve as indispensable 

blueprints for experimental manipulation and evolutionary studies.  

Que.5.c. Activation energy based mechanism of enzyme action  

Ans. Activation energy (Ea) is the minimum energy barrier reactants must overcome to reach a 

high-energy transition state. Enzymes act by binding substrates at their active sites, stabilizing 

this transition state through induced fit and bond strain. Enzymes act as biological catalysts by 

significantly reducing the Activation Energy (Ea)—the minimum energy barrier required to 

convert reactants (substrates) into products. This allows biochemical reactions to occur at rapid 

speeds under the mild temperatures and pressures of a living cell.  

Mechanism The process follows a sequence of energetic and structural changes:  

1. Substrate Binding and Induced Fit  

The mechanism begins when the substrate (S) collides with the enzyme's (E) active site.  According to 

the Induced Fit Model, the active site is not a rigid lock; instead, it undergoes a conformational change 

to wrap snugly around the substrate. This binding is stabilized by weak non-covalent interactions 

(hydrogen bonds, ionic bonds, and Van der Waals forces).  

2. Lowering the Energy Barrier  

Once the Enzyme-Substrate (ES) Complex is formed, the enzyme employs several strategies to lower the 

activation energy:  

● Proximity and Orientation: It brings multiple substrates together in the exact 

orientation needed for a reaction, reducing the "entropy" or randomness that usually 

hinders collisions.12  

● Bond Distortion (Strain): The enzyme physically stretches or twists the substrate’s 

chemical bonds, pushing them toward a high-energy, unstable state called the Transition 

State (ES).  

● Microenvironment: The active site may create a specialized environment (e.g., shifting 

the local pH or providing hydrophobic pockets) that makes the chemical transition more 

favorable.  

3. Transition State Stabilization  

The critical step in catalysis is the stabilization of the transition state. The enzyme has the highest affinity 

for the substrate when it is in this halfway-point configuration. By stabilizing this unstable intermediate, 

the enzyme "lowers the hill" that the molecules must climb to react.  

4. Conversion to Product (ES---- EP):  

Because the energy barrier is now lower, the substrate rapidly transitions into the product. The 

interaction between the enzyme and the high-energy intermediate (transition state) releases "binding 

energy," which offsets the energy required to start the reaction.  
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5.Product Release (EP ---- E + P):  

The products have a different shape or charge and no longer fit the active site perfectly. They are 

released, and the enzyme returns to its original state to repeat the cycle.  

                                                 E + S ---- ES  ---- EP --- E + P  

Related Example: Carbonic Anhydrase  

A classic example is the enzyme Carbonic Anhydrase, which converts carbon dioxide (CO2) and water 

(11$H_2O$) into bicarbonate (HCO3 
-).  

● Uncatalyzed: Without the enzyme, CO2 molecules simply bump into water molecules in 

the blood. The activation energy is high, and the reaction is very slow.  

● Catalyzed: Carbonic anhydrase contains a zinc ion (Zn++) at its active site. This ion 

activates a water molecule, making it a strong nucleophile that can attack CO2 much more 

easily.  

● Result: The enzyme lowers the Ea so significantly that the reaction speed increases by 10 

million times, allowing our bodies to transport CO2 from tissues to lungs fast enough to 

keep us alive.  

Activation energy (Ea) acts as a critical kinetic barrier that determines reaction rates in 

chemical and biological systems. It ensures molecular stability by preventing spontaneous 

degradation, while its reduction by catalysts and enzymes enables life-sustaining metabolism at 

cellular temperatures. High Ea provides reaction control, whereas lower Ea facilitates rapid 

energy release and efficient synthesis.  

  

Que. 5.d. Structure of dipeptide unit of a protein  

Ans. A protein is a large, complex macromolecule composed of long chains of amino acids, which serve 

as its fundamental building blocks. These amino acids are linked sequentially by covalent peptide bonds, 

formed through dehydration synthesis. A dipeptide is the simplest form of a peptide, consisting of two 

amino acids joined together by a single peptide bond.  

Chemical Structure of a Dipeptide  

A dipeptide is characterized by an amide linkage (CO-NH) connecting the two residues. The final 

structure has two distinct ends:  

● N-terminus: The free amino group (NH2) at one end.  

● C-terminus: The free carboxyl group (COOH) at the other end.  

● Side Chains (R-groups): Two variable side chains that determine the specific chemical 

properties of the dipeptide.  

Steps of Formation (Dehydration Synthesis)  

The formation of a dipeptide occurs through a condensation reaction (also known as dehydration 

synthesis).  

1. Alignment: Two amino acids approach each other so that the carboxyl group (COOH) 

of the first amino acid is adjacent to the amino group (NH2) of the second.  
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2. Removal of Water: A hydroxyl group (OH) is removed from the carboxyl group of the 

first amino acid, and a hydrogen atom (H) is removed from the amino group of the 

second. These combine to form a molecule of water (H2O).  

3. Bond Formation: The remaining carbonyl carbon (C=O) of the first amino acid forms a 

covalent bond directly with the nitrogen (N) of the second amino acid. This specific C-N 

bond is the peptide bond.  

4. Stabilization: The resulting peptide bond is rigid and planar due to resonance, which 

gives it partial double-bond character.  

         Glycine + Alanine ------- Glycylalanine + H2O     

         OR                              

Related Example: Glycylalanine (Gly-Ala)  

A common example is the formation of Glycylalanine from the amino acids Glycine and Alanine.  

● Substrates: Glycine (where R = H), siplest amino acid and Alanine (where R = CH3)   

● Reaction: The -COOH of Glycine reacts with the -NH2 of Alanine.  

● Product: The dipeptide Glycylalanine is formed with the release of one water 

molecule.32  

● Significance: If the order were reversed (Alanine's carboxyl reacting with Glycine's 

amino group), a different isomer called Alanylglycine would be formed, illustrating how 

sequence dictates identity.  

Peptide formation is fundamentally significant as it creates the primary structure of proteins, dictating 

their folding and biological function. In medicine, peptides serve as high-specificity hormones (like 

insulin) and therapeutic drugs with low toxicity. Industrially, they are vital in cosmetics for collagen 

stimulation and in biotechnology as diagnostic markers and antimicrobial agents for combating 

antibiotic resistance.  

Que. 5. e. Transmission of nerve impulse through synapse.  

Ans. The nervous system is a complex communication network that coordinates body functions through 

neurons, its fundamental structural units. These specialized cells transmit electrical impulses across their 

length. Communication between neurons occurs at the synapse, a tiny gap where electrical signals are 
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converted into chemical neurotransmitters, allowing the integrated relay of information throughout the 

entire organism.  

1. Electrical Nerve Impulse (Electrical Synapse)  

Electrical impulses travel through a physical connection between neurons, acting as if the two cells are a 

single continuous wire.  

● Mechanism: The membranes of the presynaptic and postsynaptic neurons are connected 

by specialized protein channels called gap junctions (formed by proteins called 

connexins). These channels allow ions to flow directly from one cell to another.  

● Speed: Virtually instantaneous (no "synaptic delay").  

o Direction: Often bidirectional; the impulse can travel in either direction. o 

Function: Ideal for synchronizing the activity of a group of neurons.  

● Related Example: Cardiac muscle cells use electrical synapses to ensure the heart 

contracts as a single, coordinated unit. They are also found in the retina and parts of the 

brainstem for rapid reflexes.  

2. Chemical Nerve Impulse (Chemical Synapse)  

Chemical impulses involve a transformation: an electrical signal is converted into a chemical message 

and then back into an electrical signal.  

● Mechanism: There is a physical gap called the synaptic cleft between neurons. When an 

electrical action potential reaches the axon terminal, it triggers the release of 

neurotransmitters (chemical messengers) from vesicles. These chemicals diffuse across 

the gap and bind to receptors on the next neuron, triggering a new electrical signal.  

o Speed: Slightly slower (0.5 to several milliseconds delay).  

o Direction: Strictly unidirectional (from presynaptic to postsynaptic).  

o Flexibility: Can be excitatory (encourages a new signal) or inhibitory (stops the 

signal).  

● Related Example: The Neuromuscular Junction, where the neurotransmitter 

Acetylcholine is released to tell a muscle fiber to contract.  

Steps of Synaptic Transmission  
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1. Arrival of Action Potential: An electrical nerve impulse (action potential) travels 

down the axon and reaches the axon terminal (presynaptic knob).  

2. Calcium Influx: The depolarization of the terminal membrane causes voltage-gated 

calcium channels to open.3 Calcium ions (Ca++) rush into the terminal from the extracellular 

fluid.  

3. Neurotransmitter Release:  

The rise in intracellular calcium triggers synaptic vesicles (membrane-bound sacs filled with chemicals) to 

move toward and fuse with the presynaptic membrane.  Through a process called exocytosis, 

neurotransmitters are released into the synaptic cleft (the narrow gap between neurons).  

4. Diffusion and Binding: The neurotransmitter molecules diffuse across the synaptic 

cleft and bind to specific receptor proteins on the postsynaptic membrane of the receiving neuron 

or effector cell.  

5. Ion Channel Opening: This binding causes ion channels on the postsynaptic membrane 

to open.  

o In excitatory synapses, sodium ions (Na+) flow in, depolarizing the membrane and 

generating a new action potential.  

o In inhibitory synapses, the cell becomes hyperpolarized, making it harder to fire.  

6. Termination of Signal: To prevent continuous stimulation, the neurotransmitter is 

quickly removed from the cleft. This happens via reuptake (pumped back into the presynaptic 

neuron), enzymatic degradation (broken down by enzymes), or simple diffusion away from the 

site.  

Synaptic transmission is the vital bridge enabling neural communication. By converting 

electrical signals into chemical messengers, synapses ensure the unidirectional and regulated 
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flow of information. This process is significant for neuroplasticity, memory formation, and 

physiological homeostasis. Understanding these junctions is essential for treating neurological 

disorders and developing pharmacological interventions that target specific neurotransmitter 

pathways.  

Que.6.a.(i) Write down the reactions that produce NADH during Krebs cycle.  

Ans. The Krebs cycle, also known as the Citric Acid Cycle, is a pivotal eight-step metabolic 

pathway occurring in the mitochondrial matrix. It completely oxidizes acetyl-CoA derived from 

nutrients to produce carbon dioxide, ATP, and high-energy electron carriers like NADH and 

FADH2, which are essential for powering the electron transport chain.  

Reactions Producing NADH in the Krebs Cycle  

There are three steps within one turn of the cycle where NAD+ is reduced to NADH.  

1. Oxidative Decarboxylation of Isocitrate6  

The first NADH is produced when the 6-carbon molecule isocitrate is oxidized into the 5-carbon 

molecule alpha-ketoglutarate. This reaction also releases the first molecule of CO2  

● Enzyme: Isocitrate dehydrogenase  

● Reaction: Isocitrate + NAD+ ------ alpha-Ketoglutarate + CO2 + NADH + H+  

2. Oxidative Decarboxylation of alpha-Ketoglutarate  

The second NADH is formed during the conversion of alpha-ketoglutarate into the 4-carbon compound 

succinyl-CoA.15 A second molecule of CO2 is released here. This enzyme complex is highly regulated and 

requires several cofactors like thiamine (B1).  

● Enzyme: alpha-Ketoglutarate dehydrogenase complex:  

● alpha-Ketoglutarate + NAD+  + CoA ------- Succinyl-CoA + CO2 + NADH + H+  

3. Oxidation of Malate21  

The final NADH is produced in the last step of the cycle, where malate is oxidized back into 

oxaloacetate. This regenerates the starting material needed to accept a new Acetyl-CoA molecule.  

● Enzyme: Malate dehydrogenase  

● Reaction: Malate + NAD + -------  Oxaloacetate + NADH + H +  

 Significance and Yield  

● Total Yield per Glucose: Since one glucose molecule produces two pyruvates (and thus 

two Acetyl-CoA), the cycle turns twice. This results in a total of 6 NADH molecules 

from the Krebs cycle alone per glucose. 

● The Link Reaction: Often discussed alongside the cycle is the "Link Reaction" 

(Pyruvate Decarboxylation), which produces 1 additional NADH per pyruvate before it 

even enters the cycle.  

● Energy Value: In the Electron Transport Chain, each NADH molecule typically 

generates approximately 2.5 to 3 ATP molecules through oxidative phosphorylation.  
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The Krebs cycle is the central metabolic hub, providing over 90% of energy in aerobic 

organisms. It produces high-energy molecules—3 NADH, 1 FADH2, and 1 ATP/GTP per 

turn—while releasing CO2. Beyond energy, its intermediates serve as essential precursors for 

synthesizing amino acids, lipids, and heme, making it an indispensable amphibolic pathway for 

both catabolism and anabolism.  

  

Que.6.a. (ii). Explain the role of proton gradient in oxidative ATP synthesis.  

Ans. Oxidative ATP synthesis, or oxidative phosphorylation, is the final stage of cellular 

respiration. It relies on a proton gradient across the inner mitochondrial membrane to act as a 

"biological battery" that powers the production of ATP. In oxidative phosphorylation, the proton 

gradient acts as a stored energy source created by the electron transport chain. As protons are 

pumped into the intermembrane space, an electrochemical gradient forms.   

Steps 1. Generation of the Proton Gradient  

As high-energy electrons from NADH and FADH 2pass through the Electron Transport Chain (ETC), they 

release energy. The protein complexes (Complex I, III, and IV) use this energy to actively pump protons 

(H+) from the mitochondrial matrix into the intermembrane space.  

  

2. Establishment of the Proton-Motive Force (PMF)  

The accumulation of protons in the intermembrane space creates two types of gradients:  

● Chemical Gradient: A difference in proton concentration pH  

● Electrical Gradient: A difference in charge, as the intermembrane space becomes more 

positive than the matrix. Together, these form the Proton-Motive Force, a high-potential 

energy state.  

3. Chemiosmosis via ATP Synthase  

Because the inner membrane is impermeable to ions, protons can only return to the matrix through a 

specialized protein channel called ATP Synthase (Complex V). This movement of ions down their 

electrochemical gradient is called chemiosmosis.  
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4. Rotational Catalysis and ATP Production  

As protons flow through the Fo (base) part of ATP synthase, they cause it to rotate like a turbine. This 

mechanical rotation is transmitted to the F1( head) part in the matrix.  

● The rotation causes conformational changes in the catalytic sites of the enzyme.  

● These changes force ADP and inorganic phosphate (Pi) together to form ATP.  

                                ADP  +  Pi  +  Energy (from H+ flow) -------- ATP   +  H 2O  

Related Example: The "Cyanide Effect"  

A clear example of the gradient's importance is seen with cyanide poisoning. Cyanide binds to Complex 

IV, stopping electron flow.  

● Without electron flow, protons are no longer pumped.  

● The proton gradient collapses, and ATP synthase stops spinning.  

● Result: The cell quickly runs out of energy, leading to death, highlighting that the 

gradient is the direct driver of ATP synthesis.  

The significance of the proton gradient in oxidative phosphorylation extends beyond simple energy 

storage. By creating a proton-motive force, it serves as the essential electrochemical link that couples 

electron transport to ATP synthesis. Beyond powering the ATP synthase motor, this gradient is crucial 

for the active transport of essential metabolites like pyruvate, ADP, and phosphate into the 

mitochondrial matrix, ensuring metabolic continuity.  

  

Que.6.b. Describe characteristic features and specific functions of lymphocytes, monocytes 

and neutrophils.  

Ans.  White blood cells (WBCs), also known as leukocytes, are the specialized nucleated cells of the 

immune system produced in the bone marrow. They circulate through the blood and lymphatic tissues, 

acting as the body's primary defense against infections, viruses, and foreign invaders. They are diverse in 

form and function, with its various types as granulocytes and agranulocytes.  

  

Types of WBC   

1. Granulocytes  

These contain enzymes in their granules to combat infections.  

● Neutrophils: The most abundant type; they act as "first responders" to phagocytize 

bacteria.  

● Eosinophils: Target parasitic infections and are involved in allergic reactions.  

● Basophils: The rarest type; they release histamine to trigger inflammatory responses.  

2. Agranulocytes  

These have a smoother appearance without prominent cytoplasmic granules.  

● Lymphocytes: Essential for the adaptive immune system; includes B-cells (antibodies) 

and T-cells (direct killing).  
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● Monocytes: The largest WBCs; they migrate into tissues to become macrophages, 

which scavenge debris and pathogens.  

     

1. Neutrophils: The First Responders  

Neutrophils are the most abundant WBCs (50–70%). They are granulocytes characterized by a multi-

lobed nucleus (often 3–5 lobes) and fine cytoplasmic granules.  

● Characteristics: They have a short lifespan (hours to days) and are "polymorphonuclear"  

(PMN). They contain primary (azurophilic) and secondary granules filled with 

antimicrobial enzymes like lysozyme and myeloperoxidase.  

● Functions:  

o Phagocytosis: They actively engulf and digest bacteria and fungi.  

o Degranulation: They release antimicrobial proteins into the extracellular space to 

kill pathogens.  

o NETosis: They can eject their own DNA to form "Neutrophil Extracellular 

Traps" (NETs) that snare and kill microbes.  

o Inflammation: They are the first to arrive at a site of injury, forming the main 

component of pus.  

2. Monocytes: The Vigilant Scavengers  

Monocytes are the largest of all WBCs (3–8%). They are agranulocytes with a distinctive kidney-shaped 

or bean-shaped nucleus and abundant cytoplasm.  

● Characteristics: They circulate in the blood for 1–3 days before migrating into tissues. 

They are highly motile and amoeboid in shape.  

● Functions:  

o Differentiation: Once they enter tissues, they transform into macrophages or 

dendritic cells, which are far more powerful and long-lived.  

o Phagocytosis: They clear away cellular debris, old red blood cells, and large 

pathogens that neutrophils might miss.  
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o Antigen Presentation: They act as "Antigen-Presenting Cells" (APCs). By 

displaying fragments of digested pathogens on their surface, they "show" the 

enemy to T-lymphocytes, bridging the gap between innate and adaptive 

immunity.  

3. Lymphocytes: The Specific Strategists  

Lymphocytes (20–40%) are the cornerstone of the adaptive immune system. They are small, round cells 

with a very large, dark-staining nucleus that occupies most of the cell.  

● Characteristics: They can live for years as "memory cells." Unlike neutrophils, they 

target specific pathogens rather than broad classes of microbes.  

● Functions:  

o B-Lymphocytes (B-cells): These produce antibodies (immunoglobulins) that 

specifically bind to and neutralize toxins or mark pathogens for destruction.  

o T-Lymphocytes (T-cells): Helper T-cells (CD4): Coordinate the entire immune 

response by releasing cytokines  

 ▪  Cytotoxic T-cells (CD8): Directly kill virus-infected or cancerous cells.  

o Natural Killer (NK) Cells: Part of the innate response, they destroy abnormal 

"self" cells (like tumors) without prior sensitization.  

White blood cells play significant role as the body's primary defense system, providing both 

innate and adaptive immunity. They protect against diverse pathogens—including bacteria, 

viruses, and parasites—through phagocytosis and antibody production. Beyond infection control, 

they facilitate tissue repair, clear cellular debris, and develop immunological memory, 

ensuring a faster, more robust response to future encounters with known threats.  

Que.6.c. Diagrammatically describe the steps of development of heart in mammals.  

Ans. The development of the mammalian heart is a highly orchestrated process that begins in the 

third week of gestation. The heart forms from an embryonic tissue called mesoderm around 18 to 19 

days after fertilization. It transforms a simple group of mesodermal cells into a complex, four-

chambered organ through several distinct morphological stages.  

Steps of Heart Development  

1. Formation of the Cardiogenic Area (Days 18–19)  

The heart originates from the mesoderm. Signaling molecules from the underlying endoderm trigger the 

formation of the cardiogenic area near the embryo's head.  

● Cardiogenic Cords: Mesodermal cells form two solid strands called cardiogenic cords.  

● Endocardial Tubes: A lumen (hollow center) develops within these cords, turning them 

into two separate endocardial tubes.  
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2. Fusion and the Primitive Heart Tube (Days 20–22)  

As the embryo undergoes lateral and cephalocaudal folding, the two endocardial tubes are pushed 

together in the midline.  

● Fusion: The two tubes fuse to form a single, straight primitive heart tube.  

● Regional Differentiation: The tube rapidly develops five distinct regions (from tail to 

head):  

1. Sinus Venosus: Receives blood from the veins.  

2. Primitive Atrium: Will become parts of the left and right atria.  

3. Primitive Ventricle: Will form the left ventricle.  

4. Bulbus Cordis: Will form the right ventricle.  

5. Truncus Arteriosus: Will form the aorta and pulmonary trunk.  

3. Cardiac Looping (Days 23–28)  

Because the heart tube grows faster than the space it occupies, it is forced to bend and fold upon itself.  

● S-shape Formation: The bulboventricular region moves forward and to the right, while 

the atrial region moves backward and upward.  

● Significance: This "looping" places the chambers in their correct adult-like spatial 

orientation (atria above the ventricles).  
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4. Septation and Chamber Formation (Weeks 4–8)  

The single-chambered heart must be divided into four distinct compartments. This is achieved through 

the growth of partitions called septa.  

● Atrial Septation: Two walls, the septum primum and septum secundum, grow to 

divide the atria. A hole called the foramen ovale remains open during fetal life to allow 

blood to bypass the lungs.  

● Ventricular Septation: A muscular wall grows upward from the floor of the ventricle to 

separate the left and right sides.  

● Outflow Septation: The truncus arteriosus is divided by a spiral septum, which ensures 

that the aorta and pulmonary artery are properly connected to their respective ventricles.  

5. Valve Development (Weeks 5–9)  

Tissue swellings called endocardial cushions proliferate to form the heart valves. 

● Atrioventricular Valves: Form the mitral and tricuspid valves.  

● Semilunar Valves: Form the aortic and pulmonary valves to prevent backflow into the 

heart.  

The human heart is the first functional organ to develop. It begins beating and pumping blood around day 

21 or 22, a mere three weeks after fertilization. This emphasizes the critical nature of the heart in 

distributing blood through the vessels and the vital exchange of nutrients, oxygen, and wastes both to and 

from the developing baby. heart development is a complex process transforming a simple 

mesodermal tube into a functional four-chambered organ by week eight. Through precise 

looping, septation, and valve formation, the heart establishes the essential circulatory foundations 

required to sustain life after birth.  

Que.7.a.(i) Explain sigmoidal nature of oxygen dissociation curve for hemoglobin.  

Ans.  Hemoglobin is a tetrameric protein comprising four globin chains, each housing an iron-containing 
heme group. It is the chief circulatory fluid in human body carrying and exchanging gases, as Oxygen, CO2  

and CO. The Oxygen Dissociation Curve (ODC) represents the relationship between the partial 

pressure of oxygen (O2) and the percentage saturation of hemoglobin (O2). While many binding 

curves are linear or hyperbolic, hemoglobin’s curve is uniquely sigmoidal (S-shaped).  

Why is it Sigmoidal? (The Mechanism)  

The S-shape is primarily due to a phenomenon called Positive Cooperativity. Hemoglobin is a tetramer 

consisting of four subunits, each containing a heme group that can bind one oxygen molecule.  

● The "Tense" (T) State: In its deoxygenated form, hemoglobin is in a "tight" or T-state 

with low affinity for oxygen. Binding the first O2 molecule is relatively difficult.  

● Conformational Change: Once the first O2 binds, it induces a structural change in the 

protein, shifting it toward the "Relaxed" (R) State.  

● The Domino Effect: This shift makes it significantly easier for the second and third 

oxygen molecules to bind. This rapid increase in affinity creates the steep middle section 

of the curve.  
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● The Plateau: Eventually, as the fourth binding site is filled, the curve flattens out 

(plateaus) because hemoglobin is reaching 100% saturation.  

           

 Factors Affecting the Curve-  The curve is not fixed; it shifts left or right depending on the 

metabolic needs of the body.   

1. Factors Shifting the Curve to the Right (Decreased Affinity)3  

A rightward shift means hemoglobin has a lower affinity for oxygen, making it "easier" for Hb to unload 

oxygen to the tissues. This is typical in metabolically active tissues (like exercising muscle) that need 

more oxygen.   

● C - CO₂ (Carbon Dioxide): Increased pCO2 causes a rightward shift.7 This is because 

CO2 can bind directly to Hb (forming carbaminohemoglobin) and also reacts with water 

to form carbonic acid, lowering the pH.  

● A - Acid (pH): A decrease in pH (acidosis) shifts the curve to the right. This is known as 

the Bohr Effect. Increased H+ ions bind to Hb, stabilizing its deoxygenated "Tense" state.  

● D - 2,3-DPG (or 2,3-BPG): This is a byproduct of glycolysis in red blood cells. Levels 

increase during chronic hypoxia (like at high altitudes) or anemia. It binds to the center of 

the Hb tetramer, stabilizing the "T-state" and facilitating oxygen release.  

● E - Exercise: Exercise increases all the other factors (heat, CO2 and acidity), resulting in 

a significant rightward shift to fuel active muscles.  

● T - Temperature: Increased body temperature (hyperthermia or local muscle heat) 

decreases Hb's affinity for O2, helping to unload it where metabolic activity is high.  

2. Factors Shifting the Curve to the Left (Increased Affinity)  

A leftward shift means hemoglobin has a higher affinity for oxygen, binding it more tightly. This makes it 

harder for oxygen to be released to the tissues but easier for Hb to pick up O2 in the lungs. The shift is 

generally caused by conditions that stabilize the "Relaxed" (R-state) of the hemoglobin molecule. These 

factors are essentially the opposite of those that cause a rightward shift:  
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● Decreased Temperature (Hypothermia): Cold temperatures strengthen the bond 

between oxygen and hemoglobin, making the molecule less likely to release its O2 cargo.  

● Increased pH (Alkalosis): A decrease in the concentration of hydrogen ions (H+) 

increases hemoglobin's affinity for oxygen. This is the reverse of the Bohr Effect.  

● Decreased pCO2 (Hypocapnia): Lower levels of carbon dioxide (often caused by 

hyperventilation) reduce the acidity of the blood, leading to a leftward shift.  

● Decreased 2,3-BPG (2,3-DPG): 2,3-bisphosphoglycerate is a molecule that normally 

helps "push" oxygen off hemoglobin by stabilizing the deoxygenated state. When levels 

are low (e.g., in stored blood or during septic shock), oxygen remains stuck to the 

hemoglobin.  

● Fetal Hemoglobin (HbF): Fetal hemoglobin has a naturally higher affinity for oxygen 

than adult hemoglobin (HbA). This leftward shift is vital for survival in the womb, as it 

allows the fetus to "strip" oxygen away from the mother's blood at the placenta.  

Hemoglobin’s sigmoidal curve is biologically vital, facilitating efficient oxygen loading in high-

pO2  lungs and rapid unloading in low-pO2 tissues. Its S-shape, driven by positive cooperativity, 

ensures that small partial pressure drops in active tissues trigger massive oxygen release. 

Furthermore, the curve adapts to metabolic shifts—like changes in pH or temperature—

optimizing gas delivery to meet cellular demands.  

  

Que.7.a.(ii) Describe differences between adult and fetal hemoglobin and comment on their 

physiological significance.  

Ans. Hemoglobin is a tetrameric globular protein consisting of four polypeptide globin 

chains—two alpha and two beta subunits in adults. Each chain envelopes a central heme group, 

a porphyrin ring holding a ferrous iron (Fe) atom. This structural arrangement allows each 

molecule to reversibly bind and transport four oxygen molecules throughout the circulation.  

Differences  

1. Structural Differences  

The primary difference lies in the protein subunits (globin chains) that make up the hemoglobin 

molecule.  

● Adult Hemoglobin (HbA): Composed of two alpha and two beta subunits (alpha2 

beta2).  

● Fetal Hemoglobin (HbF): Composed of two alpha and two gamma subunits (alpha2 

gamma2).  

● The Key Substitution: In the gamma-chain of HbF, a positively charged histidine 

residue (found at position 143 in the beta-chain) is replaced by a neutral serine. This 

change alters the central cavity where regulatory molecules bind.  
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2. Factors Impacting Affinity  

The structural change in HbF specifically alters its interaction with 2,3-Bisphosphoglycerate 

(2,3-BPG), a metabolic byproduct that reduces oxygen affinity.  

Factor  Interaction with HbA (Adult)  Interaction with HbF (Fetal)  

2,3-BPG  

Binding  

Binds strongly to the beta-chains, 

stabilizing the "Tense" state and 

promoting O2 release.  

Binds weakly due to the serine 

substitution; the molecule stays in the 

"Relaxed" state.  

Oxygen  

Affinity  
Lower (P50approx 27 mmHg).  Higher (P50 approx 19 mmHg).  

Curve  

Position  
Normal/Right-shifted relative to HbF.  Left-shifted (binds O2 more tightly).  

Bohr Effect  
Significant; O2 is easily released in 

acidic/high CO2 environments.  

Less pronounced; ensures O2 stays bound  

even in the relatively acidic fetal 

environment.  

3. Physiological Significance  

The higher affinity of HbF is a masterclass in biological engineering, serving several vital roles: 

● Oxygen Extraction: At the placenta, maternal blood (HbA) and fetal blood (HbF) come into 

close proximity. Because HbF has a higher affinity, it acts like a "magnet," successfully pulling 

oxygen away from the maternal hemoglobin even when oxygen partial pressures are low.  

● Survival in Hypoxic Environments: The fetus lives in an environment with much lower 

pO2 than an adult. The leftward shift ensures that fetal blood is nearly saturated with 

oxygen despite these low pressures.  

● The "Double Bohr Effect": As the fetus releases CO2 into the maternal circulation, the 

mother's blood becomes more acidic (shifting her curve right to release O2) while the fetal 

blood becomes more alkaline (shifting its curve left to grab O2).  
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● Clinical Relevance: In adults with Sickle Cell Disease or beta-Thalassemia, doctors use 

drugs like hydroxyurea to "re-activate" HbF production. Because HbF lacks the mutated 

beta-chains, it doesn't sickle, effectively diluting the "bad" hemoglobin and reducing 

symptoms.  

   Adult hemoglobin (alpha2 beta2) facilitates oxygen delivery to tissues via efficient 2,3-BPG 

binding, which lowers oxygen affinity for unloading. Conversely, fetal hemoglobin (alpha2 

gamma2) possesses a naturally higher affinity, shifting the dissociation curve left. This structural 

adaptation allows the fetus to effectively extract oxygen from maternal blood across the placenta, 

ensuring survival in relatively hypoxic environments.  

Que.7.b. Discuss the mechanism of action of cytotoxic-T cell.  

Ans. Cytotoxic T cells (CTLs), or CD8+ T cells, are the "assassins" of the adaptive immune system.  A 

cytotoxic T cell (CD8+ T cell) is a specialized lymphocyte that identifies and destroys virus-infected, 

cancerous, or foreign cells. By recognizing specific antigens presented on MHC Class I molecules, it 

releases lethal proteins like perforin and granzymes, which trigger apoptosis, effectively eliminating 

threats while preventing the spread of intracellular pathogens.  

Structure of Cytotoxic T cells (CTLs) - Their anatomy is divided into a sophisticated detection system on 

the surface and a lethal payload stored internally.  

1. The Surface Recognition Complex  

The "head" of the cell is dominated by receptors that distinguish healthy cells from infected ones:  

● T-Cell Receptor (TCR): A heterodimer (usually alpha and beta chains) that "reads" 

specific viral or tumor peptides.  

● CD8 Co-receptor: A glycoprotein (typically an alpha\beta heterodimer) that acts as a 

structural latch. It binds to the alpha3 domain of MHC Class I molecules on target cells, 

stabilizing the TCR's grip and magnifying the activation signal.  

● CD3 Complex: A cluster of four signaling chains (gamma, delta, epsilon, zeta) 

surrounding the TCR. These contain ITAMs (Immunoreceptor Tyrosine-based 

Activation Motifs) which convert the physical binding of a target into a chemical signal 

inside the cell.  

2. Internal Payload: Lytic Granules  

CD8 cells contain specialized secretory lysosomes called lytic granules. Their internal structure is 

designed to store toxins safely:  

● The Dense Core: Contains Perforin (pore-forming proteins) and Granzymes 

(proteases).  

● Low-pH Environment: The granules are acidic, which keeps these proteins in an 

inactive state so the T cell doesn't accidentally kill itself from within.  

● Serglycin: A proteoglycan scaffold that physically "packages" the granzymes and 

perforin together until they are released.  
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Mechanism of Action- The mechanism of action is a highly specific, multi-step process 

designed to eliminate targets while sparing healthy neighboring tissue.  

1. Recognition and Binding (The Immunological Synapse)  

Before a CTL can kill, it must identify a legitimate target.  

● Antigen Presentation: Every nucleated cell in your body displays "snapshots" of its 

internal proteins on its surface using MHC Class I molecules.5  

● The Specific Match: A CTL uses its T-cell Receptor (TCR) to scan these MHC Class I 

complexes.6 If it finds a foreign peptide (like a piece of a virus), the TCR binds to it.7  

● The "Handshake": The CD8 co-receptor on the T cell binds to the constant part of the 

MHC Class I molecule, stabilizing the connection and forming an immunological 

synapse.8  

2. The Perforin-Granzyme Pathway (The "Lethal Hit")  

Once the synapse is formed, the CTL reorganizes its internal structure, moving specialized lytic granules 

toward the point of contact.  
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● Perforin: The CTL releases perforin, which inserts itself into the target cell's membrane 

and polymerizes to form transmembrane pores (similar to the complement system's 

membrane attack complex).  

● Granzymes: Through these pores (or via endocytosis), Granzyme B (a serine protease) 

enters the target cell.  

● Caspase Cascade: Once inside, granzymes activate caspases, the enzymes responsible 

for executing apoptosis (programmed cell death). This ensures the cell dies cleanly 

without spilling its viral contents, which could infect other cells.  

3. The Fas-FasL Pathway (The "Death Receptor")  

As a secondary method, activated CTLs express a protein called Fas Ligand (FasL) on their surface.  

● Ligation: When FasL binds to the Fas receptor on the target cell, it triggers a direct 

signal to the target cell’s internal machinery to undergo apoptosis.  

● Significance: This pathway is particularly important for regulating the immune system 

itself and disposing of unwanted lymphocytes.  

4. Cytokine Release  

CTLs also secrete cytokines like Interferon-gamma (IFN-gamma) and TNF-alpha. These don't just kill; 

they:  

● Inhibit viral replication in nearby cells.  

● Increase the expression of MHC Class I on surrounding cells, making them "more 

visible" to other T cells.  

● Activate macrophages to come and clean up the cellular debris.  

The immune system preserves biological integrity by neutralizing pathogens and eliminating 

malignant cells. Cytotoxic T cells are its most vital precision weapons; by recognizing antigens 

on MHC Class I molecules, they destroy virus-infected and cancerous cells through directed 

apoptosis. This prevents intracellular replication and provides essential immunosurveillance, 

acting as a critical defense against both infection and tumor development.  

Que. 7.c. What are homeotic genes? Explain their role in body axis formation in chick.  

Ans.  Homeotic genes, often referred to as Hox genes, are a group of highly conserved genes 

that determine the biological identity of body segments along the anterior-posterior (head-to-tail) 

axis. They do not "build" the organs directly; instead, they act as master regulatory switches 

that provide cells with "positional information," telling them whether they should develop into a 

neck, a thorax, or a tail. All Hox genes contain a specific DNA sequence called a homeobox, 

which encodes a protein domain (the homeodomain) that allows the protein to bind to DNA and 

regulate the expression of other genes  

Role in Chick Body Axis Formation  
In the development of a chick embryo, Hox genes are responsible for specifying the Anterior-Posterior 

(A-P) axis. They ensure that structures like the neck, wings, and legs develop at the correct coordinates 

along the spine  
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1. Colinearity and the "Hox Code"  

The most unique feature of Hox genes in the chick is spatial and temporal colinearity. The genes are 

arranged on the chromosome in the exact same order as they are expressed along the body axis.  

● Genes at the 3' end of the cluster are expressed earlier and in the anterior (head) regions. ● 

Genes at the 5' end are expressed later and in the posterior (tail) regions.  

2. The "Hox Code" and Vertebral Identity  

The chick has a distinct vertebral column consisting of cervical (neck), thoracic (ribs), lumbar, and sacral 

regions. The identity of each vertebra is determined by the "Hox Code"—the specific combination of 

Hox genes active in a segment (somite).  

● Boundary Specification: The transition from one type of vertebra to another is marked 

by the start of a new Hox gene expression zone. For example, the expression of Hoxc-6 

always marks the boundary where the cervical vertebrae end and the thoracic (rib-

bearing) vertebrae begin.  

● Segmental Identity: If the "Hox Code" is altered, a segment will transform into the 

likeness of another. This is known as homeotic transformation.  

● For example, the transition from cervical (neck) to thoracic (rib-bearing) vertebrae is 

controlled by the expression of Hox5 and Hox6.  

3. Posterior Prevalence  

In regions where multiple Hox genes overlap, the more "posterior" gene (the one further toward the 5' 

end) typically dominates the structural identity. This ensures that even though many Hox genes are 

active in the tail, only the "tail-specific" instructions are followed.  

4. Coordination with the Molecular Clock  

The expression of Hox genes is tightly synchronized with Somitogenesis (the formation of body 

segments). As the primitive streak regresses in the chick embryo, Hox genes are activated in a 

timed sequence, ensuring that each new somite receives the correct "zip code" for its location  

5. Limb Positioning and Patterning  

Hox genes are also responsible for telling the chick embryo where to grow wings versus legs. 

● Hoxb8 helps determine the position of the forelimb (wing) buds.  

●  Within the limb itself, a nested set of Hox genes (specifically the HoxD cluster) ensures 

that the structure develops correctly from the shoulder down to the digits. 

Physiological Significance: The "Homeotic Mutant"  

If a Hox gene is expressed in the wrong place (ectopic expression) or deleted, it results in a 

homeotic transformation. Example: If the Hox genes normally responsible for the thoracic 

region are expressed in the neck area of a chick, the chick may develop ribs on its neck 

vertebrae.  

Homeotic genes serve as master regulatory architects, providing essential positional information that 

determines segmental identity along the embryonic axis. By encoding transcription factors, they govern 

the correct placement of appendages and organs. Their diverse significance spans from ensuring precise 
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vertebral patterning to driving evolutionary diversity, as mutations in these genes can cause dramatic 

structural transformations or "homeotic shifts."  

Que.8.a. Describe the stages of fertilization in chick with diagram.  

Ans. Fertilization is the biological fusion of haploid male and female gametes, forming a diploid 

zygote to initiate embryonic development and restore the organism's complete genome. 

Fertilization in the chick is a complex, internal process that occurs in the infundibulum (the 

uppermost part of the oviduct) shortly after ovulation. Unlike mammals, birds exhibit 

physiological polyspermy, where multiple sperm enter the egg, though only one ultimately 

fuses with the female nucleus.  

Gametes in Chick- In the chick (Gallus gallus domesticus), reproduction is sexual and involves 

two highly specialized haploid gametes: the Spermatozoon (male) and the Ovum (female).  

1. The Male Gamete: Spermatozoon  

Avian sperm are distinct from mammalian sperm due to their long, slender, and "vermiculiform" (worm-

like) shape.  

● Structure:  

o Head: Features a long, cylindrical nucleus capped by a conical acrosome.  

o Mid-piece: Contains a dense arrangement of mitochondria that provide the 

energy (ATP) required for motility.  

o Tail (Flagellum): Significantly longer than in many mammals, allowing for high-

speed swimming through the female oviduct.  

● Production: Formed in the testes within seminiferous tubules. Unlike mammals, avian 

sperm remain viable at the bird's high core body temperature (107o F).  

● Genetics: Male chicks are homogametic, meaning all sperm carry a Z chromosome.  

2. The Female Gamete: Ovum  

The avian ovum is one of the largest single cells in the animal kingdom, primarily due to the massive 

accumulation of yolk (vitellus).  

● Structure:  

o Germinal Disc (Blastodisc): A small, circular, white spot on the surface of the 

yolk containing the haploid nucleus and active cytoplasm. This is the only part of 

the egg that participates in fertilization and cleavage.  

o Vitelline Membrane: The plasma membrane that encloses the yolk and protects 

the germinal disc.  

o Yolk: Not just a food source, but the body of the cell itself, rich in proteins and 

lipids.  

● Production: Produced in the ovary. A female chick is hatched with a lifetime supply of 

primary oocytes; no new ones are formed after hatching.  
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● Genetics: Female chicks are heterogametic. An ovum can carry either a Z or a W 

chromosome, meaning the mother determines the sex of the offspring.  

1. Sperm-Egg Recognition and Binding  

When the ovum (yolk) is released from the ovary, it is captured by the infundibulum. The sperm 

must penetrate the Inner Perivitelline Layer (IPVL), which is the functional equivalent of the 

mammalian zona pellucida.  

●  Mechanism: Sperm possess receptors that bind specifically to the glycoproteins of the 

IPVL. This binding is highly species-specific.  

2. Acrosome Reaction   

a. Triggering and Binding  

The reaction is initiated when the sperm head contacts specific glycoproteins (analogous to mammalian 

ZP3) on the IPVL.  

● The Receptor: A protein on the sperm surface (such as ADAM32L2 or acrosin) binds to 

the IPVL.3  

● Calcium Influx: This binding triggers an immediate influx of Ca++ ions into the sperm 

head, which is the signal for the acrosome to "explode" or exocytose its contents.5 b. 

Structural Changes  

The acrosome reaction involves a physical reorganization of the sperm head:  

● Membrane Fusion: The outer acrosomal membrane fuses with the sperm's plasma 

membrane.6  

● Vesiculation: This creates small pores or "vesicles" through which the internal enzymes 

can escape.  

● Exposure: The inner acrosomal membrane is now exposed, which contains secondary 

receptors that keep the sperm attached to the egg while it "digests" its way through.  

c. Enzymatic Digestion (The "Hole Formation")  

The "payload" of the acrosome consists of powerful hydrolytic enzymes:  

● Acrosin: A trypsin-like serine protease that is the primary "drill bit." It chemically 

dissolves the protein matrix of the IPVL.  

● Mechanism: In chicks, this digestion creates a visible hydrolysis hole in the perivitelline 

layer.  

● Significance of Polyspermy: Because the chick egg is so large, hundreds of sperm may 

undergo this reaction simultaneously across the germinal disc, creating multiple holes. 

This "physiological polyspermy" is normal in birds.  
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3. Physiological Polyspermy  

Chick eggs are "megalecithal" (containing massive amounts of yolk). To ensure successful fertilization in 

such a large cell, birds have evolved to allow multiple sperm (often 5 to 6, sometimes hundreds) to 

enter the blastodisc.  

● Entry: Several sperm penetrate the germinal disc, each forming a "sperm aster" (a 

microtubule structure).  

● Selection: Despite many sperm entering, only one male pronucleus is "selected" to 

migrate toward and fuse with the female pronucleus.  

4. Amphimixis (Fusion)  

The final stage of fertilization is Amphimixis, where the genetic material of the chosen sperm and the 

egg combine.  

● Pronuclear Fusion: The haploid male and female pronuclei fuse to form a diploid 

zygote (2n).  

● Degeneration: The "supernumerary" (extra) sperm that entered the egg eventually 

degenerate and do not contribute to the embryo's genetics.  

Fertilization in the chick is significant for its physiological polyspermy, where multiple sperm 

penetrate the Inner Perivitelline Layer via the acrosome reaction to ensure success in the 

massive, yolk-rich ovum. This process restores diploidy through the specific fusion of one male 

and female pronucleus at the germinal disc, initiating meroblastic cleavage and determining the 

embryo's sex.  

Que.8.b. Draw structure of cholesterol and explain its role in health and diseases.  

Ans. Cholesterol is a waxy, fat-like sterol found in every animal cell. It is essential for life, acting as a 

structural component of cell membranes to maintain fluidity and a precursor for synthesizing vitamin D, 

bile acids, and steroid hormones (like estrogen and testosterone).  

Sructure of Cholesterol The Chemical Structure of Cholesterol  

The structure of cholesterol is rigid and hydrophobic, consisting of four distinct regions:  

● The Steroid Nucleus: The core consists of four fused hydrocarbon rings (labeled A, B, 

C, and D). This is known as the perhydrocyclopentanophenanthrene skeleton.  

● Hydroxyl Group (—OH): Attached to carbon-3 of the 'A' ring. This is the only 

hydrophilic (polar) part of the molecule, making cholesterol amphipathic.  

● Hydrocarbon Tail: A short, branched aliphatic chain attached to carbon-17 of the 'D' 

ring.  

● Double Bond: Located between carbon-5 and carbon-6 in the 'B' ring.  

Transport Types: The Lipoproteins  

Because cholesterol is a fat (lipid), it cannot dissolve in water-based blood. It must be packaged into 

spherical "suitcases" called lipoproteins. These are categorized by their density (ratio of protein to lipid).  

A. Low-Density Lipoprotein (LDL) – "The Delivery Truck"  
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Components: High ratio of cholesterol to protein.  

Role: Transports cholesterol from the liver to the peripheral tissues and arteries.  

Clinical Significance: Known as "Bad Cholesterol." When levels are too high, LDL particles can become 

oxidized and trapped in artery walls, leading to plaque formation (Atherosclerosis).  

B. High-Density Lipoprotein (HDL) – "The Scavenger"  

Components: High ratio of protein to lipid (making it more dense).  

Role: Performs Reverse Cholesterol Transport. It picks up excess cholesterol from the tissues and blood 

vessels and brings it back to the liver for excretion or recycling.  

Clinical Significance: Known as "Good Cholesterol" because it protects against heart disease.  

C. Very Low-Density Lipoprotein (VLDL)  

Components: Mostly carries triglycerides (fats) rather than cholesterol.  

Role: Delivers energy-rich triglycerides to cells. As it loses triglycerides, it eventually transforms into LDL.  

  

  

 Role of Cholesterol in Health (Physiological Roles)  

A. Cell Membrane Fluidity and Integrity  

Cholesterol is a fundamental component of the animal cell plasma membrane.  

● Mechanism: It acts as a bidirectional regulator of membrane fluidity. At high 

temperatures, its rigid ring structure stabilizes the membrane and raises its melting point. 

At low temperatures, it prevents phospholipids from packing too tightly together, 

preventing the membrane from freezing.  

● Lipid Rafts: Cholesterol clusters with sphingolipids to form "lipid rafts," which act as 

platforms for cell signaling and protein trafficking.  

B. Precursor for Steroid Hormones  

Cholesterol is the essential "raw material" for all steroid hormones.  

●  Mechanism: In the mitochondria of specialized cells (like the adrenal glands or gonads), 

the side chain of cholesterol is cleaved to form pregnenolone, the precursor for: o 
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Glucocorticoids: (e.g., Cortisol) for stress response and metabolism. o 

Mineralocorticoids: (e.g., Aldosterone) for salt and water balance.  

o Sex Hormones: (e.g., Estrogen, Progesterone, Testosterone) for reproduction and 

development.  

C. Bile Acid Synthesis  

The liver converts cholesterol into bile acids (like cholic acid).  

●  Mechanism: These are secreted into the gallbladder and then the intestines. Because they 

are amphipathic, they act as detergents to emulsify dietary fats, making them digestible 

by lipases and allowing the absorption of fat-soluble vitamins (A, D, E, and K).  

D. Vitamin D Production  

Mechanism: In the skin, a precursor of cholesterol (7-dehydrocholesterol) is converted into Vitamin D3 

upon exposure to UV-B radiation from sunlight. This is critical for calcium absorption and bone health.  

  

2. Role of Cholesterol in Disease (Pathological Mechanism)  

Cholesterol’s role in disease is primarily defined by its transport and accumulation in tissues 

where it doesn't belong. While essential for life, a "misplacement" of cholesterol leads to two 

major pathological conditions: Atherosclerosis (cardiovascular disease) and Cholelithiasis 

(gallstones).  

1. Atherosclerosis (The Main Cardiovascular Threat)  

Atherosclerosis is the chronic inflammatory process where cholesterol-rich plaques build up inside artery 

walls. This is the primary mechanism behind heart attacks and strokes.  

The Step-by-Step Mechanism:  

1. Infiltration and Retention: High levels of LDL (Low-Density Lipoprotein) particles 

circulate in the blood. Due to high pressure or chemical damage (like smoking), the artery 

lining (endothelium) becomes "leaky." LDL enters the sub-endothelial space and 

becomes trapped by the extracellular matrix.  

2. Oxidative Modification: Once trapped, the LDL is attacked by free radicals and 

enzymes, turning into Oxidized LDL (ox-LDL). This modified cholesterol is highly 

toxic and triggers an immune "red alert."  

3. Monocyte Recruitment: The injured endothelium expresses "adhesion molecules" that 

act like velcro, catching white blood cells (monocytes) from the blood and pulling them 

into the artery wall.  

4. Foam Cell Formation: Inside the wall, monocytes turn into macrophages. They use  

"scavenger receptors" to uncontrollably gorge on ox-LDL. These macrophages become  

so bloated with cholesterol that they look foamy under a microscope, hence the name 

Foam Cells.  
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5. Plaque Progression: As foam cells die, they release their oily cholesterol load, creating a 

"necrotic core." Smooth muscle cells migrate over this mess to form a fibrous cap, 

creating a mature plaque.  

6. Rupture and Thrombosis: If the fibrous cap becomes thin and ruptures, the "gunk" 

inside is exposed to the blood, causing an immediate clot (thrombosis). This blocks 

blood flow, leading to a heart attack (if in the heart) or stroke (if in the brain).  

  

2. Cholelithiasis (Gallstone Disease)  

Cholesterol is the primary component of about 80% of gallstones. This occurs when the liver's 

cholesterol excretion exceeds the capacity of the bile to keep it dissolved.  

The Mechanism of Stone Formation:  

● Bile Supersaturation: The liver excretes cholesterol into bile. To stay liquid, this 

cholesterol must be "dissolved" by bile salts and lecithin. If there is too much cholesterol 

(supersaturation), it cannot stay in solution.  

● Nucleation: The excess cholesterol begins to precipitate as tiny solid microcrystals.  

● Stasis and Growth: If the gallbladder does not contract efficiently (gallbladder 

hypomotility), these crystals sit in the "sludge" for too long. They eventually clump 

together and grow into solid gallstones.  

Cholesterol is an indispensable lipid that maintains cell membrane integrity, facilitates fat 

digestion via bile acids, and serves as the primary precursor for Vitamin D and vital steroid 

hormones. While essential for physiological homeostasis, its significance in disease arises when 

imbalanced transport leads to arterial plaque or gallstones, necessitating a critical balance for 

systemic health.  

Que. 8.c. Discuss the role of ovarian hormones in female reproduction.  

Ans.  Ovarian hormones are steroid signaling molecules produced primarily by the ovaries to regulate 

the female reproductive system and secondary sexual characteristics. Key examples include estrogen 

(estradiol), which drives the menstrual cycle and tissue growth, and progesterone, which prepares the 

uterus for pregnancy. They operate via feedback loops with the brain to ensure fertility.  

  

Role of estrogen- Estrogen is a lipid-soluble steroid. Estrogen (specifically 17 beta -estradiol) is the 

primary driver of the female reproductive life cycle. It works in coordination with the brain 
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(Hypothalamus-Pituitary axis) to regulate everything from the development of a young girl to the 

preparation of a mother for childbirth.  

1. Step: Puberty (Secondary Sex Characteristics)  

During puberty, the brain signals the ovaries to start producing large amounts of estrogen.  

● Physical Changes: It triggers the development of breast tissue (ductal growth), the 

widening of the pelvis, and the deposition of fat in the hips and thighs.  

● Organ Maturation: It stimulates the growth and maturation of the uterus, vagina, and 

ovaries, officially beginning the reproductive years.  

2. Step: The Follicular Phase (Menstrual Cycle)  

Every month, estrogen levels rise as the follicles in the ovary mature.  

● Uterine Rebuilding: Estrogen acts on the endometrium (uterine lining) to stimulate cell 

division. This "proliferative phase" rebuilds the lining shed during the previous period.  

● Cervical Mucus Modification: It changes the consistency of cervical mucus, making it 

thin, watery, and alkaline. This creates a "highway" for sperm to survive and swim 

toward the egg.  

3. Step: Ovulation (The Critical Surge)  

While estrogen usually inhibits the brain's release of hormones, a massive peak in estrogen at mid-cycle 

causes a unique positive feedback loop.  

● Mechanism: High estrogen levels trigger a sudden surge of Luteinizing Hormone (LH) 

from the pituitary gland.  

● Result: This "LH Surge" causes the dominant follicle to rupture and release the egg into 

the fallopian tube.  

4. Step: Pregnancy and Placentation  

If fertilization occurs, estrogen levels continue to climb, eventually produced by the placenta.  

● Uterine Growth: It promotes the growth of the uterine muscle (myometrium) and 

increases blood flow to the uterus to support the growing fetus.  

● Breast Preparation: In the third trimester, it further develops the milk ducts in the 

breasts in preparation for lactation.  

5. Step: Parturition (Childbirth)  

At the end of pregnancy, estrogen plays a key role in starting labor.  

● Oxytocin Sensitivity: High estrogen levels increase the number of oxytocin receptors in 

the uterine wall. This makes the uterus highly sensitive to the hormone that causes 

contractions.  

● Cervical Ripening: It helps soften and dilate the cervix, preparing the birth canal for 

delivery.  
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Role of Progesteron- Progesterone is often called the "Pregnancy Hormone" because its primary role 

is to create and maintain the ideal conditions for a developing embryo. Progesterone is the hormone of 

"maturation" and "stability."  

1. Step: The Luteal Phase (After Ovulation)  

Once an egg is released, the empty follicle transforms into the Corpus Luteum, which pumps out high 

levels of Progesterone.  

● Endometrial Transformation: Progesterone stops the rapid cell division caused by 

estrogen and triggers the secretory phase. It makes the uterine lining "spongy" and 

glandular.  

● Uterine Milk: It stimulates endometrial glands to secrete "uterine milk" (rich in glycogen 

and lipids) to nourish the embryo before it implants.  

● The "Window of Receptivity": It ensures the lining is biologically "sticky" enough for 

an embryo to attach.  

2. Step: Managing the "Gatekeeper" (The Cervix)  

Progesterone acts as a biological security guard at the entrance to the uterus.  

● Thickening Mucus: Immediately after ovulation, Progesterone makes cervical mucus 

thick, sticky, and acidic.  

● The Protective Plug: This forms a "mucus plug" that seals the cervix, preventing 

bacteria or additional sperm from entering the uterus, thereby protecting a potential 

pregnancy.  

3. Step: Maintenance of Pregnancy  

If fertilization occurs, the embryo sends a signal (hCG) to keep the Corpus Luteum alive and producing 

Progesterone.  

● Myometrial Quiescence: This is perhaps its most vital role. Progesterone relaxes the 

uterine muscle (myometrium). It prevents the uterus from contracting, which would 

otherwise accidentally expel the embryo.  

● Immune Tolerance: It helps the mother’s immune system "tolerate" the fetus (which is 

genetically 50% foreign) so it isn't attacked as a pathogen.  

4. Step: The Luteo-Placental Shift  

● Transition: Around week 8–12 of pregnancy, the placenta takes over the job of 

producing Progesterone from the ovary.  

● High Volume: By the third trimester, Progesterone levels are nearly 10 times higher 

than in a non-pregnant woman, ensuring the uterus remains a quiet, stable "incubator" 

until full term.  

5. Step: Preparation for Lactation  

While Progesterone is high during pregnancy, it prevents the breasts from actually leaking milk.  

● Development: It works with Estrogen to develop the alveoli (milk-producing sacs) in the 

breast.  

https://plutusias.com/


 

Best ias coaching in delhi  

● Inhibition: Crucially, it blocks the action of prolactin. It is only when Progesterone 

levels "crash" after the placenta is delivered that milk production (lactation) truly begins.  

Ovarian hormones, primarily estrogen and progesterone, utilize a nuclear receptor mechanism to 

regulate gene expression, ensuring female reproductive health. They coordinate the menstrual cycle by 

alternating between proliferative and secretory endometrial phases, facilitate successful ovulation via 

feedback loops, and maintain uterine stability during pregnancy. Their functional significance extends to 

preserving bone density, cardiovascular integrity, and secondary sexual characteristics.  
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