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Chapter 1

Introduction to Biology

Biology is the scientific study of life. The term originates from the Greek words bios (life)
and logos (study/discourse). It encompasses the investigation of all living organisms—their structure,
function, growth, origin, evolution, and distribution—as well as their interactions with each other and the
non-living environment. A biologist studies both the living (biotic) components of nature and the non-
living (abiotic) factors that influence them.

Life is defined operationally by a set of distinctive characteristics that collectively distinguish living
organisms from non-living matter. These characteristics are not exclusive to any one organism but are a
shared basis for life as we know it.

Characteristics of Life

All living organisms exhibit the following key characteristics:

e Cellular Organization: All living things are composed of one or more cells, which are the basic
structural and functional units of life.

e Metabolism: Living organisms acquire and utilize energy through a complex set of controlled
chemical reactions. This includes anabolism (building complex molecules)

and catabolism (breaking down molecules).

o Homeostasis: Organisms maintain a relatively stable internal environment despite changes in the
external conditions.

¢ Growth and Development: Organisms increase in size (growth) and undergo orderly,
genetically programmed changes (development) throughout their lifespan.

¢ Reproduction: Living things produce new individuals of their own kind, ensuring the continuity
of their species. This can be asexual (involving one parent) or sexual (involving two parents).
Heredity and Variation: Genetic material (DNA) is passed from parents to offspring,
transmitting traits (heredity). Slight changes in this material lead to variation, which is the raw
material for evolution.

¢ Response to Stimuli (Sensitivity/Sensitivity): Organisms detect and respond to changes
(stimuli) in their internal and external environments.

e Adaptation: Over generations, populations of organisms evolve traits that enhance their survival
and reproduction in a specific environment.

Historical Development of Biology

The study of life has evolved through significant contributions:

¢ Ancient Foundations: Early knowledge from civilizations for medicine, agriculture, and animal

domestication.

e Aristotle (4th Century BCE): Conducted systematic observation and classification of animals;

regarded as the Father of Zoology.

e Theophrastus: A student of Aristotle, recognized as the Father of Botany for his foundational

work on plants.

e Carl Linnaeus (18th Century): Formally used the term "Biology" and established the binomial
nomenclature system for naming species.

¢ Robert Hooke (1665): Coined the term "cell" after observing cork tissue under a microscope.

e Antonie van Leeuwenhoek (1670s): First to observe and describe living microorganisms
("animalcules") using improved microscopes.

e Matthias Schleiden (1838) & Theodor Schwann (1839): Formulated the foundational Cell
Theory, stating that all plants and animals are composed of cells.

e Rudolf Virchow (1855): Added the principle "Omnis cellula e cellula’ (all cells arise from pre-
existing cells), completing the classical Cell Theory.
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Introduction to Biology: One Liner
Biology is the scientific study of life.
The term Biology originates from the Greek words bios (life) and logos (study/discourse).
Carl Linnaeus first formally used the term "Biology" in 1736.
Lamarck and Treviranus made the term "Biology" common in the 1800s.
Biology encompasses the study of structure, function, growth, origin, evolution, and distribution
of living organisms.
Biology also studies interactions between organisms and with their non-living environment.
A biologist studies both bietic (living) and abiotic (non-living) components of nature.
Jabir Bin Hayan (721-815 AD) pioneered experimental investigation in chemistry.
Abdul Malik Asmai (740-828 AD) is considered the first Muslim scientist to conduct detailed
anatomical and behavioral studies of animals.
Bu Ali Sina (Avicenna) (980-1037 AD) is honored as the founder of medicine.
Bu Ali Sina's book " Al-Qanun-fi-al-Tib" is a monumental medical encyclopedia used for
centuries.
Life is defined operationally by a set of shared characteristics.
Cellular Organization: All living things are composed of one or more cells.
Metabolism: Living organisms acquire and utilize energy through controlled chemical reactions.
Metabolism includes anabolism (building complex molecules) and catabolism (breaking down
molecules).
Homeostasis: Organisms maintain a relatively stable internal environment.
Growth: Organisms increase in size.
Development: Organisms undergo orderly, genetically programmed changes.
Reproduction: Living things produce new individuals of their own kind.
Reproduction can be asexual (one parent) or sexual (two parents).
Heredity: Genetic material (DNA) is passed from parents to offspring.
Variation: Slight changes in genetic material lead to differences, the raw material for evolution.
Response to Stimuli: Organisms detect and respond to changes in their internal and external
environments.
Adaptation: Over generations, populations evolve traits that enhance survival and reproduction.
Aristotle (4th Century BCE) is regarded as the Father of Zoology.
Theophrastus, a student of Aristotle, is recognized as the Father of Botany.
Robert Hooke (1665) coined the term "cell" after observing cork tissue.
Antonie van Leeuwenhoek (1670s) was the first to observe and describe living microorganisms.
Matthias Schleiden (1838) & Theodor Schwann (1839) formulated the foundational Cell
Theory.
¢ Rudolf Virchow (1855) added that all cells arise from pre-existing cells ("Omnis cellula e
cellula™).
e Charles Darwin & Alfred Russel Wallace (1859) independently proposed the Theory of
Evolution by Natural Selection.
Watson & Crick (1953) discovered the double helix structure of DNA.
The Human Genome Project was completed in 2003.
The three major divisions are Zoology, Botany, and Microbiology.
Zoology is the study of animals.
Sub-branches of Zoology
include Entomology (insects), Ichthyology (fish), Ornithology (birds), Mammalogy,
and Herpetology.
e Botany is the study of plants.
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Practice MCQs

1. The term Biology is derived from Greek
words "bios" and "logos' meaning:

A) Animal and discourse

B) Life and study

C) Plant and logic

D) Nature and science

Answer: Life and study

2. The study of internal structure of
organisms is called:

A) Morphology

B) Histology

C) Anatomy

D) Physiology

Answer: Anatomy

3. Who is known as the Father of Zoology?
A) Theophrastus

B) Aristotle

C) Carl Linnaeus

D) Robert Hooke

Answer: Aristotle

4. The branch of biology that deals with the
study of insects is:

A) Ichthyology

B) Herpetology

C) Ornithology

D) Entomology

Answer: Entomology

5. The percentage of oxygen by mass in the
human body is approximately:

A) 18%

B) 65%

C) 10%

D) 3%

Answer: 65%

6. Which of the following is NOT a
characteristic of life?

A) Metabolism

B) Homeostasis

C) Crystallization

D) Reproduction

Answer: Crystallization

7. Who formulated the Cell Theory along
with Theodor Schwann?

A) Rudolf Virchow

B) Matthias Schleiden

C) Robert Hooke

D) Antonie van Leeuwenhoek

Answer: Matthias Schleiden

8. The basic structural and functional unit of

life is the:

A) Tissue

B) Organ

C) Cell

D) Organelle

Answer: Cell

9. The study of fossils is known as:

A) Taxonomy

B) Palacontology

C) Embryology

D) Histology

Answer: Palaeontology

10. Which bioelement accounts for about
18% of human body mass?

A) Hydrogen

B) Nitrogen

C) Carbon

D) Oxygen

Answer: Carbon

11. A group of similar cells performing a
specific function is called:

A) Organ

B) Organ system

C) Tissue

D) Organism

Answer: Tissue

12. Who first observed and described living
microorganisms?

A) Robert Hooke

B) Carl Linnaeus

C) Antonie van Leeuwenhoek

D) Louis Pasteur

Answer: Antonie van Leeuwenhoek

13. The branch of biology that studies the
interactions between organisms and their
environment is:

A) Genetics

B) Ecology

C) Physiology

D) Embryology

Answer: Ecology

14. "Omnis cellula e cellula" was stated by:
A) Rudolf Virchow

B) Charles Darwin

C) Louis Pasteur

D) Gregor Mendel

Answer: Rudolf Virchow
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Chapter 2
Cell Biology

Introduction
Cell biology (cytology) is the interdisciplinary study of cell structure, function, and behavior, integrating
microscopy, biochemistry, genetics, and computational biology. The cell is the smallest unit capable of
performing all activities associated with life and serves as the fundamental structural and functional
unit of all living organisms. While the components of a cell cannot survive independently, the cell operates
as an integrated system, and groups of cells form tissues, organs, and organisms, demonstrating biological
complexity.
Cell Theory
The Cell Theory is the foundational principle of modern biology, formalized by Matthias
Schleiden (1838), Theodor Schwann (1839), and Rudolf Virchow (1855). August Weismann later
contributed the concept of common descent.
Salient Features of Modern Cell Theory:

e All living organisms are composed of one or more cells.
The cell is the basic unit of structure, function, and organization in all organisms.
All cells arise from pre-existing cells through cell division (Principle of Biogenesis).
Cells contain hereditary material (DNA) passed from parent to daughter cells.
All cells are fundamentally similar in chemical composition and core metabolic processes.
The total activity of an organism is the sum of the activities of its independent cells.
Historical Development and Validation of Cell Theory

¢ Robert Hooke (1665): Coined the term "cell" after observing the honeycomb structure of dead
cork tissue under a primitive microscope. He observed cell walls, not living content.

e Anton van Leeuwenhoek (1670s): First to observe and describe living, moving cells
("animalcules") like bacteria, protozoa, and spermatozoa using superior, self-made lenses.

¢ Robert Brown (1831): Discovered the nucleus within plant cells, identifying a constant internal
structure.

e Matthias Schleiden (1838) & Theodor Schwann (1839): Formally proposed the Cell Theory.
Schleiden concluded plants are composed of cells, and Schwann extended this to animals, stating
cells are the universal building blocks of life.

¢ Rudolf Virchow (1855): Articulated "Omnis cellula e cellula" ("All cells come from cells"),
refuting the theory of spontaneous generation for cellular life.

e Louis Pasteur (1862): Provided definitive experimental proof for biogenesis using his famous
swan-neck flask experiment, demonstrating that microorganisms arise only from pre-existing
ones.

e August Weismann (1880): Added that all living cells trace their ancestry back to ancient cells,
establishing the principle of common descent, supported by universal biochemical similarities.

Advanced Microscopy: Principles and Techniques
Microscopy overcomes the limited resolution of the human eye (~0.1 mm). Resolution (Resolving
Power) is the minimum distance between two points that can be distinguished as
separate. Magnification is the increase in an object's apparent size. High magnification without sufficient
resolution results in empty magnification (a blurry, enlarged image).
Light Microscopy (LM)
Utilizes visible light (400-700 nm wavelength) and a system of glass lenses.
e Maximum Theoretical Resolution: ~200 nm (0.2 um), limited by the wavelength of light
(Abbe's Law).
e  Maximum Useful Magnification: ~1000X to 1500X.
e Key Techniques:
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Bright-field Microscopy: Specimen is illuminated from below. Requires staining for
contrast, which usually kills cells.

o Phase-contrast & DIC (Differential Interference Contrast): Enhance contrast
in unstained, living cells by converting differences in refractive index and thickness into
variations in brightness.

o Dark-field Microscopy: Illuminates the specimen at an angle; only light scattered by the
specimen enters the lens, creating a bright image on a dark background. Excellent for
observing motility.

o Fluorescence Microscopy: Uses specific fluorophores (e.g., GFP, fluorescent dyes,
antibody tags) that absorb high-energy light and emit lower-energy light. Allows
localization of specific molecules. Confocal microscopy uses a laser and pinhole to create
sharp, optical sections and 3D reconstructions, eliminating out-of-focus blur.

o Super-resolution Microscopy (e.g., STED, PALM, STORM): Breaks the diffraction limit
of light, achieving resolutions down to 10-20 nm, allowing visualization of single
molecules.

Electron Microscopy (EM)
Uses a beam of electrons (wavelength ~0.005 nm) focused by electromagnetic lenses, offering vastly
superior resolution.

e Maximum Resolution: ~0.2 nm (theoretical) to 2 nm (practical for biological specimens).

¢ Key Techniques:

o Transmission EM (TEM): Electrons pass through an ultra-thin section (50-100 nm) of a
specimen stained with heavy metals (e.g., lead, uranium). Reveals internal
ultrastructure (organelle details, macromolecular complexes).

o Scanning EM (SEM): An electron beam scans the surface of a specimen coated with a
thin metal film. Detects emitted secondary electrons to produce a detailed, 3D-like
topographical image of surfaces.

o Cryo-Electron Microscopy (Cryo-EM): Specimens are rapidly frozen (vitrified) in
liquid ethane, preserving them in a near-native, hydrated state without chemical fixation.
Enables atomic-level structure determination of proteins and complexes (Nobel Prize
2017).

icht vs. Electron Microscope

Feature Light Microscope (LM) Electron Microscope (EM)
Illuminating Source Visible Light Beam of Electrons
Max Magnification ~1500X Up to 1,000,000X+
Max Resolution ~200-250 nm ~0.2 nm
Specimen Status Live or dead Always dead, fixed, dehydrated
Image Color Colored (if stained) Monochrome (false color added digitally)
Vacuum Required No Yes
Primary Use Living cells, tissues, large organelles | Ultrastructure, viruses, macromolecules

Techniques used in Cell Biology

e Cell Fractionation & Centrifugation: Separates cellular components based on size and density.
Tissue is homogenized and then spun at high speeds in a centrifuge. Differential
centrifugation yields pellets enriched with specific organelles (e.g., nuclei,
mitochondria). Density gradient centrifugation provides finer separation.

o Differential Staining: Uses specific dyes (e.g., haematoxylin for nuclei, eosin for cytoplasm) to
contrast different cellular structures.

e Tissue Culture: Growth of cells or tissues on a sterile, defined nutrient medium. Used for
cloning, studying cell behavior, and cancer research.
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e Chromatography: Separates chemical mixtures (e.g., pigments, proteins) based on differential
solubility in mobile and stationary phases.

o Electrophoresis: Separates charged molecules (DNA, RNA, proteins) based on size and charge
in a gel under an electric field.

e Spectrophotometry: Measures the absorption of specific light wavelengths by a compound, used
to identify substances and determine concentrations.

e Micrometry: Measures microscopic objects using an ocular micrometer calibrated with a stage
micrometer.

Universal Features of All Cells
All cells, prokaryotic and eukaryotic, share four fundamental organizational features:

1. Plasma Membrane: A phospholipid bilayer that forms a selective barrier, regulating exchange

and maintaining homeostasis.

2. Cytoplasm: The semi-fluid interior (cytosol) containing ions, metabolites, and organelles.

3. Genetic Material: DNA (deoxyribonucleic acid) as the hereditary information.

4. Ribosomes: Ribonucleoprotein complexes (rRNA + protein) that synthesize proteins.
Prokaryotic vs. Eukaryotic Cells: A Fundamental Divide
Life is classified into three domains: Bacteria and Archaea (prokaryotes), and Eukarya (eukaryotes:
Protists, Fungi, Plants, Animals).

Differences: Bacteria vs. Archaea
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Feature Bacteria Archaea
Cell Wall Contains peptidoglycan No peptidoglycan; diverse composition
Membrane " p Ether-linked hydrocarbons; can form lipid
Lipids Ester Ry 2cT QR (X} monolayers for thermal stability
Genetic - More similar to eukaryotes (e.g., RNA
. Distinct e
Machinery polymerase, transcription factors)
Bacterial Flagellum: Hollow filament Archaellum: Structurally distinct, related to
Flagella of flagellin; rotary motor powered by type IV pili; powered by ATP hydrolysis.
proton (H*) gradient. (Example of convergent evolution)
Prokaryotic cell
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membrane
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Feature

Prokaryotic Cell
(Bacteria/Archaea)
Absent. DNA in a nucleoid region
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Prokaryotic vs. Eukaryotic Cells

Eukaryotic Cell (Protists, Fungi, Plants,
Animals)
Present. DNA enclosed within a double-

after DNA replication.

Nucleus (not membrane-bound). membrane nuclear envelope.

%ielﬁllzrane_ Absent. (e.g., No mitochondria, ER, | Present. Extensive compartmentalization (e.g., .N
M Organelles Golgi). ER, Golgi, lysosomes, peroxisomes). A
Cell Size Generally small (0.5 — 5.0 pm). Generally larger (10 — 100 pm). f-b_
K Primitive. Contains homologs of Present. Complex, dynamic network of -
actin (MreB) and tubulin (FtsZ) for . - Lompiex, &y . . (vs]

Cytoskeleton ... microtubules, microfilaments, and intermediate
shape and division, but not a o~
filaments. (o)
complex network. >4
Ribosomes 708 (50S + 308 subunits). 80S in cytosol (60S + 40S). 70S in mitochondria (o)
& chloroplasts. (o)
Cell Division Binary Fission. Simple division Mitosis (for growth/repair) or Meiosis (for <

gamete formation).

Single, circular chromosome. May

Multiple, linear chromosomes complexed

DNA Form have small circular plasmids. with histone proteins to form chromatin.
Sl}nple, cgmposed . Complex, composed of microtubules in a ""9+2"
Flagella of flagellin protein; rotates like a . . .
. axoneme pattern; bends via ATP-driven dynein
Structure propeller driven by a proton .
. motor proteins.
gradient.
Bacteria: Peptidoglycan (sugar-
polymer cross-linked by
Cell Wall peptides). Archaea: Varied Planfs & " .
... . Algae: Cellulose. Fungi: Chitin. Animals: No
Composition (pseudopeptidoglycan,
. . cell wall.
polysaccharides, glycoprotein S-
layers).

The Eukaryotic Cell: Organelle Structure and Function

The Nucleus: Command Center
e Discovery: Robert Brown (1831).
e Structure:

o Nuclear Envelope: Double phospholipid bilayer (inner and outer nuclear membrane). The
outer membrane is continuous with the Rough ER and is studded with ribosomes.

The perinuclear space lies between the two membranes.

o Nuclear Pore Complexes (NPCs): Massive, octagonal protein structures spanning the
envelope. They regulate active, signal-dependent transport of macromolecules (e.g.,
mRNAs out, ribosomal proteins in) while allowing passive diffusion of small molecules.

o Nuclear Lamina: A meshwork of intermediate filament proteins (lamins A, B, C) lining
the inner nuclear membrane. Provides structural support, organizes chromatin, and
disassembles/reassembles during mitosis.

o Nucleoplasm: The semi-fluid matrix within the nucleus.

o Chromatin: The DNA-protein complex. Euchromatin is decondensed, genetically

active. Heterochromatin is highly condensed, transcriptionally silent. Histone modifications
and DNA methylation regulate this epigenetic state.
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o Nucleolus: A dense, membrane-less organelle formed via liquid-liquid phase separation.
Site of rRNA transcription by RNA Pol I and assembly of ribosomal subunits (60S and
40S). Larger in cells active in protein synthesis.

¢ Function: Stores genetic material (DNA), coordinates cellular activities (via gene expression
regulation), site of DNA replication and transcription (RNA synthesis), and ribosome biogenesis.

Ribosomes: Protein Synthesis Machinery
e Discovery: George Palade (1950s) using EM.
e Structure: Composed of rRNA (ribosomal RNA) and proteins. A ribonucleoprotein complex
with two subunits that assemble only during translation. Eukaryotic ribosomes
are 80S (comprising a large 60S and small 40S subunit).
e Types & Location:

o Free Ribosomes: Suspended in cytosol. Synthesize soluble proteins that function within
the cytosol (e.g., glycolytic enzymes, cytoskeletal proteins).

o Bound Ribosomes: Attached to the cytosolic face of the Rough ER (or outer nuclear
membrane). Synthesize proteins destined for secretion, incorporation into membranes, or
targeted to specific organelles (lysosomes, Golgi).

e Polyribosomes (Polysomes): A single mRNA molecule being simultaneously translated by
multiple ribosomes, greatly increasing the efficiency of protein production.

The Endomembrane System: Synthesis, Trafficking, and Degradation

A functionally interconnected network of organelles that includes the nuclear envelope, ER, Golgi,
lysosomes, vesicles, vacuoles, and plasma membrane. Materials shuttle between components

via transport vesicles.

1. Endoplasmic Reticulum (ER):
e Discovery: Keith Porter (1945) via EM.
e Structure: An extensive network of membranous tubules and flattened sacs called cisternae. The
internal compartment is the ER lumen or cisternal space.
¢ Rough ER (RER): Studded with bound ribosomes. Appears "rough" in EM.

o Functions: Synthesis of secretory, membrane-bound, and organellar proteins.

Initial post-translational modification (e.g., N-linked glycosylation). Proper protein
folding facilitated by chaperones (e.g., BiP). Site of phospholipid synthesis for
membrane expansion.

¢ Smooth ER (SER): Lacks ribosomes; more tubular.

o Functions: Synthesis of lipids (steroid hormones, phospholipids, oils). Detoxification of
drugs and poisons (liver hepatocytes have abundant SER containing cytochrome P450
enzymes). Carbohydrate metabolism (glycogen breakdown in liver). Calcium ion
(Ca?) storage (crucial for muscle contraction signaling; in muscle cells, SER is
specialized as the sarcoplasmic reticulum).

2. Golgl Apparatus / Golgi Complex:
Discovery: Camillo Golgi (1898) using a silver-staining technique.
e Structure: A stack of 4-8 flattened, curved cisternae with distinct polarity: cis face (forming or
receiving face, near ER), medial cisternae, and trans face (maturing or shipping face).
The trans-Golgi network (TGN) is a complex of vesicles and tubules for final sorting.
e Function: The "post office” and "processing plant" of the cell.
o Modification: Further processes products from ER (e.g., modifies carbohydrate chains
on glycoproteins, sulfation).
o Synthesis: Manufactures some polysaccharides (e.g., pectins and hemicellulose for plant
cell walls).
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Sorting, Tagging & Packaging: Adds molecular "zip codes" (e.g., mannose-6-phosphate
for lysosomes) and packages materials into distinct vesicles for delivery to the plasma
membrane (secretion), lysosomes, or back to the ER.
e Vesicle Transport Models: Vesicular Transport Model (vesicles shuttle between static
cisternae) and Cisternal Maturation Model (cisternae themselves mature and move
from cis to trans while carrying cargo; supported by modern evidence).

3. Lysosomes:

e Discovery: Christian de Duve (1955) via biochemical fractionation; coined the term.

e Structure: Spherical, single-membrane-bound vesicles (~0.1-1.2 um). Maintain an internal
acidic pH of ~4.5-5.0 via V-type H+ ATPase pumps in their membrane.

e Content: Contain ~60 different types of acid hydrolases (proteases, nucleases, lipases,
glycosidases) all optimally active at low pH. The membrane contains highly glycosylated proteins
to protect it from self-digestion.

¢ Biogenesis: Enzymes are synthesized in the RER, tagged with mannose-6-phosphate in the cis-
Golgi, recognized by receptors in the trans-Golgi, and packaged into clathrin-coated vesicles that
bud to become primary lysosomes.

e Functions:

o . Phagocytosis/Heterophagy: Fuse with phagosomes (containing engulfed bacteria/food)
to form secondary lysosomes or phagolysosomes.

o Autophagy: Engulf and digest damaged or obsolete organelles (autophagosomes fuse
with lysosomes). A critical recycling and quality control mechanism.

o Autolysis: Rupture of lysosomes leading to total cell destruction (e.g., during
metamorphosis, programmed cell death).

¢ Clinical Relevance: Lysosomal Storage Diseases are caused by inherited deficiencies of
specific lysosomal enzymes, leading to substrate accumulation. Examples: Tay-Sachs
disease (hexosaminidase A deficiency, GM2 ganglioside accumulation), Gaucher's
disease (glucocerebrosidase deficiency).

4. Vacuoles:
e Structure: Large, membrane-bound sacs. The membrane is called the tonoplast in plant cells.
o Types:

o Central Vacuole (Plant Cells): Can occupy up to 90% of cell volume. Contains cell
sap (water, ions, sugars, pigments like anthocyanins, and toxins). Maintains turgor
pressure for structural support.

o Food Vacuoles: Form by phagocytosis in protists (e.g., amoeba) and some animal cells.

o Contractile Vacuoles: Found in freshwater protists (e.g., Paramecium). Actively pump
out excess water for osmoregulation.

Energy-Transducing Organelles

1. Mitochondria:
e Discovery: Observed in the 19th century; named "bioblasts" by Altmann (1890), term
"mitochondrion" coined by Benda (1898).
e Structure: Double-membrane bound, dynamic organelles that fuse and divide.
o Outer Membrane: Smooth, contains porin proteins, making it permeable to small
molecules.
o Intermembrane Space: Between the two membranes.
o Inner Membrane: Highly folded into cristae, dramatically increasing surface area.
Contains proteins for the Electron Transport Chain (ETC) and ATP synthase (FoF1
complex). Impermeable to ions; requires specific transporters.

o
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o Matrix: Innermost compartment. Contains mitochondrial DNA (mtDNA, circular), 70S
ribosomes, granules (Ca?*, phosphate), and enzymes for the Krebs (TCA) Cycle and f-
oxidation of fatty acids.

e Function: Site of aerobic cellular respiration and ATP synthesis via oxidative
phosphorylation (Chemiosmotic Theory, Peter Mitchell). Also involved in apoptosis (by
releasing cytochrome c), calcium homeostasis, and heme synthesis.

~ L

! Intermembrane space LN
| Ribosome: Matrix DNA Outer membrane *.
! .

N
0
0
@
]
0
@
<

Cristal membrane ~ Cristae Inner membrane ATP synthase particles

(c) Cristae junction

2. Chloroplasts (& other Plastids):

¢ Discovery: Described in plant cells in the 19th century.
e Structure (Chloroplast): Double-membrane bound.

o Intermembrane Space.

o Stroma: Fluid-filled interior analogous to mitochondrial matrix. Contains chloroplast
DNA (cpDNA), 70S ribosomes, enzymes for the Calvin Cycle (Carbon Fixation), and
starch granules.

o Thylakoid System: Internal membrane system. Thylakoids are flattened, interconnected
sacs; stacks are called grana (singular: granum). Thylakoid membranes contain
chlorophyll and the protein complexes for the light-dependent reactions of
photosynthesis.

o Plastid Diversity: Plastids are a family of interrelated organelles that can interconvert.

o Proplastids: Undifferentiated precursors in meristems.

o Chloroplasts: Green, photosynthetic.

o Chromoplasts: Contain carotenoid pigments (red, orange, yellow); found in fruits,
flowers, roots (carrot).

o Leucoplasts: Colorless; for
storage: Amyloplasts (starch), Elaioplasts (lipids/oils), Proteinoplasts (proteins).

nZO—~—-p» Xp>vmRI o
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Stroma
Has appropriate enzymes and a
suitable pH for the Calvin cycle

Thylakoid
Has ETC and ATP synthase
for photophosphorylation

Double Membrane
Evidence for endosymbiosis
(independent origin})

Granum
Flat membrane stacks
increase SA:Vol ratio and
small internal volumes
quickly accumulate ions

~ L

Lamella
Connects and separates
thylakoid stacks (grana)

Mitochondria and Chloroplasts
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Mitochondrion Chloroplast
Primary . . Photosynthesis (ATP & sugar
Function ATP synthesis (Cellular Respiration) synthesis)
. Present (Chlorophyll,
Pigments Absent Carotenoids)
Energy Source Oxidation of organic molecules (e.g., glucose) Sunlight (photons)

. Glycolysis (cytosol), Krebs cycle, ETC, Light Reactions, Calvin Cycle
Major Processes Oxidative Phosphorylation (Carbon Fixation)
Internal . : . . . . .
Membranes Cristae (infoldings of inner membrane) Thylakoids (organized into grana)
Main Product ATP, CO2, H20 Slucotegl, i:; (for plant cell
Evolutionary . .

Origin Alpha-proteobacteria Cyanobacteria

Endosymbiotic Theory: Strong evidence indicates mitochondria and chloroplasts evolved from engulfed
prokaryotes (a-proteobacterium and cyanobacterium, respectively). Evidence: double membranes, own
circular DNA, 70S ribosomes, autonomous division.

3. Peroxisomes (Microbodies):
e Discovery: Christian de Duve (1960s).
e Structure: Small, spherical, single-membrane organelles. Not part of the endomembrane
system; they can form de novo from the ER and divide by fission.
e Content: Contain oxidative enzymes (e.g., catalase, urate oxidase, D-amino acid oxidase).
Catalase is a hallmark enzyme, constituting up to 15% of total peroxisomal protein.
e Functions:
o Detoxification: Break down toxic hydrogen peroxide (H20:) (produced by oxidases)
into water and oxygen (catalase reaction: 2H.0: — 2H:0 + O>).
o P-Oxidation: Breakdown of very long-chain fatty acids (VLCFAs), a process distinct
from mitochondrial B-oxidation.
o Metabolism of purines and polyamines.
o Photorespiration in plant leaf cells (involves a coordinated cycle between chloroplasts,
peroxisomes, and mitochondria).
o Glyoxysomes: Specialized peroxisomes in germinating seeds that house the glyoxylate
cycle, converting stored fats into carbohydrates.

nZ QO —~=2» XM
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Acrosome ‘%

\7 (/ Microsome

Golgi Apparatus % 4
DQ B

Cytoplasm @ //4?

«——Centriole

Lysosome — —
M ’ 9
/ F 4 \ Endosome
I( Plasma Membrane Vacuole
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The Cytoskeleton:

A dynamic, three-dimensional network of protein filaments that provides structural support, enables
movement (cell and intracellular), and organizes cellular components.

Feature

Protein Subunit

Cytoskeletal Components

Microtubules

o-tubulin & B-
tubulin heterodimers

Microfilaments (Actin
Filaments)

Globular Actin (G-
actin) monomers

Intermediate
Filaments

Fibrous
proteins (keratin,
vimentin, desmin,

lamins, neurofilaments)

end fast-growing, - end
anchored).

Diameter ~25 nm (thickest) ~7 nm (thinnest) ~8-12 nm (intermediate)
T oI ae i | Tvo et e | oo T
Structure p : strands. Polar (+ end P

barbed, - end pointed).

together. Non-polar,
more stable.

Motor Proteins

Kinesins (move toward
+ end, usually
outward), Dyneins (mo
ve toward - end, usually

Myosins (move toward
the + end of actin).

None known.

inward).
- Cell shape (cortical
network, resist tension).
- Cell shape (resist - Muscle - Mechanical strength;
compression). contraction (with resist tension (tissue
- Intracellular myosin). integrity).
transport highways. - Cell - Anchor
- Form mitotic/meiotic motility (amoeboid organelles (e.g.,
Key Functions spindle. movement, nucleus via nuclear
- Core of cilia & lamellipodia). lamina).
flagella (axoneme: 9+2 | - Cytokinesis (formatio - Permanent
array). n of contractile ring). structural
- Chromosome - Cytoplasmic framework (cell and
movement. streaming (cyclosis) in tissue-specific).

plant cells.
- Core of microvilli.
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Colchicine,
Vinblastine (depolymer
ize), Taxol (stabilizes).

Microtubule-organnizing center
(MTOC)

Cytochalasin
D (depolymerizes), Pha
lloidin (stabilizes).

Drug Targets No specific drugs.

Cell membrane
s j-ih“‘am—_

///L : : \\\

b

S .

~ L

Abojoig 119> *Z

Fibrous subunit

@ a-tubulin Actin subahit (Keratins coiled together)
@ B-tubulin
Microtubule Microfilament Intermediate filament

Centrosome & Centrioles:

e Centrosome: The primary Microtubule Organizing Center (MTOC) in animal cells. Consists
of two centrioles surrounded by pericentriolar material (PCM), which contains y-tubulin ring
complexes for nucleating microtubule growth.

o Centrioles: A pair of cylindrical structures arranged at right angles. Each has a "9 + 0"
arrangement of microtubule triplets. They replicate during the S phase. Function: organize the
mitotic spindle poles. Basal bodies, which anchor cilia/flagella, are structurally identical to
centrioles. Higher plants lack centrioles.

Mother centriole
Centriole

nZO—~—=p»pRXpPpoumE

Microtubule Daughter
triplet centriole \

Cilia & Flagella:

e Structure: Membrane-bound projections with a core axoneme. The axoneme hasa "9 + 2"
pattern: nine outer doublet microtubules surrounding a central pair of singlet microtubules.
Connected by nexin links. Outer doublets have dynein arms (motor proteins).

MK PREPARATIONS: Let’s Make It Happen
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e Mechanism of Movement: Dynein "walking' on adjacent microtubule doublets causes sliding:
Nexin links convert this sliding into coordinated bending of the entire structure. Requires ATP.

o Differences: Cilia are numerous, short (5-10 pm), and beat in coordinated waves (e.g.,
respiratory epithelium). Flagella are typically 1-2 per cell, long (up to 200 um), and exhibit
undulatory or whip-like motion (e.g., sperm).

e Primary Cilium: A single, non-motile sensory organelle on most vertebrate cells. Has a "9+0"
axoneme. Acts as a cellular antenna for chemical and mechanical signals (e.g., Hedgehog
signaling pathway).

CILIA FLAGELLA

BACK AND FRONT BEATING PROPELLER LIKE MOTION

~ L

PASSIVE PART
IN MOTION

Plasma Membrane: Structure and Transport
The Fluid Mosaic Model (Singer & Nicolson, 1972)
The membrane is a fluid bilayer of phospholipids with a mosaic of embedded proteins.
¢ Phospholipids: Amphipathic molecules forming the bilayer barrier.
e Cholesterol: Modulates membrane fluidity (restrains movement at high temps, prevents tight
packing at low temps). Reduces permeability to small polar molecules.
e Membrane Proteins:
o Integral/Transmembrane Proteins: Span the bilayer (e.g., channels, carriers, pumps,
receptors). Often have hydrophobic a-helices.
o Peripheral Proteins: Loosely bound to membrane surface, often to integral proteins or
lipid heads (e.g., some cytoskeletal elements, signaling proteins).
e Glycocalyx: Carbohydrate coat on the extracellular surface from glycolipids and glycoproteins.
Functions in cell recognition (e.g., ABO blood groups), adhesion, and protection.

Oligosacchande Glycoproteins

nZO—~—-p» Xp>vmRI o

S Integral
Hydrophobic  proteins Phospholipid
o helix

& Cholesterol
* Peripheral plestero

protein
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Membrane Transport Mechanisms

Requires

. . .o S !

Mechanism Requires Protein? ATP? Direction Example

Simple High — Low .

Diffusion No No Concentration 0z, CO, lipids, ethanol
Glucose (via GLUT

Facilitated Yes (Channel or No High — Low carriers), ions (K*

Diffusion Carrier) Concentration channels), water

(aquaporins)

. Yes (Aquaporins) or Low Solute — High Water across any cell
Osmosis No No Solute (Water moves) membrane
Primary . . Na*/K* ATPase Pump, H*
Active Yes (Pump) Yes Against Coqcentratlon Pump (V-ATPase), Ca?*

Gradient
Transport Pump
Secondary Indirect Against Gradient Na*/Glucose
Active (Sympo rteZ/e;,nti orter) (uses ion (coupled Symporter (intestine), Na
Transport ymp P gradient) | with downhill movement) */Ca** Antiporter

Bulk Transport (Requires ATP and membrane trafficking machinery):

e Endocytosis: Import. Phagocytosis ("cell eating” of solids), Pinocytosis ("cell drinking" of
fluid), Receptor-Mediated Endocytosis (highly specific, e.g., LDL-cholesterol uptake via

clathrin-coated pits).

¢ Exocytosis: Export. Vesicles from the Golgi fuse with the plasma membrane to release contents

(e.g., neurotransmitters, hormones, digestive enzymes).

Plant Cell Walls

e Primary Cell Wall: Flexible, thin. Contains cellulose microfibrils embedded in a matrix
of hemicellulose, pectin, and structural glycoproteins.

e Middle Lamella: Outermost layer, rich in pectin, glues adjacent plant cells together.

e Secondary Cell Wall: Deposited inside the primary wall in some cells (e.g., Xylem vessels,
fibers). Contains more cellulose and is impregnated with lignin for extreme strength and
waterproofing.

¢ Plasmodesmata: Cytoplasmic channels lined with plasma membrane that traverse cell walls,
connecting the cytosol of adjacent cells. Contain a central desmotubule (derived from ER).
Allow transport of water, small solutes, proteins, and even RNA (symplastic transport).

Pectin

Cellulose
Microfibril

Hemicellulose

Extracellular Matrix (ECM) of Animal Cells
A complex meshwork secreted by the cells.

Middle
" Lamella

|

L Primary
Cell Wall

Plasma
- (Cell)
~ Membrane
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e Components: Collagen (provides tensile strength), Elastin (elasticity), Proteoglycans (protein
cores with long GAG chains; form a hydrated gel resisting
compression), Glycoproteins (e.g., Fibronectin, Laminin - facilitate adhesion).

e Integrins: Transmembrane receptor proteins. Their extracellular domains bind to ECM
components (e.g., fibronectin); their intracellular domains link to the cytoskeleton (via talin,
vinculin) and signaling molecules. Mediate mechanotransduction (converting mechanical force

into biochemical signals) and outside-in/inside-out signaling.

Major Animal Cell Junctions

Junction Type

Main Proteins

Cytoskeletal Link |

Primary Function
Seal adjacent epithelial cells into

filaments (Keratin)

Tight Junctions Claudins, Occludins Actin filaments a leak-proof sheet. Create
apical/basolateral polarity.
Adherens Actin Strong adhesion, mechanical
. Cadherins (Classical) | filaments (via o/B- | coupling, and signaling between
Junctions .
catenins) cells.
. Provide strong, spot-welded
Desmoglein, . . . L
. . Intermediate adhesion, especially in tissues
Desmosomes Desmocollin (Cadherin : . .
. filaments (Keratin) under mechanical stress (skin,
family)
heart).
Intermediate Anchor epithelial cells to
Hemidesmosomes Integrins (a6p4) the basal lamina (a specialized

ECM), not to another cell.

Gap Junctions

Connexins (form
hexameric connexons)

None

Provide direct cytoplasmic
continuity for passage of ions,
second messengers (cCAMP, Ca**,
IPs), and small metabolites (< ~1
kDa). Crucial for electrical
coupling in cardiac/smooth
muscle and rapid communication.

Stem Cells

Undifferentiated cells with self-renewal and differentiation potential.

o Potency Classifications:

o Totipotent: Can form all cell types + extraembryonic tissues (zygote).

o Pluripotent: Can form all embryonic cell types (Embryonic Stem Cells - ESCs).

o Multipotent: Can form multiple, related lineages (e.g., Hematopoietic Stem Cells).
o Unipotent: Produce one cell type (e.g., epidermal stem cells).

e Induced Pluripotent Stem Cells (iPSCs): Adult somatic cells reprogrammed to an embryonic-
like state. Advantages: patient-specific, avoids ethical issues of ESCs. Disadvantages: risk of
tumorigenesis, low efficiency.

Eukaryotic Cell Components

Structure

Main Function

Key Features (Animal Cell Focus)

Nucleus Genetic control center, RNA synthesis Double membrane, pores, chromatin,
nucleolus
Ribosomes Protein synthesis (translation) rRNA & protein, free or bound to RER
Rough ER Protein synthesis & processing, Ribosome-studded, continuous with
membrane factory nuclear envelope
— . - - ™
Smooth ER Lipid synthemz,t élrz[g;uﬁcatlon, Ca No ribosomes, tubular structure
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Golgi Apparatus Modification, sorting, packaging of Cis/trans polarity, vesicle budding
macromolecules
Lysosomes Intracellular dlgestilon, autophagy, Acidic pH, hydrolytic enzymes
recycling
Vacuoles Storage, digestion, water balance (plants) Large central vacuole in plants
Mitochondria ATP production (cellular respiration) Double membrane, cr¥stae, own DNA, (N
dynamic n
M Peroxisomes Fatty acid oxidation, dgtomﬁcatlon (H20:2 Single membrane, oxidative enzymes (@)
metabolism) 0
K Cytoskeleton Structure, motility, transport, Microtubules, microfilaments, —
organization intermediate filaments (v}
Centrioles Microtubule organization (cell division) 9x3 microtubule array, part of -
centrosome (o]
Cilia/Flagella Motility, fluid moyement, sensory 9+2 microtubule array, dynein motor o
reception m

Plasma . . . . . Phospholipid bilayer with proteins,

Membrane Selective barrier, cell signaling, adhesion alycocalyx <

ECM Support, adhesion, movement, signaling SPllages pr'oteogyycgns, fibronectin-

integrin links
Cell Junctions Intercellular connection & Tight junctions, desmosomes, gap
communication junctions

Comparison of Animal and Plant Cells
Animal and plant cells are both eukaryotic but exhibit key structural and functional differences.
Animal Cell
e Lacks a cell wall; enclosed only by a plasma membrane.
Plastids (e.g., chloroplasts) are absent.
Contains centrosomes with centrioles.
Lysosomes are present.
Multiple, small, temporary vacuoles.
Stores carbohydrates as glycogen.
Typically smaller and irregular in shape.
Nucleus is usually central.
Cytokinesis occurs by inward furrowing.
e Can perform phagocytosis.
Plant Cell
e Possesses a rigid cell wall (primarily cellulose) outside the plasma membrane.
Contains plastids like chloroplasts (for photosynthesis) and chromoplasts.
Lacks centrioles; uses polar caps for spindle formation.
Lysosomes are generally absent (functions carried out by vacuole and other organelles).
Has a large, central vacuole for storage, turgor pressure, and waste management.
Stores carbohydrates as starch.
Typically larger and has a fixed, rectangular shape.
Nucleus is often pushed to the periphery by the central vacuole.
Cytokinesis occurs by the formation of a cell plate growing outward.
e Does not perform phagocytosis.
Animal vs. Plant Cell

nZ QO —~=2» XM

Feature Animal Cell Plant Cell
Cell Wall Absent Present (Cellulose)
Plastids Absent Present (Chloroplasts, etc.)
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Centrioles Present Absent

Vacuoles Small, numerous Single, large central vacuole
Lysosomes Present Usually absent
Shape Irregular, round Fixed, rectangular
Storage Product Glycogen Starch

Mode of Nutrition Heterotrophic Autotrophic (primarily)
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Cell Biology: One Liner

o  Cells are the basic unit of structure and function of all living organisms.
e All organisms are made of cells, which exist as single-celled or multicellular entities.
e Acell is the smallest unit and building block of life.
¢ Cells exist in various shapes and sizes related to their specific functions.
e The seven properties of life are movement, respiration, homeostasis, growth, reproduction, N
excretion, and nutrition. "
M e Movement refers to external or internal motion by living things. e
e Respiration is the use of environmental substances by living things to make energy. ']
K e Homeostasis is the maintenance of a stable internal environment by living things. —
e Growth is the ability of living things to change shape or size. (1]
¢ Reproduction is the ability of living things to produce offspring sexually or asexually. -
e Excretion is the removal of waste products by living things. o
e Nutrition involves the exchange of materials and gases with the environment by living things. a
¢ Robert Hooke (1665) first observed and named "cells" while examining cork under a Q
microscope. <
e Matthias Schleiden (1838), a German botanist, concluded all plant tissues are composed of
cells.
e Theodor Schwann (1839), a German zoologist, concluded all animal tissues are also composed
of cells.

¢ Rudolf Virchow (1855) stated that new cells arise only from pre-existing cells.

e The cell theory is a fundamental unifying concept in biology.

o The first tenet of cell theory is that the cell is the fundamental unit of structure and function in

living things.

e The second tenet of cell theory is that all organisms are composed of one or more cells.

The third tenet of cell theory is that cells arise from pre-existing cells through cellular division.

e Validation of cell theory includes evidence that cells removed from tissues can survive

independently for short periods.

e Validation of cell theory includes the fact that nothing smaller than a cell can live independently.

e Validation of cell theory includes experiments by Francesco Redi and Louis Pasteur showing

cells cannot arise in sterile conditions.

e Viruses are a major exception to cell theory as they are acellular and lack cell machinery.

e Viroid's and prions are also exceptions to the cell theory, behaving like viruses.

e Mature Red Blood Cells (RBCs) and sieve tube cells lack nuclei and cannot divide, forming an

exception.

¢ Bacteria and cyanobacteria lack a well-organized nucleus, with DNA lying in direct contact

with cytoplasm, forming an exception.

Coenocytic hyphae of fungi and cells of some algae are multinucleate, forming an exception.

Protozoans are acellular as their body is not divided into cells, forming an exception.

Microscopy is the technique used to view objects that cannot be seen by the naked eye.

A light microscope (LM) uses visible light to illuminate specimens in a two-lens (compound)

system.

The two lenses in a light microscope are the ocular lens (eyepiece) and the objective lens.

e The working principle of a light microscope involves illumination, image formation by the
objective lens, and final magnification by the eyepiece.

e Magnification is the capacity of an optical instrument to increase the apparent size of an object.

e Magnification power is represented by the symbol "X" (times).

e Total magnification is calculated by multiplying the objective lens value by the ocular lens

value.

nZ QO —~=2» XM
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e The maximum magnification of a standard light microscope is approximately 1500X.

¢ Resolution (resolving power) is a measure of a microscope's ability to distinguish between two
close points.

e The resolution of the naked eye is about 0.1 mm.

e The resolving power of a light microscope is about 250 nm.

e Magnification makes small objects appear larger, while resolution is the ability to distinguish

between two objects.

An electron microscope uses a beam of accelerated electrons as an illuminating source.

The working principle of an electron microscope involves focusing an electron beam on a thin

specimen and forming an image based on electron scattering.

The resolving power of an electron microscope is about 0.2 nm.

An electron microscope can achieve magnifications between 1 and 50 million times.

A light microscope can view both live and dead specimens.

An electron microscope can view only dead and dried specimens.

In a light microscope, image formation depends on light absorption.

In an electron microscope, image formation depends on electron scattering.

An electron microscope requires a vacuum for operation, while a light microscope does not.

Images from a light microscope are usually colored, while electron microscope images are black

and white.

The ultrastructure of a cell refers to its fine structure as seen with an electron microscope.

The Svedberg unit (S) measures the sedimentation rate of a particle during centrifugation.

The Svedberg unit indicates the size of a molecule, with larger molecules having larger S values.

The two major types of electron microscopes are the Transmission Electron Microscope

(TEM) and the Scanning Electron Microscope (SEM).

TEM produces an image by detecting transmitted electrons through a specimen.

SEM produces an image by detecting secondary or backscattered electrons from a specimen's

surface.

e The plasma (cell) membrane is the outer living boundary of the cell.

e A cell wall is an extracellular component formed exterior to the plasma membrane in some cells.

o Cell walls are present in plant cells, prokaryotes, fungi, and some protists, but not in animal

cells.

e The plant cell wall is an extracellular structure that protects the cell, maintains shape, and

prevents excessive water uptake.

e The plant cell wall is permeable, allowing free passage of water and dissolved materials.

e The plant cell wall consists of three main layers: primary cell wall, middle lamella, and

secondary cell wall.

e The primary cell wall is thin, flexible, and develops in newly growing cells.

e The primary cell wall is composed of cellulose microfibrils in a matrix of hemicellulose and

pectin.

¢  Cellulose microfibrils show a crisscross arrangement, providing great strength.

e The secondary cell wall is thick, rigid, and formed inside the primary wall in some cells (e.g.,
sclerenchyma).

e The secondary cell wall contains cellulose, hemicellulose, lignin, inorganic salts, and waxes.

e Lignin in the secondary cell wall provides rigidity and mechanical support.

e The middle lamella is a sticky, gel-like layer composed of pectin and magnesium/calcium
salts that holds adjacent plant cells together.

e The plasma membrane is found in all living prokaryotic and eukaryotic cells.

e Chemically, the plasma membrane consists of proteins (60-80%), lipids (20-40%), and a small
quantity of carbohydrates.
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e The fluid mosaic model describes the plasma membrane as a phospholipid bilayer with
embedded or attached proteins.

e The phospholipid bilayer is arranged with hydrophobic tails facing inward and hydrophilic

heads facing outward.

Cholesterol molecules are wedged into the phospholipid bilayer, affecting membrane fluidity.

The plasma membrane is asymmetrical, meaning its two surfaces are not identical.

Membrane proteins can drift sideways within the fluid bilayer.

Carbohydrates on the membrane are attached to proteins (glycoproteins) or lipids (glycolipids),

mainly on the outer surface.

Cytoskeleton filaments are present on the inner surface of the plasma membrane for support.

e Plasma membrane proteins function as transport channels or carriers, enzymes, receptors, or
antigens.

¢ Glycolipids and glycoproteins often act as cell surface markers for cell-to-cell recognition.

e The plasma membrane regulates the cell's interaction with its environment by controlling
material transport.

e Techniques to study cell membranes include atomic force microscopy, super-resolution
fluorescent microscopy, and Scanning Electron Microscopy (SEM).

e Cell signaling is the process by which cells communicate with other cells or with the external

environment.

Signaling molecules are called ligands, which can be proteins, lipids, gases, or other molecules.

Proteins that respond to ligands are called receptors.

The first step in cell signaling is reception, where a signal molecule binds to a specific receptor.

The second step in cell signaling is transduction, converting the extracellular signal into an

intracellular form.

e The final step in cell signaling is a specific cellular response, like enzyme activation or gene
expression.

e A signal transduction pathway is the series of steps converting a cell surface signal into a
cellular response.

e Protein/Peptide hormones are water-soluble and act as first messengers, binding to receptors
on the target cell's plasma membrane.

e Protein signaling often involves the production of a second messenger (¢.g., cAMP) inside the
cell.

¢ Steroid hormones are small, hydrophobic, and lipophilic, allowing them to diffuse directly
through the plasma membrane.

e Steroid hormones bind to internal receptors in the cytoplasm or nucleus, forming a hormone-
receptor complex.

e The activated steroid hormone-receptor complex acts as a transcription factor, binding to DNA
to regulate gene expression.

¢ Membrane transport controls the movement of solutes like ions and small molecules through
biological membranes.

e The four primary transport mechanisms are simple diffusion, facilitated diffusion, osmosis, and
active transport.

e Simple diffusion is the passive movement of molecules from an area of higher concentration to
lower concentration down a concentration gradient.

e Small, nonpolar molecules like oxygen, carbon dioxide, and water can cross the membrane via
simple diffusion.

o Facilitated diffusion is the passive movement of molecules down their concentration
gradient with the assistance of transport proteins.

e The two types of transport proteins in facilitated diffusion are channel proteins and carrier
proteins.
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e Channel proteins form hydrophilic pores for charged molecules or ions to pass through.

¢ Gated channel proteins can open or close to regulate substance passage.

e Carrier proteins bind to specific molecules, change shape, and release them on the other side of
the membrane.

e Osmosis is the diffusion of water across a semipermeable membrane from a region of low
solute concentration to high solute concentration.

e A semipermeable membrane allows solvent (water) molecules to pass but blocks larger solute

molecules.

Active transport moves molecules or ions against their concentration gradient from low to

high concentration, requiring energy (ATP).

e Primary active transport directly uses ATP as an energy source (e.g., Sodium-Potassium
pump).

¢ The Sodium-Potassium pump (Na+/K+ ATPase) actively transports 3 Na+ ions out and 2 K+
ions into the cell.

e Secondary active transport uses the energy from an ion's electrochemical gradient (often Na+
or H+) to transport another molecule against its gradient.

e Endocytosis is the bulk transport of materials into the cell via vesicle formation from the plasma
membrane.

o Phagocytosis ("cell eating") is a type of endocytosis where large particles or cells are engulfed.

¢ Pinocytosis ("cell drinking") is a type of endocytosis where extracellular fluid and dissolved
solutes are taken in.

¢ Receptor-mediated endocytosis is a specific form of pinocytosis where ligands bind to receptors
in coated pits (e.g., cholesterol uptake).

¢ Exocytosis is the bulk transport of materials out of the cell via vesicle fusion with the plasma

membrane.

The living matter of a cell is called protoplasm.

In eukaryotic cells, protoplasm is divided into cytoplasm and nucleus.

Cytoplasm is the region between the nuclear membrane and the plasma membrane.

Cytosol is the water-soluble, liquid matrix of the cytoplasm surrounding organelles.

The cytoplasm acts as a site of metabolism and a storehouse for the cell.

Cell organelles are discrete, membrane-bound (mostly) structures within eukaryotic cells with

specific functions.

¢ The Endoplasmic Reticulum (ER) is an extensive network of membranous tubules and sacs
(cisternae).

e The ER lumen (cisternal space) is the internal compartment separated from the cytosol.

¢ Rough ER (RER) has ribosomes attached to its cytoplasmic surface, giving it a "rough"
appearance.

¢ Rough ER functions in the synthesis of secretory proteins, membrane proteins, and organelle
proteins.

o Newly synthesized proteins in the RER can be modified by glycosylation.

¢ Smooth ER (SER) lacks ribosomes and appears smooth.

¢ Smooth ER functions in lipid synthesis (steroids, phospholipids), detoxification of drugs,
and calcium ion (Ca2+) storage.

e In muscle cells, the specialized SER is called the sarcoplasmic reticulum.

¢ Ribosomes are non-membranous, granular organelles composed of rRNA and
protein (ribonucleoprotein).

¢ Ribosomes are the site of protein synthesis (translation).

¢ Eukaryotic ribosomes are 80S, composed of a large 60S subunit and a small 40S subunit.

e Prokaryotic ribosomes are 70S, composed of a large 50S and a small 30S subunit.
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e Polysomes (polyribosomes) are chains of multiple ribosomes translating a single mRNA
molecule simultaneously.

e The Golgi complex (Golgi apparatus) consists of a stack of flattened membrane sacs
called cisternae.

e The Golgi has a cis face (receiving side near ER) and a trans face (shipping side).

e The Golgi complex functions in the modification, sorting, packaging, and distribution of cell

products (e.g., glycoproteins).

The Golgi is involved in the synthesis of some polysaccharides (e.g., for plant cell walls).

Vesicles are small, membrane-bound sacs that transport materials within the cell.

e Lysosomes are single-membrane-bound vesicles containing hydrolytic (digestive)

enzymes active at acidic pH.

e Lysosomal enzymes are synthesized in the RER and processed in the Golgi apparatus.

e Primary lysosomes are newly formed lysosomes before they fuse with other vesicles.

e Lysosomes fuse with food vacuoles (phagocytosis) or damaged organelles (autophagy) to
form secondary lysosomes for digestion.

e Lysosomes are involved in autolysis (cell self-digestion).

e Peroxisomes are single-membrane-bound vesicles containing oxidative enzymes like catalase
and peroxidase.

e Peroxisomes are involved in detoxification, breaking down hydrogen peroxide (H202) into
water and oxygen.

e In plant cells, peroxisomes are involved in photorespiration.

Glyoxysomes are specialized peroxisomes in oil seed plants that contain enzymes for

the glyoxylate cycle, converting fats to carbohydrates.

Vacuoles are large vesicles originating from the ER, Golgi, and plasma membrane.

In animal cells, food vacuoles form by phagocytosis.

Contractile vacuoles in freshwater protists pump excess water out for osmoregulation.

Plant cells have a large central vacuole containing cell sap (water, ions, pigments).

The central vacuole maintains turgor pressure for mechanical support in plant cells.

The vacuole membrane is called the tonoplast in plant cells.

Mitochondria are double-membrane-bound organelles found in all eukaryotic cells.

The mitochondrial outer membrane is smooth and contains porins, making it permeable to

small molecules.

The mitochondrial inner membrane is highly folded into cristae to increase surface area.

e The inner membrane contains proteins for the Electron Transport Chain (ETC) and ATP
synthase (FO-F1 particles).

e The space between the two mitochondrial membranes is the intermembrane space.

¢ The innermost compartment is the mitochondrial matrix, containing enzymes, mitochondrial
DNA (mtDNA), and 70S ribosomes.

e Mitochondria are the sites of aerobic cellular respiration and ATP production via oxidative
phosphorylation.

e Mitochondria are semi-autonomous organelles capable of self-replication by fission.

Plastids are double-membrane-bound organelles in plant and algal cells, classified by pigment

presence.

Proplastids are young, undifferentiated plastids.

Leucoplasts are colorless plastids for storage (e.g., amyloplasts store starch).

Chromoplasts contain pigments other than green (e.g., carotenoids).

Chloroplasts are green plastids that perform photosynthesis.

The chloroplast is bounded by a double membrane envelope.

The internal fluid-filled space of the chloroplast is the stroma, containing enzymes, chloroplast

DNA (cpDNA), and 70S ribosomes.
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e The thylakoid system inside chloroplasts consists of flattened membranous sacs.

o Stacks of thylakoids are called grana (singular: granum).

e Thylakoid membranes contain chlorophyll and the machinery for the light-dependent
reactions of photosynthesis.

e The stroma is the site of the light-independent reactions (Calvin cycle) of photosynthesis.

Centrioles are non-membranous, rod-shaped organelles found in pairs near the nucleus in animal

cells.

Each centriole is composed of nine triplets of microtubules arranged in a circle.

Centrioles help organize the microtubules of the mitotic spindle during cell division.

Centrioles also give rise to the basal bodies of cilia and flagella.

The cytoskeleton is a network of protein filaments providing structural support, enabling

movement, and organizing the cytoplasm.

o The three types of cytoskeletal fibers are microfilaments, microtubules, and intermediate
filaments.

e Microfilaments (Actin filaments) are the thinnest filaments (~7 nm), composed of actin protein.

e Microfilaments are involved in cell movement, muscle contraction, cytokinesis, and
cytoplasmic streaming.

e Microtubules are the thickest filaments (~25 nm), hollow tubes composed of a and f-
tubulin dimers.

¢ Microtubules function in cell shape maintenance, intracellular transport, and forming the
mitotic spindle and cilia/flagella cores.

¢ Intermediate filaments (8-12 nm) are composed of various fibrous proteins (e.g., keratin,
vimentin, lamins).

e Intermediate filaments provide mechanical strength and structural stability to cells and tissues.

e The nucleus is the most prominent, membrane-bound organelle housing the cell's genetic
material.

e The nucleus is bounded by a double membrane called the nuclear envelope.

e The nuclear envelope is perforated by nuclear pores that regulate molecular traffic between the
nucleus and cytoplasm.

e The nuclear lamina is a dense network of intermediate filaments (lamins) lining the inner
nuclear membrane, providing structural support.

e The fluid inside the nucleus is the nucleoplasm.

The nucleolus is a dense, non-membrane-bound region within the nucleus where rRNA is

transcribed and ribosomal subunits are assembled.

Chromatin is the complex of DNA and proteins (histones) found within the nucleus.

During cell division, chromatin condenses to form visible chromosomes.

A duplicated chromosome consists of two identical sister chromatids joined at the centromere.

Prokaryotic cells (Bacteria and Archaea) lack a membrane-bound nucleus and other membrane-

bound organelles.

¢ Eukaryotic cells (Protists, Fungi, Plants, Animals) possess a membrane-bound nucleus and
various membrane-bound organelles.

e In prokaryotic cells, DNA is located in a region called the nucleoid.

e Prokaryotic ribosomes are 70S, while eukaryotic cytoplasmic ribosomes are 80S.

e Prokaryotes divide by binary fission, while eukaryotes divide by mitosis (somatic cells)
or meiosis (germ cells).

¢ Stem cells are undifferentiated cells with the potential to develop into many different specialized
cell types.

e The key properties of stem cells are self-renewal and differentiation.

e Adult (somatic) stem cells are multipotent, giving rise to a limited range of cell types within a
particular tissue.
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Embryonic Stem Cells (ESCs) are pluripotent, capable of forming all cell types of the body.
Induced Pluripotent Stem Cells (iPSCs) are adult cells reprogrammed in the lab to an
embryonic-like pluripotent state.

Totipotent stem cells (e.g., zygote) can form all cell types plus extraembryonic tissues.
Pluripotent stem cells can form all embryonic cell types.

Multipotent stem cells can form multiple, closely related cell types.

Oligopotent stem cells can differentiate into only a few cell types.

Unipotent stem cells can produce only one cell type but can self-renew.

Advantages of using stem cells include their potential in regenerative medicine for treating
diseases like spinal cord injuries, diabetes, and Parkinson's.

Advantages of iPSCs include avoiding ethical issues with ESCs and potential for patient-specific
therapies.

Disadvantages of iPSCs include the risk of tumorigenesis (cancer) due to the methods used for
reprogramming (e.g., retroviruses).

Cell division is essential for the continuity of life, based on the reproduction of cells.

The two main types of cell division are mitosis (produces identical somatic cells)

and meiosis (produces gametes/spores with half the chromosomes).

The cell cycle is the series of stages a cell passes through to grow and divide.

The two main phases of the cell cycle are interphase (growth and DNA replication) and

the mitotic (M) phase (division).

Interphase consists of G1 phase (first gap/growth), S phase (DNA synthesis), and G2

phase (second gap/preparation for division).

DNA replication occurs only during the S phase of interphase.

Cell cycle checkpoints (G1, G2, M) are control mechanisms that ensure proper progression and
integrity of the cell cycle.

Mitosis is the division of the nucleus resulting in two genetically identical daughter nuclei.

For description, mitosis is divided into five phases: prophase, prometaphase, metaphase,
anaphase, and telophase.

In prophase, chromosomes condense, the nucleolus disappears, and the mitotic spindle begins to
form.

In prometaphase, the nuclear envelope breaks down, and spindle microtubules attach to
chromosome kinetochores.

In metaphase, chromosomes align at the cell's equator (metaphase plate).

In anaphase, sister chromatids separate and move to opposite poles as individual chromosomes.
In telophase, chromosomes de-condense, and new nuclear envelopes form around the two
daughter nuclei.

Cytokinesis is the division of the cytoplasm, usually following telophase.

In animal cells, cytokinesis occurs via the formation of a cleavage furrow.

In plant cells, cytokinesis occurs via the formation of a cell plate.

Significance of mitosis includes growth, tissue repair, asexual reproduction, and maintaining
genetic consistency.

Meiosis is a specialized cell division that reduces the chromosome number by half, producing
four haploid cells.

Meiosis consists of two consecutive divisions: Meiosis I (reductional) and Meiosis

II (equational).

Prophase I of meiosis is lengthy and involves synapsis (pairing of homologous chromosomes)
and crossing over (genetic recombination).

Paired homologous chromosomes during prophase I form a tetrad (bivalent) consisting of four
chromatids.

The site of crossing over is visible as a chiasma (plural: chiasmata).
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e In Metaphase I, tetrads align at the metaphase plate, with homologous chromosomes facing
opposite poles.

e In Anaphase I, homologous chromosomes separate and move to opposite poles (sister
chromatids remain attached).

o Telophase I and cytokinesis result in two haploid cells, each with duplicated chromosomes.

e Meiosis II resembles a mitotic division, separating sister chromatids.

¢ Significance of meiosis includes producing genetic variation through crossing over and
independent assortment, and maintaining a constant chromosome number across generations.
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Practice MCQs

1. Which scientist first coined the term "cell"
after observing cork under a microscope?

A) Anton van Leeuwenhoek

B) Robert Brown

C) Matthias Schleiden

D) Robert Hooke

Answer: Robert Hooke

2. The principle "Omnis cellula e cellula" (all
cells come from cells) was proposed by:

A) Rudolf Virchow

B) Louis Pasteur

C) Theodor Schwann

D) August Weismann

Answer: Rudolf Virchow

3. Which of the following is NOT a tenet of
modern cell theory?

A) All living organisms are composed of one or
more cells.

B) All cells arise from pre-existing cells.

C) All cells contain a membrane-bound nucleus.
D) Cells contain hereditary material (DNA)
passed to daughter cells.

Answer: All cells contain a membrane-bound
nucleus.

4. The maximum theoretical resolution of a
standard light microscope is approximately:
A) 0.2 nm

B) 200 nm

C)2 pm

D) 0.2 mm

Answer: 200 nm

5. Which microscopy technique enhances
contrast in unstained, living cells by
converting differences in refractive index into
brightness variations?

A) Bright-field microscopy

B) Dark-field microscopy

C) Phase-contrast microscopy

D) Fluorescence microscopy

Answer: Phase-contrast microscopy

6. Transmission Electron Microscopy (TEM)
is primarily used to study:

A) Surface topography of specimens

B) Internal ultrastructure of thin sections

C) Living cellular processes

D) Fluorescently tagged proteins

Answer: Internal ultrastructure of thin sections

7. Cryo-electron microscopy (cryo-EM) is
notable for:

A) Using heavy metal stains to enhance contrast
B) Visualizing specimens in a near-native,
hydrated state

C) Being suitable only for live cell imaging

D) Having a resolution limit of about 200 nm
Answer: Visualizing specimens in a near-native,
hydrated state

8. Cell fractionation and differential
centrifugation separate cellular components
based on:

A) Color and shape

B) Electrical charge

C) Size and density

D) Magnetic properties

Answer: Size and density

9. All cells, prokaryotic and eukaryotic, share
which of the following features?

A) Membrane-bound organelles

B) A cell wall made of peptidoglycan

C) A phospholipid bilayer plasma membrane
D) A well-defined nucleus

Answer: A phospholipid bilayer plasma
membrane

10. In prokaryotic cells, the region where
DNA is located is called the:

A) Nucleus

B) Nucleolus

C) Nucleoid

D) Nuclear envelope

Answer: Nucleoid

11. Which of the following is a key structural
difference between bacterial and archaeal cell
membranes?

A) Bacteria have ester-linked lipids; Archaea
have ether-linked lipids.

B) Archaea have peptidoglycan in their cell
walls; Bacteria do not.

C) Bacteria have a nucleus; Archaea do not.

D) Archaea have 80S ribosomes; Bacteria have
708 ribosomes.

Answer: Bacteria have ester-linked lipids;
Archaea have ether-linked lipids.

12. Eukaryotic ribosomes in the cytosol are
designated as:

A) 708

B) 80S
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C) 60S

D) 50S

Answer: 80S

13. Which organelle is responsible for the
synthesis of ribosomal RNA (rRNA) and
assembly of ribosomal subunits?

A) Nucleus

B) Nucleolus

C) Rough ER

D) Golgi apparatus

Answer: Nucleolus

14. Nuclear Pore Complexes (NPCs) function
primarily to:

A) Synthesize DNA

B) Regulate active transport of macromolecules
between nucleus and cytoplasm

C) Provide structural support to the nuclear
envelope

D) Digest damaged organelles

Answer: Regulate active transport of
macromolecules between nucleus and cytoplasm
15. Ribosomes that are attached to the
cytosolic face of the Rough ER synthesize
proteins destined for:

A) Use within the cytosol

B) Secretion, membranes, or specific organelles
C) The mitochondrial matrix

D) The nucleoplasm

Answer: Secretion, membranes, or specific
organelles

16. The function of the Smooth Endoplasmic
Reticulum (SER) includes all EXCEPT:

A) Lipid and steroid hormone synthesis

B) Detoxification of drugs and poisons

C) Calcium ion storage

D) Synthesis of secretory proteins

Answer: Synthesis of secretory proteins

17. In muscle cells, the specialized form of
smooth ER that stores calcium ions is called
the:

A) Golgi apparatus

B) Sarcoplasmic reticulum

C) Peroxisome

D) Lysosome

Answer: Sarcoplasmic reticulum

18. The "cis" face of the Golgi apparatus is
typically oriented:

A) Toward the plasma membrane

B) Away from the ER

C) Near the ER, receiving transport vesicles

D) Toward the nucleus

Answer: Near the ER, receiving transport
vesicles

19. Lysosomes maintain an internal acidic pH
of about 4.5-5.0 using:

A) Sodium-potassium pumps

B) V-type H+ ATPase pumps

C) Proton channels

D) Calcium pumps

Answer: V-type H+ ATPase pumps

20. Autophagy refers to the process where
lysosomes:

A) Digest materials taken in by phagocytosis
B) Fuse with the plasma membrane for
exocytosis

C) Digest the cell's own damaged organelles
D) Break down very long-chain fatty acids
Answer: Digest the cell's own damaged
organelles

21. Tay-Sachs disease is an example of a
lysosomal storage disorder caused by a
deficiency in:

A) Glucocerebrosidase

B) Hexosaminidase A

C) Catalase

D) Cytochrome P450

Answer: Hexosaminidase A

22. The large central vacuole in plant cells is
primarily involved in all EXCEPT:

A) Storage of cell sap

B) Maintenance of turgor pressure

C) Photosynthesis

D) Waste management

Answer: Photosynthesis

23. The infoldings of the inner mitochondrial
membrane are called:

A) Cristae

B) Thylakoids

C) Cisternae

D) Grana

Answer: Cristae

24. According to the Endosymbiotic Theory,
mitochondria are thought to have evolved
from:

A) Cyanobacteria

B) Alpha-proteobacteria

C) Archaea

D) Eukaryotic nuclei

Answer: Alpha-proteobacteria
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25. Which organelle contains catalase and is
involved in the breakdown of hydrogen
peroxide (H202)?

A) Peroxisome

B) Lysosome

C) Glyoxysome

D) Golgi apparatus

Answer: Peroxisome

26. Glyoxysomes, specialized peroxisomes in
germinating seeds, are involved in:

A) The glyoxylate cycle to convert fats to
carbohydrates

B) The Calvin cycle for carbon fixation

C) The Krebs cycle for ATP production

D) Photorespiration

Answer: The glyoxylate cycle to convert fats to
carbohydrates

27. The thickest cytoskeletal filaments,
composed of tubulin dimers, are:

A) Microfilaments

B) Intermediate filaments

C) Microtubules

D) Keratin filaments

Answer: Microtubules

28. Which motor protein is associated with
movement toward the minus end of
microtubules?

A) Kinesin

B) Myosin

C) Dynein

D) Actin

Answer: Dynein

29. The "9+2" arrangement of microtubule
doublets is characteristic of the core structure
of:

A) Centrioles

B) The nuclear lamina

C) Cilia and flagella (axoneme)

D) Microvilli

Answer: Cilia and flagella (axoneme)

30. The primary function of the centrosome in
animal cells is to:

A) Synthesize ATP

B) Act as the Microtubule Organizing Center
(MTOC)

C) Digest macromolecules

D) Store calcium ions

Answer: Act as the Microtubule Organizing
Center (MTOC)

31. According to the Fluid Mosaic Model, the
plasma membrane is composed of:

A) A static bilayer of proteins with embedded
lipids

B) A fluid bilayer of phospholipids with
embedded proteins

C) Arigid layer of cellulose with protein
channels

D) A single layer of phospholipids coated with
carbohydrates

Answer: A fluid bilayer of phospholipids with
embedded proteins

32. Cholesterol in the plasma membrane
functions to:

A) Act as a receptor for hormones

B) Modulate membrane fluidity and stability
C) Facilitate active transport of ions

D) Synthesize ATP

Answer: Modulate membrane fluidity and
stability

33. The movement of water across a
selectively permeable membrane from a
region of low solute concentration to high
solute concentration is called:

A) Simple diffusion

B) Facilitated diffusion

C) Osmosis

D) Active transport

Answer: Osmosis

34. The Na+/K+ ATPase pump is an example
of:

A) Simple diffusion

B) Facilitated diffusion

C) Primary active transport

D) Secondary active transport

Answer: Primary active transport

35. Receptor-mediated endocytosis often
involves the formation of:

A) Food vacuoles

B) Contractile vacuoles

C) Clathrin-coated pits

D) Autophagosomes

Answer: Clathrin-coated pits

36. The primary cell wall of plants is
composed mainly of:

A) Cellulose microfibrils in a matrix of
hemicellulose and pectin

B) Chitin and proteins

C) Peptidoglycan

D) Lignin and suberin
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Answer: Cellulose microfibrils in a matrix of
hemicellulose and pectin

37. Plasmodesmata in plant cells function to:
A) Provide tensile strength

B) Connect the cytoplasm of adjacent cells for
communication

C) Anchor the cell to the extracellular matrix
D) Seal cells into leak-proof sheets

Answer: Connect the cytoplasm of adjacent cells
for communication

38. Which component of the animal
extracellular matrix (ECM) provides tensile
strength?

A) Elastin

B) Proteoglycans

C) Collagen

D) Fibronectin

Answer: Collagen

39. Transmembrane proteins that link the
ECM to the intracellular cytoskeleton are
called:

A) Integrins

B) Cadherins

C) Connexins

D) Claudins

Answer: Integrins

40. Tight junctions in animal epithelia
primarily function to:

A) Allow passage of ions and small molecules
B) Provide strong mechanical adhesion between
cells

C) Create a seal preventing leakage between
cells

D) Anchor cells to the basal lamina

Answer: Create a seal preventing leakage
between cells

41. Gap junctions are composed of proteins
called:

A) Integrins

B) Cadherins

C) Connexins

D) Keratins

Answer: Connexins

42. Stem cells that can give rise to all cell
types of an organism, including
extraembryonic tissues, are termed:

A) Pluripotent

B) Multipotent

C) Totipotent

D) Unipotent

Answer: Totipotent

43. Induced Pluripotent Stem Cells (iPSCs)
are created by:

A) Fertilization of an egg cell

B) Reprogramming adult somatic cells

C) Isolating cells from the inner cell mass of a
blastocyst

D) Fusing two different cell types

Answer: Reprogramming adult somatic cells
44. Which of the following is a major
DISADVANTAGE of using iPSCs?

A) They are ethically controversial.

B) They cannot differentiate into many cell
types.

C) They carry a risk of tumorigenesis due to
reprogramming methods.

D) They are difficult to culture in the lab.
Answer: They carry a risk of tumorigenesis due
to reprogramming methods.

45. A major structural difference between
plant and animal cells is that plant cells have:
A) Centrioles

B) A cell wall and chloroplasts

C) Lysosomes

D) A small, numerous vacuoles

Answer: A cell wall and chloroplasts

46. Plant cells typically store carbohydrates in
the form of:

A) Glycogen

B) Starch

C) Cellulose

D) Chitin

Answer: Starch

47. Animal cells typically store carbohydrates
in the form of:

A) Glycogen

B) Starch

C) Cellulose

D) Sucrose

Answer: Glycogen

48. Cytokinesis in plant cells occurs through
the formation of a:

A) Cleavage furrow

B) Contractile ring of actin and myosin

C) Cell plate

D) Septum

Answer: Cell plate

49. Which of the following is generally absent
in plant cells?
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A) Mitochondria

B) Centrioles

C) Peroxisomes

D) Ribosomes

Answer: Centrioles

50. The resolution of the naked human eye is
approximately:

A) 0.1 mm

B) 1 um

C) 0.2 nm

D) 10 nm

Answer: 0.1 mm

51. The Svedberg unit (S) is a measure of a
particle's:

A) Mass

B) Charge

C) Sedimentation rate

D) Density

Answer: Sedimentation rate

52. In a prokaryetic cell, the genetic material
is typically:

A) Multiple linear chromosomes with histones
B) A single circular chromosome, sometimes
with plasmids

C) Packaged within a double-membrane nucleus
D) Composed of RNA only

Answer: A single circular chromosome,
sometimes with plasmids

53. Binary fission is the method of cell
division in:

A) Animal cells

B) Plant cells

C) Prokaryotic cells

D) Fungal cells

Answer: Prokaryotic cells

54. The outer membrane of mitochondria
contains large channel-forming proteins
called:

A) ATP synthases

B) Porins

C) Cytochromes

D) Integrins

Answer: Porins

55. The mitochondrial matrix contains all
EXCEPT:

A) Circular mitochondrial DNA (mtDNA)

B) 70S ribosomes

C) Enzymes for the Krebs cycle

D) Thylakoid membranes

Answer: Thylakoid membranes

56. Thylakoid stacks (grana) are found with
which organelle?

A) Mitochondrion

B) Chloroplast

C) Peroxisome

D) Lysosome

Answer: Chloroplast

57. The light-independent reactions of
photosynthesis (Calvin cycle) occur in the:
A) Thylakoid lumen

B) Stroma of the chloroplast

C) Mitochondrial matrix

D) Cytosol

Answer: Stroma of the chloroplast

58. Which of the following plastids is
responsible for photosynthesis?

A) Chromoplast

B) Leucoplast

C) Chloroplast

D) Amyloplast

Answer: Chloroplast

59. Microfilaments (actin filaments) are
primarily involved in:

A) Organizing the mitotic spindle

B) Intracellular transport along microtubules
C) Cell shape, muscle contraction, and
cytokinesis

D) Providing permanent mechanical strength to
tissues

Answer: Cell shape, muscle contraction, and
cytokinesis

60. Cytochalasin D is a drug that affects the
cytoskeleton by:

A) Stabilizing microtubules

B) Depolymerizing microfilaments

C) Disrupting intermediate filaments

D) Inhibiting dynein motor proteins

Answer: Depolymerizing microfilaments

61. Taxol (paclitaxel) is a drug that acts by:
A) Depolymerizing microtubules

B) Stabilizing microtubules, inhibiting their
disassembly

C) Blocking actin polymerization

D) Inhibiting myosin ATPase

Answer: Stabilizing microtubules, inhibiting
their disassembly

62. The nuclear lamina is composed of:

A) Microtubules

B) Actin filaments

C) Intermediate filament proteins (lamins)
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D) Collagen fibers

Answer: Intermediate filament proteins (lamins)
63. Chromatin that is highly condensed and
transcriptionally silent is termed:

A) Euchromatin

B) Heterochromatin

C) Nucleosome

D) Chromosome

Answer: Heterochromatin

64. The endomembrane system does NOT
include:

A) The nuclear envelope

B) Mitochondria

C) The Golgi apparatus

D) Lysosomes

Answer: Mitochondria

65. N-linked glycosylation of proteins begins
in the:

A) Golgi apparatus

B) Smooth ER

C) Rough ER

D) Cytosol

Answer: Rough ER

66. The cisternal maturation model describes
a process occurring in the:

A) Nucleus

B) Mitochondria

C) Golgi apparatus

D) Peroxisomes

Answer: Golgi apparatus

67. Primary lysosomes are formed by
budding from the:

A) Rough ER

B) Smooth ER

C) trans-Golgi network

D) Plasma membrane

Answer: trans-Golgi network

68. Contractile vacuoles in freshwater protists
function primarily for:

A) Intracellular digestion

B) Photosynthesis

C) Osmoregulation

D) Lipid synthesis

Answer: Osmoregulation

69. The tonoplast is the membrane
surrounding the:

A) Nucleus

B) Chloroplast

C) Central vacuole in plant cells

D) Lysosome

Answer: Central vacuole in plant cells

70. The FOF1 complex (ATP synthase) is
located in the:

A) Outer mitochondrial membrane

B) Inner mitochondrial membrane

C) Mitochondrial matrix

D) Intermembrane space

Answer: Inner mitochondrial membrane

71. Beta-oxidation of very long-chain fatty
acids occurs in:

A) Mitochondria only

B) Peroxisomes only

C) Both mitochondria and peroxisomes

D) The smooth ER

Answer: Both mitochondria and peroxisomes
72. Which cytoskeletal element is non-polar
and provides high tensile strength?

A) Microtubules

B) Microfilaments

C) Intermediate filaments

D) All of the above

Answer: Intermediate filaments

73. The basal body of a cilium has a
microtubule arrangement of:

A) 9+2

B) 9+0

C) 9+1

D) 8+2

Answer: 9+0

74. The movement of dynein arms walking
along adjacent microtubule doublets causes:
A) Sliding of microtubules, converted to
bending by nexin links

B) Contraction of the basal body

C) Depolymerization of the axoneme

D) Formation of the nuclear lamina

Answer: Sliding of microtubules, converted to
bending by nexin links

75. Pinocytosis refers to:

A) Cellular "eating" of large particles

B) Cellular "drinking" of extracellular fluid
C) Receptor-mediated uptake of specific ligands
D) Export of materials via vesicles

Answer: Cellular "drinking" of extracellular
fluid

76. Secondary active transport uses the
energy from:

A) ATP hydrolysis directly

B) Light energy
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C) An electrochemical gradient of another ion signaling
(e.g., Na+t) B) Tight sealing of epithelial layers
D) GTP hydrolysis C) Forming pores for intercellular
Answer: An electrochemical gradient of another communication
ion (e.g., Nat) D) Digestion of extracellular debris
77. Aquaporins are channel proteins that Answer: Mechanotransduction and outside-in N
facilitate the transport of: signaling n
M A) Sodium ions 84. Which of the following is an acellular a)
B) Glucose entity and an exception to cell theory? 0
C) Water A) Bacterium —
K D) Potassium ions B) Yeast cell -
Answer: Water C) Virus )
78. The middle lamella of plant cell walls is D) Red blood cell 5'
rich in: Answer: Virus —
P A) Cellulose 85. Mature human red blood cells are an (o]
B) Lignin exception to cell theory because they: Q
R C) Pectin A) Lack a nucleus and cannot divide <
D) Chitin B) Have multiple nuclei
E Answer: Pectin C) Are surrounded by a cell wall
79. Lignin is a complex polymer that D) Contain chloroplasts
impregnates the of some plant cells, Answer: Lack a nucleus and cannot divide
P providing rigidity. 86. The maximum useful magnification of a
A) Primary cell wall standard light microscope is about:
A B) Secondary cell wall A) 100X
C) Plasma membrane B) 1000-1500X
R D) Middle lamella C) 10,000X
Answer: Secondary cell wall D) 1,000,000X
A 80. Hemidesmosomes function to: Answer: 1000-1500X
A) Seal adjacent epithelial cells tightly 87. In an electron microscope, image
B) Anchor epithelial cells to the basal lamina formation depends on:
T (ECM) A) Light absorption
C) Provide cytoplasmic channels for B) Electron scattering
I communication C) Refractive index differences
D) Facilitate cell-cell adhesion via cadherins D) Fluorescence emission
O Answer: Anchor epithelial cells to the basal Answer: Electron scattering
lamina (ECM) 88. Super-resolution microscopy techniques
N 81. Desmosomes are linked intracellularly to: (e.g., STED, PALM) can achieve resolutions
A) Microtubules down to:
S B) Microfilaments (actin) A) 200 nm
C) Intermediate filaments (e.g., keratin) B) 10-20 nm
D) The nuclear lamina C) 2 um
Answer: Intermediate filaments (e.g., keratin) D) 0.2 nm
82. A major function of the glycocalyx is: Answer: 10-20 nm
A) ATP synthesis 89. Which of the following techniques
B) Cell recognition and adhesion separates charged molecules like DNA or
C) DNA replication proteins based on size and charge?
D) Protein synthesis A) Chromatography
Answer: Cell recognition and adhesion B) Electrophoresis
83. Integrins are involved in: C) Spectrophotometry

A) Mechanotransduction and outside-in
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D) Micrometry

Answer: Electrophoresis

90. Tissue culture involves:

A) Separating organelles by centrifugation

B) Growing cells on a sterile nutrient medium
C) Staining tissues for microscopic examination
D) Measuring light absorption by compounds
Answer: Growing cells on a sterile nutrient
medium

91. The bacterial flagellum is powered by:
A) ATP hydrolysis

B) A proton (H+) gradient and rotary motor
C) Dynein motor proteins

D) Myosin-actin interactions

Answer: A proton (H+) gradient and rotary
motor

92. The archaellum in Archaea is structurally
distinct from the bacterial flagellum and is
powered by:

A) Proton motive force

B) ATP hydrolysis

C) Sodium ion gradient

D) Light energy

Answer: ATP hydrolysis

93. Which domain of life includes organisms
with cells that often have ether-linked lipids
in their membranes?

A) Bacteria

B) Archaea

C) Eukarya

D) Both Bacteria and Archaea

Answer: Archaea

94. Peptidoglycan is a key component of the
cell wall in:

A) Plants

B) Fungi

C) Bacteria

D) Animals

Answer: Bacteria

95. The cell wall of fungi is primarily
composed of:

A) Cellulose

B) Chitin

C) Peptidoglycan

D) Silica

Answer: Chitin

96. Which of the following is NOT a function
of the plasma membrane?

A) Selective barrier for transport

B) Cell signaling via receptors

C) Synthesis of ribosomal RNA

D) Cell adhesion and recognition

Answer: Synthesis of ribosomal RNA

97. In the Fluid Mosaic Model, membrane
proteins are described as:

A) Static and immobile

B) Able to drift laterally in the fluid lipid bilayer
C) Only located on the external surface

D) Covalently bound to phospholipids

Answer: Able to drift laterally in the fluid lipid
bilayer

98. Facilitated diffusion differs from simple
diffusion in that it:

A) Requires energy from ATP

B) Moves molecules against their concentration
gradient

C) Uses specific transport proteins (channels or
carriers)

D) Is only for non-polar molecules

Answer: Uses specific transport proteins
(channels or carriers)

99. The Sodium-Glucose Symporter in the
intestine is an example of:

A) Simple diffusion

B) Facilitated diffusion

C) Primary active transport

D) Secondary active transport

Answer: Secondary active transport

100. Exocytosis is the process by which cells:
A) Take in large particles

B) Secrete macromolecules by vesicle fusion
with the plasma membrane

C) Import fluids and solutes

D) Degrade internal organelles

Answer: Secrete macromolecules by vesicle
fusion with the plasma membrane

101. Polysomes (polyribosomes) are:

A) Multiple ribosomes translating a single
mRNA simultaneously

B) Aggregates of ribosomal RNA in the
nucleolus

C) Vesicles containing multiple enzymes

D) Structures within the Golgi apparatus
Answer: Multiple ribosomes translating a single
mRNA simultaneously

102. The cell theory was formulated primarily
based on the work of:

A) Hooke, Leeuwenhoek, and Pasteur

B) Schleiden, Schwann, and Virchow

C) Brown, Palade, and de Duve
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D) Singer, Nicolson, and Mitchell

Answer: Schleiden, Schwann, and Virchow
103. Louis Pasteur's swan-neck flask
experiment provided evidence against:

A) Cell theory

B) The germ theory of disease

C) Spontaneous generation for microorganisms
D) The theory of evolution

Answer: Spontaneous generation for
microorganisms

104. August Weismann contributed the
concept of to cell theory.

A) Biogenesis

B) Common descent

C) Spontaneous generation

D) Vitalism

Answer: Common descent

105. Dark-field microscopy is particularly
useful for observing:

A) Internal organelle details

B) The surface of metal-coated specimens

C) Motility of living cells

D) Fluorescently labeled proteins

Answer: Motility of living cells

106. Confocal microscopy improves image
clarity by:

A) Using a laser and pinhole to eliminate out-of-
focus light

B) Employing electrons with very short
wavelengths

C) Staining with heavy metals

D) Converting phase differences to contrast
Answer: Using a laser and pinhole to eliminate
out-of-focus light

107. Differential interference contrast (DIC)
microscopy creates images that appear:

A) Bright on a dark background

B) Almost three-dimensional

C) Only in black and white

D) Based on fluorescence emission

Answer: Almost three-dimensional

108. Scanning Electron Microscopy (SEM)
produces images that are:

A) Two-dimensional internal cross-sections

B) Three-dimensional topographical views of
surfaces

C) Limited to a resolution of 200 nm

D) Only of living specimens

Answer: Three-dimensional topographical views
of surfaces

109. Which organelle is considered the
"powerhouse’ of the cell?

A) Nucleus

B) Chloroplast

C) Mitochondrion

D) Lysosome

Answer: Mitochondrion

110. Which organelle is the site of
photosynthesis?

A) Mitochondrion

B) Chloroplast

C) Peroxisome

D) Vacuole

Answer: Chloroplast

111. The stroma is the internal fluid-filled
space of the:

A) Mitochondrion

B) Chloroplast

C) Nucleus

D) Lysosome

Answer: Chloroplast

112. The inner mitochondrial membrane has
a high surface area due to:

A) Thylakoids

B) Cristae

C) Cisternae

D) Grana

Answer: Cristae

113. Which of the following is a semi-
autonomous organelle with its own DNA?
A) Lysosome

B) Peroxisome

C) Golgi apparatus

D) Mitochondrion

Answer: Mitochondrion

114. The primary cilium functions mainly as
a:

A) Motile structure for fluid movement

B) Sensory "antenna" for signal reception
C) Site of protein synthesis

D) Digestive compartment

Answer: Sensory "antenna" for signal reception
115. Proteins destined for secretion are
synthesized by ribosomes on the:

A) Free ribosomes in the cytosol

B) Rough ER

C) Smooth ER

D) Nuclear envelope

Answer: Rough ER
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116. The signal hypothesis explains how
proteins destined for the endomembrane
system are targeted to the:

A) Mitochondria

B) Cytosol

C) ER

D) Nucleus

Answer: ER

117. Which of the following modifications of
proteins occurs in the Golgi apparatus?

A) N-linked glycosylation initiation

B) Further modification of carbohydrate chains
(e.g., sulfation)

C) Initial folding assisted by chaperones like BiP
D) Transcription of mRNA

Answer: Further modification of carbohydrate
chains (e.g., sulfation)

118. Mannose-6-phosphate is a molecular tag
that directs proteins to:

A) The nucleus

B) Lysosomes

C) Mitochondria

D) The plasma membrane for secretion
Answer: Lysosomes

119. Autolysis refers to:

A) Digestion of foreign bacteria

B) Digestion of the cell's own organelles

C) Complete self-digestion of a cell by
lysosomal rupture

D) Breakdown of fatty acids

Answer: Complete self-digestion of a cell by
lysosomal rupture

120. Peroxisomes are NOT involved in:

A) Detoxification of H202

B) Beta-oxidation of very long-chain fatty acids
C) The Krebs cycle

D) Photorespiration in plant cells

Answer: The Krebs cycle

121. Which of the following structures is part
of the cytoskeleton?

A) Ribosome

B) Peroxisome

C) Microtubule

D) Nucleolus

Answer: Microtubule

122. Kinesin motor proteins generally move
cargo toward the end of microtubules.
A) Plus (growing)

B) Minus

C) Both directions equally

D) Neither; they move on microfilaments
Answer: Plus (growing)

123. Myosin motor proteins are associated
with which cytoskeletal element?

A) Microtubules

B) Microfilaments (actin)

C) Intermediate filaments

D) Nuclear lamina

Answer: Microfilaments (actin)

124. Cytoplasmic streaming (cyclosis) in plant
cells is driven by interactions between:

A) Microtubules and kinesin

B) Actin and myosin

C) Intermediate filaments and dynein

D) Tubulin and dynein

Answer: Actin and myosin

125. During cell division, the mitotic spindle
is primarily composed of:

A) Microfilaments

B) Intermediate filaments

C) Microtubules

D) Collagen fibers

Answer: Microtubules

126. The drug colchicine inhibits microtubule
polymerization and would thus disrupt:

A) Muscle contraction

B) Cytoplasmic streaming

C) Mitotic spindle formation

D) Nuclear envelope structure

Answer: Mitotic spindle formation

127. Phalloidin stabilizes microfilaments,
while cytochalasin disrupts them. Both affect
processes like:

A) Chromosome separation

B) Ciliary beating

C) Cell shape changes and motility

D) Nuclear transport

Answer: Cell shape changes and motility

128. Which type of cell junction allows for the
direct passage of ions and small molecules
between animal cells?

A) Tight junction

B) Adherens junction

C) Desmosome

D) Gap junction

Answer: Gap junction

129. Adherens junctions are linked
intracellularly to:

A) Intermediate filaments

B) Microfilaments (actin) via catenins
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C) Microtubules

D) The nuclear lamina

Answer: Microfilaments (actin) via catenins
130. The extracellular matrix (ECM) of
animal cells resists compression largely due
to:

A) Collagen fibers

B) Elastin

C) Proteoglycans

D) Fibronectin

Answer: Proteoglycans

131. Which of the following is a major
component of plant cell walls but NOT
animal ECM?

A) Collagen

B) Cellulose

C) Fibronectin

D) Integrins

Answer: Cellulose

132. A cell placed in a hypertonic solution will
likely:

A) Swell and burst

B) Shrink (plasmolyze if plant cell)

C) Remain unchanged

D) Divide rapidly

Answer: Shrink (plasmolyze if plant cell)
133. The movement of oxygen across the
plasma membrane occurs via:

A) Simple diffusion

B) Facilitated diffusion

C) Active transport

D) Endocytosis

Answer: Simple diffusion

134. The GLUT transporter that moves
glucose into cells is an example of:

A) A channel protein

B) A carrier protein for facilitated diffusion
C) An active transport pump

D) A symporter

Answer: A carrier protein for facilitated
diffusion

135. Vesicles budding from the Golgi
apparatus can be targeted to different
locations based on:

A) Their lipid composition only

B) Molecular "zip codes" (e.g., protein tags)
C) Their size alone

D) Random diffusion

Answer: Molecular "zip codes" (e.g., protein

tags)

136. Which organelle is primarily responsible
for the synthesis of phospholipids for
membrane formation?

A) Rough ER

B) Smooth ER

C) Golgi apparatus

D) Mitochondrion

Answer: Smooth ER

137. The enzymes of the electron transport
chain are located in the:

A) Outer mitochondrial membrane

B) Inner mitochondrial membrane

C) Mitochondrial matrix

D) Intermembrane space

Answer: Inner mitochondrial membrane

138. The Calvin cycle fixes carbon dioxide
into sugar using ATP and NADPH produced
in the:

A) Light-dependent reactions in thylakoids

B) Krebs cycle in the matrix

C) Glyoxylate cycle in glyoxysomes

D) Electron transport chain in the inner
membrane

Answer: Light-dependent reactions in thylakoids
139. Coenocytic organisms have bodies that
are:

A) Made of a single cell

B) Not divided into separate cells
(multinucleate)

C) Prokaryotic in nature

D) Lacking a nucleus

Answer: Not divided into separate cells
(multinucleate)

140. The "cell sap" found in the central
vacuole of plant cells contains:

A) Hydrolytic enzymes

B) Chlorophyll

C) Water, ions, sugars, pigments

D) Digestive enzymes for autophagy

Answer: Water, ions, sugars, pigments
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Chapter 3

Cell Cycle
Introduction to Cell Division

Cell division is the fundamental process where a parent cell divides into two or more daughter cells.
Essential for:
e Growth & Development
e Tissue Repair & Renewal
¢ Reproduction (asexual & sexual)
Two main types in eukaryotes:
e Mitosis: Produces genetically identical somatic cells
e Meiosis: Produces genetically diverse gametes
Eukaryotic Chromosome Structure & Packaging
Chromosome Composition
e Made of chromatin = DNA + proteins (histones & non-histones)
e Histones (H2A, H2B, H3, H4): Positively charged proteins for DNA wrapping
¢ Non-histone proteins: Structural & regulatory functions

Levels of Chromatin Packaging
Level | Structure Description

~ L

1° Nucleosome 146 bp DNA wrapped around histone octamer (2 each:
H2A, H2B, H3, H4)
2° 30-nm Fiber Nucleosomes packed with linker histone H1
3° Looped Domains 30-nm fibers form loops attached to protein scaffold
4° Metaphase Chromosome Maximum condensation via condensin proteins
@
j A g e o e ™
structure of DMA. 1] ’ I
LT Ll 4 N ) ,:' | ,:: | ,:.' | jL / ﬂ
s Vi ! ' J
A\ | )} |

(RN 2
- / SS ,f/- B " Each nuclecsome consists of
o i eight histone proteins around
I/?\ = g\ which the DNA wraps 1.65 times,
T DA is complexed with histones
to form nucleosomes. Mudeosome core of /E\
eight histone molecules N
A chromatosome consists
. H1 histane of a nudleasome plus the
(&} H1 histone.

. that forms loaps averaging
300 nm in length.

11 nm o Chrornalnsome
&
~ The nucleosomes

nZO—~—-p» Xp>vmRI o

300 nm

fold up to produce
— a 30-nm fiber...

compressed and folded to
produce a 250-nm-wide fiber.

fiber produces the chromatid
of a chromosome,

) F 1400 nm
The 300-nm fibers are \‘ Tight coiling of the 250-nm

Chromosome Terminology
e Diploid (2n): Two sets of chromosomes (human somatic cells: 2n=46)
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Cell Cycle: One Liners

The ordered sequence of events from one cell division to the next is the cell cycle.

The mitotic (M) phase alternates with the much longer interphase.

Interphase accounts for about 90% of the cell cycle and is a period of growth and preparation.
Interphase is divided into the G phase (first gap, cell growth), S phase (synthesis, DNA
replication), and G: phase (second gap, preparation for division).

The M phase includes mitosis (nuclear division) and cytokinesis (cytoplasmic division).

Cells that are not dividing exit the cycle into a nondividing state called the Go phase.

In humans, the entire cell cycle may take about 24 hours, with M phase lasting less than an hour.
The S phase may occupy 10-12 hours, while G is typically the most variable in length.

A cell’s DNA is called its genome; eukaryotic genomes consist of multiple DNA molecules.
DNA is packaged with proteins into structures called chromosomes.

The entire complex of DNA and proteins is called chromatin.

Each eukaryotic species has a characteristic number of chromosomes in its somatic cells.
Human somatic cells are diploid (2n), with 46 chromosomes (two sets of 23).

Human gametes are haploid (n), with 23 chromosomes (one set).

The two chromosomes of a pair are called homologous chromosomes (homologs); one from
each parent.

Sex chromosomes (X and Y) determine sex; the others are autosomes.

Before division, each chromosome is duplicated and consists of two identical sister chromatids.
Sister chromatids are joined copies of the original chromosome, held together

by cohesin proteins.

The region where sister chromatids are most closely attached is the centromere.

A Kkinetochore is a protein structure that assembles on the centromere and attaches to spindle
microtubules.

When sister chromatids separate, they are considered individual daughter chromosomes.
Mitosis is the division of the nucleus, resulting in two genetically identical daughter nuclei.

It is conventionally broken down into prophase, prometaphase, metaphase, anaphase, and
telophase.

Prophase: Chromatin condenses into visible chromosomes, nucleoli disappear, mitotic spindle
begins to form, centrosomes move apart.

In animal cells, the centrosome organizes the spindle; it contains two centrioles.

Radial arrays of microtubules extending from centrosomes are called asters.

Prometaphase: The nuclear envelope fragments, spindle microtubules invade the nuclear area,
kinetochores form, and chromosomes are captured by microtubules.

Metaphase: Chromosomes align at the metaphase plate, an imaginary plane equidistant between
the spindle poles.

Anaphase: Sister chromatids separate (cohesins are cleaved) and move to opposite poles as
individual chromosomes; the cell elongates.

Telophase: Daughter nuclei form, nuclear envelopes re-form, chromosomes decondense, nucleoli
reappear.

Cytokinesis in animal cells occurs via a cleavage furrow created by a contractile ring of actin
and myosin.

Cytokinesis in plant cells occurs via cell plate formation from Golgi-derived vesicles.

The mitotic spindle is a structure made of microtubules and associated proteins that controls
chromosome movement.

Spindle microtubules polymerize (clongate) and depolymerize (shorten) by gaining or losing
tubulin subunits.

Kinetochore microtubules attach to kinetochores and move chromosomes.
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Practice MCQs

1. What is the primary purpose of mitosis in
multicellular organisms?

A) To produce genetically diverse gametes

B) To reduce the chromosome number by half
C) To promote growth, tissue repair, and asexual
reproduction

D) To allow for genetic recombination through
crossing over

Answer: To promote growth, tissue repair,
and asexual reproduction

2. During which phase of the cell cycle does
DNA replication occur?

A) Gi phase

B) Gz phase

C) M phase

D) S phase

Answer: S phase

3. Which protein forms a contractile ring
during cytokinesis in animal cells?

A) Tubulin

B) Actin

C) Keratin

D) Collagen

Answer: Actin

4. What is the term for the paired maternal
and paternal chromosomes that carry the
same genes?

A) Sister chromatids

B) Homologous chromosomes

C) Sex chromosomes

D) Recombinant chromosomes

Answer: Homologous chromosomes

5. The point of constriction on a chromosome
that holds sister chromatids together is called
the:

A) Kinetochore

B) Telomere

C) Centromere

D) Centrosome

Answer: Centromere

6. Which of the following is a key feature of
prophase I of meiosis that does NOT occur in
mitosis?

A) Chromosome condensation

B) Breakdown of the nuclear envelope

C) Synapsis and crossing over

D) Formation of the mitotic spindle

Answer: Synapsis and crossing over

7. What is the haploid (n) number of
chromosomes in a human somatic cell?

A) 23

B) 46

C) 92

D)2

Answer: 23

8. The enzyme that adds DNA sequences to
telomeres to counteract shortening is:

A) DNA polymerase

B) Telomerase

C) Ligase

D) Primase

Answer: Telomerase

9. Which checkpoint ensures that all
chromosomes are properly attached to the
spindle before anaphase?

A) Gi/S checkpoint

B) G2/M checkpoint

C) Spindle assembly checkpoint

D) Post-replication checkpoint

Answer: Spindle assembly checkpoint

10. What is the correct order of the mitotic
phases?

A) Prophase, Metaphase, Anaphase, Telophase,
Prometaphase

B) Prophase, Prometaphase, Metaphase,
Anaphase, Telophase

C) Interphase, Prophase, Metaphase, Anaphase,
Telophase

D) Prophase, Anaphase, Metaphase, Telophase,
Cytokinesis

Answer: Prophase, Prometaphase,
Metaphase, Anaphase, Telophase

11. Binary fission in bacteria is most similar
to which eukaryotic process?

A) Mitosis

B) Meiosis |

C) Meiosis 11

D) Cytokinesis

Answer: Mitosis

12. Which protein complex holds sister
chromatids together after DNA replication?
A) Condensin

B) Cohesin

C) Kinetochore

D) Securin

Answer: Cohesin
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Chapter 4

Biological Molecules & Enzymes

Biochemistry is the branch of science that explores the chemical processes and substances occurring
within living organisms. It serves as the bridge between biology and chemistry, explaining life at a
molecular level.

Foundational Principles of Biochemistry

1. Cellular Basis: All biochemical processes occur within or are mediated by cells.

2. Hierarchy of Structure: Atoms — Small Molecules — Monomers — Polymers —
Supramolecular Complexes — Organelles — Cells.

3. Structure-Function Relationship: The three-dimensional shape of a biomolecule
(its conformation) is directly linked to its biological function. Denaturation (loss of shape) leads
to loss of function.

4. Metabolism: Living organisms transform energy and matter through a vast network of chemical
reactions (pathways).

5. Homeostasis: Biochemical systems are tightly regulated to maintain a stable internal
environment despite external changes.

6. Information Flow: Genetic information flows from DNA — RNA — Protein (The Central
Dogma). This information directs all cellular activities.

Metabolism

Metabolism is the totality of an organism's chemical reactions. It is an emergent property of life that
manages the material and energy resources of the cell through intricate, enzyme-catalyzed pathways.

Two Complementary Sides of Metabolism

Core Concept

Anabolism (Biosynthesis)
Build-up pathways.

Catabolism
Breakdown pathways.

Energy Exergonic: Releases energy. Some is | Endergonic: Consumes energy. Driven
Relationship captured as ATP; the rest is released by ATP hydrolysis.

as heat.
Redox Oxidative: Releases electrons, often | Reductive: Consumes electrons, often
Relationship captured by carriers like NAD* from carriers like NADPH.

(forming NADH).

Carbon Flow

Complex molecules (carbs, fats) —
Smaller, simpler molecules (COx,
lactate, ethanol).

Simple precursors (amino acids, sugars)
— Complex macromolecules (proteins,
polysaccharides).

Primary Goal

1. Generate usable energy (ATP,
reducing power).

2. Create precursor metabolites for
biosynthesis.

1. Synthesize cellular components for
growth and repair.
2. Store energy for later use.

Examples

Glycolysis, Krebs (TCA) Cycle, -
Oxidation of fats, Cellular
Respiration.

Protein synthesis, Glycogenesis, DNA
Replication, Gluconeogenesis.

Metabolic Concepts
e Metabolic Pathway: A series of linked, enzyme-catalyzed reactions where the product of one
reaction becomes the substrate for the next.
e ATP (Adenosine Triphosphate): The universal "energy currency" of the cell. Energy from
catabolism is used to phosphorylate ADP into ATP. Anabolic processes hydrolyze ATP back to
ADP + Pi, releasing energy to drive reactions.

¢ Redox Coenzymes: Key electron carriers.
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o NAD'/NADH & FAD/FADH:: Primarily involved in catabolic reactions, carrying
electrons to the electron transport chain for ATP synthesis.
o NADP*/NADPH: Primarily involved in anabolic reactions (e.g., fatty acid synthesis,
photosynthesis), providing reducing power for biosynthesis.
¢ Regulation: Metabolic pathways are precisely controlled via:
o Allosteric Regulation: A molecule binds at a site other than the active site, changing
enzyme activity (e.g., feedback inhibition).
o Covalent Modification: Reversible addition/removal of chemical groups (e.g.,
phosphorylation).
o Compartmentalization: Separating opposing pathways into different organelles (e.g.,
fatty acid breakdown in mitochondria vs. synthesis in cytoplasm).
e Metabolic Disorders: Diseases resulting from defects in enzymes or pathways (e.g.,
Phenylketonuria (PKU), Diabetes Mellitus, Mitochondrial diseases).

Laws of Thermodynamics in Biochemistry
Thermodynamics governs energy transformations in biochemical systems, determining whether
reactions can occur spontaneously.
The First Law: Conservation of Energy
o Statement: Energy can be neither created nor destroyed, only converted from one form to
another.
o In Biochemistry: The total energy of a cell and its surroundings is constant. Chemical potential
energy stored in nutrients (glucose, fats) is converted into other forms:
o  Work: Mechanical (muscle contraction), transport (active transport), chemical
(biosynthesis).
o Heat: A byproduct of inefficient energy transfers; used to maintain body temperature in
endotherms.
o Storage: In energy-rich bonds of ATP or as chemical bonds in macromolecules.
The Second Law: Increasing Entropy
o Statement: In any spontaneous process, the total entropy (disorder) of the universe always
increases.
e Key Concepts:
o Entropy (S): A measure of randomness or disorder. Systems tend toward greater
disorder.
o Spontaneous Process: One that can occur without an ongoing input of external energy
(does not imply it will be fast; kinetics vs. thermodynamics).
e In Biochemistry:
o Living organisms are highly ordered (low entropy) systems. They maintain this order
by constantly increasing the entropy of their surroundings.
o They do this by releasing heat and simple waste products (like CO2 and H20) into the
environment, which are more disordered than the complex nutrients consumed.
o Local order is purchased at the cost of universal disorder.

The Central Concept: Gibbs Free Energy (G)
Gibbs Free Energy (AG) combines the first and second laws into a single, practical measure for predicting
reaction spontaneity at constant temperature and pressure.
e Equation: AG=AH - TAS
o AG: Change in free energy (usable energy).
o AH: Change in enthalpy (total heat content; bond energy).
o T: Absolute Temperature (in Kelvin).
o AS: Change in entropy.
¢ Interpreting AG:
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AG < 0 (Negative): The reaction is exergonic and spontaneous. It releases free energy
(e.g., ATP hydrolysis, fuel oxidation).
o AG > 0 (Positive): The reaction is endergonic and non-spontaneous. It requires an input
of free energy (e.g., protein synthesis, gluconeogenesis).
o AG = 0: The reaction is at equilibrium; no net change occurs.
Biochemical Applications of Thermodynamics

1. ATP as an Energy Coupler: An endergonic reaction (AG > 0) can be driven by coupling it to the
highly exergonic hydrolysis of ATP (AG << 0), making the net AG for the coupled process
negative.

2. Kinetics vs. Thermodynamics: A negative AG means a reaction can happen, but not how fast it
will happen. Enzymes are biological catalysts that lower the activation energy (E,), speeding up
thermodynamically favorable reactions to biologically useful rates.

3. Redox Reactions: The transfer of electrons from a reducing agent (electron donor) to an
oxidizing agent (electron acceptor) releases free energy (exergonic). This energy is harnessed in
the electron transport chain to pump protons and synthesize ATP.

Importance of Water

Water is the universal solvent of life and the most abundant molecule in living cells, constituting 70-90%
of cell mass. Its unique chemical and physical properties are not merely a background environment but
are central to the structure, function, and very existence of all biomolecules and biochemical
processes.

I. Key Properties of Water that Dictate its Biological Role

A. Polarity and Hydrogen Bonding

e Molecular Structure: A water molecule (H-0O) has a bent geometry with oxygen at the center.
Oxygen is more electronegative than hydrogen, creating a polar covalent bond.

e Dipole Moment: This results in a partial negative charge (67) on the oxygen and partial positive
charges (8") on the hydrogens.

e Hydrogen Bonds: The & hydrogen of one water molecule is strongly attracted to the 6~ oxygen
of another. Each water molecule can form up to four hydrogen bonds in a tetrahedral
arrangement.

o Consequence: This extensive, dynamic H-bonding network is responsible for water's
high cohesiveness, surface tension, and unique thermal properties.

I1. The Multifaceted Roles of Water in Biological Systems

A. The Solvent of Life (The Universal Aqueous Medium)

Water's polarity makes it an excellent solvent for other polar and charged molecules
(hydrophilic substances).

e Mechanism: Water molecules surround solutes, forming hydration shells. Positive ions (cations)
are surrounded by water's 6~ oxygen; negative ions (anions) by the 6* hydrogens.

e Biological Impact:

o Dissolves & Transports: Enables the dissolution and circulation of nutrients (glucose,
amino acids, ions), gases (02, CO:), and waste products throughout organisms (blood,
sap, cytosol).

o Facilitates Reactions: Brings reactants together in solution, allowing metabolic reactions
to occur.

B. Thermal Regulator
Water has an exceptionally high specific heat capacity, high heat of vaporization, and high heat of
fusion.

e High Specific Heat: It takes a large amount of heat to raise water's temperature. This means
water buffers cells and organisms against rapid temperature changes, maintaining a stable
internal environment for enzyme function.
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Specific Heat Capacity of Water: The amount of heat energy (in joules) required to raise the
temperature of 1 gram of a substance by 1 degree Celsius. Water has an exceptionally high
specific heat capacity of 4.184 J/g-°C (or 1 cal/g-°C). This is among the highest of all common
liquids.

Heat of Vaporization of Water: The amount of heat energy required to convert 1 gram of a
liquid into vapor at its boiling point without a temperature change. Water has an

exceptionally high heat of vaporization of ~2260 J/g (or ~540 cal/g). This is remarkably high
compared to most other liquids. Evaporation of water (e.g., sweating, panting) requires significant
heat energy, providing a powerful cooling mechanism for organisms.

Biological Impact: Essential for homeostasis (temperature regulation) and allows life to exist in
varied climates.

C. Reactant and Product in Biochemical Reactions
Water is a direct participant in key metabolic reactions.

Hydrolysis Reactions: Water is used to break bonds, with its -H and -OH added across the
broken bond. Crucial for:

o Digestion of macromolecules (proteins — amino acids, polysaccharides — sugars).

o Breaking down ATP (ATP + H.O — ADP + Pi + energy).
Dehydration Synthesis (Condensation) Reactions: The reverse of hydrolysis. Biomolecules
are synthesized when monomers join, releasing a water molecule. Essential for building proteins,
nucleic acids, and polysaccharides.

D. Structural Role through Hydrophobic Interactions
Water's interaction with nonpolar (hydrophobic) molecules is equally critical.

The Hydrophobic Effect: Nonpolar molecules (e.g., lipids, hydrophobic amino acid side chains)
cannot form H-bonds with water. To minimize disruption of the water's H-bonding network,
water molecules reorganize into a more ordered "cage" around them, which is thermodynamically
unfavorable.
Biological Impact: This effect is the primary driving force for:
o Membrane Formation: Lipids spontaneously aggregate to form bilayers and micelles,
minimizing contact with water.
o Protein Folding: Hydrophobic amino acids are driven to the interior of the protein,
defining its 3D structure.
o DNA Base Stacking: Stabilizes the double helix.

E. Cohesion, Adhesion, and Surface Tension

Cohesion: Hydrogen bonding between water molecules creates high cohesive forces.
Adhesion: Water's polarity allows it to adhere to other polar surfaces (e.g., plant cell walls).
Biological Impact:
o Capillary Action: Cohesion and adhesion together allow water to move against gravity
in narrow tubes (e.g., xylem vessels in plants).
o Surface Tension: Creates a habitat (e.g., for some insects) and is important in lung
alveoli.

F. Ionization and pH
Water undergoes slight autoionization: H.O = H*+ OH".

The Foundation of pH: The concentration of H* (protons) defines the acidity or basicity of a
solution. The pH scale is central to biochemistry.
Biological Impact: Enzymes and biomolecules are exquisitely sensitive to pH. Water is the
medium that allows the establishment of proton gradients, which are crucial for:
o ATP Synthesis: The proton motive force drives ATP synthase in mitochondria and
chloroplasts.
o Cellular Respiration & Photosynthesis: Chemiosmosis depends on gradients
established across membranes.
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Property of Water Chemical Basis Biological Consequence
Excellent Solvent Polarity & H-bonding Dissolves & transports
nutrients/wastes; medium for
reactions.
High Heat Capacity Extensive H-bonding Buffers temperature, maintains
homeostasis.
M High Heat of H-bonding must be broken Effective evaporative cooling
Vaporization (sweating).
K Cohesion/Adhesion H-bonding Capillary action in plants; surface
tension.
Participates in Reactions | Polar, can be split Reactant in hydrolysis; product
in dehydration synthesis.
Density of Ice < Liquid H-bonds form a crystalline Ice floats, insulating aquatic life
lattice below.

The Importance of Carbon: The Element of Life

Carbon (C) is the fundamental element of all known life on Earth. Its unique chemical properties make it
the indispensable backbone for the structure and function of every biological molecule. Biochemistry is,
in essence, the chemistry of carbon compounds.

1. Core Reasons for Carbon's Central Role

Property of Carbon Consequence for Biochemistry
Tetravalency (4 Covalent A carbon atom can form four stable covalent bonds simultaneously.
Bonds) This allows it to link to other carbons and various other atoms (H, O,

N, S, P), creating complex, multi-dimensional molecular skeletons.
Bond Strength & Stability C-C bonds and C-H bonds are very strong, providing stability to
large organic molecules. However, they are not unbreakably strong,
allowing for controlled reactions in metabolism.

Versatility in Bonding Carbon can form single (o), double (7), and triple bonds with itself
and other elements. This creates a vast diversity of molecular shapes
and functional groups (e.g., alkenes, carbonyls).
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Ability to Form Long Carbon atoms bond together to form stable, extended chains (linear or
Chains & Rings branched) and eyclic/ring structures. This is the foundation for
(Catenation) macromolecule diversity.

Moderate Electronegativity | Carbon is neither strongly electropositive nor electronegative (Pauling
EN =2.55). This makes its bonds with other biogenic elements (H, O,
N) relatively non-polar or only moderately polar, preventing
molecules from being too ionic or reactive in water.
2. Key Chemical Concepts Derived from Carbon's Properties
e Molecular Diversity & Complexity: The combination of tetravalency and catenation leads to an
almost infinite number of possible carbon-based (organic) compounds. This provides
the structural foundation for the immense variety of biomolecules.
e Isomerism: Carbon's tetrahedral geometry enables the existence of isomers—molecules with the
same molecular formula but different structures.
o Structural Isomers: Different bonding arrangements (e.g., glucose vs. fructose).
o Stereoisomers (Enantiomers): Mirror-image molecules crucial in biology. Life almost
exclusively uses L-amino acids and D-sugars, demonstrating carbon-based molecular
chirality.

nZ QO —~=2» XM
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S, P) attached to carbon skeletons. They determine a molecule's chemical properties and
reactivity. Common biochemical functional groups include:
o Hydroxyl (-OH): Alcohols, sugars (polar, forms H-bonds).

Carbonyl (>C=0): Aldehydes & ketones (present in sugars).
Carboxyl (-COOH): Organic acids, amino acids (acidic, donates H").
Amino (-NHz): Amines, amino acids (basic, accepts H").

Phosphate (-OPQOs*): Nucleotides, ATP (energetic, acidic).

o Sulfhydryl (-SH): Thiols, cysteine (forms disulfide bonds in proteins).
3. Role of Carbon in the Four Major Classes of Biomolecules

Biomolecule Carbon's Role Key Examples
Class
1. Forms the sugar backbone. Carbon | Glucose (CsHi120s): Primary energy
Carbohydrates | atoms in chains or rings bonded to - | molecule.
OH groups. Provide energy Cellulose: Structural polymer in plants (-
(fuel), structural support, and glucose chains).
cellular recognition.
2. Lipids Forms the hydrocarbon Fatty Acids: Long C-H chains (e.g.,
chains (fatty acids) and steroid ring | palmitic acid).
systems. Carbon's non-polar C-C Cholesterol: Four fused carbon rings.
and C-H bonds create hydrophobic
properties essential for membranes
and energy storage.
3. Proteins Forms the amino acid backbone. All 20 Amino Acids: Differ in their R

Every amino acid has a central a-
carbon bonded to an amino group, a
carboxyl group, and a variable side
chain (R group). Carbon diversity in
R groups dictates protein function.

groups attached to the a-carbon.
Polypeptide Chain: A polymer of amino
acids linked by peptide (C-N) bonds.

4. Nucleic Acids

Forms the pentose

sugar (ribose/deoxyribose) and
the nitrogenous bases (purines,
pyrimidines) in nucleotides. The
genetic code is stored in sequences
of carbon-based nucleotides.

DNA Nucleotides: Deoxyribose (C5 sugar)
+ base (A, T,G,C).

ATP: The primary "energy currency" of the
cell is a carbon-based nucleotide.

4. Carbon in Metabolism and the Energy Cycle
e Carbon as an Energy Carrier: The chemical energy in food is stored in the bonds of carbon-
based molecules (e.g., C-C and C-H bonds in glucose and fats). Cellular respiration is
fundamentally the controlled, stepwise oxidation of carbon (from C-H/C-C bonds to C=0
bonds in COz), releasing energy captured as ATP.
e The Carbon Cycle: Carbon atoms are recycled through the biosphere. Autotrophs (plants) fix
inorganic carbon (CO2) into organic molecules (e.g., glucose via
photosynthesis). Heterotrophs (animals) consume and metabolize these organic molecules,
returning COxz to the atmosphere. This biogeochemical cycle is powered by carbon's chemistry.
The Centrality of Carbon in Biochemistr

Structural
Backbone

Explanation
Forms stable chains & rings.

Biological Implication
Creates diverse skeletons for all
biomolecules.
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Functional Diversity

Binds to key biogenic elements
(HQOﬂNQPQS)'

Enables creation of functional groups that
define reactivity.

Isomerism &
Chirality

Tetrahedral geometry allows 3D
variation.

Basis for molecular specificity (e.g.,
enzyme-substrate, receptor-ligand).

Energy Transactions

Stable C-C/C-H bonds store
energy; oxidation releases it.

Carbon compounds are the universal fuel
and energy currency of life.

Information Storage

Forms stable, sequenceable
polymers (nucleotides).

Genetic information (DNA/RNA) is
stored in carbon-based code.

Carbohydrates

Biological Molecules

Carbohydrates are polyhydroxy aldehydes or ketones, or substances that hydrolyze to yield such
compounds. They are the most abundant biomolecules on Earth and serve as central molecules in
biochemical pathways. Biochemically, they are defined by their empirical formula (CH20),, where n>3,
though derivatives may contain nitrogen, sulfur, or phosphorus.

2. Sources & Biochemical Origin

Anabolism (Synthesis):

e Photosynthesis (Calvin Cycle): Occurs in the stroma of chloroplasts. Uses ATP and NADPH
from light reactions to fix CO: into 3-phosphoglycerate (3-PG), which is converted to triose
phosphates and eventually to glucose-6-phosphate and starch. The key enzyme is Ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO).

¢ Gluconeogenesis: The 11-step pathway (largely a reversal of glycolysis with three bypass
reactions) that synthesizes glucose from non-carbohydrate precursors.
¢ Glycogenesis: The synthesis of glycogen from glucose-1-phosphate in liver and muscle cells,
regulated by glycogen synthase and branching enzyme.
Catabolism (Breakdown) & Dietary Sources:
o Digestion: Enzymes like a-amylase (saliva/pancreas), sucrase-isomaltase, lactase,
and maltase hydrolyze dietary polysaccharides and disaccharides into absorbable
monosaccharides (glucose, fructose, galactose).
e Metabolic Pathways:
o Glycolysis: The 10-step cytosolic pathway converting glucose to pyruvate, yielding 2
ATP and 2 NADH per glucose.
3. Properties (Biochemical Perspective)
Structural & Isomeric Properties:
e Chirality & Stereoisomerism:
o Enantiomers: Non-superimposable mirror images (D- vs. L-). Biochemistry almost
exclusively uses D-sugars.
o Diastereomers: Non-mirror image stereoisomers. Epimers are a special subclass
differing at only one chiral center (e.g., glucose and galactose are C-4 epimers).
e Anomerism: A type of diastereomerism specific to the anomeric carbon (C-1 in aldoses, C-2 in
ketoses) upon ring formation. a-anomer has the -OH group #rans to the CH.OH group (axial in
glucose). p-anomer has it cis (equatorial in glucose). Interconversion in solution

1S mutarotation.

¢ Ring Structures: Predominant forms are pyranose (6-membered, chair conformation)
and furanose (5-membered). Chair conformation stability is governed by sterics: bulky groups
(like -OH) prefer equatorial positions.

Chemical Reactivity:

e The Anomeric Carbon: The most reactive center in a sugar. It is involved in:
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Glycosidic Bond Formation: Creates acetal/ketal linkages with -OH groups of other
molecules.
o Reducing Ability: The free anomeric carbon in linear form reduces metal ions (Cu** —
Cu' in Benedict's test). Sucrose is non-reducing because both anomeric carbons are
involved in its glycosidic bond.
Physical Properties:

e Solubility & Osmolarity: High solubility and low molecular weight of monosaccharides create
high osmotic pressure, which is why cells store glucose as large, insoluble polymers (glycogen,
starch).

4. Classification & Structural Biochemistry

I. Monosaccharides

Monosaccharides are the simplest carbohydrate units that cannot be hydrolyzed into smaller
carbohydrate molecules. They are the monomers from which all more complex carbohydrates
(disaccharides, oligosaccharides, polysaccharides) are built.

e Empirical Formula: Typically (CH20),, where n = 3-9 (most commonly 3, 5, or 6).

¢ Functional Groups: They are polyhydroxy aldehydes (aldoses) or polyhydroxy
ketones (ketoses).

e Biochemical Role: Serve as:

o Primary fuel molecules (e.g., glucose).
o Metabolic intermediates (e.g., fructose-1,6-bisphosphate).
o Building blocks for polymers (e.g., glycogen, cellulose, chitin).
o Precursors for other biomolecules (e.g., ribose for nucleic acids).
Classification of Monosaccharides
Monosaccharides are classified based on three key features:

A. By the Number of Carbon Atoms
Carbon Count | Name ' Examples (Biologically Important) |

3 Triose Glyceraldehyde (aldotriose), Dihydroxyacetone (ketotriose)

4 Tetrose Erythrose, Threose (intermediates in PPP)

5 Pentose Ribose (RNA), 2-Deoxyribose (DNA), Ribulose, Xylulose (PPP)
6 Hexose Glucose, Galactose, Mannose, Fructose

7 Heptose Sedoheptulose (intermediate in PPP and Calvin cycle)

9 Nonose Neuraminic acid (precursor of sialic acids)

B. By the Nature of the Carbonyl Group
1. Aldoses: Contain an aldehyde group (-CHO) at carbon 1 (C-1).
o General formula: H-(CHOH),-CHO
o Examples: Glyceraldehyde, Ribose, Glucose, Galactose.
2. Ketoses: Contain a ketone group (>C=0) at carbon 2 (C-2), typically.
o General formula: H-(CHOH),-CO-(CHOH),-H
o Examples: Dihydroxyacetone, Ribulose, Fructose.
Conformational Structures
¢ Pyranose Rings: Adopt chair conformations (*C. or “C»).
o 'Caq: The anomeric carbon (C-1) is axial.
o *Ci: The anomeric carbon is equatorial (more stable for D-sugars as bulky groups prefer
equatorial positions).
e Furanose Rings: Adopt envelope or twist conformations.
Physical & Chemical Properties
Physical Properties
e State: Colorless, crystalline solids.
e Solubility: Highly soluble in water due to extensive hydrogen bonding via -OH groups.
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e Sweetness: Varies; fructose > sucrose > glucose > galactose > maltose > lactose.

e Optical Activity: All monosaccharides (except dihydroxyacetone) are optically active, rotating
plane-polarized light. Specific rotation ([a]D) is a characteristic property (e.g., D-glucose =
+52.7° at equilibrium).

Chemical Properties

1. Reducing Sugars: All monosaccharides are reducing sugars because their anomeric carbon is

free (in equilibrium with the open-chain aldehyde or ketone form). They can reduce agents like:

@)
@)

Fehling's/Benedict's Reagent (Cu?>* — Cu'*, forming a brick-red precipitate).
Tollens' Reagent (Ag" — Ag®, silver mirror).

2. Esterification: -OH groups can form esters with acids (e.g., phosphate, sulfate, acetate).

3. Glycoside Formation: The anomeric -OH reacts with an alcohol or amine of another molecule,
forming a glycosidic bond and releasing water. This is the fundamental reaction for forming
disaccharides and polysaccharides.

4. Oxidation & Reduction: As described in derivatives (to acids or alcohols).

Monosaccharides at a Glance

Name Type Significant Isomerism Primary Biological Role
D-Glucose Aldohexose | C-2 epimer of Mannose; C-4 | Central metabolic fuel; monomer of
epimer of Galactose major polysaccharides.
D-Fructose Ketohexose | Anomer of Glucose (in Dietary sugar; very sweet;
sucrose) metabolized in liver.
D-Galactose | Aldohexose | C-4 epimer of Glucose Component of lactose and many
glycoconjugates.
D-Mannose Aldohexose | C-2 epimer of Glucose Component of N-linked glycans.
D-Ribose Aldopentose | - Backbone of RNA and nucleotide
cofactors (ATP, NADH).
2-Deoxy-D- Aldopentose | Lacks O at C-2 vs. Ribose Backbone of DNA.
Ribose

II. Disaccharides
Disaccharides

1. Introduction & Definition
Disaccharides are carbohydrates formed when two
monosaccharide units are joined by a glycosidic bond through
a dehydration (condensation) reaction. They are the simplest
type of oligosaccharide.

¢ General Reaction:
Monosaccharide-OH + HO-Monosaccharide —
Disaccharide + H.0O
e Molecular Formula: Typically Ci2H2201: (for two
hexoses minus one water).
2. Formation & Structure: The Glycosidic Bond
A. Nature of the Glycosidic Bond
e Formation: A covalent bond between the anomeric
carbon (C-1 of an aldose or C-2 of a ketose) of one

monosaccharide and a hydroxyl group (-OH) of another.

B. Reducing vs. Non-Reducing Disaccharides
This classification is fundamental and depends on whether the
anomeric carbon of the second monosaccharide is free.

¢ Reducing Disaccharides:
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Glucose Glucose
Maltose

(o-D-glucosyl (1 — 4) o-D-glucose)

CH,0H

H OH OH H
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(@-D-glucosyl (1 — 2) B-D-fructose)

CH,OH CH,OH
O,
HO H
O
H OH H H
H OH H OH
Galactose Glucose

Lactose
(@-D-galactosyl (1 — 4) B-D-glucose)

9|59

o
W
S
0
Q,
(o
-]
S
S
o
(o
£
0
"]
"ol
m
=
|
-
3
o
(" ]




L HH PREPARATIONS). =

~ L

nZ QO —~=2» XM

Feature: One anomeric carbon is involved in the glycosidic bond; the other
remains free and can interconvert between o and B forms (mutarotation).

o Chemical Behavior: They exhibit reducing properties (give positive
Benedict's/Fehling's test) because the free anomeric carbon can open to reveal an
aldehyde or ketone group.

o [Examples: Maltose, Lactose, Cellobiose.

¢ Non-Reducing Disaccharides:

o Feature: Both anomeric carbons are involved in the glycosidic bond (a "head-to-head"
linkage).

o Chemical Behavior: No free anomeric carbon, therefore no mutarotation and no
reducing properties (negative Benedict's test).

o Example: Sucrose

Key Disaccharides
Disaccharide Monosaccharide Glycosidic  Reducing? Major Source / Digestive
Components Bond Role Enzyme

Sucrose Glucose + Fructose | a(1—2p) No Table sugar; Sucrase
Transport in plants

Lactose Galactose + Glucose | f(1—4) Yes Milk sugar Lactase

Maltose Glucose + Glucose | a(1—4) Yes Starch digestion; Maltase
Germinating grains

Cellobiose Glucose + Glucose | B(1—4) Yes Cellulose hydrolysis | (Cellulase -
(not digestible by absent)
humans)

Trehalose Glucose + Glucose | a(1—1)a No Insect blood sugar; | Trehalase
Stress protectant in
fungi

III. Oligosaccharides
3-20 monosaccharide units. N-linked glycans are attached via the amide nitrogen of Asn in the
sequon Asn-X-Ser/Thr. Synthesis involves a dolichol phosphate lipid carrier in the ER.
IV. Polysaccharides (Glycans)
Polysaccharides are high-molecular-weight carbohydrates composed of long chains of monosaccharide
units (typically >10) linked together by glycosidic bonds. They are also called glycans.
e General Formula: (CsH100s), where n = number of monosaccharide units (ranges from hundreds
to tens of thousands).
e Nature: They are polymers and constitute one of the main classes of biological macromolecules.
e Biochemical Role: Primarily serve as:
o Storage forms of energy (e.g., starch, glycogen).
o Structural materials (e.g., cellulose, chitin).
o Key components of cell recognition and signaling systems (e.g., glycosaminoglycans
in extracellular matrix).
Classification of Polysaccharides
Polysaccharides are classified based on composition, structure, and function.
A. Based on Monosaccharide Composition
1. Homopolysaccharides (Homoglycans): Composed of only one type of monosaccharide unit.
o Examples: Starch, Glycogen, Cellulose (all of glucose), Chitin (of N-acetylglucosamine).
2. Heteropolysaccharides (Heteroglycans): Composed of two or more different types of
monosaccharides or their derivatives.
o Examples: Hyaluronic acid, Heparin, Peptidoglycan.
B. Based on Biological Function
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1. Storage Polysaccharides: Compact, often branched structures that are hydrolyzed to release
sugar monomers when energy is needed. They are osmotically inert.
o Examples: Starch (plants), Glycogen (animals).
2. Structural Polysaccharides: Typically form fibrous, water-insoluble structures that provide
mechanical support and protection.
o Examples: Cellulose (plants), Chitin (arthropods/fungi), Peptidoglycan (bacteria).
C. Based on Chain Structure
1. Linear (Unbranched) Polysaccharides: The monosaccharide units are linked in a continuous
straight chain.
o Examples: Cellulose, Amylose, Chitin.
2. Branched Polysaccharides: The main chain has side chains attached at branching points.
o Examples: Amylopectin, Glycogen, Glycosaminoglycans (GAGs).
Structural Features & Chemical Properties
A. General Structural Features
e Glycosidic Linkages: The type (o or B) and position (e.g., 1—4, 1—6) of the glycosidic bonds
determine the 3D conformation and biological properties.
e Molecular Weight: Very high (from ~10* to >107 Daltons).
e Supramolecular Organization: Many structural polysaccharides form fibers or sheets through
extensive intermolecular hydrogen bonding.
B. Physical Properties
e Solubility: Varies widely.
o Storage polysaccharides (glycogen, amylopectin) are soluble in water due to their
highly branched, open structure.
o Structural polysaccharides (cellulose, chitin) are insoluble due to tight packing and
extensive H-bonding.
o Taste: Tasteless (non-sweet) due to their large size preventing interaction with sweet taste
receptors.
e Optical Activity: Exhibit optical activity but no mutarotation (anomeric carbons are locked in
glycosidic bonds).
¢ Reducing Properties: Generally non-reducing. The number of free anomeric carbons at the
ends of long chains is negligible.
C. Chemical Properties
1. Hydrolysis: Can be broken down completely to their constituent monosaccharides by:
o Acid Hydrolysis: Boiling with strong mineral acids (e.g., 6M HCI).
o Enzymatic Hydrolysis: Specific enzymes (amylases, cellulases, lysozyme).
2. Jodine Test: Forms characteristic-colored complexes with iodine due to the trapping of iodine
molecules within the helical structure of the polysaccharide.
o Amylose: Deep blue.
o Amylopectin/Glycogen: Reddish-purple to brown.
o Cellulose/Chitin: No color (no helix formation).
Polysaccharides at a Glance

Polysaccharide Type Monomer(s) | Key Main Distinctive
Linkage(s) Function Feature

Starch Storage (Plant) a-D-Glucose | a(1—4) Energy Iodine: Blue
linear; reserve (amylose),
a(1—06) Purple
branches (amylopectin)

Glycogen Storage a-D-Glucose | a(1—4) Energy Most branched;

(Animal) linear; reserve (liver, | soluble; iodine:

a(1—6) muscle) reddish-brown
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branches
(frequent)

Cellulose Structural (Plant) | B-D-Glucose | f(1—4) Mechanical Linear, H-
strength (cell | bonded
walls) microfibrils;

indigestible

Chitin Structural N-Acetyl-B- | B(1—4) Exoskeletons, | Analogous to

(Animal/Fungal) | D- fungal cell cellulose but
Glucosamine walls with NAG;
very tough

Lipids
Lipids are a heterogeneous group of organic compounds that are:
e Insoluble in water (hydrophobic)
e Soluble in organic solvents (ether, chloroform, benzene, acetone)
e Characterized by their hydrophobic nature due to predominantly nonpolar hydrocarbon
chains
General Formula: Predominantly composed of carbon, hydrogen, and oxygen (some contain
phosphorus, nitrogen, sulfur)
B. Biological Importance and Functions
1. Energy Storage: Most efficient energy reserves (9 kcal/g vs. 4 kcal/g for carbs/proteins)
2. Structural Components: Major constituents of biological membranes (phospholipids,
cholesterol)
Insulation and Protection: Thermal insulation (subcutaneous fat), organ cushioning
Hormone Precursors: Steroid hormones, prostaglandins
Vitamin Carriers: Fat-soluble vitamins (A, D, E, K)
Signaling Molecules: Eicosanoids, phosphatidylinositol derivatives
Electron Carriers: Coenzyme Q in ETC
. Enzyme Cofactors: Vitamin K in blood clotting
eneral Characteristics
Amphipathic nature: Most biological lipids have both hydrophobic and hydrophilic regions
Diverse structures: Range from simple hydrocarbon chains to complex ring systems
e Varied melting points: Depending on chain length and saturation
PROPERTIES OF LIPIDS
A. Physical Properties
1. Solubility:
o Insoluble in water (hydrophobic)
o Soluble in nonpolar organic solvents (ether, chloroform, benzene)
o Amphipathic lipids form micelles/bilayers in aqueous solutions
2. Melting Points:
o Saturated fats: Higher melting points (solid at room temp)
o Unsaturated fats: Lower melting points (liquid at room temp)
o Chain length effect: Longer chains = higher melting points
3. Specific Gravity: Less than water (0.8-0.9 g/mL) - float on water
4. Optical Activity: Some lipids are optically active (glycerol derivatives with asymmetric carbons)
5. Surface Activity: Amphipathic lipids reduce surface tension (emulsifiers)
B. Chemical Properties
1. Hydrolysis:
o Acid hydrolysis: Triglycerides — Glycerol + Fatty acids

N L AW

C.

o o Q
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o Alkaline hydrolysis (saponification): Triglycerides — Glycerol + Soap
o Enzymatic hydrolysis (lipases): Digestion of dietary fats
2. Saponification:
o Reaction with alkali to form soap
o Saponification number: mg KOH required to saponify 1g fat
o Indicator of average chain length (higher number = shorter chains)
3. Hydrogenation:
o Addition of Hz to double bonds (unsaturated — saturated)
o Used in margarine production
o May produce trans fats (partial hydrogenation)
4. Halogenation:
o Addition of halogens (I, Brz) to double bonds
o lodine number: grams of iodine absorbed by 100g fat
o Measures degree of unsaturation
5. Rancidity:
o Hydrolytic rancidity: Lipase action releases fatty acids
o Oxidative rancidity: Auto-oxidation of unsaturated fats
= Initiation: Free radical formation
= Propagation: Chain reaction
» Termination: Antioxidants stop reaction
o Prevention: Antioxidants (vitamin E, BHT, BHA), refrigeration, nitrogen packaging
4. Classification Of Lipids
A. Simple Lipids
Simple lipids are esters of fatty acids with various alcohols that yield only two types of products upon
hydrolysis:
1. Fatty acids
2. Alcohols
General Formula: Alcohol + Fatty acid(s) — Ester + H.O
B. Key Characteristics
1. Composition: Contain only carbon, hydrogen, and oxygen
2. No additional groups: Unlike complex lipids, lack phosphate, carbohydrate, or nitrogenous
groups
3. Hydrophobic: Primarily nonpolar due to long hydrocarbon chains
4. Energy-rich: High caloric value (9 kcal/g)
TRIACYLGLYCEROLS (TRIGLYCERIDES) - FATS AND OILS
A. Chemical Structure
e Backbone: Glycerol (a trihydroxy alcohol, CsHsOs)
e Ester linkage: Three fatty acids attached via ester bonds
e General structure:
CH.-O-CO-R!
|
CH-0-CO-R?
|
CH.-O0-CO-R?
Where R!, R?, R? = fatty acid chains
B. Types of Triacylglycerols
1. Based on Fatty Acid Composition
a) Simple Triglycerides
o All three fatty acids are identical
o Examples:
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o Tristearin: 3 stearic acids (C18:0)
o Tripalmitin: 3 palmitic acids (C16:0)
o Triolein: 3 oleic acids (C18:1)
e Rare in nature: Most natural fats are mixed
2. Based on Physical State at Room Temperature
a) Fats
e Solid or semi-solid at room temperature (20-25°C)
e High proportion of saturated fatty acids
e Animal origin (mostly): Lard, tallow, butter
¢ Plant exceptions: Cocoa butter, coconut oil (saturated plant fats)
b) Oils
e Liquid at room temperature
o High proportion of unsaturated fatty acids
e Plant origin (mostly): Olive oil, sunflower oil, corn oil
Natural Sources and Distribution

1. Animal Fats
Source  Major Fatty Acids Characteristics Uses
Butter C4:0, C16:0, C18:0, C18:1 | 80% fat, cholesterol, vitamin A | Cooking, baking
Lard C16:0, C18:0, C18:1 Pig fat, semi-solid Pastry, frying
Tallow | C16:0,C18:0, C18:1 Beef/mutton fat, solid Soap, candles, cooking
Fish oils | C20:5, C22:6 (n-3) Liquid, highly unsaturated Supplements, margarine
2. Plant Oils
Source Major Fatty Acids Characteristics Uses
Olive oil C18:1 (55-83%), Monounsaturated, stable Cooking, salad
C16:0 dressings
Coconut oil | C12:0 (45%), C14:0 Saturated, medium-chain Cooking, cosmetics
Palm oil C16:0 (44%), C18:1 Saturated, semi-solid Margarine, cooking oil
Sunflower C18:2 (68%), C18:1 Polyunsaturated (®-6) Cooking oil, margarine
oil
Flaxseed oil | C18:3 (57%, ®-3) Highly unsaturated, oxidizes Supplements, paints
easily
Waxes

A. Definition and Structure
e [Esters of long-chain fatty acids with long-chain alcohols
¢ General formula: R-CO-O-R'
o R-COOH: Fatty acid (C14-C36)
o R'-OH: Alcohol (C16-C30)
¢ No glycerol backbone
B. Chemical Composition
1. Fatty Acid Components
e Usually saturated or monounsaturated
¢ Even-numbered: C14-C36
e Common: Palmitic (C16:0), stearic (C18:0), oleic (C18:1)
e Hydroxy fatty acids in some waxes
2. Alcohol Components
¢ Monohydric alcohols: Straight-chain, saturated
e Diols: Some plant waxes
e Sterols: Cholesterol in animal waxes
e Common: Cetyl alcohol (C16), stearyl alcohol (C18)

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 14 | 59

o
W
S
o
Q,
(o
-
S
S
o
A
£
0
n
"ol
m
=
|
<
3
0
]




L MK PREPARATIONS) .-

C. Physical Properties
1. Consistency: Hard, pliable, non-greasy
2. Melting point: 60-100°C (higher than fats)
3. Solubility: Insoluble in water, soluble in organic solvents
4. Hydrophobicity: Excellent water repellency
5. Luster: Naturally shiny appearance
D. Biological Functions in Nature
1. Waterproofing: Cuticle of plants, animal fur/feathers
2. Protection: Against UV, pathogens, physical damage
3. Structural: Beeswax in honeycomb construction
4. Energy storage: Some marine organisms
5. Buoyancy: Spermaceti in sperm whales
Fatty Acids
Common Systematic Name Shorthand Structure Summary
Name

~ L

Palmitic Hexadecanoic C16:0 Saturated, 16C
Stearic Octadecanoic C18:0 Saturated, 18C
Oleic cis-9-Octadecenoic C18:1 A° or -9 Monounsaturated, cis
Linoleic cis,cis-9,12-Octadecadienoic C18:2 A°,2 or -6 | Dienoic, methylene-
interrupted
a-Linolenic all-cis-9,12,15- C18:3 A%,2,55 or - | Trienoic, ®-3
Octadecatrienoic 3
D. Physical Properties Relationship With Structure
1. Melting Point Trends

* Increasing Chain Length — Higher Melting Point
C12:0 (44°C) < C14:0 (58°C) < C16:0 (63°C) < C18:0 (70°C)
* Increasing Unsaturation — Lower Melting Point
C18:0 (70°C) > C18:1 (13°C) > C18:2 (-5°C) > C18:3 (-11°C)
= (Cis vs. Trans Isomers
C18:1 cis (oleic): 13°C
C18:1 trans (elaidic): 45°C
2. Solubility
e In water: Decreases with chain length
o (C2:0 (acetic) - miscible
o C4:0 (butyric) - soluble
o C16:0 (palmitic) - insoluble
¢ In organic solvents: Increases with chain length
E. BIOCHEMICAL ROLES AND FUNCTIONS
1. Membrane Fluidity Regulation
e Saturated fatty acids: Decrease fluidity, increase packing
Unsaturated fatty acids: Increase fluidity, create kinks
Homeoviscous adaptation: Organisms adjust fatty acid composition to maintain membrane
fluidity
2. Energy Storage and Metabolism
e B-oxidation: Major pathway for fatty acid catabolism
e ATPyield:
o Palmitic acid (C16:0): 106 ATP
o Stearic acid (C18:0): 120 ATP
o Account for activation (-2 ATP) and transport costs
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. Signaling Molecules Precursors
¢ Eicosanoids: Derived from 20-carbon PUFAs
¢ Second messengers: Diacylglycerol (DAG)
e Protein modification: Palmitoylation (S-palmitoylation)
4. Gene Expression Regulation
¢ PPARs activation: Polyunsaturated fatty acids activate peroxisome proliferator-activated
receptors
¢ SREBP regulation: Sterol regulatory element-binding proteins
B. Complex Lipids
Contain additional groups besides fatty acids and alcohol
1. Phospholipids
Contain phosphoric acid and often nitrogenous base
a) Glycerophospholipids (Phosphoglycerides)
e Glycerol + 2 fatty acids + phosphate + alcohol
e Major types:
o Phosphatidylcholine (Lecithin): Choline as alcohol
=  Major membrane component, lung surfactant (dipalmitoyl lecithin)

i
O CH,—0—C—R,

I
c 0 CHO—CR

|
!
i
| ReC-O—CH
i
i

R2—C—O—{|:H II:I:: ;I'I: cH
CH—0—P—0" CHy—0O—P—0—CH,—CHy—N-CH;
L &~ Cholne  "CHs
(1) Phosphatidic acid | (2) Lecithin (phosphafidylcholine)

o Phosphatidylethanolamine (Cephalin): Ethanolamine as alcohol
* Brain and nerve tissue
o Phosphatidylserine: Serine as alcohol
= Important in apoptosis, blood clotting
C. Derived Lipids
Steroids
Basic Structure: Cyclopentanoperhydrophenanthrene nucleus (4 fused rings)
Major Classes:
1. Sterols:
o Cholesterol: Animal membranes, precursor to
other steroids
o Phytosterols: Plant sterols (B-sitosterol,
campesterol)
o Ergosterol: Fungal sterol, vitamin D precursor
2. Steroid Hormones:
o Sex hormones: Estrogens, androgens, progestins
o Adrenocortical hormones: Glucocorticoids,
mineralocorticoids
3. Bile Acids:
o Cholic acid, chenodeoxycholic acid
o Emulsify dietary fats
4. Vitamin D: Calcitriol (active form)
Terpenes
e Isoprene (CsHs) units
¢ Monoterpenes (Cio): Essential oils (menthol, limonene)
e Sesquiterpenes (Cis): Abscisic acid
e Diterpenes (Cx): Phytol (chlorophyll), gibberellins
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e Triterpenes (Cso): Squalene
o Tetraterpenes (Cs): Carotenoids
e Polyterpenes: Rubber

Lipid Classification Overview
Category Subcategory Components Examples | Functions

SIMPLE Neutral lipids | Glycerol + 3FA Triacylglycerols Energy storage
Waxes Long-chain alcohol + | Beeswax, lanolin Protection,
M FA waterproofing
COMPLEX | Phospholipids | Alcohol + FA + P + N- | Phosphatidylcholine | Membrane structure
base
K Glycolipids Sphingosine + FA + Cerebrosides Cell recognition
sugar
Lipoproteins | Lipids + proteins HDL, LDL Lipid transport
DERIVED | Fatty acids Hydrocarbon + COOH | Palmitate, oleate Energy, precursors
Steroids Steroid nucleus Cholesterol, Membrane, signaling
hormones
Alcohols Hydroxyl groups Glycerol, cholesterol | Lipid backbones
MISC Terpenes Isoprene units Carotenoids, rubber | Pigments, hormones
Eicosanoids Arachidonate Prostaglandins Local hormones
derivatives

Proteins
o Definition: Proteins are large, complex macromolecules that are fundamental to all life forms.
They are polymers, meaning they are built from long, unbranched chains of smaller molecular
units.
Composition: The monomeric units (building blocks) of proteins are amino acids. A typical
protein is composed of 50 to over 2000 amino acids linked together in a specific, genetically
determined sequence.
¢ Key Elements: All proteins contain Carbon (C), Hydrogen (H), Oxygen (O), and Nitrogen
(N). Many also contain Sulfur (S), found in certain amino acids like cysteine and methionine.
e Central Role: Proteins are the primary functional and structural molecules in cells, executing
nearly every cellular task. They are not just a nutritional category but the "workhorses" of the
cell.
2. Amino Acids
¢ Role: Amino acids are the monomers (singular units) that polymerize to form protein chains
(polymers). There are 20 standard amino acids commonly found in proteins, each encoded by the
genetic code.
e Common Structure: Despite their differences, all 20 standard amino acids share a common
fundamental framework.
3. General Structure of Amino Acids
Every amino acid (except proline, which has a slight variation) has the same core structure, centered on
the alpha (a)-carbon:

1. Alpha Carbon (Ca): A central carbon atom.

2. Amino Group (NH: or NHs%): A basic (proton-accepting) functional group. At physiological pH

(~7.4), it is typically protonated, carrying a positive charge (NHs").
3. Carboxyl Group (COOH or COO"): An acidic (proton-donating) functional group. At
physiological pH, it is typically deprotonated, carrying a negative charge (COO").
4. Hydrogen Atom (H): A single hydrogen atom bonded to the alpha carbon.
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5. Side Chain (R-group): A variable chemical group that is different in each of the 20 amino
acids. The identity of the R-group determines the unique chemical properties (size, charge,
polarity, hydrophobicity) of each amino acid.

Generalized Structure:
H
|
HoN*— Co — COO~
|
R

e This structure makes the alpha carbon a chiral center (except in glycine, where R=H), giving rise
to L- and D-isomers. All amino acids in proteins are in the L-configuration.

e At neutral pH, amino acids exist as zwitterions—molecules with both a positive and a negative
charge, making them overall electrically neutral but polar.

Peptide Bond Formation

e Process: Peptide bonds are formed through a condensation (dehydration) reaction.

e Mechanism:

1. The carboxyl group (COOH) of one amino acid reacts with the amino group (NH:) of
another amino acid.

2. A molecule of water (H20) is removed.

3. A covalent bond, the peptide bond (CO-NH), is formed between the carbon of the first
amino acid and the nitrogen of the second.

H H
+ | _ + | _
HaN— (|3—'CDD + Hg F'J—(_l‘,—COD
R4 Ra
Amino acid 1 Amino acid 2

—¥H-0

., H H
H3N—{:3—¢D—NH—{:3—CDD_
Ry Ro
Dipeptide

e Result: The linked molecules are called amino acid residues. Two linked residues form
a dipeptide, three a tripeptide, and many form a polypeptide (a single, unbranched protein
chain).

Levels of Protein Structure
Protein structure is hierarchical, organized into four levels of increasing complexity.
A. Primary Structure

¢ Definition: The linear sequence of amino acid residues in a polypeptide chain, read from N-
terminus to C-terminus.

¢ Bond Type: Covalent peptide bonds (and sometimes covalent disulfide bonds between cysteine
residues, which are technically part of the primary sequence but form during folding).

e Significance: The primary structure is the most fundamental level. It dictates all higher
levels of folding and, ultimately, the protein's final three-dimensional shape and function. A
change in even a single amino acid (a mutation) can drastically alter protein structure and cause
disease (e.g., sickle cell anemia).
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H, i /CH; L H;,C\ CHy
CH /O 2 o ClH [o CH, /G
HoM—C c/ HN—C—C — HQN—T#C—NH—C—C\’:
OH OH
K ) 1) OH
— + \

Valine Phenylalanine

H,O Peptide bond
B. Secondary Structure

e Definition: Local, regular, repeating patterns of folding in segments of the polypeptide backbone,

stabilized by hydrogen bonds between the backbone carbonyl (C=0) and amide (N-H)
groups. The R-groups/side chains are not involved in these bonds.
e Bond Type: Primarily hydrogen bonds.
e Major Types:
1. Alpha Helix (o-helix):
= Aright-handed coiled structure resembling a
spring.
= Stabilized by intra-chain hydrogen
bonds between the carbonyl oxygen of
residue *n* and the amide hydrogen of
residue *n+4* (four positions ahead in the
sequence).
= Side chains point outward from the helical
core.
2. Beta Pleated Sheet (pB-sheet):
= Formed by stretches of the polypeptide chain
(B-strands) lying side-by-side.
= Stabilized by inter-chain hydrogen bonds (or
intra-chain in a hairpin turn) between neighboring strands.

= Can be parallel (adjacent strands run in the Hooo H
same N—C direction) '\C/Nnv/(kql/'\c/“'\,
or antiparallel (adjacent strands run in g M.,y S H.Bond
opposite directions). Antiparallel sheets are o B L Pepeenchans
NP NP N
generally more stable. goN E . E

= Side chains alternate pointing above and

below the plane of the sheet. N-Teminal ————————=-+

C-terminal
3. Beta Turns (p-turns) and Loops: I
Tight, 180° reverse turns that allow the —
polypeptide chain to change direction. N-Terminal ————————————3 C-terminal
= Often connect successive strands of - ¢ Terminal 4 Neterminal

sheets.
= Loops are less regular, often flexible regions on the protein surface.
C. Tertiary Structure
e Definition: The overall, three-dimensional conformation of a single, entire polypeptide
chain. It describes how all the secondary structure elements (helices, sheets, loops) fold and pack
together in space to form a compact, functional unit.
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Stabilizing Forces (from strongest to weakest):

1. Covalent Bonds: Disulfide bridges between the
sulfur atoms of two cysteine residues (strong, but
not all proteins have them).

2. Electrostatic (Ionic) Interactions: Attraction
between positively charged (e.g., Lys, Arg) and
negatively charged (e.g., Asp, Glu) side chains.
Also called salt bridges.

3. Hydrogen Bonds: Between polar side chains
and/or with the aqueous environment.

4. Van der Waals Forces: Weak attractions
between closely packed non-polar side chains.

5. Hydrophobic Effect: The major driving force
for folding. Nonpolar, hydrophobic side chains
cluster together in the interior of the protein,
away from water, while polar and charged side
chains are typically on the surface.

Result: Tertiary folding creates specific regions with
unique chemistry called active sites (in enzymes)

or binding pockets. The biologically active
conformation is called the native state.

D. Quaternary Structure

Definition: The association of two or more individual,
folded polypeptide chains (called subunits or
protomers) into a single, functional protein complex.
Key Point: Not all proteins have quaternary structure
(e.g., myoglobin is a single polypeptide). Proteins that do
are called multimeric (dimer = 2 subunits, trimer = 3,
tetramer = 4, etc.).

Stabilizing Forces: The same non-covalent interactions
as tertiary structure (hydrophobic effect, hydrogen bonds,
ionic bonds, van der Waals). Sometimes also

covalent disulfide bonds between subunits.

A NH—CH—CO A ™™

NN G OHN AN
O Ry H

H R O

/\N\/\NH—?H—CO/\/\/\J\
HC—CH,
CH- Isoleucine
72
CHs
H.C CH.

I, - 3
CH

CH> Leucine
AN NH—CH—CO -~ ™™

AN NH—CH—C O ™™

2 Aspartate

| ~ Lysine
(CHz)4

I
SN NH—CH—CO ™

. 4.12 : Major bonds in protein structure (A) Disulfide

bond (B) Hydrogen bonds (C) Hydrophic bonds
(D) Electrostatic bond.

Significance: Allows for cooperativity and allosteric regulation. Subunits often work together.
A classic example is hemoglobin, a tetramer where binding of oxygen to one subunit increases

the oxygen affinity of the other subunits.

Analogy: Tertiary structure is a single engine part; quaternary structure is the assembly of many

parts into a complete working engine.

7. Functions of Proteins
Proteins are the most versatile macromolecules, performing an enormous range of functions essential for
life. The specific function of a protein is a direct consequence of its unique three-dimensional structure.

A. Structural Proteins
Role: Provide mechanical support, strength, and integrity to cells, tissues, and organisms.

They create scaffolding and framework.

Key Characteristics: Often form long fibers or sheets; are tough and durable.

Examples:

o Collagen: The most abundant protein in animals. A triple-helical fiber that provides
tensile strength to skin, tendons, ligaments, bones, and connective tissues.
o Elastin: Provides elasticity and recoil to tissues like skin, blood vessels, and lungs.
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Keratin: A tough, fibrous protein that forms the structural basis of hair, nails, feathers,
horns, and the outer layer of skin.

o Actin & Tubulin: Globular proteins that polymerize into long filaments
(microfilaments and microtubules). They form the cytoskeleton, which maintains cell
shape, enables cell movement, and facilitates intracellular transport.

B. Enzymatic Proteins (Enzymes)

¢ Role: Act as biological catalysts. They dramatically speed up (catalyze) specific chemical
reactions without being consumed in the process. Almost every metabolic reaction is facilitated
by an enzyme.

e Key Characteristics: Highly specific for their substrate (the molecule they act upon). They
lower the activation energy required for a reaction to proceed.

¢ Mechanism: Bind substrates at a specialized region called the active site. The "lock-and-key"
and "induced fit" models describe this specificity.

o Examples:

o Amylase: Catalyzes the breakdown of starch into sugars in digestion.

o ATP Synthase: A complex membrane protein that synthesizes ATP, the cell's energy
currency.

o DNA Polymerase: Catalyzes the synthesis of new DNA strands during replication.

C. Transport Proteins
¢ Role: Bind and carry specific atoms or molecules from one location to another, either within
bodily fluids or across cellular membranes.
e Types and Examples:
1. Transport in Blood/Bodily Fluids:
* Hemoglobin: The iron-containing protein in red blood cells that
transports oxygen from lungs to tissues and carries some carbon dioxide back.
* Serum Albumin: Transports fatty acids, hormones, and other substances in the
blood.

2. Membrane Transport Proteins: Embedded in cell membranes to move substances
across.

= Channels & Carriers: Facilitate the movement of ions (e.g., sodium, potassium)
or small molecules (e.g., glucose) across the plasma membrane.

=  Pumps (e.g., Sodium-Potassium Pump): Use energy (ATP) to actively transport
ions against their concentration gradient.

3. Intracellular Transport: Motor proteins like myosin, kinesin, and dynein "walk" along
cytoskeletal tracks to transport vesicles and organelles within the cell.

D. Hormonal Proteins (Protein/Pepetide Hormones)
¢ Role: Function as chemical messengers in endocrine signaling. They are secreted by endocrine
glands or tissues into the bloodstream and travel to target cells to regulate physiology, growth,
and metabolism.
o Key Characteristics: They bind to specific receptors on the surface of (or inside) target cells,
triggering a signal transduction cascade that alters cell activity.
o Examples:

o Insulin: Secreted by the pancreas. Signals cells (especially liver, muscle, fat) to take up
glucose from the blood, lowering blood sugar levels.

o Glucagon: Also from the pancreas; has the opposite effect of insulin, stimulating the
release of glucose into the blood.

o Growth Hormone (GH): Secreted by the pituitary gland, stimulates growth, cell
reproduction, and regeneration.

o Antidiuretic Hormone (ADH/Vasopressin): Regulates water balance by signaling the
kidneys to retain water.
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Other Crucial Protein Functions (Implied by the outline's focus):
o Defensive Proteins: Antibodies (immunoglobulins) that recognize and neutralize pathogens.
e Storage Proteins: Store nutrients (e.g., ferritin stores iron; casein in milk stores amino acids).
¢ Receptor Proteins: Built into membranes to receive and transduce chemical signals (e.g.,
hormone receptors).
¢ Motor/Contractile Proteins: Enable movement (e.g., myosin and actin in muscle contraction).

Enzymes (Biological Catalysts)

1. Definition of Enzymes

Enzymes are highly specialized biological macromolecules (primarily proteins) that act as catalysts for
biochemical reactions. A catalyst is a substance that increases the rate of a chemical reaction without
itself being permanently altered or consumed in the process. Enzymes achieve this by significantly
lowering the activation energy required for the reaction to proceed. They facilitate the conversion of
substrates into products, enabling life-sustaining metabolic processes to occur at rates necessary for life,
often millions of times faster than uncatalyzed reactions.

2. Nature of Enzymes (Protein Nature)

e Primary Composition: The vast majority of enzymes are globular proteins. This means they
are composed of long chains of amino acids (polypeptides) folded into a specific, complex three-
dimensional shape.

¢ Key Characteristics Deriving from Protein Nature:

o Specificity: Their unique 3D structure creates an active site—a precise, often cleft or
pocket-like region—that is complementary in shape, charge, and
hydrophobic/hydrophilic character to a particular substrate or group of closely related
substrates. This ensures precise control in metabolism.

o Denaturation: Being proteins, enzymes are susceptible to denaturation. This is the
irreversible loss of their specific 3D structure due to disruptive conditions (e.g., extreme
heat, pH changes, heavy metals). Denaturation destroys the active site, rendering the
enzyme permanently inactive.

o Cofactors: Many enzymes require non-protein helper components to function.

= Cofactors: Inorganic ions (e.g., Mg?", Zn*', Fe*/Fe**) that are tightly bound,
often at the active site, and are essential for catalysis.

= Coenzymes: Complex organic or metalloorganic molecules, often derived from
vitamins (e.g., NAD", FAD, Coenzyme A). They act as transient carriers of
specific functional groups (e.g., electrons, acyl groups).

o Holoenzyme vs. Apoenzyme: The complete, active enzyme complex (protein part +
cofactor) is the holoenzyme. The protein component alone, which is inactive, is
the apoenzyme.

Example: DNA Polymerase III (bacterial)
e Apoenzyme: Multiple polypeptide subunits
e Cofactor: Mg** ions
e Holoenzyme: Complete complex capable of DNA synthesis
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Feature Apoenzyme Holoenzyme

Composition Protein part only Protein + cofactor

Catalytic Activity Inactive Active

Formation Synthesized by ribosomes Forms when cofactor binds

Specificity Determines substrate Determines reaction specificity
specificity

Stability May be unstable without Generally more stable
cofactor

Molecular Weight Lower Higher
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Example Pyruvate kinase without Pyruvate kinase with K*/Mg?* ions
K+/Mg2+
3. Mechanism of Enzyme Action
Enzymes catalyze reactions by providing an alternative, lower-energy pathway. The general sequence is:

1. Binding: The substrate(s) bind reversibly to the enzyme's active site, forming an enzyme-

substrate (ES) complex. This binding is mediated by multiple weak, non-covalent interactions
(hydrogen bonds, ionic bonds, van der Waals forces, hydrophobic interactions).

Catalysis: The precise environment of the active site promotes the chemical transformation of the
bound substrate(s). Mechanisms include:

o Strain and Distortion: Binding induces strain in the substrate, bending bonds to make
them more reactive.

o Proximity and Orientation: Reactants are held in the optimal spatial arrangement for
reaction.

o Acid-Base Catalysis: Amino acid side chains donate or accept protons.

o Covalent Catalysis: Temporary formation of a covalent bond between the enzyme and
substrate.

o Microenvironment: The active site's unique polarity or hydrophobicity can stabilize
transition states.

3. Product Formation & Release: The substrate is converted into product(s), forming an enzyme-
product (EP) complex. The products, having lower affinity for the active site, are released. The
enzyme is then free to bind another substrate molecule. This cycle is described by the Michaelis-
Menten model.

4. Models of Enzyme-Substrate Specificity
Two primary models explain the specificity of enzyme-substrate binding:
e Lock and Key Model (Emil Fischer, 1894):

o Concept: The enzyme's active site is viewed as a rigid, pre-formed lock with a fixed
geometric shape. The substrate is the key that fits perfectly into this lock. Only the
correct, complementary substrate can fit and be catalyzed.

o Limitation: It fails to account for the dynamic flexibility of proteins and the observed
stabilization of the transition state.

e Induced Fit Model (.Dz.mieI Koshland, 1958): Lock-and-Key
o Concept: This is the Currently Substrate fits perfectly into the active site.

accepted model. The active site is not a
S

~ L

o
W
S
0
Q,
(o
-]
S
S
o
(o
£
0
"]
"ol
m
=
|
-
3
o
(" ]

o _— Substrate
rigid structure. Upon initial, weak

binding of the substrate, the enzyme Enzyme
undergoes a conformational
change (a change in shape). This
change induces a tighter fit around the
substrate, like a handshake or a glove
molding around a hand. This induced
fit: ? lis_‘l
1. Optimizes the alignment of
catalytic groups.
2. Strains the substrate towards
its transition state, lowering
the activation energy.
3. Explains how enzymes can discriminate against similar molecules and perform
sequential reactions.

nzZOoO—~-H» X™PprUmIT
(o

Induced-Fit
Active site conforms to its substrate’s shape.
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5. Factors Affecting Enzyme Activity
Enzyme reaction rates are highly sensitive to environmental conditions due to their protein nature.
e A.Temperature:
o General Effect: Reaction rate increases with temperature (Qio effect) as molecules have
more kinetic energy and collide more frequently.
o Optimum Temperature: The temperature at which the enzyme operates at maximum
velocity. For most human enzymes, this is ~37°C.
o Denaturation: Above the optimum, increased thermal energy disrupts the weak bonds
maintaining tertiary structure. The enzyme denatures, losing its shape and activity. The
rate drops sharply. The curve is a bell shape.

~ L

Enzyme velocity ———
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Temperature (°C)

o General Effect: pH affects the ionization state of amino acid side chains (especially in
the active site) and the substrate itself.

o Optimum pH: The pH at which the enzyme's active site and substrate have the ideal
charge configuration for binding and catalysis. (e.g., Pepsin in stomach ~ pH 2, Trypsin
in small intestine ~ pH 7.5).

o Extreme pH: Very high or low pH can cause denaturation by disrupting ionic and
hydrogen bonds, or alter charges critical for catalysis, leading to loss of activity. The
curve is bell-shaped.
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e C. Substrate Concentration ([S]):
o At Low [S]: The reaction rate is directly proportional to [S]. Active sites are largely free,
and the enzyme is not saturated. Rate increases linearly (first-order kinetics).
o As [S] Increases: The rate increases but begins to level off as more active sites become
occupied.
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o At High [S]: The rate plateaus, reaching Maximum Velocity (Vmax). All active sites are
continuously occupied (saturated), and the enzyme is working at its maximum capacity.
The rate becomes zero-order (independent of [S]).

o Michaelis Constant (Km): This is the substrate concentration at which the reaction rate
is half of Vmax. It is a measure of the enzyme's affinity for its substrate. A low
Km indicates high affinity (the enzyme reaches half Vmax at a low [S]). A high
Km indicates low affinity.

~ L

Vmax e e el = TS

Substrate concentration —3

e D. Enzyme Concentration ([E]):

o General Effect: Provided there is an excess of substrate, the reaction rate is directly
proportional to the enzyme concentration. Doubling [E] doubles the rate, as there are
twice as many catalytic sites available. This relationship is linear until the substrate
becomes limiting.
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6. Importance of Enzymes
Enzymes are indispensable for all forms of life due to their roles in:

e Metabolism: They orchestrate every step of catabolic pathways (breaking down molecules to
release energy, e.g., glycolysis) and anabolic pathways (building complex molecules using
energy, e.g., protein synthesis).

e Homeostasis: Enzymes help maintain internal stability by regulating biochemical processes in
response to cellular signals.

o Digestion: Hydrolytic enzymes (e.g., amylase, protease, lipase) break down macromolecules in
food into absorbable monomers.

e Cellular Signaling & Regulation: Enzymes like kinases and phosphatases control processes by
adding/removing phosphate groups, turning proteins on or off.

nZ QO —~=2» XM
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e DNA Replication and Repair: DNA polymerase, ligase, and nucleases are essential for copying
and maintaining genetic integrity.

e Defense: Enzymes like lysozyme in tears degrade bacterial cell walls.

e Detoxification: Liver enzymes (e.g., cytochrome P450) modify toxins and drugs for excretion.

e Industrial & Medical Applications: Used in brewing, cheese-making, detergents (proteases,
lipases), biofuel production, diagnostic assays, and as therapeutic agents.

7. Enzyme Inhibition (Crucial for Regulation)
Inhibitors are molecules that decrease enzyme activity, providing critical control over metabolic
pathways.

e A. Reversible Inhibition:

o Competitive Inhibition:

=  Mechanism: Inhibitor (I) closely resembles the substrate and competes for the
active site. It blocks substrate binding.

= Effect on Kinetics: Increases apparent Km (more substrate is needed to reach
half Vmax), but Vmax is unchanged (with enough substrate, it can outcompete
the inhibitor).

= Example: Statin drugs competitively inhibit HMG-CoA reductase, a key enzyme
in cholesterol synthesis.

o Non-Competitive Inhibition:

=  Mechanism: Inhibitor binds to a sitc other than the active site (an allosteric
site), causing a conformational change that deforms the active site and reduces its
catalytic efficiency.

= [Effect on Kinetics: Vmax is decreased, but Km remains unchanged (affinity
for substrate is unaltered; binding is unaffected).

o Uncompetitive Inhibition:

=  Mechanism: Inhibitor binds only to the Enzyme-Substrate (ES) complex,
locking it and preventing product release.
= Effect on Kinetics: Both Vmax and apparent Km are decreased.

e B. Irreversible Inhibition:

o Mechanism: Inhibitor forms strong covalent bonds with amino acid residues in the
active site, permanently inactivating the enzyme. The enzyme must be degraded and
replaced.

o Example: Penicillin irreversibly inhibits transpeptidase, an enzyme essential for bacterial
cell wall synthesis.

8. Regulation of Enzyme Activity
Cells precisely control enzyme activity to match metabolic demands.

¢ Allosteric Regulation: Effector molecules (activators or inhibitors) bind to allosteric sites,
causing conformational changes that either enhance or reduce activity. Often seen in multi-
subunit enzymes at key pathway junctions (e.g., feedback inhibition).

e Covalent Modification: Reversible addition/removal of chemical groups (e.g., phosphate, acetyl)
by other enzymes. Phosphorylation (by kinases) is a major regulatory switch.

e Zymogen (Proenzyme) Activation: Enzymes are synthesized as inactive precursors to prevent
damage inside producing cells. They are activated by proteolytic cleavage when needed (e.g.,
pepsinogen — pepsin in stomach; blood clotting cascade enzymes).

e Compartmentalization: Segregating enzymes and substrates into specific organelles (e.g.,
digestive enzymes in lysosomes) controls when/where reactions occur.

¢ Genetic/Transcriptional Control: Regulating the amount of enzyme produced by turning genes
on or off (a slower, long-term adaptation).

Classification of Enzymes
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Enzymes are systematically classified by the Enzyme Commission (EC), an international organization,
based on the type of chemical reaction they catalyze. Each enzyme is assigned a unique four-part EC
number (e.g., EC 1.1.1.1 for Alcohol Dehydrogenase).
The six main classes are:
EC 1: Oxidoreductases
¢ Reaction Catalyzed: Catalyze oxidation-reduction (redox) reactions. Involve the transfer of
electrons (often as hydride ions (H") or hydrogen atoms) from one molecule (the reductant, or
electron donor) to another (the oxidant, or electron acceptor).
e Typical Naming: Dehydrogenases (remove hydrogens), Reductases, Oxidases (use Oz as electron
acceptor), Peroxidases (use H20:), Oxygenases (incorporate oxygen into a substrate).
¢ General Equation: AH,tB—A+BH, (where AH: is the electron donor).
e Key Cofactors: NAD*, NADP*, FAD, FMN, metal ions (Fe, Cu).
o Examples:
o Cytochrome ¢ Oxidase (EC 1.9.3.1): Final electron acceptor in the electron transport
chain.
o Alcohol Dehydrogenase (EC 1.1.1.1): Oxidizes ethanol to acetaldehyde.
o Catalase (EC 1.11.1.6): Breaks down hydrogen peroxide: 2H>0,—0,+2H>0
EC 2: Transferases
¢ Reaction Catalyzed: Transfer a specific functional group (e.g., phosphate, methyl, amino,
glycosyl) from a donor molecule to an acceptor molecule.
e Typical Naming: Transaminase (transfer amino group), Kinase (transfers phosphate from
ATP), Methyltransferase.
¢ General Equation: AX+B—A+BX
o Examples:
o Hexokinase (EC 2.7.1.1): Transfers a phosphate from ATP to glucose.
o Alanine Transaminase (ALT, EC 2.6.1.2): Transfers an amino group between alanine
and o-ketoglutarate. A key liver enzyme.
EC 3: Hydrolases
¢ Reaction Catalyzed: Catalyze hydrolysis reactions — breaking bonds using water. They cleave
substrates by adding H+ and OH— from water across the bond.
e Typical Naming: Often ends in -ase preceded by the substrate
(e.g., Protease, Lipase, Nuclease, Phosphatase).
¢ General Equation: A—-B+H,0—A—-H+B—OH
o Examples:
o ATP Synthase (EC 3.6.3.14): Actually catalyzes ATP hydrolysis in reverse to synthesize
ATP. (Note: It is named for its reverse, hydrolytic reaction in classification).
o Trypsin (EC 3.4.21.4): A protease that hydrolyzes peptide bonds.
o Acetylcholinesterase (EC 3.1.1.7): Hydrolyzes the neurotransmitter acetylcholine.
EC 4: Lyases
e Reaction Catalyzed: Cleave C-C, C-O, C-N, and other bonds by means other than
hydrolysis or oxidation. They often form a new double bond or a new ring structure, or they
add groups to double bonds.
o Key Feature: They work in reverse as well, catalyzing the addition of groups to double bonds.
e Typical Naming: Decarboxylase (removes COz), Dehydratase (removes
H:0), Aldolase (reversibly cleaves aldols), Synthase (often used for lyases that form bonds).
¢ General Equation: A—B—A+B (non-hydrolytic, non-oxidative elimination).
o Examples:
o Pyruvate Decarboxylase (EC 4.1.1.1): Removes CO: from pyruvate to form
acetaldehyde.
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o Fumarase (EC 4.2.1.2): Hydration of fumarate to malate (adds H2O across a double
bond).
EC 5: Isomerases
e Reaction Catalyzed: Catalyze intramolecular rearrangements; they change the structure of a
molecule by moving functional groups within the molecule to form an isomer.
o Types: Racemases or Epimerases (change optical isomer), Cis-trans Isomerases, Intramolecular
Transferases (mutases).
e General Equation: A—A' (isomer)
o Examples:
o Triosephosphate Isomerase (TIM, EC 5.3.1.1): Rapidly converts dihydroxyacetone
phosphate (a ketose) to glyceraldehyde 3-phosphate (an aldose). Crucial in glycolysis.
o Phosphoglucomutase (EC 5.4.2.2): Converts glucose 1-phosphate to glucose 6-
phosphate.
EC 6: Ligases (Synthetases)
¢ Reaction Catalyzed: Join two molecules together with covalent bonds, coupled with
the hydrolysis of a high-energy triphosphate (usually ATP).
Crucial Point: Require energy input (from nucleoside triphosphates like ATP).
Typical Naming: Synthetase (this term is reserved for ligases; note: synthase is used for lyases).
General Equation: A+B+ATP—A—-B+ADP+Pi (or AMP + PPi)
Examples:
o DNA Ligase (EC 6.5.1.1): Seals nicks in DNA backbone during replication/repair.
o Acetyl-CoA Synthetase (EC 6.2.1.1): Activates acetate: Acetate + CoA + ATP —
Acetyl-CoA + AMP + PPi
o Aminoacyl-tRNA Synthetases (e.g., EC 6.1.1.-): Attach amino acids to their
corresponding tRNAs (essential for translation).
Summary Mnemonic: "Over The Hills, Lions Isolate Lunch"
e Oxidoreductases

~ L

o
W
S
o
Q,
(o
-
S
S
o
A
£
0
n
"ol
m
=
|
<
3
0
]

e Transferases
e Hydrolases
e Lyases

e Isomerases

e Ligases

Each main class is further divided into subclasses and sub-subclasses based on more specific details of the
reaction (e.g., the type of group transferred or the exact bond cleaved), leading to the full four-digit EC

nZ QO —~=2» XM

number.
Class Name Type of Reaction Catalyzed Example (EC Number)

EC1 Oxidoreductases | Oxidation- Alcohol Dehydrogenase (EC 1.1.1.1) -
Reduction (electron Oxidizes ethanol to acetaldehyde.
transfer).

EC2 Transferases Group Transfer (moving Hexokinase (EC 2.7.1.1) - Transfers a
functional groups). phosphate from ATP to glucose.

EC3 Hydrolases Hydrolysis (bond cleavage Trypsin (EC 3.4.21.4) - Hydrolyzes
with water). peptide bonds in proteins.

EC4 Lyases Non-Hydrolytic Pyruvate Decarboxylase (EC 4.1.1.1)
Addition/Elimination (form | - Removes CO: from pyruvate.
ing or breaking double
bonds).
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EC5 Isomerases Isomerization (intramolecul | Triosephosphate Isomerase

ar rearrangement). (TIM) (EC 5.3.1.1) - Converts
dihydroxyacetone phosphate to
glyceraldehyde 3-phosphate.

EC6 Ligases Bond Formation Coupled DNA Ligase (EC 6.5.1.1) - Joins DNA
to ATP Hydrolysis (joining | strands by forming a phosphodiester
molecules). bond.

Nucleic Acids

~ L

Nucleic acids are large, complex macromolecules that are essential for all known forms of life. They are
biopolymers composed of repeating monomeric units called nucleotides. Their primary function is to
store, transmit, and express genetic information.

Types of Nucleic Acids

There are two main types of nucleic acids, which differ in their structure, sugar component, and specific
roles within the cell:

Feature DNA (Deoxyribonucleic Acid) RNA (Ribonucleic Acid)

Full Name | Deoxyribonucleic Acid Ribonucleic Acid

Sugar Deoxyribose Ribose

Bases Adenine (A), Guanine (G), Adenine (A), Guanine (G), Cytosine (C),
Cytosine (C), Thymine (T) Uracil (U)

Structure Typically double-stranded (double | Typically single-stranded (but can fold)
helix)

Stability More chemically stable Less chemically stable

Primary Long-term storage of genetic Involved in the process of decoding DNA into

Role blueprints; hereditary material proteins; various functional roles

e DNA serves as the permanent, archival repository of genetic instructions for an organism's
development, functioning, and reproduction. It is located in the cell nucleus (and
mitochondria/chloroplasts).

¢ RNA acts as a messenger and helper molecule, carrying out the instructions encoded in DNA. It
is involved in protein synthesis (gene expression) and has other regulatory and catalytic functions.

Structure of Nucleotides
The nucleotide is the fundamental building block of all nucleic acids. Each nucleotide consists of three
components:

1. A Pentose Sugar: This is a 5-carbon sugar.

o In DNA, the sugar is deoxyribose (lacks an oxygen atom on the 2' carbon).
o In RNA, the sugar is ribose (has a hydroxyl group on the 2' carbon).

2. A Phosphate Group: A phosphorus atom bonded to four oxygen atoms. This group is attached to
the 5' carbon of the sugar. The phosphate group gives nucleic acids their acidic character and
allows nucleotides to link together via phosphodiester bonds.
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3. A Nitrogenous Base: A nitrogen-containing molecule NH, 0
attached to the 1' carbon of the sugar. There are two N N HN/H/-N\
categories of bases: LQ “N> A ,,| '--N>

o Purines (double-ring structures): Adenine R B
(A) .anc.l .Guanil.le (G) . [B‘.A:r:;i&:‘:u(ﬁej {E-anfl:grgiiy{glinne)
o Pyrimidines (single-ring structures): Cytosine liK
(C), Thymine (T) (found only in DNA), and Uracil NZ" |
(U) (found only in RNA). s
Formation of a Nucleic Acid Strand: Nucleotides link together i
via phosphodiester bonds, which form between the phosphate group Ny sl - N
of one nucleotide and the 3' carbon of the sugar of the next nucleotide. 0 0
This creates a repeating sugar-phosphate backbone with the s s w0
nitrogenous bases extending as side groups. The sequence of these CJ\N C/,L\_N
bases along the strand encodes genetic information. ) i
Thymine (T) Uracil (U)
(2.4-dioxy-5 methylpyrimidine) (2,4-dioxypyrimidine)
0
NH2 T
Ny, HNT ThCHa
A AN
l l “) Adenine { ) ‘ Thymine
— g‘
( _|_ O Hz // ‘\.\\ . .
O Ribose Ribose
H
OH OH H
AMP TMP

Structure of DNA
DNA's structure exists on multiple levels, culminating in its iconic three-dimensional form.

e Primary Structure: This is the linear sequence of nucleotides linked by phosphodiester bonds,
forming a single polynucleotide strand. The sequence of bases (A, T, C, G) in this strand is the
genetic code.

e Secondary Structure: The Double Helix
The famous double helix model was elucidated by James Watson and Francis Crick in 1953,
based on the X-ray crystallography work of Rosalind Franklin. This model describes DNA's
stable, three-dimensional shape and has several key features:

1. Two Strands: DNA consists of two polynucleotide strands.

2. Anti-parallel Orientation: The two strands run in opposite directions. One strand runs
in the §' — 3' direction (from its phosphate end to its sugar hydroxyl end), while the
complementary strand runs 3' — 5".

3. Sugar-Phosphate Backbone: The backbones of the two strands coil around the outside
of the molecule.

4. Bases Inward: The nitrogenous bases point inward, toward the central axis of the helix,
like the rungs of a twisted ladder.

5. Helical Twist: The two strands twist around each other to form a right-handed spiral,
completing one turn approximately every 10 base pairs.

e Base Pairing (Complementary Base Pairing)

The two strands of the helix are held together by specific hydrogen bonds between the inward-
facing bases. This follows a strict rule known as Chargaff's rules:

o Adenine (A) always pairs with Thymine (T) via two hydrogen bonds.

o Guanine (G) always pairs with Cytosine (C) via three hydrogen bonds.
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This specific A-T / G-C pairing is called complementary base

pairing. It means the sequence of one strand automatically dictates 5'end
the sequence of the other. For example, if one strand reads 5'- ‘lf .
ATGCC-3', the complementary strand must read 3'-TACGG-5'". o ) -
HCY O Adenine
Consequences of Base Pairing: & \H\ 1d "
o Stability: The three hydrogen bonds in G-C pairs HN\E 2/ H
H

make regions of DNA with high G-C content
slightly more stable than regions with high A-T T

~ L

content. . HZCS' 0] Guanine
o Replication: Complementarity allows DNA to be H \H\
replicated accurately; each strand serves as a H H
template for the synthesis of a new ,,{
complementary strand. O=P=0 ™~ prhosphodiester
o Information Storage: Genetic information is e ~ bond
stored in the sequence of bases, not in their H™_AON Jhymine
chemical identity. Any sequence is possible within NG
the pairing rules. ) H
The DNA Double Helix (Watson-Crick Model, 1953) O=P—0~
Informed by Rosalind Franklin's X-ray diffraction data and
Chargaff's rules. e

Key Features

1. Double Helix: Two polynucleotide strands wind around a common axis in a right-handed spiral.

2. Antiparallel: One strand runs 5' — 3', the other runs 3' — 5'.

3. Complementary Base Pairing: Hydrogen bonds form between bases on opposite strands.

o Adenine (A) pairs with Thymine (T) via 2 hydrogen bonds.
o Guanine (G) pairs with Cytosine (C) via 3 hydrogen bonds.
o This explains Chargaff's Rules: A=T and G=C.

4. Base Stacking: The flat, planar bases stack on top of each other perpendicular to the helix axis.
Hydrophobic interactions and van der Waals forces between stacked bases provide significant
stability to the helix.

Helical Geometry

e Diameter: ~20 A (2 nanometers).

e Helical Pitch: One full turn is ~34 A (3.4 nm) long and contains 10 base pairs.

o Distance between bases: ~3.4 A (0.34 nm) along the axis.

e Major and Minor Grooves: The twisting creates two grooves of unequal size.

o Major Groove: Wider, exposes edges of base pairs for protein recognition (e.g.,
transcription factors).
o Minor Groove: Narrower, also used for specific protein binding.
Forms of DNA

e B-DNA: The most common, biologically prevalent form under physiological conditions. Features
described above (10 bp/turn, right-handed).

e A-DNA: Shorter, wider, right-handed helix formed under dehydrating conditions (11 bp/turn).
Found in some protein-DNA complexes.

e Z-DNA: A left-handed helix with a zigzag sugar-phosphate backbone. Forms in sequences with
alternating purines/pyrimidines (e.g., GCGCGC) under high salt or negative supercoiling. May
play a role in gene regulation.

Tertiary Structure: DNA Supercoiling
Long DNA molecules must be packaged to fit inside cells. This is achieved by supercoiling.
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¢ Relaxed DNA: B-DNA has one twist per 10.4 base pairs.
¢ Supercoiled DNA: The DNA double helix is further twisted upon itself, like twisting a rubber
band.
o Positive Supercoiling: Overwinding of the helix.
o Negative Supercoiling: Underwinding of the helix. Most prevalent in nature, facilitates
processes requiring strand separation (e.g., replication, transcription).
e Topoisomerases: Enzymes that cut and reseal DNA strands to introduce or relieve supercoiling
(e.g., DNA gyrase).
Quaternary Structure: DNA Packaging in Chromatin (Eukaryotes)
Nucleosomes: The Fundamental Unit
DNA wraps around protein complexes called histones.
e Core Histone Octamer: Two copies each of H2A, H2B, H3, and H4.
e ~147 base pairs of DNA wrap 1.65 times around the octamer.
e Linker DNA: Connects nucleosomes (~20-60 bp), associated with Histone H1, which helps
stabilize the structure.
e This forms the "beads on a string" structure (10 nm fiber).
Higher-Order Packaging
1. 30 nm Fiber: Nucleosomes coil into a solenoid structure, stabilized by H1 histones.
2. Chromatin Loops: The 30 nm fiber forms loops (40,000-100,000 bp each) anchored to a
protein scaffold (using proteins like cohesin, condensin).
3. Metaphase Chromosome: Further coiling and folding during cell division creates the highly
condensed, visible chromosomes.
Chromatin States
e Euchromatin: Less condensed, transcriptionally active, gene-rich.
e Heterochromatin: Highly condensed, transcriptionally inactive.
o Constitutive: Always condensed (e.g., centromeres, telomeres).
o Facultative: Can condense or decondense (e.g., X-chromosome inactivation).
Prokaryotic DNA Packaging
e DNA is circular and supercoiled.
e Organized into nucleoid-associated proteins (NAPs) (e.g., HU, H-NS) that bend and bridge
DNA, forming loops but no true nucleosomes.
Specialized DNA Structures
¢ Palindromic Sequences: Can form hairpins or cruciforms (in single-stranded or negatively
supercoiled DNA).
e Triplex DNA (H-DNA): Three-stranded structure in polypurine/polypyrimidine tracts.
¢  G-Quadruplex: Four-stranded structure formed in guanine-rich sequences (e.g., telomeres).
Functional Implications of Structure
e Complementarity & Replication: Strands serve as templates for accurate copying.
e Genetic Code: The sequence of bases encodes information for protein synthesis.
o Protein Recognition: Specific base sequences and groove geometries allow proteins to bind and
regulate genes.
e Stability: Hydrogen bonds provide specificity; base stacking and hydrophobic core provide
overall stability. The absence of a 2' OH makes DNA more chemically stable than RNA for long-
term storage.
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Types of DNA: A Comparative Table

Category of Type

DNA Type

Key Characteristics
The classic, right-
handed double helix.

Primary Role/Notes

Predominant form under

Based on ~10 base pairs per physiological conditions. Standard
Structural B-DNA .
. turn. Hydrated, model for genetic storage and
Conformation . . :
biologically most function.
common form.
Shorter, wider right-
E:ggeii?:h; :&rln Found in DNA-RNA hybrids and
A-DNA pairs p ' some protein-DNA complexes.
Forms under
. More compact than B-DNA.
dehydrating
conditions.
Left-handed double
helix with a zigzag
ba.ckbone. ~12 basg Associated with gene regulation,
pairs per turn. Forms . .
Z-DNA : . especially near promoter regions.
in sequensggility Induced by negative supercoilin
alternating yneg P &
purines/pyrimidines
(e.g., GCGCGO).
Sequences of genes
that are transcribed Makes up a small percentage of the
. 0 g
Based.on Coding DNA into mRNA and genome (~1-2 A). in humans). .
Functional Role ultimately translated | Directly determines an organism's
into amino acid traits via proteins.
sequences (proteins).
Sequences that are
not translated into Comprises the vast majority of
Non-Coding proteins. Includes a eukaryotic genomes. Includes
DNA variety of functional | regulatory sequences, introns, and
and non-functional repetitive DNA.
elements.
A subset of non-
coding DNA that Acts as binding sites for
Regulatory controls gene .
. transcription factors and other
DNA expression (e.g., .
proteins to turn genes on/off.
promoters, enhancers,
silencers).
Sequences that appear
Based on Sequence | Unique only once or a few Forms the basis of genetic

& Location in
Genome

(Single-Copy)
DNA

times in the genome.
Includes most
protein-coding genes.

individuality and codes for most
functional products.

Repetitive
DNA

Sequences repeated
hundreds to millions
of times throughout

Involved in chromosome structure,
evolution, and some diseases.
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the genome. Two
main classes:

* Tandem
Repeats

Short sequences
repeated head-to-tail
in clusters (e.g.,
satellite, minisatellite,
microsatellite DNA).

Satellite DNA: Found at
centromeres & telomeres
(structural). Microsatellites: Used
in DNA fingerprinting.

* Interspersed

Repeated sequences
scattered across the
genome, derived from

Makes up a large fraction of
mammalian genomes (~45% in

Repeats transposable elements | humans). Can influence gene
(e.g., SINEs like Alu, | expression and genome evolution.
LINEs).
DNA enclosed within
‘21)1: Zfllilzrelgcilnetl(l)siinear Contains the vast majority of an
Based on Cellular | Nuclear DNA chrgo mosomes and organism's genetic material.
Location (nDNA) . Inherited from both parents
complexed with 4 . X
. . (biparental inheritance).
histones into
chromatin.
Small, circular DNA
molecule found in Codes for tRNAs, rRNAs, and
Mitochondrial | mitochondria. Lacks | proteins essential for oxidative
DNA (mtDNA) | histones and introns. | phosphorylation. Has a higher
Maternally inherited | mutation rate than nDNA.
in most species.
Circular DNA found
in chloroplasts of Codes for proteins and RNAs
Chloroplast ) . .
DNA (cpDNA) plant cells and other | involved in photosynthesis. Also
P photosynthetic maternally inherited in many plants.
eukaryotes.
DNA molecules with
Based on Phvsical two distinct ends. Ends are protected by telomeres,
State y Linear DNA Characteristic of which prevent degradation and
eukaryotic nuclear fusion.
chromosomes.
DNA molecules that Founq in pr(?karyotlc ghromosomes,
. plasmids, mitochondria, and
Circular DNA | form a closed loop chloroplasts. Supercoiling is
with no free ends. pasts. Sup &
common.
. DNA consisting of a Tempora}ry state during DNA
Single- sinele polvnucleotide replication (on the lagging strand
Stranded DNA gie poiyn template) and recombination. Also
chain. Not a stable . . .
(ssDNA) the genetic material of some viruses
storage form. .
(e.g., parvoviruses).
Special / ' Triplex DNA Triple-stranded May plgy a role in gene regulation
Alternative structure that can (transcription repression) and
(H-DNA) . S
Structures form in sequences recombination.
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with mirror symmetry
(polypurine-
polypyrimidine
tracts).

Four-stranded
structure formed in

The genetic material | Exists independently of the host
of DNA viruses. Can | chromosome during viral

Viral DNA be single or double- replication. Can integrate into the
stranded, linear or host genome (e.g., retroviruses via a
circular. DNA intermediate).

=
u
e " | X
M guanine-rich Implicated in the regulation of (o]
G-Quadruplex | sequences (e.g., replication, transcription, and —
K DNA telomeres, gene telomere maintenance. A target for o
promoters). Stabilized | potential cancer therapeutics. ‘E.
by Hoogsteen (o]
hydrogen bonding. Q
Two or more circular | A topological state that must be —
Catenated DNA molecules that | resolved by topoisomerases after g
DNA are interlinked like DNA replication in circular o)
rings in a chain. genomes. o~
Small, circular, 2
extrachromosomal .
Often carry genes conferring [ -
DNA molecules . e —
Extrachromosomal . . i selective advantages (e.g., antibiotic
Plasmid DNA | found in bacteria, ) . ) 0
DNA resistance). Key tools in genetic 74
archaca, SRle engineering and biotechnolo
eukaryotes (e.g., £ & £y b
yeast).
m
=
<
¢]
"]

Ribonucleic Acid (RNA)
I. Fundamental Structure of RNA
A. Chemical Composition
RNA is a ribonucleic acid polymer with four key differences from DNA:
Sugar: Ribose (has a 2'-hydroxyl group, making it more chemically reactive than deoxyribose).
1. Bases: Adenine (A), Guanine (G), Cytosine (C), and Uracil (U). Uracil replaces thymine and
pairs with adenine.
2. Strandedness: Primarily single-stranded, but folds into complex 3D shapes via intramolecular
base pairing.
3. Overall Stability: Less chemically stable than DNA due to the 2'-OH group, which makes it
more susceptible to hydrolysis. This suits its role as a transient information carrier.

B. Levels of Structural Organization
Level Description Significance

nZO—~—-p» Xp>vmRI o

Primary The linear sequence of nucleotides Contains the information (genetic code in
Structure linked by 3'—5' phosphodiester mRNA, anticodon in tRNA, structural

bonds. The sequence is written motifs in rRNA).

5'—3".
Secondary Local folding into double-stranded Provides stability, creates recognition sites
Structure regions via intra-strand base for proteins/other RNAs, and is the

pairing (A=U, G=C). Common foundation for tertiary folding.
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motifs: Stem-loops (hairpins),
internal loops, bulges,
pseudoknots.
Tertiary The overall three-dimensional shape | Creates unique surfaces and clefts that
Structure formed by long-range interactions determine the RNA's specific biological
between secondary structure function, including catalytic sites in
elements. Stabilized by: ribozymes.
* Non-canonical base pairs (e.g.,
G=U wobble)
* Stacking interactions between
bases
* Ionic interactions with Mg?* and
other metals
* Interactions between the sugar-
phosphate backbone
II. Major Types of RNA and Their Detailed Structures
A. Messenger RNA (mRNA)
Function: Carries the genetic blueprint from DNA in the nucleus to the ribosome in the cytoplasm for
protein synthesis.
Detailed Structure:
1. 5' Cap: A modified guanine nucleotide (7-methylguanosine) added post-transcriptionally. It is
linked via a 5'-5" triphosphate bridge.
o Functions: Protects from degradation, aids nuclear export, and is recognized by the
ribosome for translation initiation.
5' Untranslated Region (5' UTR): Non-coding sequence that contains the ribosome binding
site (Shine-Dalgarno sequence in prokaryotes; Kozak sequence in eukaryotes).
3. Coding Sequence: Composed of a series of codons (three-nucleotide units), each specifying an
amino acid. Starts with an AUG start codon and ends with a stop codon (UAA, UAG, UGA).
4. 3' Untranslated Region (3' UTR): Contains regulatory sequences that influence mRNA stability,
localization, and translation efficiency.
5. Poly-A Tail: A stretch of 50-250 adenine nucleotides added to the 3' end.
o Functions: Increases stability, aids in export, and is involved in translation termination
and recycling.
Key Feature: Typically linear with minimal secondary structure in the coding region to allow smooth
ribosome passage, though UTRs often contain regulatory structures.
B. Transfer RNA (tRNA)
Function: The "adapter" molecule that reads the mRNA codon and delivers the corresponding amino acid
to the growing polypeptide chain.
Detailed Structure (The Cloverleaf Model - Secondary Structure):
1. Acceptor Stem (3' CCA End):
o Formed by base pairing between the 5' and 3' ends.
o The 3' end always terminates in the sequence CCA. The amino acid is covalently
attached (esterified) to the 3'-OH of the terminal adenosine.
2. D Arm: Contains dihydrouridine (a modified base). Important for tRNA recognition by the
correct aminoacyl-tRNA synthetase.
3. Anticodon Arm: Contains the anticodon triplet (e.g., 3'-UAC-5") that base-pairs with the
complementary mRNA codon (e.g., 5'-AUG-3") during translation.
4. Variable Loop: Size varies among tRNAs; function not always clear.
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5. TyC Arm: Contains the sequence TyC (ribothymidine, pseudouridine, cytidine). Critical for
binding to the ribosome.
Tertiary Structure (L-shaped 3D Fold):
e The two "halves" of the cloverleaf fold at right angles.
e The D arm and TyC arm form one stem, stabilizing the core.
o The acceptor stem and anticodon arm form the other stem, positioned ~70A apart.
e This L-shape places the amino acid attachment site (3' CCA) at one end and the anticodon at
the other, perfectly adapted for its role on the ribosome.
C. Ribosomal RNA (rRNA)
Function: Forms the core structural and catalytic framework of the ribosome, the macromolecular
machine that synthesizes proteins.
rRNA

nZ QO —~=2» XM

Ribosomal Components rRNA Components
. (Eukaryotes - Key Structural & Functional Roles
Subunit (Prokaryotes - E.
. Humans)
coli)

Small 16S rRNA (1542 18S rRNA (~1900 | « Binds mRNA

Subunit nucleotides) nt) * Decodes codon-anticodon pairing
* Contains the decoding center.

Large 23S rRNA (2904 28S rRNA (~5000 | « Catalyzes peptide bond

Subunit nt) nt) formation (the peptidyl transferase

5S rRNA (120 nt) | 5.8S rRNA (156 nt) | center is a ribozyme composed of
5S rRNA (121 nt) 23S/28S rRNA).

* Contains the exit tunnel for the nascent
polypeptide.

e Extensive Secondary/Tertiary Structure: rRNA is highly folded with numerous stem-loops,
creating precise 3D scaffolds.

¢ Ribozymatic Activity: The peptidyl transferase reaction (forming the peptide bond) is
catalyzed by the rRNA itself, not the ribosomal proteins.

¢ Ribosome Assembly: rRNAs act as a "backbone" around which ribosomal proteins assemble.
The three-dimensional structure creates distinct functional sites: A site (aminoacyl-tRNA
binding), P site (peptidyl-tRNA binding), E site (exit).

adenine
phosphate<NI\)\H

O—I!’—O -CH, o purine bases
o N ~H
P H</ | N guanine
/H H N /)NH
deoxyribose 9 H N 2
-O- P-O—CH2 O. NH
0 2
. H
HOCH, OH cytosme
pyrimidine
H 'O-P-O—CH2 0. bases
HO OH H
ribose (in RNA) thymine
(in DNA)
(]
H n-H —P—O CH2
/LO H H
H
uracil (|n RNA) H o H
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Other Crucial Functional RNAs
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Type Full Name @ Size & Structure Primary Function
snRNA Small 100-200 nt; complex with Key components of the spliceosome;
Nuclear proteins to catalyze the removal of introns from
RNA form snRNPs ("snurps"). pre-mRNA in eukaryotes.
snoRNA Small 60-300 nt; found in the Guide the chemical
Nucleolar nucleolus. modification (e.g., methylation,
RNA pseudouridylation) of other RNAs,
primarily rRNAs and tRNAs.
miRNA MicroRNA | ~22 nt; form imperfect Gene regulation. Bind to
duplexes with target mRNA. | complementary sequences in the
3'UTR of target mRNAs, leading to
translational repression or mRNA
degradation.
siRNA Small ~21-23 nt; form perfect Gene silencing. Derived from long
Interfering duplexes. double-stranded RNA, they guide
RNA the RISC complex to cleave
complementary viral or transposon
mRNA. Also used in RNAi
technology.
IncRNA Long Non- | >200 nt; diverse structures. Multifunctional
coding RNA regulators. Involved in X-
chromosome inactivation, genomic
imprinting, chromatin remodeling,
and transcriptional regulation.
Catalytic - Varied (e.g., Group I/I1 RNA molecules with enzymatic
RNAs introns, RNase P, activity. They catalyze site-specific
(Ribozymes) Hammerhead ribozyme). RNA cleavage, splicing, or peptide

bond formation (rRNA).

Historical Discoveries of Major Biological Molecules

Molecule / Key Discoverer(s) & Approx. Significance of Discovery
Concept Contributors Date
DNA (as Friedrich Miescher 1869 Isolated a phosphorus-rich, acidic
genetic substance from white blood cell nuclei,
material) which he named "nuclein" (later
nucleic acid). Did not know its function.
Oswald Avery, Colin 1944 Avery-MacLeod-McCarty
MacLeod, Maclyn experiment provided the first definitive
McCarty evidence that DNA (not protein) is the
substance that carries genetic
information, transforming the
"transforming principle"
in Pneumococcus.
Alfred Hershey & 1952 Hershey-Chase experiment used
Martha Chase bacteriophages to confirm that DNA, not
protein, is the genetic material.
Structure of Rosalind Franklin & 1950-1953 Franklin's Photo 51, obtained via X-ray
DNA Maurice Wilkins crystallography, revealed the helical,
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double-stranded pattern with bases
stacked interiorly. Crucial,
unacknowledged data.

James Watson &
Francis Crick

1953

Proposed the double helix model in
their paper "Molecular Structure of
Nucleic Acids," correctly explaining
base pairing (A-T, G-C) and the
mechanism for replication.

RNA

Multiple
researchers (following
Miescher)

Late
1800s/Early
1900s

Initially distinguished from DNA by its
sugar (ribose) and presence in
cytoplasm. Its diverse roles were
elucidated much later in the 20th
century.

Proteins

Jons Jacob Berzelius

1838

Coined the term "protein" (from
Greek proteios, "primary"). Recognized
them as a distinct class of biological
molecules essential to life.

Frederick Sanger

1951-1955

Sequenced the amino acids of insulin,
proving proteins have a specific, defined
sequence. This is the first protein ever
sequenced.

Enzymes

Anselme Payen & Jean-
Francois Persoz

1833

Isolated diastase (amylase) from malt,
the first enzyme preparation and
discovery of a biological catalyst.

Eduard Buchner

1897

Demonstrated that cell-free yeast
extracts could ferment sugar, proving
enzymatic activity was separate from
living cells. Nobel Prize (1907).

James B. Sumner

1926

First to crystallize an enzyme (urease)
and prove its protein nature, settling a
long debate. Nobel Prize (1946).

Carbohydrates

Ancient knowledge

Sugars and starches known since
antiquity.

Emil Fischer

1880s-1890s

Elucidated the structures of many simple
sugars (glucose, fructose), proposed

the "lock and key" model for enzyme
action, and pioneered carbohydrate
chemistry. Nobel Prize (1902).

Lipids &
Membranes

William Prout

Early 1800s

Classified food components into
saccharinous (carbs), albuminous
(proteins), and oleaginous (fats).

E. Gorter & F. Grendel

1925

Extracted lipids from red blood cell
membranes and concluded membranes
are a lipid bilayer, the foundation of all
modern membrane models.

ATP (Energy
Currency)

Karl Lohmann

1929

Discovered Adenosine triphosphate
(ATP) in muscle extracts.
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Fritz Albert Lipmann 1941 Formulated the "high-energy
phosphate bond" concept, establishing
ATP as the central carrier of chemical
energy in cells. Nobel Prize (1953).

Biological Molecules & Enzymes: One Liners

Biochemistry is the branch of science that explores the chemical processes and substances

occurring within living organisms.

e It serves as a bridge between biology and chemistry, explaining life at a molecular level.

e All biochemical processes occur within or are mediated by cells (Cellular Basis).

e The structural hierarchy in living systems is: Atoms — Small Molecules — Monomers —
Polymers — Supramolecular Complexes — Organelles — Cells.

e The three-dimensional shape (conformation) of a biomolecule is directly linked to its biological

function.

e Denaturation is the loss of a biomolecule's shape, which leads to loss of function.

e Metabolism is the totality of an organism's chemical reactions, transforming energy and matter.

¢ Biochemical systems are tightly regulated to maintain a stable internal environment, a principle

called homeostasis.

¢ Genetic information flows from DNA — RNA — Protein, a concept known as The Central

Dogma.

Catabolism refers to breakdown pathways that release energy.

Anabolism refers to build-up (biosynthesis) pathways that consume energy.

Catabolic reactions are exergonic, releasing energy, some of which is captured as ATP.

Anabolic reactions are endergonic, consuming energy, often driven by ATP hydrolysis.

Catabolism is oxidative, often releasing electrons captured by carriers like NAD*.

Anabolism is reductive, often consuming electrons from carriers like NADPH.

Catabolism converts complex molecules (carbs, fats) into smaller, simpler molecules like COx.

Anabolism builds complex macromolecules from simple precursors like amino acids and sugars.

The primary goal of catabolism is to generate usable energy (ATP) and create precursor

metabolites.

The primary goal of anabolism is to synthesize cellular components and store energy.

Examples of catabolic pathways include Glycolysis, Krebs Cycle, and f-Oxidation of fats.

Examples of anabolic pathways include Protein synthesis, Glycogenesis, and DNA Replication.

A metabolic pathway is a series of linked, enzyme-catalyzed reactions.

ATP (Adenosine Triphosphate) is the universal "energy currency" of the cell.

Energy from catabolism is used to phosphorylate ADP into ATP.

Anabolic processes hydrolyze ATP back to ADP + Pi, releasing energy.

NAD*/NADH & FAD/FADH: are redox coenzymes primarily involved in catabolic reactions.

NADP*/NADPH is a redox coenzyme primarily involved in anabolic reactions.

Allosteric regulation occurs when a molecule binds at a site other than the active site, changing

enzyme activity.

e Covalent modification involves the reversible addition/removal of chemical groups like
phosphate.

o Compartmentalization separates opposing pathways into different organelles for regulation.

e Metabolic disorders are diseases resulting from defects in enzymes or pathways (e.g., PKU,
Diabetes).

e The First Law of Thermodynamics states energy can be neither created nor destroyed, only

converted.
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¢ In biochemistry, chemical potential energy in nutrients is converted into work, heat, or storage.

e The Second Law of Thermodynamics states the total entropy (disorder) of the universe always
increases in a spontaneous process.

e Entropy (S) is a measure of randomness or disorder.

e Living organisms are highly ordered (low entropy) systems.

Organisms maintain order by constantly increasing the entropy of their surroundings (e.g.,

releasing heat and waste).

Gibbs Free Energy (AG) predicts reaction spontaneity at constant temperature and pressure.

The equation for Gibbs Free Energy is AG = AH - TAS.

A reaction with AG < 0 is exergonic and spontaneous (e.g., ATP hydrolysis).

A reaction with AG > 0 is endergonic and non-spontaneous (e.g., protein synthesis).

A reaction with AG = 0 is at equilibrium.

ATP acts as an energy coupler, driving endergonic reactions by coupling them to its exergonic

hydrolysis.

¢ Kinetics (speed) is separate from thermodynamics (spontaneity); enzymes affect kinetics by

lowering activation energy.

¢ Redox reactions release free energy which is harnessed in processes like the electron transport

chain.

Water constitutes 70-90% of cell mass.

A water molecule has a bent geometry, making it a polar molecule.

The electronegativity difference between oxygen and hydrogen creates a dipole moment.

Water molecules form up to four hydrogen bonds with neighboring molecules.

Water's hydrogen bonding network is responsible for its high cohesiveness, surface tension, and

unique thermal properties.

Water is an excellent solvent for polar and charged (hydrophilic) substances.

o Hydration shells form when water molecules surround solutes.

e Water's high specific heat capacity (4.184 J/g-°C) buffers cells against rapid temperature

changes.

e Water's high heat of vaporization (~2260 J/g) provides a powerful cooling mechanism via

evaporation.

e  Water is a direct reactant in hydrolysis reactions, which break bonds.

e Water is a product in dehydration synthesis (condensation) reactions, which build molecules.

e The hydrophobic effect is the clustering of nonpolar molecules to minimize disruption of water's

H-bonding network.

e The hydrophobic effect is the primary driving force for membrane formation, protein folding,

and DNA base stacking.
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e Cohesion is the attraction between water molecules (via H-bonds).

e Adhesion is the attraction of water to other polar surfaces.

o Together, cohesion and adhesion enable capillary action.

e  Water undergoes slight autoionization: H-O = H* + OH".

e The concentration of H* defines the pH of a solution.

e Proton gradients across membranes, established in water, are crucial for ATP synthesis via
chemiosmosis.

e Iceis less dense than liquid water because hydrogen bonds form a crystalline lattice, causing it to
float.

e Carbon is the fundamental element of all known life.

e Carbon's tetravalency allows it to form four stable covalent bonds.

e C-C and C-H bonds are strong, providing stability to large organic molecules.

e Carbon can form single, double, and triple bonds, leading to versatile molecular shapes.
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Catenation is carbon's ability to form long chains and rings.

Carbon's moderate electronegativity makes its bonds with biogenic elements relatively non-
polar.

The combination of tetravalency and catenation leads to immense molecular diversity.
Isomers are molecules with the same formula but different structures.

Structural isomers have different bonding arrangements (e.g., glucose vs. fructose).
Stereoisomers (Enantiomers) are mirror-image molecules.

Life almost exclusively uses L-amino acids and D-sugars.

Functional groups are specific, reactive clusters of atoms that determine a molecule's chemical
properties.

The hydroxyl (-OH) group is characteristic of alcohols and sugars; it is polar and forms H-bonds.

The carbonyl (>C=0) group is present in aldehydes and ketones (e.g., in sugars).

The carboxyl (-COOH) group is characteristic of organic acids; it is acidic and donates H.
The amino (-NHz) group is characteristic of amines; it is basic and accepts H*.

The phosphate (-OPQO:?*") group is found in nucleotides and ATP; it is energetic and acidic.
The sulfhydryl (-SH) group is found in thiols like cysteine; it can form disulfide bonds.

In carbohydrates, carbon forms the sugar backbone (e.g., in glucose and cellulose).

In lipids, carbon forms hydrocarbon chains (fatty acids) and steroid ring systems.

In proteins, carbon forms the amino acid backbone, specifically the central a-carbon.

In nucleic acids, carbon forms the pentose sugar and the nitrogenous bases in nucleotides.
Cellular respiration is fundamentally the controlled, stepwise oxidation of carbon-based
molecules to release energy.

The Carbon Cycle involves the fixation of CO: into organic molecules by autotrophs and their
metabolism by heterotrophs.

Carbohydrates are polyhydroxy aldehydes or ketones, or substances that hydrolyze to yield
them.

Biochemically, they are defined by the empirical formula (CH20),., where n>3.
Photosynthesis (Calvin Cycle) fixes CO: into 3-phosphoglycerate, eventually producing glucose
and starch.

The key enzyme in the Calvin Cycle is Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO).

Gluconeogenesis is the 11-step pathway that synthesizes glucose from non-carbohydrate
precursors.

Glycogenesis is the synthesis of glycogen from glucose-1-phosphate.

Dietary carbohydrates are hydrolyzed by enzymes like a-amylase, sucrase, lactase, and maltase.

Glycolysis is the 10-step cytosolic pathway converting glucose to pyruvate.

D-sugars are the stereoisomers predominantly used in biochemistry.

Epimers are diastereomers differing at only one chiral center (e.g., glucose and galactose are C-4
epimers).

Anomerism is a type of diastereomerism specific to the anomeric carbon upon ring formation.
The a-anomer has the -OH group trans to the CH.OH group (axial in glucose).

The B-anomer has the -OH group cis to the CH.OH group (equatorial in glucose).
Mutarotation is the interconversion of o and f anomers in solution.

The predominant ring structures are pyranose (6-membered) and furanose (5-membered).

The anomeric carbon is the most reactive center in a sugar, involved in glycosidic bond
formation and reducing ability.

A glycosidic bond is a covalent bond formed between the anomeric carbon of one sugar and a
hydroxyl group of another.

Reducing sugars have a free anomeric carbon and can reduce agents like Cu?* in Benedict's test.
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e Sucrose is a non-reducing sugar because both of its anomeric carbons are involved in the
glycosidic bond.

e High solubility and low molecular weight of monosaccharides create high osmeotic pressure.

e Cells store glucose as large, insoluble polymers (glycogen, starch) to avoid osmotic issues.

e Monosaccharides are the simplest carbohydrate units that cannot be hydrolyzed into smaller

carbs.

Their empirical formula is typically (CH20),, where n = 3-9.

e They are classified as aldoses (aldehyde group) or ketoses (ketone group).

e Based on carbon

count: Trioses (3C), Tetroses (4C), Pentoses (5C), Hexoses (6C), Heptoses (7C), Nonoses (9C).

e Examples: Glyceraldehyde (aldotriose), Dihydroxyacetone (ketotriose), Ribose (aldopentose in

RNA), 2-Deoxyribose (in DNA), Glucose, Galactose,

Mannose (aldohexoses), Fructose (ketohexose).

D-Glucose is the central metabolic fuel and monomer for major polysaccharides.

D-Fructose is a very sweet dictary sugar metabolized in the liver.

D-Galactose is a component of lactose and glycoconjugates.

D-Mannose is a component of N-linked glycans.

D-Ribose is the backbone of RNA and nucleotide cofactors (ATP, NADH).

Monosaccharides are highly soluble in water due to extensive hydrogen bonding via -OH groups.

All monosaccharides (except dihydroxyacetone) are optically active.

All monosaccharides are reducing sugars.

They can form esters (e.g., phosphate esters) and glycosides.

Disaccharides are formed by two monosaccharides joined by a glycosidic bond via dehydration.

The general molecular formula for two hexoses is Ci2H22011.

Reducing disaccharides have one free anomeric carbon (e.g., Maltose, Lactose, Cellobiose).

Non-reducing disaccharides have both anomeric carbons involved in the bond (e.g., Sucrose).

Sucrose is composed of Glucose + Fructose linked by an a(1—2f) glycosidic bond; it is non-

reducing.

Lactose is composed of Galactose + Glucose linked by a p(1—4) bond; it is reducing.

e Maltose is composed of Glucose + Glucose linked by an a(1—4) bond; it is reducing.

e Cellobiose is composed of Glucose + Glucose linked by a p(1—4) bond,; it is reducing but not
digestible by humans.

e Trehalose is composed of Glucose + Glucose linked by an a(1—1)a bond; it is non-reducing.

e Polysaccharides (Glycans) are polymers of monosaccharide units (typically >10).

e They serve as energy storage (e.g., starch, glycogen), structural materials (e.g., cellulose),
or cell recognition components.

e Homopolysaccharides are composed of one type of monosaccharide (e.g., Starch, Glycogen,
Cellulose, Chitin).

o Heteropolysaccharides are composed of two or more different monosaccharides (e.g.,

Hyaluronic acid).

Storage polysaccharides are compact, often branched, and osmotically inert.

Structural polysaccharides are typically fibrous and water-insoluble.

Linear polysaccharides include Cellulose, Amylose, and Chitin.

Branched polysaccharides include Amylopectin and Glycogen.

Amylose is a linear polymer of a-D-glucose with a(1—4) linkages.

Amylopectin is a branched polymer of a-D-glucose with a(1—4) linkages and a(1—6) branches.

Glycogen is the animal storage polysaccharide; it is highly branched with a(1—4) and

frequent a(1—6) linkages.
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Cellulose is a structural polysaccharide in plants; it is a linear polymer of -D-

glucose with p(1—4) linkages.

Chitin is a structural polysaccharide in arthropods and fungi; it is a polymer of N-Acetyl-$-D-
Glucosamine (NAG).

The Iodine Test forms colored complexes with helical polysaccharides: deep blue with Amylose,
reddish-purple with Amylopectin/Glycogen, and no color with Cellulose/Chitin.
Polysaccharides are generally non-reducing and tasteless.

Lipids are a heterogeneous group of organic compounds that are insoluble in water
(hydrophobic) but soluble in organic solvents.

They are characterized by predominantly nonpolar hydrocarbon chains.

They are composed mainly of carbon, hydrogen, and oxygen (some contain P, N, S).
Functions include: Energy storage (9 kcal/g), Structural components of

membranes, Insulation and protection, Hormone precursors, Vitamin carriers, Signaling
molecules.

Most biological lipids are amphipathic (have both hydrophobic and hydrophilic regions).
Saturated fats have higher melting points and are solid at room temperature.

Unsaturated fats have lower melting points and are liquid at room temperature.
Saponification is the alkaline hydrolysis of triglycerides to produce soap and glycerol.

The saponification number indicates the average chain length of fatty acids in a fat.
Hydrogenation adds H: to double bonds in unsaturated fats, converting them to saturated fats.
The iodine number measures the degree of unsaturation in a fat (grams of iodine absorbed by
100g fat).

Rancidity is the spoilage of fats, either by hydrolytic (lipase action) or oxidative (auto-
oxidation) processes.

Simple lipids yield only fatty acids and alcohols upon hydrolysis (e.g., Triacylglycerols, Waxes).
Complex lipids contain additional groups like phosphate, carbohydrates, or nitrogenous bases
(e.g., Phospholipids, Glycolipids).

Derived lipids are substances derived from simple or complex lipids (e.g., Fatty acids, Steroids,
Terpenes).

Triacylglycerols consist of a glycerol backbone esterified with three fatty acids.

Simple triglycerides have three identical fatty acids (e.g., Tristearin).

Mixed triglycerides have two or three different fatty acids.

Fats are solid at room temperature, high in saturated fatty acids (e.g., animal fats).

Oils are liquid at room temperature, high in unsaturated fatty acids (e.g., plant oils).

Waxes are esters of long-chain fatty acids with long-chain alcohols (no glycerol).

They are hard, pliable, water-repellent, and have high melting points (60-100°C).

Biological functions include waterproofing (plant cuticle, animal fur), protection, and structural
roles (beeswax).

Fatty acids are long hydrocarbon chains with a terminal carboxyl group.

Saturated fatty acids have no double bonds (e.g., Palmitic C16:0, Stearic C18:0).
Unsaturated fatty acids have one or more double bonds.

Monounsaturated fatty acids have one double bond (e.g., Oleic acid C18:1 cis).
Polyunsaturated fatty acids (PUFAs) have more than one double bond (e.g., Linoleic C18:2, a-
Linolenic C18:3).

Essential fatty acids cannot be synthesized by the body and must be obtained from the diet (e.g.,
Linoleic, a-Linolenic).

Melting point increases with increasing chain length.

Melting point decreases with increasing unsaturation.

Cis double bonds lower melting point more than trans double bonds.
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Fatty acids regulate membrane fluidity: saturated decrease fluidity, unsaturated increase fluidity.

p-oxidation is the major catabolic pathway for fatty acids, yielding large amounts of ATP.

Phospholipids contain a phosphate group and are major components of biological membranes.

Glycerophospholipids have a glycerol backbone, two fatty acids, a phosphate, and an alcohol

(e.g., choline, ethanolamine).

Phosphatidylcholine (Lecithin) is a major membrane component and a lung surfactant.

Phosphatidylethanolamine (Cephalin) is abundant in brain and nerve tissue.

Phosphatidylserine is important in apoptosis and blood clotting.

Steroids have a basic structure of four fused carbon rings (cyclopentanoperhydrophenanthrene

nucleus).

Cholesterol is a key animal sterol, a component of membranes and a precursor for other steroids.

Steroid hormones include sex hormones (estrogens, androgens) and adrenocortical hormones

(cortisol, aldosterone).

Bile acids (e.g., cholic acid) emulsify dietary fats.

Vitamin D (calcitriol) is derived from cholesterol/ergosterol and regulates calcium metabolism.

Terpenes are built from isoprene (CsHs) units.

Monoterpenes (Cio) are essential oils (e.g., menthol).

Diterpenes (C2o) include phytol (in chlorophyll) and gibberellins.

Tetraterpenes (Cao) include carotenoids (e.g., B-carotene).

Polyterpenes include natural rubber.

Proteins are large, complex macromolecules that are polymers of amino acids.

They contain Carbon (C), Hydrogen (H), Oxygen (O), Nitrogen (N), and often Sulfur (S).

There are 20 standard amino acids commonly found in proteins.

Every amino acid (except proline) has a central a-carbon bonded to an amino group (-NH>),

a carboxyl group (-COOH), a hydrogen atom, and a variable side chain (R-group).

e At physiological pH (~7.4), the amino group is protonated (NHs*) and the carboxyl group is
deprotonated (COQO), forming a zwitterion.

e All amino acids in proteins are in the L-configuration.

o Peptide bonds are formed by a condensation reaction between the carboxyl group of one amino
acid and the amino group of another, releasing water.

e The peptide bond has partial double-bond character due to resonance, making it rigid and
planar.

e Primary structure is the linear sequence of amino acids linked by peptide bonds.

e Secondary structure involves local folding patterns stabilized by hydrogen bonds between
backbone atoms.

e The a-helix is a right-handed coiled structure stabilized by intra-chain H-bonds between carbonyl
O of residue *n* and amide H of residue *n+4*.

e The B-pleated sheet consists of B-strands stabilized by inter-chain H-bonds; it can be parallel or
antiparallel.

o Beta turns (p-turns) are tight reverse turns that allow the polypeptide chain to change direction.

e Tertiary structure is the overall 3D conformation of a single polypeptide chain.

e Tertiary structure is stabilized by: Covalent disulfide bonds, Electrostatic (ionic)
interactions, Hydrogen bonds, Van der Waals forces, and the Hydrophobic effect.

e The hydrophobic effect is the major driving force for protein folding, clustering nonpolar side
chains in the interior.

¢ Quaternary structure involves the association of two or more folded polypeptide chains
(subunits) into a functional complex.

e Quaternary structure is stabilized by the same non-covalent interactions as tertiary structure (e.g.,

hemoglobin).
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Structural proteins provide mechanical support (e.g., Collagen, Keratin, Actin, Tubulin).
Enzymatic proteins are biological catalysts that speed up specific reactions (e.g., Amylase, ATP
Synthase).
Transport proteins carry specific atoms or molecules (e.g., Hemoglobin transports O,
Membrane channels).
Hormonal proteins act as chemical messengers (e.g., Insulin, Glucagon, Growth Hormone).
Defensive proteins include antibodies that neutralize pathogens.
Storage proteins store nutrients (e.g., Ferritin stores iron).
Receptor proteins receive chemical signals.
Motor proteins enable movement (e.g., Myosin in muscle contraction).
Enzymes are primarily globular proteins that act as catalysts, increasing reaction rates by
lowering activation energy.
The active site is the region where the substrate binds.
Cofactors are non-protein helper components required for enzyme activity.
Inorganic cofactors (e.g., Mg?', Zn?*) are called activators.
Coenzymes are organic cofactors, often derived from vitamins (e.g., NAD", FAD).
A prosthetic group is a cofactor covalently and permanently bound to the enzyme.
An enzyme without its cofactor is an apoenzyme.
The complete, active enzyme (apoenzyme + cofactor) is the holoenzyme.
The Lock and Key Model (Emil Fischer) proposes a rigid, pre-shaped active site.
The Induced Fit Model (Daniel Koshland) proposes the active site molds around the substrate
upon binding.
Enzyme activity is affected by temperature, pH, substrate concentration, and enzyme
concentration.
For most human enzymes, the optimum temperature is ~37°C.
Above the optimum temperature, enzymes denature (lose their 3D structure and activity).
Each enzyme has an optimum pH (e.g., Pepsin ~pH 2, Trypsin ~pH 7.8-8.7).
At low substrate concentration, reaction rate is proportional to [S] (first-order kinetics).
At high substrate concentration, the rate plateaus at Vmax (zero-order kinetics) because all active
sites are saturated.
The Michaelis Constant (Km) is the substrate concentration at which the reaction rate is half of
Vmax; it indicates enzyme affinity (low Km = high affinity).
With excess substrate, reaction rate is directly proportional to enzyme concentration.
Competitive inhibitors resemble the substrate and bind reversibly to the active site, increasing
apparent Km but not affecting Vmax.
Non-competitive inhibitors bind reversibly to an allosteric site, decreasing Vmax but not
affecting Km.
Uncompetitive inhibitors bind only to the Enzyme-Substrate (ES) complex, decreasing both
Vmax and apparent Km.
Irreversible inhibitors form covalent bonds with the enzyme, permanently inactivating it (e.g.,
Penicillin).
Feedback inhibition is a regulatory mechanism where the end product of a pathway inhibits the
first enzyme.
Allosteric regulation: Effector molecules bind to allosteric sites, changing enzyme activity.
Covalent modification: Reversible addition/removal of groups (e.g., phosphorylation by
kinases).
Zymogen (proenzyme) activation: Inactive precursors are activated by proteolytic cleavage
(e.g., Pepsinogen — Pepsin).
Compartmentalization: Separating enzymes and substrates into specific organelles.
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Genetic control: Regulating enzyme synthesis by turning genes on/off.

EC 1: Oxidoreductases catalyze oxidation-reduction reactions (e.g., Alcohol Dehydrogenase).

EC 2: Transferases transfer functional groups (e.g., Hexokinase).

EC 3: Hydrolases catalyze hydrolysis reactions (e.g., Trypsin, Amylase).

EC 4: Lyases cleave bonds by means other than hydrolysis or oxidation, often forming double

bonds (e.g., Pyruvate Decarboxylase).

EC 5: Isomerases catalyze intramolecular rearrangements (e.g., Triosephosphate Isomerase).

e EC 6: Ligases join two molecules using energy from ATP hydrolysis (e.g., DNA Ligase).

e Nucleic acids are biopolymers of nucleotides that store, transmit, and express genetic

information.

e The two main types are DNA (Deoxyribonucleic Acid) and RNA (Ribonucleic Acid).

e DNA contains the sugar deoxyribose and bases A, G, C, T; it is typically double-stranded and
more stable.

e RNA contains the sugar ribose and bases A, G, C, U; it is typically single-stranded and less

stable.

¢ A nucleotide consists of a pentose sugar, a phosphate group, and a nitrogenous base.

e The base is attached to the sugar's 1' carbon, and the phosphate is attached to the 5' carbon.

e Nucleotides are linked by phosphodiester bonds between the 3' carbon of one sugar and the 5'

phosphate of the next.

e Purine bases are double-ring structures: Adenine (A) and Guanine (G).

Pyrimidine bases are single-ring structures: Cytosine (C), Thymine (T) in DNA, Uracil (U) in

RNA.

A nucleoside is a sugar + base (no phosphate).

The primary structure of DNA is its linear nucleotide sequence.

The secondary structure is the double helix (Watson & Crick, 1953).

The two strands are antiparallel (one 5'—3', the other 3'—>5").

Strands are held together by complementary base pairing via hydrogen bonds: A=T (2 H-

bonds), G=C (3 H-bonds).

This explains Chargaff's rules: A=T and G=C.

e Base stacking (hydrophobic interactions between stacked bases) provides significant stability.

Helical geometry: diameter ~20 A, one turn ~34 A containing 10 base pairs, distance between

bases ~3.4 A.

Grooves: Major groove (wider, important for protein recognition) and Minor groove.

B-DNA is the most common form under physiological conditions.

A-DNA is shorter and wider, formed under dehydrating conditions.

Z-DNA is a left-handed helix formed in sequences with alternating purines/pyrimidines.

Supercoiling is the further twisting of the DNA helix upon itself; negative

supercoiling (underwinding) is prevalent and facilitates processes like replication.

Topoisomerases are enzymes that cut and reseal DNA strands to manage supercoiling.

e DNA wraps around histone proteins to form nucleosomes, the fundamental unit of chromatin.

e Anucleosome core consists of an octamer of histones (H2A, H2B, H3, H4 x2) with ~147 bp of
DNA wrapped around it.

o Histone H1 binds to linker DNA, stabilizing higher-order structure.

Nucleosomes coil into a 30 nm fiber, which forms loops attached to a protein scaffold, ultimately

condensing into chromosomes.

Euchromatin is less condensed and transcriptionally active.

Heterochromatin is highly condensed and transcriptionally inactive.

Prokaryotic DNA is circular and organized by nucleoid-associated proteins (NAPs).

Nuclear DNA (nDNA) is linear, organized into chromosomes, and inherited from both parents.
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e Mitochondrial DNA (mtDNA) is circular, lacks histones, has a higher mutation rate, and is
maternally inherited.

e Chloroplast DNA (cpDNA) is circular and found in photosynthetic eukaryotes.

e Coding DNA sequences are transcribed into mRNA and translated into proteins (~1-2% of
human genome).

¢ Non-coding DNA includes regulatory sequences, introns, and repetitive DNA.

Repetitive DNA includes tandem repeats (e.g., satellite DNA at centromeres) and interspersed

repeats (e.g., transposable elements like Alu).

e Unique (Single-Copy) DNA includes most protein-coding genes.

¢ Plasmid DNA is small, circular, extrachromosomal DNA found in bacteria, often carrying
antibiotic resistance genes.

e RNA is primarily single-stranded but folds into complex 3D shapes via intramolecular base
pairing.

¢ RNA contains ribose with a 2'-OH group, making it more reactive and less stable than DNA.

e Primary structure: linear sequence of nucleotides.

e Secondary structure: local folds (stem-loops, hairpins, pseudoknots) via base pairing (A=U,
G=C).

e Tertiary structure: overall 3D shape stabilized by non-canonical base pairs, stacking, and metal
ions.

o Messenger RNA (mRNA) carries genetic information from DNA to the ribosome.

e mRNA has a 5' Cap (7-methylguanosine) for protection and initiation, a 5' UTR, a coding
sequence (codons), a 3' UTR, and a Poly-A Tail for stability.

e Transfer RNA (tRNA) is the "adapter" molecule that brings amino acids to the ribosome.

tRNA has a cloverleaf secondary structure with an acceptor stem (3' CCA end), D

arm, anticodon arm, and TyC arm.

tRNA folds into an L-shaped tertiary structure.

Ribosomal RNA (rRNA) forms the core structural and catalytic framework of the ribosome.

In prokaryotes: small subunit has 16S rRNA, large subunit has 23S and 5S rRNA.

In eukaryotes: small subunit has 18S rRNA, large subunit has 28S, 5.8S, and 5S rRNA.

The peptidyl transferase activity (peptide bond formation) is catalyzed by rRNA, making it

a ribozyme.

Small Nuclear RNA (snRNA) components of the spliceosome catalyze pre-mRNA splicing.

¢ Small Nucleolar RNA (snoRNA) guide chemical modifications of other RNAs (rRNA, tRNA).

e MicroRNA (miRNA) and Small Interfering RNA (siRNA) are involved in gene regulation and
silencing via RNA interference (RNAi).

¢ Long Non-coding RNA (IncRNA) are >200 nt RNAs involved in various regulatory processes
(e.g., X-inactivation).

¢ Ribozymes are RNA molecules with enzymatic activity (e.g., Group I introns, RNase P).

e Friedrich Miescher (1869) isolated "nuclein" (DNA) from cell nuclei.

e Oswald Avery, Colin MacLeod, Maclyn McCarty (1944) proved DNA is the genetic material
(Avery-MacLeod-McCarty experiment).

e Alfred Hershey & Martha Chase (1952) confirmed DNA as genetic material using
bacteriophages (Hershey-Chase experiment).

¢ Rosalind Franklin & Maurice Wilkins provided X-ray crystallography data (Photo 51) crucial

for determining DNA structure.

James Watson & Francis Crick (1953) proposed the double helix model of DNA.

Jons Jacob Berzelius (1838) coined the term "protein".

Frederick Sanger (1951-1955) sequenced insulin, the first protein sequenced.

Anselme Payen & Jean-Francois Persoz (1833) isolated the first enzyme, diastase (amylase).
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e Eduard Buchner (1897) demonstrated cell-free fermentation, proving enzymatic activity is
separate from living cells.

James B. Sumner (1926) first crystallized an enzyme (urease), proving its protein nature.

Emil Fischer elucidated sugar structures and proposed the Lock and Key model for enzymes.
William Prout classified food components into saccharinous, albuminous, and oleaginous (fats).
E. Gorter & F. Grendel (1925) concluded membranes are lipid bilayers.

Karl Lohmann (1929) discovered ATP.

Fritz Albert Lipmann (1941) formulated the concept of ATP as the central energy currency.
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Practice MCQs

1. What is the branch of biology that deals
with the study of biological molecules and
their reactions?

A) Physiology

B) Biochemistry

C) Molecular biology

D) Genetics

Answer: Biochemistry

2. Water is an excellent solvent for polar
substances because of its:

A) High specific heat

B) Cohesion

C) Polarity

D) Hydrogen bonding

Answer: Polarity

3. The property of water that allows it to
resist changes in temperature is due to its:
A) High specific heat capacity

B) High heat of vaporization

C) Cohesion

D) Adhesion

Answer: High specific heat capacity

4. When water molecules stick to each other,
it is called:

A) Cohesion

B) Adhesion

C) Surface tension

D) Capillary action

Answer: Cohesion

5. When water molecules stick to other
surfaces, it is called:

A) Cohesion

B) Adhesion

C) Surface tension

D) Capillary action

Answer: Adhesion

6. Ice floats on water because:

A) Ice is denser than water

B) Ice is less dense than water

C) Ice has a higher specific heat

D) Ice has a lower heat of vaporization
Answer: Ice is less dense than water

7. Hydrophobic exclusion refers to:

A) The attraction between water and nonpolar
molecules

B) The repulsion between water and nonpolar
molecules

C) The ionization of water

D) The formation of hydrogen bonds
Answer: The repulsion between water and
nonpolar molecules

8. The high specific heat of water is due to:
A) Hydrogen bonding

B) Covalent bonding

C) Ionic bonding

D) van der Waals forces

Answer: Hydrogen bonding

9. Water is a polar molecule because:

A) It has a linear shape

B) The oxygen atom is more electronegative
than hydrogen

C) It has a tetrahedral shape

D) It can form hydrogen bonds

Answer: The oxygen atom is more
electronegative than hydrogen

10. The cohesion of water molecules is
responsible for:

A) High specific heat

B) High heat of vaporization

C) Surface tension

D) Low density of ice

Answer: Surface tension

11. Adhesion of water molecules to cell walls
helps in:

A) Temperature regulation

B) Capillary action

C) Floating of ice

D) Solvent properties

Answer: Capillary action

12. Hydrophobic exclusion is important for:
A) Formation of lipid bilayers

B) Solubility of salts in water

C) High specific heat

D) Ionization of water

Answer: Formation of lipid bilayers

13. Water's high surface tension is primarily
a result of:

A) Covalent bonding

B) Ionic bonding

C) Hydrogen bonding

D) Van der Waals forces

Answer: Hydrogen bonding

14. Capillary action in plants is possible due
to water's properties of:
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A) High specific heat and heat of vaporization
B) Cohesion and adhesion

C) Universal solvent nature and polarity

D) Low density as ice

Answer: Cohesion and adhesion

15. Water's high heat of vaporization is a
result of:

A) Low boiling point

B) Breaking of hydrogen bonds to change from
liquid to vapor

C) High density

D) Low specific heat

Answer: Breaking of hydrogen bonds to
change from liquid to vapor

16. Carbon's ability to form four stable
covalent bonds is termed:

A) Catenation

B) Tetravalency

C) Isomerism

D) Electronegativity

Answer: Tetravalency

17. The immense structural diversity of
organic molecules is primarily due to
carbon's:

A) High electronegativity

B) Ability to form long chains and rings
(catenation)

C) Small atomic radius

D) Formation of ionic bonds

Answer: Ability to form long chains and rings
(catenation)

18. Molecules with the same molecular
formula but different structural
arrangements are called:

A) Isotopes

B) Polymers

C) Isomers

D) Enantiomers

Answer: Isomers

19. In biochemistry, which functional group is
characteristic of an alcohol?

A) -COOH

B) -NH-

C) -OH

D) -SH

Answer: -OH

20. The general formula for monosaccharides
is:

A) (CH20),

B) (CHO),

C) (CH30),

D) (C:Hs0),

Answer: (CH:0),

21. Which of the following is a
monosaccharide with the empirical formula
CsH1206?

A) Ribose

B) Glucose

C) Sucrose

D) Maltose

Answer: Glucose

22. Monosaccharides with a carbonyl group
at the end of the carbon chain are called:
A) Ketoses

B) Aldoses

C) Trioses

D) Pentoses

Answer: Aldoses

23. Which of the following is a ketose sugar?
A) Glucose

B) Fructose

C) Galactose

D) Ribose

Answer: Fructose

24. The sugar found in RNA is:

A) Deoxyribose

B) Ribose

C) Glucose

D) Fructose

Answer: Ribose

25. The sugar found in DNA is:

A) Deoxyribose

B) Ribose

C) Glucose

D) Fructose

Answer: Deoxyribose

26. Which of the following is a pentose sugar?
A) Glucose

B) Fructose

C) Ribose

D) Galactose

Answer: Ribose

27. The bond formed between two
monosaccharides is called:

A) Peptide bond

B) Glycosidic bond

C) Ester bond
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D) Phosphodiester bond

Answer: Glycosidic bond

28. Sucrose is composed of:

A) Glucose and glucose

B) Glucose and fructose

C) Glucose and galactose

D) Fructose and galactose

Answer: Glucose and fructose

29. Lactose is composed of:

A) Glucose and glucose

B) Glucose and fructose

C) Glucose and galactose

D) Fructose and galactose

Answer: Glucose and galactose

30. Maltose is composed of:

A) Glucose and glucose

B) Glucose and fructose

C) Glucose and galactose

D) Fructose and galactose

Answer: Glucose and glucose

31. Which of the following is a storage
polysaccharide in plants?

A) Starch

B) Glycogen

C) Cellulose

D) Chitin

Answer: Starch

32. Which of the following is a storage
polysaccharide in animals?

A) Starch

B) Glycogen

C) Cellulose

D) Chitin

Answer: Glycogen

33. Which of the following is a structural
polysaccharide in plants?

A) Starch

B) Glycogen

C) Cellulose

D) Chitin

Answer: Cellulose

34. Which of the following is a structural
polysaccharide in arthropods and fungi?
A) Starch

B) Glycogen

C) Cellulose

D) Chitin

Answer: Chitin

35. Cellulose is made up of:

A) a-glucose units

B) B-glucose units

C) a-fructose units

D) B-fructose units

Answer: B-glucose units

36. Starch is made up of:

A) a-glucose units

B) B-glucose units

C) a-fructose units

D) B-fructose units

Answer: a-glucose units

37. Glycogen is similar to starch but has
more:

A) Branching

B) Glucose units

C) Hydrogen bonds

D) Nitrogen atoms

Answer: Branching

38. Cellulose digestion in herbivores is aided
by:

A) Amylase

B) Cellulase

C) Lactase

D) Maltase

Answer: Cellulase

39. Chitin is a polymer of:

A) N-acetyl glucosamine

B) N-acetyl galactosamine

C) Glucose

D) Galactose

Answer: N-acetyl glucosamine

40. The building blocks of proteins are:
A) Nucleotides

B) Amino acids

C) Fatty acids

D) Monosaccharides

Answer: Amino acids

41. How many amino acids are commonly
found in proteins?

A) 10

B) 20

C) 30

D) 40

Answer: 20

42. Amino acids are linked together by:
A) Glycosidic bonds

B) Peptide bonds

C) Ester bonds

52 | 59

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

o
W
S
0
Q,
(o
-]
S
S
o
(o
£
0
"]
"ol
m
=
|
-
3
o
(" ]




L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

D) Phosphodiester bonds

Answer: Peptide bonds

43. The bond between the carboxyl group of
one amino acid and the amino group of
another is called:

A) Hydrogen bond

B) Ionic bond

C) Peptide bond

D) Disulfide bond

Answer: Peptide bond

44. The sequence of amino acids in a protein
is called its:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Primary structure

45. a-helix and B-pleated sheet are examples
of:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Secondary structure

46. The overall three-dimensional shape of a
protein is called:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Tertiary structure

47. When a protein consists of more than one
polypeptide chain, it has:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Quaternary structure

48. Which of the following is a fibrous
protein?

A) Hemoglobin

B) Collagen

C) Enzyme

D) Antibody

Answer: Collagen

49. Which of the following is a globular
protein?

A) Collagen

B) Keratin

C) Hemoglobin

D) Elastin

Answer: Hemoglobin

50. Lipids are generally insoluble in water
because they are:

A) Hydrophilic

B) Hydrophobic

C) Polar

D) Ionic

Answer: Hydrophobic

51. Which of the following is not a lipid?
A) Triglyceride

B) Phospholipid

C) Steroid

D) Protein

Answer: Protein

52. A triglyceride is composed of:

A) Glycerol and two fatty acids

B) Glycerol and three fatty acids

C) Glycerol and one fatty acid

D) Glycerol and phosphate

Answer: Glycerol and three fatty acids
53. The bond between glycerol and fatty acid
in a triglyceride is called:

A) Peptide bond

B) Glycosidic bond

C) Ester bond

D) Phosphodiester bond

Answer: Ester bond

54. A fatty acid with no double bonds is
called:

A) Saturated

B) Unsaturated

C) Monounsaturated

D) Polyunsaturated

Answer: Saturated

55. A fatty acid with one double bond is
called:

A) Saturated

B) Monounsaturated

C) Polyunsaturated

D) None of the above

Answer: Monounsaturated

56. A fatty acid with more than one double
bond is called:

A) Saturated

B) Monounsaturated

C) Polyunsaturated
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D) None of the above

Answer: Polyunsaturated

57. Phospholipids are composed of:
A) Glycerol, two fatty acids, and a phosphate
group

B) Glycerol, three fatty acids

C) Glycerol, two fatty acids, and a sugar
D) Glycerol, one fatty acid, and a phosphate
group

Answer: Glycerol, two fatty acids, and a
phosphate group

58. In a phospholipid, the head is:

A) Hydrophobic

B) Hydrophilic

C) Nonpolar

D) Neutral

Answer: Hydrophilic

59. In a phospholipid, the tails are:

A) Hydrophobic

B) Hydrophilic

C) Polar

D) Charged

Answer: Hydrophobic

60. Steroids are composed of:

A) Four fused carbon rings

B) Three fused carbon rings

C) Two fused carbon rings

D) One carbon ring

Answer: Four fused carbon rings

61. Cholesterol is an example of a:

A) Triglyceride

B) Phospholipid

C) Steroid

D) Wax

Answer: Steroid

62. The building blocks of nucleic acids are:

A) Nucleotides

B) Amino acids

C) Fatty acids

D) Monosaccharides

Answer: Nucleotides

63. A nucleotide consists of:

A) Sugar, phosphate, and base

B) Sugar and base

C) Phosphate and base

D) Sugar and phosphate

Answer: Sugar, phosphate, and base
64. Which base is found in DNA but not in
RNA?

A) Adenine

B) Guanine

C) Cytosine

D) Thymine

Answer: Thymine

65. Which base is found in RNA but not in
DNA?

A) Adenine

B) Guanine

C) Uracil

D) Thymine

Answer: Uracil

66. In DNA, adenine pairs with:

A) Thymine

B) Cytosine

C) Guanine

D) Uracil

Answer: Thymine

67. In DNA, guanine pairs with:

A) Thymine

B) Cytosine

C) Adenine

D) Uracil

Answer: Cytosine

68. The bonds that hold the two strands of
DNA together are:

A) Covalent bonds

B) Hydrogen bonds

C) Ionic bonds

D) Peptide bonds

Answer: Hydrogen bonds

69. According to Chargaff's rule, in DNA the
amount of adenine equals the amount of:
A) Guanine

B) Cytosine

C) Thymine

D) Uracil

Answer: Thymine

70. The model of DNA double helix was
proposed by:

A) Darwin and Mendel

B) Watson and Crick

C) Franklin and Wilkins

D) Chargaff and Franklin

Answer: Watson and Crick

71. Which of the following types of RNA
carries genetic information from DNA to the
ribosome?

A) mRNA
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B) tRNA

C) rRNA

D) snRNA

Answer: mRNA

72. Which of the following types of RNA is a
component of the ribosome?

A) mRNA

B) tRNA

C) rRNA

D) snRNA

Answer: rRNA

73. Which of the following types of RNA
carries amino acids to the ribosome?

A) mRNA

B) tRNA

C) rRNA

D) snRNA

Answer: tRNA

74. The triplet code on mRNA is called a:
A) Codon

B) Anticodon

C) Gene

D) Nucleotide

Answer: Codon

75. The complementary triplet on tRNA is
called a:

A) Codon

B) Anticodon

C) Gene

D) Nucleotide

Answer: Anticodon

76. ATP is an example of a:

A) Nucleotide

B) Amino acid

C) Fatty acid

D) Monosaccharide

Answer: Nucleotide

77. The bond between nucleotides in a nucleic
acid is called:

A) Peptide bond

B) Glycosidic bond

C) Ester bond

D) Phosphodiester bond

Answer: Phosphodiester bond

78. Which of the following is a conjugated
molecule?

A) Glycolipid

B) Glycoprotein

C) Lipoprotein

D) All of the above

Answer: All of the above

79. The pH of pure water at 25°C is:
A)0

B) 7

C) 14

D) 1

Answer: 7

80. The dissociation constant of water (Kw) at
25°C is:

A) 107

B) 1074

C) 10!

D) 107

Answer: 10

81. Which of the following is a triose?

A) Glyceraldehyde

B) Ribose

C) Glucose

D) Fructose

Answer: Glyceraldehyde

82. In an aqueous solution, glucose exists
mainly as:

A) Open chain

B) Ring form

C) Linear chain

D) Branched chain

Answer: Ring form

83. a-glucose and B-glucose are:

A) Structural isomers

B) Stereoisomers

C) Enantiomers

D) Diastereomers

Answer: Stereoisomers

84. Sucrose is a non-reducing sugar because:
A) It has no free anomeric carbon

B) It has a free anomeric carbon

O) It is a disaccharide

D) It is sweet

Answer: It has no free anomeric carbon
85. Lactose intolerance is due to deficiency of
the enzyme:

A) Sucrase

B) Lactase

C) Maltase

D) Amylase

Answer: Lactase

86. Amylose is a linear polymer of glucose
linked by:

55 | 59

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

o
W
S
0
Q,
(o
-]
S
S
o
(o
£
0
"]
"ol
m
=
|
-
3
o
(" ]




L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

A) a-1,4 linkages
B) a-1,6 linkages
C) B-1,4 linkages
D) B-1,6 linkages
Answer: a-1,4 linkages

87. Amylopectin is a branched polymer of

glucose with branches at:
A) 0-1,4 linkages

B) a-1,6 linkages

C) B-1,4 linkages

D) B-1,6 linkages
Answer: a-1,6 linkages
88. Cellulose is digested by:
A) Amylase

B) Cellulase

C) Lactase

D) Sucrase

Answer: Cellulase

89. Which of the following is a reducing
sugar?

A) Sucrose

B) Lactose

C) Trehalose

D) None of the above
Answer: Lactose

90. The test for reducing sugars is:
A) lodine test

B) Benedict's test

C) Biuret test

D) Emulsion test

Answer: Benedict's test
91. The test for starch is:
A) Iodine test

B) Benedict's test

C) Biuret test

D) Emulsion test

Answer: lodine test

92. The test for proteins is:
A) lodine test

B) Benedict's test

C) Biuret test

D) Emulsion test

Answer: Biuret test

93. The test for lipids is:
A) lodine test

B) Benedict's test

C) Biuret test

D) Emulsion test

Answer: Emulsion test

94. Amino acids are amphoteric because they
have:

A) Both amino and carboxyl groups

B) Only amino group

C) Only carboxyl group

D) Side chain

Answer: Both amino and carboxyl groups
95. At physiological pH, amino acids exist as:
A) Cations

B) Anions

C) Zwitterions

D) Neutral molecules

Answer: Zwitterions

96. Which of the following amino acids has a
sulfur atom in its side chain?

A) Cysteine

B) Methionine

C) Both A and B

D) Neither

Answer: Both A and B

97. Which of the following amino acids is
acidic?

A) Aspartic acid

B) Glutamic acid

C) Both A and B

D) Neither

Answer: Both A and B

98. Which of the following amino acids is
basic?

A) Lysine

B) Arginine

C) Histidine

D) All of the above

Answer: All of the above

99. The amino acid that can form disulfide
bonds is:

A) Cysteine

B) Methionine

C) Serine

D) Threonine

Answer: Cysteine

100. The peptide bond has partial double
bond character because of:

A) Resonance

B) Hydrogen bonding

C) Ionic bonding

D) van der Waals forces

Answer: Resonance
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101. In an a-helix, hydrogen bonds form
between the carbonyl group of one amino
acid and the amino group of another amino
acid that is:

A) 3 residues away

B) 4 residues away

C) 5 residues away

D) 6 residues away

Answer: 4 residues away

102. In a B-pleated sheet, the polypeptide
chains are:

A) Parallel or antiparallel

B) Only parallel

C) Only antiparallel

D) Neither

Answer: Parallel or antiparallel

103. Which of the following forces stabilizes
the tertiary structure of proteins?

A) Hydrogen bonds

B) Ionic bonds

C) Hydrophobic interactions

D) All of the above

Answer: All of the above

104. Hemoglobin is an example of a protein
with:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Quaternary structure

105. Myoglobin is an example of a protein
with:

A) Primary structure

B) Secondary structure

C) Tertiary structure

D) Quaternary structure

Answer: Tertiary structure

106. Denaturation of proteins involves
disruption of:

A) Primary structure

B) Secondary and tertiary structure

C) Quaternary structure

D) Both B and C

Answer: Both B and C

107. Which of the following can denature
proteins?

A) Heat

B) pH change

C) Organic solvents

D) All of the above

Answer: All of the above

108. Lipids are not polymers in the same
sense as carbohydrates because they are not
built from repeating monomers. However,
they are formed by dehydration reactions
between:

A) Glycerol and fatty acids

B) Fatty acids only

C) Glycerol only

D) None of the above

Answer: Glycerol and fatty acids

109. The melting point of fatty acids increases
with:

A) Increasing chain length

B) Increasing unsaturation

C) Decreasing chain length

D) Branching

Answer: Increasing chain length

110. The melting point of fatty acids decreases
with:

A) Increasing unsaturation

B) Increasing chain length

C) Saturation

D) None of the above

Answer: Increasing unsaturation

111. Essential fatty acids for humans include:
A) Linoleic acid

B) Linolenic acid

C) Arachidonic acid

D) All of the above

Answer: All of the above

112. Phospholipids are amphipathic because
they have:

A) Hydrophilic head and hydrophobic tails

B) Hydrophobic head and hydrophilic tails

C) Both hydrophilic

D) Both hydrophobic

Answer: Hydrophilic head and hydrophobic
tails

113. Cholesterol is a precursor for:

A) Bile acids

B) Steroid hormones

C) Vitamin D

D) All of the above

Answer: All of the above

114. Waxes are esters of long-chain fatty acids
and:

A) Glycerol
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B) Long-chain alcohols

C) Phosphate

D) Sugars

Answer: Long-chain alcohols

115. Prostaglandins are derived from:

A) Arachidonic acid

B) Palmitic acid

C) Stearic acid

D) Oleic acid

Answer: Arachidonic acid

116. Aspirin works by inhibiting the synthesis
of:

A) Steroids

B) Prostaglandins

C) Terpenes

D) Phospholipids

Answer: Prostaglandins

117. Lipids are transported in the blood as:
A) Lipoproteins

B) Glycolipids

C) Phospholipids

D) Triglycerides

Answer: Lipoproteins

118. Which lipoprotein has the highest
density?

A) HDL

B) LDL

C) VLDL

D) Chylomicrons

Answer: HDL

119. Which lipoprotein is often called ""bad
cholesterol'?

A) HDL

B) LDL

C) VLDL

D) Chylomicrons

Answer: LDL

120. The nitrogenous base in nucleotides is
attached to the sugar at which carbon?

A) 1

B)2'

03

D) 4

Answer: 1'

121. The phosphate group in nucleotides is
attached to the sugar at which carbon?

A) 3

B) 4'

() IK

D) ¢’

Answer: 5'

122. A nucleotide without a phosphate is
called a:

A) Nucleoside

B) Nucleotide

C) Nucleosome

D) Nucleoprotein

Answer: Nucleoside

123. ATP is a nucleoside triphosphate. It
contains:

A) Adenine, ribose, three phosphates

B) Adenine, deoxyribose, three phosphates
C) Adenine, ribose, two phosphates

D) Adenine, deoxyribose, two phosphates
Answer: Adenine, ribose, three phosphates
124. In DNA, how many hydrogen bonds are
between A and T?

A)2

B)3

C)4

D)1

Answer: 2

125. In DNA, how many hydrogen bonds are
between G and C?

A)2

B)3

C)4

D)1

Answer: 3

126. The two strands of DNA are:

A) Antiparallel

B) Parallel

C) Both

D) Neither

Answer: Antiparallel

127. The distance between two consecutive
base pairs in DNA is about:

A) 0.34 nm

B) 3.4 nm

C)2 nm

D) 10 nm

Answer: 0.34 nm

128. Which of the following is a pyrimidine
base found in both DNA and RNA?

A) Cytosine

B) Thymine

C) Uracil
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D) Adenine

Answer: Cytosine

129. Which of the following is a purine base
found in both DNA and RNA?

A) Adenine

B) Guanine

C) BothAand B

D) Neither

Answer: Both A and B

130. The difference between deoxyribose and
ribose is that deoxyribose has one less oxygen
at which carbon?

A)2

B) 3"

o) 4

D)5

Answer: 2'

131. Nucleosomes are composed of DNA
wrapped around a core of:

A) Histones

B) RNA

C) Lipids

D) Carbohydrates

Answer: Histones

132. The ends of chromosomes are protected
by structures called:

A) Telomeres

B) Centromeres

C) Kinetochores

D) Origins of replication

Answer: Telomeres

133. Glycolipids are composed of:

A) Carbohydrate and lipid

B) Protein and lipid

C) Carbohydrate and protein

D) Nucleic acid and lipid

Answer: Carbohydrate and lipid

134. Glycoproteins are composed of:

A) Carbohydrate and protein

B) Lipid and protein

C) Carbohydrate and lipid

D) Nucleic acid and protein

Answer: Carbohydrate and protein
135. Lipoproteins are composed of:
A) Lipid and protein

B) Carbohydrate and protein

C) Carbohydrate and lipid

D) Nucleic acid and protein

Answer: Lipid and protein

136. The amount of heat required to convert 1
gram of water into vapor is called:
A) Specific heat

B) Heat of vaporization

C) Latent heat

D) Boiling point

Answer: Heat of vaporization

137. When water ionizes, it produces:
A) H" and O*

B) Hz and O:

C) H" and OH™

D) HsO*" and OH~

Answer: H" and OH-

138. How many hydrogen bonds can a single
water molecule form?

A)l

B)2

03

D) 4

Answer: 4

139. When water freezes, its volume:
A) Increases

B) Decreases

C) Remains the same

D) First increases then decreases
Answer: Increases

140. In an o-helix, there are how many amino
acids per turn?

A)3.6

B) 4.0

0)5.0

D) 6.0

Answer: 3.6
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Chapter: 5
Bioenergetics

Bioenergetics is defined as the study of energy transduction in living organisms, encompassing the capture
of light energy and its storage as chemical bond energy, as well as the utilization of energetic compounds
through processes such as aerobic respiration.

Photosynthesis

Photosynthesis is the fundamental biochemical process by which photoautotrophs—primarily plants,
algae, and certain bacteria (like cyanobacteria)—captain and convert light energy from the sun

into stable chemical energy stored in the bonds of organic molecules (e.g., glucose). This process
transforms inorganic carbon (from atmospheric carbon dioxide) and water into energy-rich carbohydrates,
releasing oxygen as a byproduct.

B. Overview of the Process

At its core, photosynthesis is a two-stage process occurring within specialized organelles

called chloroplasts:

1. Light-Dependent Reactions: Occur in the thylakoid membranes. Light energy is captured by
pigments like chlorophyll and used to split water molecules (photolysis), releasing oxygen. This
energy is converted into short-term energy carriers (ATP and NADPH).

2. Light-Independent Reactions (Calvin Cycle): Occur in the stroma of the chloroplast. The
chemical energy from ATP and NADPH is used to fix atmospheric carbon dioxide (CO-) into
organic sugars, like glucose. This stage does not require light directly but depends on the products
of the light reactions.

2. The General Equation
The overall chemical equation summarizes the net input and output of the complex process:
6CO: + 6H:0 + Light Energy — CsH1206 + 602

¢ Reactants: Carbon Dioxide (CO2) from the air and Water (H20) from the soil.

¢ Products: Glucose (CsH1205), a simple sugar used for energy and structure, and Molecular
Oxygen (0O-), released into the atmosphere.

The Chloroplast: Structure and Function
The chloroplast is a double-membrane-bound organelle.

Structure Description & Function |
Outer & Inner Membrane | Envelope the organelle. The inner membrane is selectively
permeable.
Intermembrane Space Narrow space between the two membranes.
Stroma Viscous fluid filling the chloroplast. Site of the light-independent

reactions (Calvin Cycle). Contains enzymes, DNA, ribosomes, and
starch grains.

Thylakoids A system of interconnected, flattened, membranous sacs.

Grana (sing. granum) Stacks of thylakoids (like a stack of coins).

Lumen The interior space of a thylakoid.

Chlorophyll & Accessory | Embedded in the thylakoid membranes. Arranged

Pigments in photosystems (I & II) to form light-harvesting complexes.

Function Summary: Thylakeids = Site of light-dependent reactions (produce ATP,
NADPH, 0O>).

Stroma = Site of light-independent reactions (use ATP & NADPH
to fix CO: into sugar).
The Two Stages of Photosynthesis
A. Light-Dependent Reactions
e Location: Thylakoid Membranes.
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Bioenergetics: One Liner
Bioenergetics is the study of energy flow and transformation through living systems.
Photosynthesis converts light energy into chemical energy stored in organic molecules.
Cellular respiration breaks down organic molecules to release usable energy (ATP).
The primary electron donor in photosynthesis is water, which is oxidized to Ox.
The final electron acceptor in acrobic respiration is oxygen, which is reduced to water.
ATP (Adenosine Triphosphate) is the universal energy currency of the cell.
ATP synthesis is driven by a proton motive force across a membrane in both processes.
Chloroplasts are the organelles where photosynthesis occurs in plants and algae.
Mitochondria are the organelles where aerobic respiration occurs in eukaryotic cells.
The general equation for photosynthesis is 6CO: + 6H>0 + Light — CsH1206 + 60-.
The general equation for aerobic respiration is CeH120s + 602 — 6CO: + 6H20 + ATP.
Photosynthesis occurs in two main stages: the light-dependent reactions and the Calvin cycle.
The light-dependent reactions occur in the thylakoid membranes of chloroplasts.
The Calvin cycle occurs in the stroma of chloroplasts.
Cellular respiration comprises glycolysis, the Krebs cycle, and the electron transport chain.
Glycolysis occurs in the cytosol and is anaerobic.
The Krebs cycle and electron transport chain occur in the mitochondrial matrix and inner
membrane, respectively.
Photosystems I and II are protein-pigment complexes in the thylakoid membrane that capture
light.
P680 is the reaction center chlorophyll *a* dimer of Photosystem II.
P700 is the reaction center chlorophyll *a* dimer of Photosystem 1.
Photolysis of water occurs at the oxygen-evolving complex of Photosystem I1.
Non-cyclic photophosphorylation involves both photosystems and produces ATP, NADPH,
and O:.
Cyclic photophosphorylation involves only Photosystem I and produces ATP only.
e NADP"is reduced to NADPH during the light reactions, acting as a reducing power for the
Calvin cycle.
e The Calvin cycle uses ATP and NADPH to fix CO: into carbohydrate.
¢ Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) is the key enzyme for CO:
fixation.
e Rubisco can also catalyze photorespiration, a wasteful process.
e C3 plants fix CO: directly via the Calvin cycle and are susceptible to photorespiration.
e (4 plants use the Hatch-Slack pathway to concentrate CO: in bundle sheath cells, minimizing
photorespiration.
CAM plants open stomata at night to fix CO: into organic acids, storing it for daytime use.
Glycolysis breaks one glucose into two molecules of pyruvate, producing a net gain of 2 ATP
and 2 NADH.
The energy investment phase of glycolysis consumes 2 ATP.
The energy payoff phase of glycolysis produces 4 ATP and 2 NADH.
In the absence of oxygen, fermentation occurs to regenerate NAD* from NADH.
Lactic acid fermentation reduces pyruvate to lactate (e.g., in muscle cells, some bacteria).
Alcoholic fermentation reduces pyruvate to ethanol and CO: (e.g., in yeast).
Before the Krebs cycle, pyruvate oxidation converts pyruvate to acetyl-CoA,
producing NADH and CO..
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1. The primary source of energy for most
living organisms is:

A. Glucose

B. ATP

C. Sunlight

D. Heat

Correct Answer: Sunlight

2. The process by which plants convert light
energy into chemical energy is called:

A. Respiration

B. Photosynthesis

C. Transpiration

D. Fermentation

Correct Answer: Photosynthesis

3. The overall chemical equation for
photosynthesis is:

A. C6H1206 + 602 — 6CO2 + 6H20 + energy
B. 6CO2 + 6H20 — C6H1206 + 602

C. C6H1206 — 2C2HSOH + 2C0O2

D. 6CO2 + 12H20 — C6H1206 + 602 + 6H20
Correct Answer: 6CO2 + 12H20 —
C6H1206 + 602 + 6H20

4. The organelles where photosynthesis takes
place are:

A. Mitochondria

B. Ribosomes

C. Chloroplasts

D. Leucoplasts

Correct Answer: Chloroplasts

5. The main photosynthetic pigment in green
plants is:

A. Chlorophyll a

B. Chlorophyll b

C. Xanthophyll

D. Carotene

Correct Answer: Chlorophyll a

6. Which part of the chloroplast contains the
photosynthetic pigments?

A. Stroma

B. Granum

C. Thylakoid membrane

D. Inner membrane

Correct Answer: Thylakoid membrane

7. The light-independent reactions of
photosynthesis occur in the:

A. Thylakoid lumen

B. Stroma

C. Grana

D. Intermembrane space

Correct Answer: Stroma

8. During the light reactions of
photosynthesis, the initial electron donor is:
A. NADP+

B. Water

C. Oxygen

D. Carbon dioxide

Correct Answer: Water

9. The final electron acceptor in the light
reactions of photosynthesis is:

A. Oxygen

B. Water

C. NADP+

D. Cytochrome

Correct Answer: NADP+

10. The products of the light-dependent
reactions used in the Calvin cycle are:

A. ATP and NADPH

B. ATP and NADH

C. ADP and NADP+

D. Glucose and 02

Correct Answer: ATP and NADPH

11. In photosynthesis, oxygen is released as a
by-product from the splitting of:

A. Carbon dioxide

B. Glucose

C. Water

D. ATP

Correct Answer: Water

12. The enzyme responsible for fixing CO2 in
the Calvin cycle is:

A. RuBP carboxylase-oxygenase (Rubisco)

B. PEP carboxylase

C. ATP synthase

D. Phosphofructokinase

Correct Answer: RuBP carboxylase-
oxygenase (Rubisco)

13. The five-carbon compound that accepts
CO2 in the Calvin cycle is:

A. Ribulose-1,5-bisphosphate (RuBP)

B. 3-Phosphoglycerate (3-PGA)

C. Glyceraldehyde-3-phosphate (G3P)

D. Phosphoenolpyruvate (PEP)

Correct Answer: Ribulose-1,5-bisphosphate
(RuBP)

14. The first stable product of CO2 fixation in
C3 plants is:
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Chapter 6

e They constitute the chemical basis of heredity and direct cellular metabolism.

DNA & Chromosomes

¢ Nucleic acids are linear, unbranched polymers of nucleotides that serve as the primary
information-carrying molecules in all living organisms and viruses.

o Historical Perspective: Initially, proteins were favored as genetic material due to their chemical
complexity. The series of key experiments established DNA as the universal genetic material.

Landmark Experiments Proving

DNA as Genetic Material

Key

Experiment Scientists Organism/Syste M?th?d & Conclusion
(Year) m Findings
Transformation Frederick Griffith | Streptococcus Heat-killed S + A "transforming
(1928) pneumoniae strain | live R — mice principle" transfe
s (S-virulent, R- died; live S rred genetic traits.
avirulent) recovered.
Identification of Oswald Avery, S. pneumoniae Purified DNA is the
Transforming Colin MacLeod, components; only | transforming
Principle (1944) Maclyn McCarty DNA fraction substance and
caused hereditary
transformation; material in
DNase destroyed | bacteria.
activity.
Hershey-Chase Alfred Hershey, Bacteriophage T2 | Radioactive DNA, not
(1952) Martha Chase & E. coli labeling: 2P protein, is the
(DNA) entered genetic
bacteria; *°S material that
(protein) remained | enters host cells.
outside.
Chargaff's Rules Erwin Chargaft Multiple species Chemical analysis | A=T, G=C;
(1949) of DNA base (A+G)=(T+C);
composition. base ratios are

species-specific.

X-ray Diffraction | Rosalind Franklin, | DNA fibers Produced "Photo Provided critical
(1950-53) Maurice Wilkins 51": helical data for double
structure, 2 nm helix model.
diameter, 3.4 nm
repeat, 0.34 nm
between bases.
Double Helix James Watson, N/A Combined Proposed
Model (1953) Francis Crick Chargaff's rules the antiparallel
and Franklin's X- | double helix with
ray data to build a | specific A-T and
molecular model. | G-C pairing.
Central Dogma of Molecular Biology
Original Concept (Crick, 1958): DNA — RNA — Protein
Revised Concept: Includes exceptions:
¢ Reverse transcription (RNA — DNA) by retroviruses (e.g., HIV)
¢ RNA replication in RNA viruses
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Chromosomes And DNA: One-Liner

¢ Chromosomes become visible under a light microscope only during mitosis and meiosis.

e A chromosome is composed of DNA, histone proteins, non-histone proteins, and a small
amount of RNA.

e The centromere is the site of kinetochore assembly for microtubule attachment during cell
division.

e The nucleolar organizer region (NOR) contains genes for ribosomal RNA (rRNA) synthesis.

Telomeres are specialized structures at chromosome ends, consisting of highly conserved,

tandemly repeated, non-coding DNA sequences (¢.g., TTAGGG in vertebrates).

e Telomeres function to prevent end-to-end fusion, degradation, and solve the end-replication
problem.

o Satellite DNA is located near the centromere and consists of highly repetitive, non-coding
sequences.

e Based on centromere position: Metacentric (V-shaped), Submetacentric (L-

shaped), Acrocentric (J-shaped), Telocentric (I-shaped, rare in humans).

e Based on function: Autosomes (22 pairs in humans, govern somatic traits) and Sex

Chromosomes (Allosomes) (XX female, XY male).

e The Y chromosome contains the SRY (Sex-determining Region Y) gene, the primary testis-

determining factor.

e Dosage compensation in females involves the random inactivation of one X chromosome,

forming a Barr body, regulated by the XIST IncRNA.

e Based on centromere number: Monocentric (standard), Dicentric (unstable), Acentric (lost

during division), Holocentric (entire length acts as centromere, e.g., C. elegans).

e The fundamental unit of chromatin is the nucleosome, consisting of ~146 bp of DNA

wrapped 1.65 times around a histone octamer (two each of H2A, H2B, H3, H4).

Histone H1 binds to linker DNA, facilitating the folding of nucleosomes into a 30-nm

chromatin fiber.

e Euchromatin is less condensed, transcriptionally active, and replicates early in S-phase.

o Heterochromatin is highly condensed and transcriptionally silent, subdivided

into constitutive (permanent) and facultative (reversible, e.g., Barr body).

e Higher-order packaging involves forming radial loop domains attached to a nuclear scaffold,

culminating in the metaphase chromosome.

e Griffith's Experiment (1928) demonstrated bacterial transformation, indicating

a "transforming principle."

e Avery, MacLeod, and McCarty (1944) conclusively identified the transforming principle

as DNA.

¢ Hershey-Chase Experiment (1952) used radioactive labeling (32P for DNA, S for protein) in

bacteriophage T2 to prove DNA is the genetic material that enters the host cell.

¢ Chargaff's Rules state that in double-stranded DNA, the amount of Adenine equals
Thymine and Guanine equals Cytosine (A=T, G=C), and the total purines equal total
pyrimidines (A+G = T+C).

e The Watson-Crick model describes DNA as a right-handed, antiparallel double helix.

The two strands are held together by complementary base pairing: A=T (2 hydrogen bonds)

and G=C (3 hydrogen bonds).

The sugar-phosphate backbone is on the outside, with nitrogenous bases stacked inward.

The double helix has a constant diameter of 2 nm due to purine-pyrimidine pairing.

The helix makes a full turn every 10 base pairs, with a helical pitch of 3.4 nm.

The structure features a major groove and a minor groove, which are binding sites for proteins.

~ L

&
2
>
'y
a
)
q
0
3
0
w
0
3
0
w

nZ QO —~=2» XM

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 18| 30




L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

e DNA Barcoding: Uses a standard gene region (e.g., mitochondrial COI) for species

identification.

e CRISPR-Cas9: A genome editing tool for targeted gene knockout/knock-in.
Practice MCQs

1. Which nitrogenous base is found in RNA
but not in DNA?

A) Adenine

B) Guanine

C) Thymine

D) Uracil

Answer: Uracil

2. The Meselson-Stahl experiment
demonstrated that DNA replication is:
A) Conservative

B) Dispersive

C) Semiconservative

D) Non-conservative

Answer: Semiconservative

3. Which enzyme is responsible for
synthesizing RNA primers during DNA
replication?

A) DNA polymerase |

B) DNA polymerase 111

C) Primase

D) Ligase

Answer: Primase

4. In the Watson-Crick model of DNA,
adenine pairs with:

A) Guanine

B) Cytosine

C) Thymine

D) Uracil

Answer: Thymine

5. Which type of RNA carries amino acids to
the ribosome during translation?

A) mRNA

B) tRNA

C) rRNA

D) snRNA

Answer: tRNA

6. The condition characterized by trisomy 21
is:

A) Turner syndrome

B) Klinefelter syndrome

C) Down syndrome

D) Cri-du-chat syndrome

Answer: Down syndrome

7. Which of the following is a purine base?
A) Cytosine

B) Thymine

C) Uracil

D) Adenine

Answer: Adenine

8. The Hershey-Chase experiment used which
isotopes to label DNA and protein?

A) "*C and *H

B) 3P and **S

C) *N and "“N

D) 80 and H

Answer: **P and **S

9. Which enzyme relieves supercoiling ahead
of the replication fork?

A) Helicase

B) Topoisomerase

C) Primase

D) Ligase

Answer: Topoisomerase

10. The genetic code is said to be degenerate
because:

A) One codon codes for multiple amino acids
B) One amino acid can be coded by multiple
codons

C) It is the same in all organisms

D) It has start and stop signals

Answer: One amino acid can be coded by
multiple codons

11. Which histone protein is not part of the
nucleosome core octamer?

A) HI

B) H2A

C)H3

D) H4

Answer: H1

12. Transcription in eukaryotes is carried out
by which RNA polymerase for nRNA?

A) RNA polymerase |

B) RNA polymerase II

C) RNA polymerase 11

D) RNA polymerase IV

Answer: RNA polymerase I1

13. Which of the following mutations changes
a codon to a stop codon?

A) Missense

B) Nonsense
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Chapter 7

Variation and Genetics

Introduction
¢ Genetics is the scientific study of heredity (transmission of traits from parents to offspring)
and variation (differences among individuals).
e Inheritance, the process encompassing both heredity and variation, is crucial for evolution and
M speciation.
¢ Since genes control heredity and variation, genetics is fundamentally the study of genes.
K e Molecular Basis: A gene is a specific DNA sequence that codes for a polypeptide
via transcription (DNA to mRNA in nucleus) and translation (mRNA to protein at ribosome).

Fundamental Genetic Concepts
¢ Gene — Basic unit of heredity; a segment of DNA coding for a polypeptide/trait. (Example: The
gene for flower color in peas.)
e Allele — Alternative form of a gene at the same locus. (Example: The alleles for purple (P) or
white (p) flowers.)
Locus — Specific position of a gene on a chromosome.
Genotype — Genetic makeup of an individual. (Example: PP, Pp, or pp.)
Phenotype — Observable expression of a trait. (Example: Purple or white flowers.)
Homozygous — Having two identical alleles for a gene. (Example: PP or pp.)
Heterozygous — Having two different alleles for a gene. (Example: Pp.)
Hemizygous — Having only one allele for a gene (e.g., X-linked genes in males).
Wild type — Most common phenotype in natural populations.
Mutant phenotype — Trait alternative to wild type.
Gene Pool — All alleles present in a breeding population at a given time.

Mendelian Principles & Crosses
o Law of Segregation (Principle of Segregation) — Alleles separate during gamete
formation. (Mendel's pea plant experiments.)
e Law of Independent Assortment — Genes for different traits assort independently during gamete
formation.
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e P generation — Parental generation.

o Figeneration — First filial generation.

e F: generation — Second filial generation.

¢ True-breeding (Pure breeding) — Organisms that produce identical offspring when self-
fertilized.

e Monohybrid cross — Cross involving one trait. (Example: Crossing pure-breeding tall and dwarf
pea plants.)

e Dihybrid cross — Cross involving two traits. (Example.: Crossing plants differing in seed shape
and color.)

e Testcross — Cross between an individual with unknown genotype and a homozygous recessive
individual.

Extensions to Mendelian Genetics
e Complete Dominance — One allele completely masks the other. (Example: Mendel's pea traits.)
e Incomplete dominance — Heterozygote shows an intermediate phenotype. (Example: Pink
flowers from red and white snapdragons.)
¢ Codominance — Both alleles are fully expressed in the heterozygote. (Example: AB blood type;
speckled chicken feathers.)
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Variation & Genetics: One Liner
¢ Genetics is the scientific study of heredity (transmission of characteristics)
and variation (differences among individuals).
e Gene: The basic unit of heredity; a specific DNA sequence that codes for a functional product
(usually a protein).
e Locus: The specific physical location of a gene on a chromosome.
e Allele: Alternative forms of the same gene that occupy corresponding loci on homologous

M chromosomes.
¢ Gene Pool: The complete set of all alleles present in all individuals of a breeding population at a
K given time.
e Phenotype: The observable characteristics of an organism, resulting from genotype and
environment.

¢ Genotype: The genetic constitution of an organism for a particular trait; the specific

combination of alleles.

Homozygous: A condition where both alleles at a given locus are identical (e.g., TT or tt).

Heterozygous: A condition where the two alleles at a given locus are different (c.g., Tt).

Dominant Allele: An allele that expresses its phenotype even in a heterozygous state.

Recessive Allele: An allele whose phenotypic effect is masked by a dominant allele and is only

expressed when homozygous.

e True-breeding (Pure-breeding): Individuals that, upon self-fertilization, produce offspring

identical to themselves for a given trait over generations.

e Wild Type: The normal gene or phenotype found in a natural population.

¢ Mutant: An organism or gene with a changed DNA sequence.

e Carrier: A heterozygous individual carrying a recessive allele for a genetic disorder without

expressing it.

Test Cross: A cross between an individual with a dominant phenotype (unknown genotype) and a

homozygous recessive individual to determine the unknown genotype.

e Gregor Johann Mendel (1822-1884), an Augustinian monk, is recognized as the founder of

classical genetics.

e He conducted hybridization experiments on garden pea (Pisum sativum) for over eleven years.

e His success was due to: using true-breeding lines, studying seven pairs of contrasting traits,

performing controlled crosses, and applying quantitative/statistical analysis.

e The P generation is the parental true-breeding generation.

e The F. (First Filial) generation is the first generation of offspring from the P cross.

e The F: (Second Filial) generation is produced by self-fertilization or interbreeding of F:

individuals.

e Mendel's work was rediscovered independently in 1900 by Correns, De Vries, and Tschermak.

The Law of Segregation states that the two alleles for a heritable trait segregate (separate)

during gamete formation and end up in different gametes.

Each gamete carries only one allele for each trait.

Monohybrid Cross studies the inheritance of a single trait.

Example: Cross between true-breeding round (RR) and wrinkled (rr) pea seeds.

F1 Generation: All offspring are round (Rr), demonstrating complete dominance.

F2 Generation (from selfing F1): Phenotypic ratio of 3 Round : 1 Wrinkled; Genotypic ratio of 1

RR:2Rr:1rr.

e The physical basis for segregation is the separation of homologous chromosomes during
Anaphase I of Meiosis.

e The Law of Independent Assortment states that genes for different traits assort
independently of one another during gamete formation.
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What is the basic unit of heredity that
codes for a functional product like a
protein?

A) Allele

B) Locus

C) Gene

D) Chromosome

Answer: Gene

The specific physical location of a
gene on a chromosome is called its:
A) Allele

B) Genome

C) Locus

D) Phenotype

Answer: Locus

Alternative forms of the same gene
that occupy corresponding loci on
homologous chromosomes are known
as:

A) Genotypes

B) Phenotypes

C) Alleles

D) Linkage groups

Answer: Alleles

The complete set of all alleles present
in all individuals of a breeding
population at a given time is the:

A) Genome

B) Karyotype

C) Gene pool

D) Genotype frequency

Answer: Gene pool

The genetic constitution of an
organism for a particular trait is its:
A) Phenotype

B) Allele

C) Genotype

D) Karyotype

Answer: Genotype

The observable characteristics
resulting from genotype and
environment define the:

A) Genotype

B) Allele

C) Phenotype

D) Locus

Answer: Phenotype

7.

10.

11.

12.

13.
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An individual with two identical
alleles at a given locus is said to be:
A) Heterozygous

B) Hemizygous

C) Homozygous

D) Homogametic

Answer: Homozygous

An allele that expresses its phenotypic
effect even in a heterozygous state is
termed:

A) Recessive

B) Codominant

C) Dominant

D) Incompletely dominant

Answer: Dominant

Who is recognized as the founder of
classical genetics?

A) Charles Darwin

B) Thomas Hunt Morgan

C) Gregor Mendel

D) Alfred Sturtevant

Answer: Gregor Mendel

Mendel's success was due in part to
his use of which experimental plant?
A) Drosophila

B) Garden pea

C) Maize

D) Snapdragon

Answer: Garden pea

The law stating that two alleles for a
trait segregate during gamete
formation is the Law of:

A) Independent Assortment

B) Dominance

C) Segregation

D) Purity of Gametes

Answer: Segregation

In a monohybrid cross of two
heterozygous individuals, the
expected phenotypic ratio in the F2
generation is:

A) 1:2:1

B) 3:1

C) 9:3:3:1

D) 1:1

Answer: 3:1

A cross between an individual with a
dominant phenotype (unknown
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Chapter 8
Biotechnology

Recombinant DNA Technology (rDNA Technology)
e Timeframe: Emerged in the mid-1970s, building on discoveries like restriction enzymes (1970)
and DNA ligase.
e Core Concept: Artificially combining DNA sequences from different species that would not
normally interbreed.
e Mechanism: Uses restriction enzymes and DNA ligase to insert a gene of interest into
a vector (e.g., plasmid), which is then introduced into a host cell (e.g., E. coli).
e Primary Goal: To amplify (clone) a specific DNA segment for detailed study, or to express a
protein of interest.
e Impact:
o Revolutionized molecular biology by enabling:
= Gene structure analysis (introns, exons, promoters, enhancers).
= Study of gene regulation and development.
» Tracing evolutionary relationships through conserved genes.
e Key Derivative Fields:

1. Genetic Engineering: The deliberate modification of an organism's genetic material to
introduce new traits.

2. Biotechnology: The industrial and commercial application of biological systems
(cells, enzymes, organisms) to create products or services.

= Applications: Medicine (therapeutics, diagnostics), agriculture (GM crops),
industry (enzymes), forensics, environmental remediation.
e Illustrative Example — GloFish®:

o First genetically engineered pet.

o Genes for green fluorescent protein (GFP) from jellyfish (dequorea victoria) or red
fluorescent protein from sea corals are inserted into zebrafish embryos.

o Used in research as biological markers and for aesthetic purposes in aquaria.

DNA Cloning: Core Techniques & Tools
A. Restriction Enzymes — ""Molecular Scissors"
e Origin: Bacterial defense systems against viral (bacteriophage) DNA.
¢ Function: Endonucleases that recognize and cut DNA at specific palindromic sequences (4-8
bp long), known as restriction sites.
e Examples & Naming:
o EcoRI: From Escherichia coli strain RY13. Cuts at 5-GAATTC-3".
o HindIIl: From Haemophilus influenzae strain Rd. Cuts at S~AAGCTT-3".
e Types of Cuts:

1. Sticky Ends: Staggered cut leaving short, single-stranded overhangs. They are
complementary and can easily anneal with fragments cut by the same enzyme. Most¢
useful for cloning.

2. Blunt Ends: Cut straight across both strands. Requires more efficient ligation.

e [Essential Partner Enzyme: DNA Ligase (often from T4 bacteriophage) forms phosphodiester
bonds to seal nicks in the sugar-phosphate backbone, creating a stable recombinant molecule.
B. Vectors for Cloning
e Definition: A DNA molecule that acts as a vehicle to carry foreign genetic material into a host
cell.
o Ideal Features:
1. Origin of Replication (ORI): Allows independent replication within the host.

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 1]25

0
o
o
(g
o
(0]
)
3
S
o
Q
<




L MK PREPARATIONS) .-

Biotechnology: One-Liners

o Biotechnology is the use of living organisms or their processes to make useful products.

¢ Modern biotechnology combines molecular biology, genetics, and bioinformatics with
traditional techniques like selective breeding.

¢ Genetic Engineering is the direct manipulation of an organism's genome to modify its
characteristics.

e The foundation of modern biotechnology is Recombinant DNA (rDNA) Technology.

Recombinant DNA is a single DNA molecule formed by combining DNA from two different

sources.

e The first recombinant DNA molecule was created by Paul Berg in 1972 by inserting viral DNA

into bacterial DNA.

e Herbert Boyer and Stanley Cohen (1973) demonstrated that genes from a toad could be
expressed and inherited in bacteria.

e The ability to isolate and manipulate DNA accelerated biotechnological discovery and novel
applications.

e The 21st century is often called the "Century of Biology" due to the rapid growth of genetic

engineering.

Restriction Endonucleases are bacterial enzymes that cut DNA at specific nucleotide sequences.

They act as a bacterial defense system by cutting (restricting) invading viral DNA.

The first restriction enzyme was isolated by Hamilton Smith from Haemophilus influenzae.

Werner Arber, Hamilton Smith, and Daniel Nathans shared the 1978 Nobel Prize for the

discovery of restriction enzymes.

o Type II restriction enzymes are most useful in biotechnology as they cut at precise locations
within their recognition sites.

e The recognition site for most Type Il enzymes is a palindromic sequence (reads the same on
both strands).

e Cutting DNA with restriction enzymes can produce sticky ends (single-stranded overhangs)
or blunt ends.

o Sticky ends are more useful in genetic engineering as they facilitate the joining of DNA from
different sources.

e Bacteria protect their own DNA from their restriction enzymes by methylating (adding CHs
groups to) the nucleotides at their restriction sites.

e Restriction enzymes are named after the genus, species, and strain of the source bacterium
(e.g., EcoRI from Escherichia coli).

¢ DNA Ligase is an enzyme that catalyzes the formation of a phosphodiester bond between
adjacent nucleotides.

e It permanently joins compatible ends of DNA fragments, sealing recombinant DNA molecules.

e It performs the same function as the DNA ligase that joins Okazaki fragments during cellular
DNA replication.

¢ Gel Electrophoresis is a technique that separates DNA fragments based on their size.

It uses an electric field to drive negatively charged DNA through a gel matrix (agarose or

polyacrylamide).\

Smaller DNA fragments migrate faster and farther through the gel than larger fragments.

DNA in the gel is visualized using a fluorescent dye that binds to DNA (e.g., ethidium bromide).

A vector is a DNA molecule used to carry foreign DNA into a host cell.

The most common vector is a plasmid, a small, circular, extra-chromosomal DNA molecule

found in bacteria.

e Anideal vector must have an Origin of Replication (Ori) for independent replication in the host.
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Practice MCQs

1. What is the primary function of restriction
enzymes in recombinant DNA technology?
A) Joining DNA fragments

B) Cutting DNA at specific sequences

C) Synthesizing DNA from RNA

D) Amplifying DNA sequences

Answer: Cutting DNA at specific sequences
2. Which enzyme is responsible for sealing
nicks between DNA fragments during
recombinant DNA formation?

A) Restriction endonuclease

B) DNA polymerase

C) Reverse transcriptase

D) DNA ligase

Answer: DNA ligase

3. What are the single-stranded
complementary ends produced by some
restriction enzymes called?

A) Blunt ends

B) Sticky ends

C) Palindrome ends

D) Ligase ends

Answer: Sticky ends

4. Which of the following is commonly used as
a vector in genetic engineering?

A) Ribosome

B) Plasmid

C) Mitochondrion

D) Lysosome

Answer: Plasmid

5. What does PCR stand for in molecular
biology?

A) Protein Chain Reaction

B) Polymerase Chain Reaction

C) Polymer Copying Reaction

D) Phosphate Chain Reaction

Answer: Polymerase Chain Reaction

6. Which heat-stable enzyme is essential for
PCR amplification?

A) DNA polymerase I

B) Reverse transcriptase

C) Taq polymerase

D) RNA polymerase

Answer: Taq polymerase

7. In PCR, what is the purpose of the
annealing step?

A) To denature DNA strands

B) To synthesize new DNA strands

C) To allow primers to bind to template DNA
D) To seal DNA fragments

Answer: To allow primers to bind to template
DNA

8. What is the term for an organism that has
had a foreign gene inserted into its genome?
A) Mutant

B) Clone

C) Transgenic organism

D) Hybrid

Answer: Transgenic organism

9. Which disease has been treated using ex
vivo gene therapy by correcting bone marrow
stem cells?

A) Cystic fibrosis

B) Hypercholesterolemia

C) Severe Combined Immunodeficiency (SCID)
D) Diabetes

Answer: Severe Combined Immunodeficiency
(SCID)

10. What is the missing enzyme in patients
suffering from Severe Combined
Immunodeficiency (SCID)?

A) DNA polymerase

B) Adenosine deaminase

C) Reverse transcriptase

D) Restriction enzyme

Answer: Adenosine deaminase

11. In cystic fibrosis gene therapy, how is the
correct gene typically delivered to lung cells?
A) Through oral tablets

B) Via aerosol liposomes

C) By direct injection into blood

D) Using bacterial vectors

Answer: Via aerosol liposomes

12. Which technique is used to separate DNA
fragments based on their size?

A) Centrifugation

B) Chromatography

C) Gel electrophoresis

D) PCR

Answer: Gel electrophoresis

13. What is the name of the international
project that successfully sequenced the entire
human genome?

A) Human Proteome Project

B) Human Genome Project

C) ENCODE Project
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Chapter 9
Evolution
¢ Evolution: Descent with modification; change in allele frequencies in populations over time.
e Organic Evolution: Biological evolution through genetic change and natural selection.
e Microevolution: Change in allele frequencies within a population over generations.
e Macroevolution: Large-scale evolutionary changes (speciation, extinction) over geological time.

e Common Descent: All organisms share a common ancestor.
Special Creation vs. Evolution
Evolution

Special Creation

Origin of Species Independently created Descended from common
ancestors

Change Over Time Fixed, immutable Continuously changing

Mechanism Divine intervention Natural processes (selection,

drift, etc.)

Evidence Base

Religious texts

Multiple scientific disciplines

Scientific Status

Non-testable, non-scientific

Well-supported scientific theory

Origin of Life & Evolution of Cellular Life
L. Origin of Life (Abiogenesis)
A. Prebiotic Conditions on Early Earth (~4.6 - 3.9 Ga)
e Hadean Eon: Hot, volcanic, frequent asteroid impacts, no free oxygen.
Atmosphere: Reducing (H2, CHs, NH3, H.O, CO2, N2). No O: layer, high UV radiation.
Key Requirements for Life:
1. Source of organic molecules (monomers).
2. Mechanism to polymerize monomers.
3. Self-replication (information storage).
4. Compartmentalization (protocell membranes).
B. Key Experiments & Hypotheses for Organic Molecule Formation
1. Miller-Urey Experiment (1953): Simulated carly Earth atmosphere with electrical sparks
produced amino acids and other organics.
2. Extraterrestrial Origins (Panspermia/Meteorites): Murchison meteorite contains amino acids
and nucleobases.
3. Hydrothermal Vent Hypothesis (A Primary Focus): Submarine alkaline hydrothermal vents
(e.g., Lost City-type) are a leading theory.
o Why Vents? Provide a compelling environment for life's origin.
* Energy Gradient: Natural proton gradient (alkaline vent fluid vs. acidic ocean)
mimics modern cellular chemiosmosis (ATP production).
= Mineral Catalysts: Porous chimneys of iron-sulfide (FeS) and mackinawite act
as inorganic catalysts and compartment walls.
= Conditions: Stable, protected from surface UV radiation and impacts.
= Organic Synthesis: H> and CO2/CO in vent fluids can react via Fischer-Tropsch-
type reactions on catalytic mineral surfaces to form organic molecules.
o The "Protometabolism First" Model: Networks of chemical reactions within vent
pores could evolve complexity before the emergence of genetic code or membranes.
C. From Molecules to Cells
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Evolution: One Liner
Evolution is defined as descent with modification or a change in allele frequencies in a
population over time.
Organic Evolution refers to biological evolution through genetic change and natural selection.
Microevolution is a change in allele frequencies within a population over generations.
Macroevolution refers to large-scale evolutionary changes like speciation and extinction over
geological time.
Common Descent is the principle that all organisms share a common ancestor.
Lamarck proposed the first comprehensive evolutionary theory based on use and disuse of
organs and the inheritance of acquired characteristics.
He believed that organs used extensively become larger and stronger, while disused
organs deteriorate and disappear.
A classic example is the giraffe’s long neck, which Lamarck explained as a result of generations
stretching to reach leaves.
His theory is considered transformational, suggesting individuals change during their lifetime
and pass these changes to offspring.
Weismann’s Germplasm Theory (1892) disproved Lamarckism by distinguishing heritable
germ cells from non-heritable somatic cells.
Experimental evidence against Lamarckism includes Weismann’s tail-cutting experiment in
mice over 80 generations, which produced no tailless offspring.
Darwin’s theory is based on observations from his HMS Beagle voyage (1831-1836),
particularly in the Galapagos Islands.
Key influences on Darwin included Charles Lyell’s uniformitarianism (deep geological time)
and Thomas Malthus’s essay on population growth and struggle for existence.
Darwin’s theory of natural selection rests on five key observations: overproduction of
offspring, population stability, struggle for existence, heritable variation, and differential
survival/reproduction.
Natural selection is a non-random process where individuals with favorable heritable variations
are more likely to survive and reproduce.
Darwin’s concept of descent with modification states all organisms are related through
a branching evolutionary tree from a common ancestor.
Alfred Russel Wallace independently conceived natural selection, prompting Darwin to
publish On the Origin of Species.
Criticisms of Darwin’s original theory included its inability to explain the source of variations,
the origin of complex adaptations ("arrival of the fittest"), vestigial organs, and the mechanism
of inheritance.
Proposed that new species arise suddenly via large, discontinuous mutations
Integrated Darwinian natural selection with Mendelian genetics and population biology.
Redefined evolution as a change in allele frequencies in a population’s gene pool.
Key contributors included R.A. Fisher, J.B.S. Haldane, Sewall Wright, Theodosius
Dobzhansky, Ernst Mayr, George G. Simpson, and Julian Huxley.
It recognizes mutation and recombination as sources of variation, natural selection as the
primary adaptive mechanism, and the importance of genetic drift and gene flow.
It shifted the unit of evolution from the individual (Darwin) to the population (gene pool).
Directional Selection: Favors one extreme phenotype (e.g., peppered moth melanism, antibiotic
resistance).
Stabilizing Selection: Favors intermediate phenotypes (e.g., human birth weight).
Disruptive Selection: Favors both extremes over intermediates (e.g., black-bellied seed cracker
finch beak size).
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. What is the primary mechanism of
evolution according to Darwin's theory?
A) Inheritance of acquired characteristics
B) Use and disuse of organs
C) Natural selection
D) Genetic drift
Answer: Natural selection
2. Which scientist first proposed a
comprehensive theory of evolution based on
the inheritance of acquired characteristics?
A) Charles Darwin
B) Alfred Russel Wallace
C) Jean-Baptiste Lamarck
D) Gregor Mendel
Answer: Jean-Baptiste Lamarck
3. Structures that are similar in structure but
different in function, indicating common
ancestry, are called:

A) Analogous structures

B) Vestigial structures

C) Homologous structures

D) Convergent structures

Answer: Homologous structures

4. Which of the following is a condition
required for Hardy-Weinberg equilibrium?
A) Non-random mating

B) Small population size

C) No gene flow

D) Presence of natural selection

Answer: No gene flow

5. The wing of a bird and the wing of an
insect are examples of:

A) Homologous structures

B) Vestigial structures

C) Analogous structures

D) Divergent evolution

Answer: Analogous structures

6. What does the Hardy-Weinberg equation
p? +2pq + q*> =1 represent?

A) Phenotype frequencies

B) Allele frequencies

C) Genotype frequencies

D) Mutation rates

Answer: Genotype frequencies

7. Which of the following provides the
strongest evidence for common ancestry
among all aerobic organisms?

A) Presence of hemoglobin

B) Presence of chlorophyll

C) Presence of cytochrome c

D) Presence of cellulose

Answer: Presence of cytochrome c

8. According to Lamarck, the long neck of the
giraffe evolved due to:

A) Natural selection for longer necks

B) Genetic drift in a small population

C) Inheritance of characteristics acquired
through stretching

D) Mutation in the neck vertebrae gene
Answer: Inheritance of characteristics
acquired through stretching

9. What is the ultimate source of new genetic
variation in a population?

A) Genetic drift

B) Gene flow

C) Mutation

D) Natural selection

Answer: Mutation

10. The random change in allele frequencies
in a small population is known as:

A) Gene flow

B) Natural selection

C) Genetic drift

D) Mutation pressure

Answer: Genetic drift

11. The study of geographical distribution of
species is known as:

A) Paleontology

B) Biogeography

C) Comparative anatomy

D) Molecular biology

Answer: Biogeography

12. Which of the following is a vestigial
structure in humans?

A) Femur

B) Appendix

C) Humerus

D) Tibia

Answer: Appendix

13. Neo-Darwinism is best described as the
synthesis of:

A) Lamarckism and mutation theory

B) Darwinism and Lamarckism

C) Mendel's genetics and Darwin's evolution
D) Biogeography and paleontology

Answer: Mendel's genetics and Darwin's
evolution

14. What type of selection favors individuals
at both extremes of a phenotypic range?

A) Directional selection
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Chapter 10

Ecology & Ecosystem

Ecology: Scientific study of interactions between organisms and their biotic and abiotic
environment. Coined by Ernst Haeckel from Greek oikos (household) + logy (study).

Ecosystem: Dynamic complex of biotic communities and their abiotic environment interacting as
a functional unit through energy flows and biogeochemical cycles. Coined by Arthur Tansley
(1935) to emphasize interconnectedness.

Environment: All abiotic (non-living: climate, soil, water) and biotic (living: plants, animals,
microbes) factors influencing an organism.

Biosphere: Thin, life-supporting layer of Earth where all ecosystems exist.

M Levels of Ecological Organization

K
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1.

2.
3.
4

(9,

6.

Organism: Individual living entity.

Population: Group of interbreeding individuals of the same species in a specific area.
Community: Assemblage of different populations living and interacting in a defined area.
Ecosystem: Community + physical environment, interacting through nutrient cycling and energy
flow.

Biome: Large geographical region with distinct climate and characteristic community.
Biosphere: All ecosystems collectively.

Key Ecological Concepts

Habitat: Physical space where an organism lives.
Ecological Niche: Multidimensional concept describing the functional role of a species
(resources used, conditions tolerated).

o Fundamental Niche: Full range theoretically usable.

o Realized Niche: Actual range occupied due to interspecific interactions.
Metapopulation: Set of local populations linked by immigration/emigration. The Glanville
fritillary butterfly in Finland exists as scattered local populations in dry meadows, connected by
occasional migration.

Symbiosis: Close, long-term biological interaction between two different species (parasitic,
mutualistic, or commensal).

Mutualism: Clownfish and sea anemones.

Parasitism: Tapeworms in mammals.

Commensalism: Barnacles on whales.

ECOSYSTEM STRUCTURE
A. Abiotic Components

Physical Factors:

o Solar radiation (1-2% converted via photosynthesis).

o Temperature (affects metabolic rates via Qio relationships).

o Water availability (creates productivity gradients).

o Soil texture (water holding capacity, nutrient retention).
Chemical Factors:

o Nutrient availability (Liebig's Law of the Minimum).

o Redox potential (influences nutrient speciation).

o pH, salinity, oxygen availability.

Food Chain

A food chain is a linear sequence showing how energy and nutrients move from one organism to another
in an ecosystem. It follows a single path.

Example of a simple food chain:

Grass — Grasshopper — Frog — Snake — Hawk

Key characteristics:
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Ecology & Ecosystems: One Liner

¢ Ecology is the scientific study of interactions between organisms and their biotic (living)
and abiotic (non-living) environment.

e The term ecology was coined by the German zoologist Ernst Haeckel.

o Environment encompasses all abiotic (climate, soil, water) and biotic (other organisms) factors
influencing an organism.

e An ecosystem is a dynamic complex of biotic communities and their abiotic environment
interacting as a functional unit through energy flow and nutrient cycling.

e The term ecosystem was coined by British ecologist Arthur Tansley (1935).

e The Biosphere is the thin, life-supporting layer of Earth (from ocean depths to the atmosphere)

where all ecosystems exist.

Ecological organization follows a hierarchy: Organism — Population — Community —

Ecosystem — Biome — Biosphere.

e A species is a group of organisms that can interbreed freely in nature and produce fertile
offspring.

¢ A population is a group of interbreeding individuals of the same species living in a specific
geographical area at the same time.

e A community is an assemblage of different populations living and interacting in a defined area.

e A biome is a large geographical region with a distinct climate and characteristic community (e.g.,
rainforest, desert).

e Habitat is the physical space or location where an organism lives (its "address").

¢ Ecological Niche is the multidimensional functional role of a species, including resources used
and conditions tolerated (its "profession").

e The Fundamental Niche is the full range of conditions and resources a species could
theoretically use.

o The Realized Niche is the actual range a species occupies, often restricted by competition or
other interactions.

e A Metapopulation is a set of geographically distinct local populations (demes) linked by
immigration and emigration.

e Symbiosis refers to any close, long-term biological interaction between two different species
(parasitism, mutualism, commensalism).

e Abiotic components are the non-living physical and chemical factors of an ecosystem.

e Key physical factors include solar radiation, temperature, water availability, and soil
texture.

e Only about 1-2% of incoming solar radiation is converted to chemical energy via photosynthesis.

e Temperature affects metabolic rates, often following a Qo relationship (2-3 fold increase per
10°C rise).

¢ Key chemical factors include nutrient availability, pH, salinity, and redox potential.

e Liebig's Law of the Minimum states that productivity is limited by the nutrient scarcest relative
to an organism's needs.

e Biotic components are the living organisms, classified by their nutritional role or trophic level.

e Producers (Autotrophs) occupy the first trophic level (T1); they synthesize organic food from
inorganic materials using sunlight (photosynthesis) or chemical energy (chemosynthesis).

e Examples of producers include green plants, algae, cyanobacteria, and phytoplankton.

e Consumers (Heterotrophs) cannot synthesize their own food and depend on producers or other
consumers.

e Primary Consumers (Herbivores - T:) feed directly on producers (e.g., insects, deer,
zooplankton).
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Practice MCQs

1. Who coined the term "ecology'?

A) Arthur Tansley

B) Ernst Haeckel

C) Charles Darwin

D) Joseph Grinnell

Answer: Ernst Haeckel

2. The term "ecosystem'' was coined by:
A) Ernst Haeckel

B) Robert Paine

C) Arthur Tansley

D) Eugene Odum

Answer: Arthur Tansley

3. All the ecosystems on Earth collectively
form the:

A) Community

B) Biome

C) Biosphere

D) Hydrosphere

Answer: Biosphere

4. A group of interbreeding individuals of the
same species in a specific area is a:

A) Community

B) Population

C) Guild

D) Ecosystem

Answer: Population

5. The physical space where an organism lives
is its:

A) Niche

B) Territory

C) Habitat

D) Biome

Answer: Habitat

6. The full range of conditions and resources
a species could theoretically use defines its:
A) Realized Niche

B) Fundamental Niche

C) Trophic Niche

D) Spatial Niche

Answer: Fundamental Niche

7. A set of local populations linked by
immigration and emigration is a:

A) Community

B) Metapopulation

C) Species Complex

D) Deme

Answer: Metapopulation

8. A close, long-term biological interaction
between two different species is called:

A) Competition

B) Symbiosis

C) Predation

D) Commensalism

Answer: Symbiosis

9. Which of the following is an abiotic
component of an ecosystem?

A) Producer

B) Herbivore

C) Soil Texture

D) Decomposer

Answer: Soil Texture

10. Liebig's Law of the Minimum states that
productivity is limited by the:

A) Most abundant resource

B) Resource scarcest relative to needs

C) Temperature

D) Light availability

Answer: Resource scarcest relative to needs
11. Organisms that synthesize organic food
from inorganic materials using sunlight are:
A) Heterotrophs

B) Decomposers

C) Autotrophs

D) Omnivores

Answer: Autotrophs

12. Which trophic level includes herbivores?
A)T:

B) T2

C) Ts

D) T4

Answer: T

13. Frogs and foxes are examples of:

A) Primary Consumers

B) Secondary Consumers

C) Tertiary Consumers

D) Decomposers

Answer: Secondary Consumers

14. Organisms that break down dead organic
matter, such as fungi and bacteria, are:

A) Producers

B) Consumers

C) Decomposers

D) Autotrophs

Answer: Decomposers
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Chapter 11
Viruses

e Acellular entities are infectious agents that lack a cellular structure (no cytoplasm, organelles,
or metabolism). They include viruses, viroids and prions.

e They are obligate intracellular parasites, meaning they can only replicate inside a living host
cell by hijacking its metabolic machinery.

e They are major pathogens causing significant global economic losses and health impacts in
plants, animals, and bacteria.

History and Discovery of Viruses

e Term Origin: The word virus is derived from Latin for "poison" or "venom."

e 1884 (Charles Chamberland): Found that the causative agent of rabies could pass through a
porcelain filter that trapped bacteria, suggesting a filterable agent smaller than bacteria.

e 1892 (Dmitri Ivanowsky): Demonstrated that the sap from tobacco plants with Tobacco Mosaic
Disease (TMD) remained infectious after bacterial filtration, proposing it was caused by a
filterable agent or a "bacterial toxin."

e 1898 (Martinus Beijerinck): Conducted critical experiments showing the infectious agent in
filtered sap could replicate only within a living host. He coined the term " contagium vivum
fluidum"' (living contagious fluid) and is credited with conceptualizing the virus.

e 1935 (Wendell Stanley): Crystallized the Tobacco Mosaic Virus (TMYV), proving viruses could
exist as non-living, infectious particles.

e The invention of the electron microscope later allowed direct visualization of viruses. The study
of viruses is called virology.

Status of Viruses: Living or Non-Living?

Viruses exist in a gray area, exhibiting characteristics of both living and non-living entities.

Living Characteristics Non-Living Characteristics
1. Possess genetic material (DNA or 1. Acellular; lack cellular organization, metabolic enzymes,
RNA) capable of mutation. and energy-generating systems (cannot make ATP).
2. Capable of reproduction (using host 2. Can be crystallized and stored like chemicals.
machinery).

3. Show specificity and variation (exist in | 3. Outside a host, they are inert, non-living particles.
different strains).

4. Act as obligate intracellular 4. Do not grow, respire, or carry out independent metabolic
parasites, causing disease. activities.

5. Susceptible to destruction by agents 5. Assemble spontaneously from pre-made components; do
like heat and UV radiation. not divide.

e Conclusion: Most biologists consider viruses non-living because they cannot carry out life
processes independently. They lead a "borrowed life."

Structure of Viruses
A complete, infectious viral particle is called a virion. It has two primary components: the core and
the coat.
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Viruses: One Liner
Acellular entities lack cellular organization (no cytoplasm, organelles, or cell membrane).
The major acellular infectious agents are viruses, viroids, and prions.
Viruses are obligate intracellular parasites, meaning they can only replicate inside a living host
cell.
The study of viruses is called virology.
The word virus is derived from the Latin word for "poison" or "venom".
In 1884, Charles Chamberland found that the causative agent of rabies could pass through a
bacteria-trapping porcelain filter.
In 1892, Dmitri Iwanowsky demonstrated that the cause of Tobacco Mosaic Disease was a
filterable agent, not a bacterium.
In 1935, Wendell M. Stanley crystallized the Tobacco Mosaic Virus (TMV), proving viruses
could exist as non-living particles.
The invention of the electron microscope allowed for the direct visualization of viruses.
Living characteristics of viruses include possession of genetic material (DNA or RNA), ability
to undergo mutation, reproduction using host machinery, existence in different strains, and
susceptibility to destruction by agents like UV rays.
Non-living characteristics of viruses include lack of cellular structure, no independent
metabolism or energy generation, ability to be crystallized, and existing as inert particles outside
a host.
A complete, infectious viral particle is called a virion.
The core contains the viral genome (DNA or RNA) and essential viral enzymes (e.g., reverse
transcriptase).
The coat consists of a protein shell called a capsid, made of repeating subunits
called capsomeres.
Some viruses have an additional envelope, a lipid bilayer derived from the host cell membrane,
studded with viral glycoprotein spikes.
Viral symmetry types are icosahedral (spherical, 20 triangular faces), helical (rod-shaped),
and complex (a combination, e.g., bacteriophage).
Based on host organism: Bacteriophages (infect bacteria), Plant viruses, and Animal viruses.
The Baltimore Classification System categorizes viruses into 7 groups based on genome type
(DNA/RNA, ss/ds) and replication strategy.
Group I: Double-stranded DNA (dsDNA) viruses (e.g., Herpesvirus).
Group II: Single-stranded DNA (ssDNA) viruses (e.g., Parvovirus).
Group III: Double-stranded RNA (dsRNA) viruses (e.g., Rotavirus).
Group IV: Positive-sense single-stranded RNA [(+)ssRNA] viruses (genome acts as mRNA)
(e.g., Poliovirus, SARS-CoV-2).
Group V: Negative-sense single-stranded RNA [(-)ssRNA] viruses (e.g., Influenza virus, Rabies
virus).
Group VI: Retroviruses (ssSRNA reverse transcribing) (e.g., HIV).
Group VII: Pararetroviruses (dsDNA reverse transcribing) (e.g., Hepatitis B Virus).
Viruses are obligate intracellular parasites because they lack ribosomes and metabolic
enzymes.
Host range is determined by specific interactions between viral surface proteins (spikes) and
receptor molecules on the host cell membrane.
Tropism refers to a virus's specificity for certain tissues or cell types within a host (e.g., HIV
infects CD4+ T-cells, poliovirus infects motor neurons).
Attachment/Adsorption: Viral surface proteins bind to specific host cell receptors.
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Practice MCQs

1. What is the primary structural component
that surrounds the viral genome?

A) Envelope

B) Capsid

C) Capsomere

D) Nucleoid

Answer: Capsid

2. Who first crystallized a virus, proving it
could exist as a non-living particle?

A) Dmitri Ivanowsky

B) Martinus Beijerinck

C) Wendell Stanley

D) Adolf Mayer

Answer: Wendell Stanley

3. Which characteristic is NOT shared by all
viruses?

A) Genetic material

B) Protein coat

C) Independent metabolism

D) Obligate intracellular parasitism

Answer: Independent metabolism

4. The protein subunits that assemble to form
a viral capsid are called:

A) Protomers

B) Capsomeres

C) Envelopes

D) Spikes

Answer: Capsomeres

5. A virus that infects bacteria is specifically
termed a:

A) Retrovirus

B) Bacteriophage

C) Viroid

D) Prion

Answer: Bacteriophage

6. Which viral structure is derived from the
host cell's membrane?

A) Capsid

B) Core

C) Envelope

D) Capsomere

Answer: Envelope

7. Tobacco mosaic virus (TMYV) exhibits
which type of capsid symmetry?

A) Icosahedral

B) Helical

C) Complex

D) Spherical

Answer: Helical

8. The Baltimore classification system for
viruses is primarily based on:

A) Host range and disease symptoms

B) Capsid symmetry and presence of an
envelope

C) Genome type and method of mRNA
synthesis

D) Size and morphological complexity
Answer: Genome type and method of mRNA
synthesis

9. A virus with a single-stranded RNA
genome that can be directly translated by
host ribosomes is classified as:

A) Negative-sense RNA virus

B) Double-stranded RNA virus

C) Positive-sense RNA virus

D) Retrovirus

Answer: Positive-sense RNA virus

10. Which of the following is a DNA virus?
A) Influenza virus

B) HIV

C) Adenovirus

D) Poliovirus

Answer: Adenovirus

11. The host range of a virus is primarily
determined by:

A) The type of viral nucleic acid

B) The presence of an envelope

C) Specific interactions between viral surface
proteins and host cell receptors

D) The speed of viral replication

Answer: Specific interactions between viral
surface proteins and host cell receptors
12. What is the first step in the viral
replicative cycle?

A) Penetration

B) Attachment

C) Uncoating

D) Biosynthesis

Answer: Attachment

13. In the lytic cycle of a bacteriophage, what
happens immediately after the viral DNA
enters the host cell?

A) Assembly of new virions

B) Integration into host chromosome

C) Degradation of host DNA
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Chapter 12
Bacteria and Archaea

Prokaryotes are unicellular organisms that constitute the domains Bacteria and Archaea. They are the
most abundant and widespread life forms on Earth, found in virtually every habitat. Key defining features
include:

e Lack of a membrane-bound nucleus. Genetic material is located in a region called

the nucleoid.

e Absence of membrane-bound organelles (e.g., mitochondria, chloroplasts).

e Generally smaller (0.5-5.0 um) and structurally simpler than eukaryotic cells.

e Possess arigid cell wall (with exceptions like Mycoplasma).

e Exhibit extraordinary metabolic diversity, enabling survival in extreme environments.
Despite their simplicity, they are highly evolved, having existed for over 3.5 billion years. While a
minority are pathogens, most play crucial ecological roles in nutrient cycling, decomposition, and
symbiotic relationships.

Historical Discovery and Foundations
e Antonie van Leeuwenhoek (1673): First to observe and describe bacteria ("animalcules") using
a simple microscope.
e Louis Pasteur (19th Century):
o Disproved spontaneous generation.
o Developed germ theory of disease.
o Created vaccines (anthrax, rabies).
o Developed the pasteurization process.
¢ Robert Koch (19th Century): Established the definitive link between specific microbes and
specific diseases using Koch’s Postulates.
1. The pathogen must be present in all diseased individuals and absent in healthy ones.
2. The pathogen must be isolated and grown in pure culture.
3. The cultured pathogen must cause the same disease when inoculated into a healthy host.
4. The pathogen must be re-isolated from the experimentally infected host.

Taxonomy and Phylogenetic Position
e Historical Classification: All prokaryotes were initially placed in the kingdom Monera.
e The Three-Domain System (Carl Woese, 1977): Based on comparisons of small-subunit
ribosomal RNA (rRNA) gene sequences, life is divided into three domains:
1. Bacteria (Eubacteria): "True bacteria."
2. Archaea (Archaebacteria): A distinct lineage sharing some features with eukaryotes.
3. Eukarya: All eukaryotic organisms.
e This system revealed that Archaea are more closely related to Eukarya than to Bacteria. The
last common ancestor of Bacteria and Archaea was likely a hyperthermophile.

Structure of Bacteria
Size and Shape
e Size: Typically 0.5-5.0 um. Exceptions include Mycoplasma (~0.1 um) and the
giant Epulopiscium fishelsoni (up to 600 pm).
e Shapes: Used for primary classification.
o Cocci (spherical): Arrangements include diplococci (pairs), streptococci (chains),
staphylococci (clusters), tetrads (4), and sarcinae (8).
o Bacilli (rod-shaped): Can be single, diplobacilli (pairs), or streptobacilli (chains).
Vibrios are comma-shaped rods.
o Spiral: Includes spirilla (rigid, helical) and spirochetes (flexible, tightly coiled).
e Pleomorphic: Some bacteria (e.g., Mycoplasma) lack a constant shape.
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Bacteria & Archaea: One Liner
Prokaryotes are unicellular organisms that lack a membrane-bound nucleus and membrane-
bound organelles.
The five-kingdom system (Robert Whittaker, 1969) placed prokaryotes in the kingdom Monera.
The three-domain system (Carl Woese, 1977) classifies life into Bacteria, Archaea,
and Eukarya.
Phylogenetics is the study of evolutionary relatedness among groups of organisms.
Bacteria and Archaea are the two distinct domains of prokaryotic life.
The most recent common ancestor of bacteria and archaea is estimated to have lived 2.5-3.2
billion years ago.
Prokaryotes were the first life forms on Earth, appearing approximately 4 billion years ago.
Archaea were originally called archaebacteria and are known for inhabiting extreme
environments.
Methanogens are archaea that produce methane as a metabolic by-product in anaerobic
conditions.
Halophiles are salt-loving archaea that thrive in highly saline environments.
Thermoacidophiles are archaea that live in extremely hot and acidic environments, like hot
springs.
Archaeal cell walls lack peptidoglycan.
Archaeal membrane lipids have branched hydrocarbon chains linked by ether bonds, unlike
bacterial ester-linked unbranched chains.
Archaeal RNA polymerase is complex and similar to eukaryotic RNA polymerase.
Some archaeal genes contain introns, which are rare in bacteria.
Thermoplasma acidophilum and Thermus aquaticus are examples of thermoacidophiles.
Halobacterium halobium is an example of an extreme halophile.
The study of bacteria is called bacteriology, a branch of microbiology.
Anton van Leeuwenhoek first observed bacteria in 1674, calling them "animalcules".
Christian Gottfried Ehrenberg introduced the name "bacterium" in 1828.
Bacteria inhabit the widest range of habitats on Earth, from soil to human intestines to extreme
environments.
Flagella provide motility, allowing bacteria to move toward favorable conditions (taxis).
Pili (or fimbriae) are hair-like surface structures that aid in adhesion to surfaces and other cells.
Endospores are highly resistant, dormant structures formed by some bacteria to survive harsh
conditions.
Actinomycetes are a group of bacteria that form branching filaments, common in soil for
decomposing organic matter.
Aquificales are extremely thermophilic and represent the oldest branch of bacteria
(e.g., Aquifex).
Green Non-Sulfur Bacteria are mostly photosynthetic and some are thermophilic
(e.g., Chloroflexus).
Green Sulfur Bacteria are green phototrophic bacteria that do not produce oxygen during
photosynthesis (e.g., Chlorobium).
Proteobacteria (Purple Bacteria) are a large, diverse group of Gram-negative bacteria
(e.g., Escherichia, Salmonella).
Gram-positive Bacteria include endospore-formers, lactic acid bacteria, and pathogens
(e.g., Staphylococcus, Bacillus).
Cyanobacteria (blue-green algae) are oxygen-producing photosynthetic bacteria
(e.g., Nostoc, Anabaena).
Bacteroides are Gram-negative, rod-shaped bacteria (e.g., Bacteroides).
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e Antibiotic Sensitivity: Bacteria are often inhibited by streptomycin/chloramphenicol; Archaea

are not.

¢ Initiator Amino Acid: Bacteria use formyl-methionine; Archaca use methionine (like

cukaryotes).

Practice MCQs

1. Which scientist first observed bacteria
using a homemade microscope?

A) Louis Pasteur

B) Robert Koch

C) Antonie van Leeuwenhoek

D) Christian Gram

Answer: Antonie van Leeuwenhoek

2. The domain Archaea differs from Bacteria
in having:

A) Peptidoglycan in cell wall

B) Ester-linked membrane lipids

C) Ether-linked membrane lipids

D) Circular chromosome

Answer: Ether-linked membrane lipids

3. Gram-positive bacteria stain purple due to:

A) Thin peptidoglycan layer

B) Outer lipopolysaccharide membrane

C) Thick peptidoglycan layer retaining crystal
violet

D) Presence of periplasmic space

Answer: Thick peptidoglycan layer retaining
crystal violet

4. Which of the following is a photosynthetic
prokaryote?

A) Escherichia coli

B) Streptococcus pneumoniae

C) Nostoc

D) Staphylococcus aureus

Answer: Nostoc

5. Koch’s postulates are used to:

A) Classify bacteria based on shape

B) Prove causal relationship between microbe
and disease

C) Identify antibiotic resistance

D) Stain bacterial capsules

Answer: Prove causal relationship between
microbe and disease

6. Bacteria that require oxygen for growth are

called:

A) Obligate anaerobes

B) Facultative anaerobes
C) Obligate aerobes

D) Microaerophiles
Answer: Obligate aerobes

7. The rigid spiral-shaped bacteria are known
as:

A) Vibrio

B) Spirillum

C) Spirochete

D) Coccus

Answer: Spirillum

8. Which structure is involved in bacterial
conjugation?

A) Flagella

B) Pili

C) Capsule

D) Endospore

Answer: Pili

9. The process of taking up free DNA from
the environment is:

A) Transduction

B) Conjugation

C) Transformation

D) Binary fission

Answer: Transformation

10. Which of the following bacteria produce
endospores?

A) Escherichia coli

B) Bacillus anthracis

C) Neisseria gonorrhoeae

D) Vibrio cholerae

Answer: Bacillus anthracis

11. Plasmids are best described as:

A) Essential for bacterial growth

B) Circular, double-stranded extrachromosomal
DNA

C) Part of the bacterial chromosome

D) Involved in protein synthesis

Answer: Circular, double-stranded
extrachromosomal DNA

12. Cyanobacteria perform oxygenic
photosynthesis due to presence of:

A) Bacteriochlorophyll

B) Chlorophyll a and photosystem II

C) Chloroplasts

D) Chromatophores

Answer: Chlorophyll a and photosystem II
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Chapter 13
Protists

Protists are a diverse, informal assemblage of primarily aquatic eukaryotic organisms that are not
classified as true fungi, plants, or animals. The term is derived from the Greek for "the very first,"
reflecting their status as among the first eukaryotes to evolve.

They represent a paraphyletic group, meaning the group includes some but not all descendants of a
common ancestor. In modern taxonomy, the formal Kingdom Protista has been largely abandoned
because molecular phylogenetics shows various protist lineages are more closely related to plants,
animals, or fungi than to each other. The term "protist" is now used informally for eukaryotes that are
not plants, animals, or fungi.

Reasons for Creation of Kingdom Protista
The Kingdom Protista was established to resolve classification challenges posed by certain eukaryotes.

¢ i) Extreme Diversity: Protists exhibit vast variation in body forms (unicellular, colonial,
multicellular), reproduction (asexual, sexual), nutrition (autotrophic, heterotrophic, mixotrophic),
and habitats, making them hard to characterize under traditional plant or animal kingdoms.

e ii) Definition by Exclusion: The kingdom is largely defined by what its members are not—they
lack the specialized traits that place organisms definitively in Plantae, Animalia, Fungi, or
Monera.

e iii) Taxonomic Difficulty: Early taxonomists struggled to classify eukaryotes
like Euglena (which has both plant-like chloroplasts and animal-like motility) into existing
kingdoms.

e iv) Evolutionary Origin: Protista is considered the ancestral eukaryotic group from which the
other three eukaryotic kingdoms (Plantae, Animalia, Fungi) independently evolved.

¢ v) Polyphyly: Modern molecular data indicates protists do not share a single common ancestor;
the kingdom is a polyphyletic assemblage of multiple lineages.

General Characteristics of Protists
Protists exhibit extraordinary structural, functional, and ecological diversity.
Cellular Organization
e All are eukaryotic, possessing a membrane-bound nucleus and other membrane-bound
organelles (mitochondria, Golgi apparatus, etc.).
e They have a well-developed cytoskeleton enabling complex shapes, motility, and phagocytosis.
Body Plan Diversity
e Unicellular: Most common form (e.g., Amoeba, Paramecium). Can be extremely complex,
performing all life functions within a single cell.
e Colonial: Loosely organized groups of cells, often embedded in a matrix (e.g., Volvox).
e Coenocytic: A multinucleate mass of cytoplasm without separate cell walls (e.g., plasmodial
slime molds, some water molds like Oomycetes).
e Simple Multicellular: Have differentiated cells but lack complex tissues (e.g., brown algae, red
algae). The body is a thallus (not differentiated into roots, stems, leaves).
Locomeotion
Motile at some life stage via:
e Pseudopodia: Cytoplasmic extensions used for amoeboid movement and feeding (e.g., amoebas).
o Flagella: Long, whip-like structures with a 9+2 microtubule arrangement.
e Cilia: Short, hair-like structures, similar to flagella but more numerous (e.g., ciliates).
e Gliding: Movement on secreted slime (e.g., diatoms, apicomplexans).
Nutritional Modes
Exhibit all major types:
e Photoautotrophs: Photosynthetic with chloroplasts (e.g., algae).
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Kingdom Protista: One Liner
Kingdom Protista is a diverse assemblage of primarily aquatic eukaryotic organisms that do
not fit into the kingdoms Fungi, Plantae, or Animalia.
This kingdom is defined largely by exclusion.
It is considered a polyphyletic group, meaning its members do not share a single common
ancestor.
Protists are among the first eukaryotes to evolve.
The traditional kingdom Protista has been abandoned in modern systematics, though the term
"protist" remains useful informally.
Protists show immense variation in body form, reproduction, nutrition, and lifestyle, making
them hard to classify.
The kingdom is defined negatively; its members possess characteristics that exclude them from
the other four eukaryotic kingdoms.
Scientists historically found it difficult to place certain eukaryotes like Fuglena into the plant or
animal kingdom.
The other eukaryotic kingdoms (Plantae, Animalia, and Fungi) originated from various
protistan ancestors.
This kingdom serves as the foundational group from which plants, animals, and fungi arose.
Most protists are aquatic, living in marine and freshwater habitats.
All protists are eukaryotes, with cells containing a nucleus and membrane-bound organelles.
Their body organization can be unicellular, colonial, or simple multicellular.
They do not develop from a blastula or embryo like animals or plants.
They exhibit diverse modes of nutrition: autotrophic (photosynthetic), heterotrophic (ingestive
or absorptive), and mixotrophic.
They are motile at some life stage, using pseudopodia, cilia, flagella, or gliding.
They reproduce both asexually (binary fission, budding, multiple fission) and sexually.
Their life cycles can be haplontic, diplontic, or haplodiplontic (alternation of generations).
They exhibit an extreme size range, from microscopic to over 60 meters in length (e.g., kelps).
In 1861, John Hogg proposed the kingdom Protoctista for microscopic organisms.
In 1866, Ernst Haeckel proposed the kingdom Protista, including bacteria and microorganisms
like Euglena.
In 1938, Herbert Copeland elevated prokaryotes to kingdom Monera, separating them from
protists.
In 1969, Robert Whittaker formally included unicellular eukaryotes in Kingdom Protista as
part of his Five-Kingdom Classification.
In 1982, Margulis and Schwartz modified the five-kingdom system, retaining
Protista/Protoctista and including colonial and simple multicellular eukaryotes.
Protists exhibit remarkable diversity in size, habitat, structure, locomotion, reproduction,
nutrition, and ecological interactions.
Due to their vast diversity and polyphyletic origins, Margulis and Schwartz listed 27 phyla within
Kingdom Protista.
Endosymbiosis is a key process in the evolution of eukaryotic cells.
Mitochondria are derived from an alpha proteobacterium engulfed by an ancestral archaeal (or
archaea-related) host cell.
Plastids are derived from a cyanobacterium engulfed by a heterotrophic eukaryote via primary
endosymbiosis.
Secondary endosymbiosis occurred when a heterotrophic eukaryote engulfed a photosynthetic
cukaryote (a red or green alga), leading to plastids surrounded by three or four membranes.
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Practice MCQs

1. What is the estimated time frame for the
appearance of the first eukaryotic fossils?

A) 3.5 billion years ago

B) 2.5 billion years ago

C) 1.5 billion years ago

D) 500 million years ago

Answer: 1.5 billion years ago

2. Which structure is believed to have evolved
from infoldings of the plasma membrane in
prokaryotic ancestors?

A) Mitochondria

B) Chloroplasts

C) Nucleus and endoplasmic reticulum

D) Golgi apparatus

Answer: Nucleus and endoplasmic reticulum
3. According to the endosymbiotic theory,
what is the proposed origin of mitochondria?
A) Engulfed cyanobacterium

B) Engulfed aerobic alpha-proteobacterium

C) Infoldings of the plasma membrane

D) Vesicles from the Golgi apparatus

Answer: Engulfed aerobic alpha-
proteobacterium

4. Which evidence supports the
endosymbiotic origin of chloroplasts?

A) Presence of 70S ribosomes and circular DNA
B) Presence of a double membrane and histone
proteins

C) Ability to undergo mitosis independently

D) Synthesis of cellulose cell walls

Answer: Presence of 70S ribosomes and
circular DNA

5. Which of the following is a characteristic
feature of all protists?

A) They are all unicellular

B) They are all photosynthetic

C) They are all eukaryotic

D) They all have cell walls

Answer: They are all eukaryotic

6. What is the primary locomotory structure
in amoebas?

A) Flagella

B) Cilia

C) Pseudopodia

D) Undulating membrane

Answer: Pseudopodia

7. Which term describes protists that can
switch between autotrophic and heterotrophic

nutrition?

A) Saprophytes

B) Mixotrophs

C) Phototrophs

D) Osmotrophs

Answer: Mixotrophs

8. What is the process called when a protist
undergoes multiple nuclear divisions before
cytokinesis?

A) Binary fission

B) Budding

C) Schizogony

D) Conjugation

Answer: Schizogony

9. Which excavate group is characterized by
having two nuclei and lacks functional
mitochondria?

A) Parabasalids

B) Euglenozoans

C) Diplomonads

D) Kinetoplastids

Answer: Diplomonads

10. What human disease is caused by the
parabasalid Trichomonas vaginalis?

A) Malaria

B) Trichomoniasis

C) Giardiasis

D) Sleeping sickness

Answer: Trichomoniasis

11. What unique structure is found in the
flagella of euglenozoans?

A) Mastigonemes

B) Crystalline rod

C) Axoneme

D) Basal body

Answer: Crystalline rod

12. Which kinetoplastid causes African
sleeping sickness?

A) Trypanosoma cruzi

B) Trypanosoma brucei

C) Leishmania donovani

D) Giardia intestinalis

Answer: Trypanosoma brucei

13. What characteristic feature is found on
the flagella of stramenopiles?

A) Alveoli

B) Mastigonemes (hairy projections)

C) Crystalline rods
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Chapter 14

Fungi
Mycology is the scientific study of fungi. This kingdom comprises a vast diversity of eukaryotic,
heterotrophic organisms, including mushrooms, molds, yeasts, and lichen partners. Fungi are primarily
terrestrial and play indispensable ecological roles as decomposers, mutualists, and pathogens. While
macroscopic structures like mushrooms are familiar, they represent only the reproductive parts; the main
vegetative body is typically a subterranean, extensive network called a mycelium.
Key Estimates & Significance:
Described species: ~100,000 — 145,000.
o Estimated total species: 1.5 — 5 million (suggesting massive undiscovered diversity).
e Evolutionary origin: Appeared ~1 billion years ago; major diversification occurred ~500 million
years ago alongside land plants.
¢ Evolutionary relationship: Molecular and structural evidence places fungi in
the Opisthokont clade, making them the closest relatives of animals (shared ancestor ~460
MYA), not plants.
e Ecological dominance: A single clone of the fungus Armillaria ostoyae (the "Humongous
Fungus") in Oregon covers over 2,400 acres, weighs ~35,000 tons, and is estimated to be 2,400
years old, making it one of Earth's largest and oldest individual organisms.

GENERAL CHARACTERISTICS OF FUNGI
1. Nutritional Mode
Fungi are chemoheterotrophs with a unique absorptive strategy:

e Secrete powerful exoenzymes (e.g., cellulases, lignin peroxidases, proteases) into their
surroundings.

o Externally digest complex organic matter (living or dead) into simpler, soluble molecules.

e Absorb nutrients directly across their cell membranes via active transport.

2. Cellular & Structural Features

e Cell Wall: Composed of chitin (B-1,4-linked N-acetylglucosamine), providing rigidity and
resistance to degradation. This differs fundamentally from plant cellulose.

e Storage Polysaccharide: Glycogen, identical to animal glycogen, stored in cytoplasmic
granules.

e Mitochondria: Have flattened, plate-like cristae (tubular in some early-diverging groups).

e Nuclear Division (Mitosis): Often "closed mitosis'—the nuclear envelope persists, and the
mitotic spindle forms inside the nucleus. Centrioles are absent in most groups; spindle poles are
organized by spindle pole bodies.

o Habitat Tolerance: Prefer slightly acidic pH (~5.6) but tolerate a wide range (pH 2-9). Many
are osmotolerant, thriving in high-sugar or high-salt environments (e.g., jam, salted meats).

3. Body Plan (Thallus Organization)
Fungi exhibit two fundamental growth forms:

~ L

— = > x> vmE T

N Description
S Unicellular Spherical or oval cells. Reproduce asexually Saccharomyces
Yeasts by budding or fission. Common in moist, nutrient-rich cerevisiae (Baker's
fluids. yeast)
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Kingdom Fungi: One Liner
Mycology is the scientific study of fungi.
Fungi are a kingdom of eukaryotic, heterotrophic organisms.
Their primary mode of nutrition is absorptive heterotrophy.
They secrete digestive exoenzymes to break down complex matter externally and absorb the
nutrients.
The optimal pH for most fungal growth is about 5.6, but they can tolerate a wide range from pH 2
to 9.
Fungi are largely osmotolerant, able to grow in high-sugar or high-salt environments.
Fungi are classified within the Opisthokont clade, making them the closest relatives of animals,
not plants.
This close relationship makes treating fungal infections challenging, as drugs targeting fungi can
also harm the host.
They first appeared approximately 1 billion years ago, with major diversification around 500
million years ago.
Mycologists have described about 100,000 to 145,000 fungal species.
The total estimated number of fungal species is between 1.5 and 5 million.
A single clone of the fungus Armillaria ostoyae in Oregon covers over 2,400 acres, weighs
~35,000 tons, and is estimated to be 2,400 years old.
The fungal cell wall is primarily composed of chitin, a polymer of N-acetylglucosamine.
Chitin is also a key component of insect and arthropod exoskeletons.
Fungi store carbohydrates as glycogen, similar to animals, not as starch.
Fungal mitochondria typically have flattened, plate-like cristae.
Fungal mitosis is often "closed mitosis'', where the nuclear envelope persists.
The vegetative body of a fungus is called a thallus.
The basic structural unit of multicellular fungi is a hypha (pl. hyphae).
A mass of interconnected hyphae is called a mycelium.
The mycelial structure provides an extremely high surface-area-to-volume ratio for efficient
absorption.
Hyphae grow at their tips, a process known as apical growth.
Coenocytic (aseptate) hyphae lack cross-walls and contain multiple nuclei in a continuous
cytoplasm.
Septate hyphae are divided by cross-walls called septa.
Septa often contain pores that allow cytoplasm and organelles to flow between cells.
Yeasts are unicellular fungi with a round or oval shape.
Yeasts reproduce asexually by budding or fission.
Dimorphic fungi can switch between yeast and hyphal forms depending on environmental
conditions.
Rhizoids are root-like anchoring hyphae (e.g., in Rhizopus).
Haustoria are specialized hyphal tips of parasitic fungi that penetrate host cell walls to absorb
nutrients.
Appressoria are swollen, adhesive hyphal tips that generate pressure to physically penetrate host
surfaces.
Arbuscules are highly branched, tree-like structures formed inside plant root cells by arbuscular
mycorrhizal fungi for nutrient exchange.
Trapping structures like constricting rings or adhesive nets are formed by predatory fungi to
capture nematodes.
Sclerotia are compact, hardened masses of hyphae that serve as dormant, resistant structures.
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Practice MCQs

1. What is the primary structural component
of fungal cell walls?

A) Cellulose

B) Chitin

C) Peptidoglycan

D) Lignin

Answer: Chitin

2. Fungi are more closely related to which of
the following groups?

A) Plants

B) Animals

C) Bacteria

D) Archaca

Answer: Animals

3. Which of the following describes the
nutritional mode of fungi?

A) Autotrophic

B) Absorptive heterotrophs

C) Ingestive heterotrophs

D) Photosynthetic

Answer: Absorptive heterotrophs

4. The vegetative body of a multicellular
fungus is called a:

A) Thallus

B) Mycelium

C) Hypha

D) Spore

Answer: Mycelium

5. Individual fungal filaments are known as:
A) Septa

B) Hyphae

C) Mycelia

D) Rhizoids

Answer: Hyphae

6. Which fungal phylum is characterized by
coenocytic hyphae and zygospores?

A) Ascomycota

B) Basidiomycota

C) Zygomycota

D) Chytridiomycota

Answer: Zygomycota

7. In which phylum are sac-like asci that
contain ascospores found?

A) Zygomycota

B) Glomeromycota

C) Ascomycota

D) Basidiomycota

Answer: Ascomycota

8. Club fungi, which produce basidiospores
on basidia, belong to:

A) Ascomycota

B) Basidiomycota

C) Zygomycota

D) Deuteromycota

Answer: Basidiomycota

9. Which fungal phylum forms arbuscular
mycorrhizae?

A) Glomeromycota

B) Zygomycota

C) Ascomycota

D) Chytridiomycota

Answer: Glomeromycota

10. Fungi that lack a known sexual stage were
historically grouped as:

A) Zygomycetes

B) Deuteromycetes

C) Basidiomycetes

D) Ascomycetes

Answer: Deuteromycetes

11. What is the primary storage carbohydrate
in fungi?

A) Starch

B) Glycogen

C) Cellulose

D) Chitin

Answer: Glycogen

12. The fusion of cytoplasm from two parent
myecelia is called:

A) Karyogamy

B) Plasmogamy

C) Meiosis

D) Mitosis

Answer: Plasmogamy

13. The fusion of nuclei in fungal sexual
reproduction is termed:

A) Plasmogamy

B) Karyogamy

C) Heterokaryosis

D) Dikaryosis

Answer: Karyogamy

14. A fungal mycelium containing two
genetically distinct haploid nuclei per cell is:
A) Heterokaryotic

B) Dikaryotic

C) Diploid

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

Page 14 of 23




L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

Chapter 15
Kingdom Plantae

Kingdom Plantae (Embryophytes) represents multicellular, photosynthetic eukaryotes that have
successfully colonized terrestrial environments. Modern classification follows a phylogenetic system,
reflecting evolutionary relationships rather than mere morphological similarity. Plants evolved
from freshwater charophyte green algae approximately 500 million years ago.

General Diagnostic Features Of Land Plants
¢ Eukaryotic & Multicellular: Composed of complex cells with membrane-bound organelles and
true nuclei.
e Autotrophic Nutrition: Perform photosynthesis using chlorophylls *a* and *b* within
chloroplasts. Storage product is starch.
e Cell Wall: Structural support provided by walls composed primarily of cellulose.
e Cuticle: A protective, lipophilic, waxy layer (containing cutin and waxes) covering aerial
epidermal surfaces to minimize water loss.
e Stomata (Sing. Stoma): Regulatable pores flanked by guard cells that allow for gas exchange
(CO: intake for photosynthesis, O release) while controlling transpirational water loss.
e Gametangia: Multicellular organs that produce and protect gametes.
o Antheridium: Produces numerous flagellated sperm cells.
o Archegonium: A flask-shaped structure producing a single, non-motile egg cell.
¢ Embryo Retention (Embryophytic Condition): The defining plant trait. The zygote develops
into a multicellular diploid embryo retained within and nourished by the maternal gametophyte
tissue.
e Alternation of Generations: A life cycle with multicellular haploid
(gametophyte) and multicellular diploid (sporophyte) phases.
o Gametophyte (n): Develops from a spore. Produces gametes via mitosis.
o Sporophyte (2n): Develops from the zygote. Produces haploid spores via
meiosis in sporangia.
o Evolutionary Trend: A progressive reduction of the gametophyte and elaboration of
the sporophyte, correlating with increasing terrestriality.
e Apical Meristems: Localized regions of perpetual embryonic cells at root and shoot tips,
enabling primary growth (extension) and complex tissue formation.
¢ Secondary Metabolites: Synthesis of diverse compounds (e.g., alkaloids, terpenes, phenolics)
for defense against herbivores, pathogens, and UV radiation.

Classification of Kingdom Plantae
I. Non-Vascular Plants (Bryophytes)
e Division: Bryophyta
o Class: Hepaticae (Liverworts) - e.g., Marchantia
o Class: Anthocerotae (Hornworts) - e.g., Anthoceros
o Class: Musci (Mosses) - e.g., Funaria
I1I. Vascular Plants (Tracheophyta)
A. Seedless Vascular Plants (Cryptogams)
o Division: Pteridophyta (Ferns & Allies)
o Class: Psilopsida (Whisk ferns) - e.g., Psilotum
o Class: Lycopsida (Club mosses) - e.g., Lycopodium, Selaginella
o Class: Sphenopsida (Horsetails) - e.g., Equisetum
o Class: Pteropsida (True Ferns) - e.g., Pteris, Adiantum
B. Seed-Bearing Plants (Phanerogams/Spermatophytes)
e Division: Gymnospermae (Naked Seeds)
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Kingdom Plantae: One Liner

e Modern plant classification follows a phylogenetic system based on evolutionary relationships.

¢ Kingdom Plantae (Embryophytes) are multicellular, photosynthetic eukaryotes that have
colonized land.

¢ Plants evolved from freshwater charophyte green algae, specifically within
the Zygnematophyceae (or Charophyceae), around 500 million years ago.

e Shared ancestry with charophytes is evidenced by biochemical similarities
(chlorophyll *a* & *b*, cellulose, starch), cell division patterns (phragmoplast), and genetic
homology.

e The transition to land presented challenges like desiccation, UV radiation, gravity, and
reproduction without water.

e Primary divisions are non-vascular plants (Bryophytes) and vascular plants (Tracheophytes).

e Tracheophytes comprise Lycophytes and Euphyllophytes (ferns, horsetails, and seed plants).

Plants are eukaryotic, multicellular, and autotrophic, performing photosynthesis with

chlorophylls *a* and *b*.

The primary storage product is starch.

The cell wall is composed mainly of cellulose.

A protective, waxy cuticle (containing cutin) covers aerial surfaces to minimize water loss.

Stomata are regulatable pores flanked by guard cells that allow gas exchange (CO2 in, O2 out)

while controlling transpiration.

e Gametes are produced within multicellular organs called gametangia (antheridia produce
sperm; archegonia produce eggs).

e They exhibit the embryophytic condition: the zygote develops into a multicellular embryo
retained within and nourished by the maternal gametophyte.

e Their life cycle involves a heteromorphic alternation of generations between a multicellular
haploid gametophyte and a multicellular diploid sporophyte.

e The evolutionary trend is a reduction of the gametophyte and dominance of the

sporophyte with increasing terrestriality.

Apical meristems at root and shoot tips enable primary growth.

They produce secondary metabolites (c.g., alkaloids, terpenes) for defense.

Bryophytes are a paraphyletic group representing the earliest land plant lineages.

They lack true vascular tissue (xylem/phloem) and true roots, stems, and leaves (though they

have analogous structures).

They are poikilohydric (water content varies with the environment) and are habitat-restricted to

moist areas.

They require water for sperm motility.

The gametophyte generation is dominant, persistent, and photosynthetic.

The sporophyte is dependent on the gametophyte and is typically homosporous.

Bryophytes are divided into three phyla: Marchantiophyta (Liverworts), Bryophyta (True

Mosses), and Anthocerotophyta (Hornworts).

e Liverworts (Marchantiophyta): Gametophyte can be thalloid (e.g., Marchantia)
or leafy (e.g., Porella). They reproduce asexually via gemmae cups. The sporophyte is
ephemeral. They generally lack true stomata (some have pores) and possess oil bodies in cells.

e Mosses (Bryophyta): Gametophyte has erect, "leafy" shoots with multicellular rhizoids.
Sporophyte is differentiated into foot, seta, and capsule. Stomata are present on the
sporophyte capsule. The spore germinates into a filamentous protonema. Examples: Funaria,
Polytrichum, Sphagnum.

e Hornworts (Anthocerotophyta): Gametophyte is simple and thalloid. Cells contain a single
large, plate-like chloroplast. The sporophyte is an elongated, photosynthetic capsule that
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Practice MCQs

1. Which modern system of classification
reflects evolutionary relationships among
plants?

A) Artificial system

B) Natural system

C) Phylogenetic system

D) Linnaean system

Answer: Phylogenetic system

2. Plants are believed to have evolved from
which group of algae?

A) Rhodophyceae

B) Phacophyceae

C) Charophyceae (Zygnematophyceae)

D) Chlorophyceae

Answer: Charophyceae (Zygnematophyceae)
3. What is the primary storage product in
plants?

A) Glycogen

B) Cellulose

C) Starch

D) Lipids

Answer: Starch

4. Which structure minimizes water loss in
land plants by covering aerial epidermal
surfaces?

A) Stomata

B) Cuticle

C) Lenticels

D) Hydathodes

Answer: Cuticle

5. Regulatable pores flanked by guard cells
that facilitate gas exchange are called?

A) Hydathodes

B) Lenticels

C) Stomata

D) Trichomes

Answer: Stomata

6. The multicellular organ that produces and
protects the egg in plants is the?

A) Antheridium

B) Archegonium

C) Sporangium

D) Gametangium

Answer: Archegonium

7. The defining trait of embryophytes is?
A) Presence of vascular tissue

B) Retention of the multicellular embryo

C) Dominant sporophyte generation

D) Production of seeds

Answer: Retention of the multicellular
embryo

8. In the alternation of generations, the
haploid phase that produces gametes is the?
A) Sporophyte

B) Zygote

C) Gametophyte

D) Embryo

Answer: Gametophyte

9. The evolutionary trend in land plants
shows a progressive reduction of the?

A) Sporophyte

B) Gametophyte

C) Zygote

D) Embryo

Answer: Gametophyte

10. Localized regions of perpetual embryonic
cells at root and shoot tips are?

A) Vascular cambium

B) Cork cambium

C) Apical meristems

D) Intercalary meristems

Answer: Apical meristems

11. Bryophytes lack which of the following?
A) Cuticle

B) Stomata

C) True vascular tissue

D) Chlorophyll

Answer: True vascular tissue

12. The dominant generation in bryophytes is
the?

A) Sporophyte

B) Gametophyte

C) Zygote

D) Embryo

Answer: Gametophyte

13. Which bryophyte phylum has a thalloid
gametophyte and reproduces asexually via
gemmae cups?

A) Bryophyta (Mosses)

B) Anthocerotophyta (Hornworts)

C) Marchantiophyta (Liverworts)

D) Lycopodiophyta

Answer: Marchantiophyta (Liverworts)

14. In mosses, the spore germinates into a
filamentous stage called the?

A) Prothallus
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Plant Nutrition

Form and Functions in Plants

Nutrition: The process by which organisms obtain and utilize nutrients for growth, metabolism, and
maintenance. Plants are autotrophs (specifically photoautotrophs), synthesizing organic compounds from
inorganic materials using light energy.
Essential Plant Nutrients
Sixteen elements are considered essential (Arnon & Stout, 1939). Essentiality criteria:
1. Required for normal life cycle completion.
2. Function is specific and cannot be replaced.
3. Directly involved in metabolism.
Classification by Quantity & Mobility:
e Macronutrients (> 0.05% dry weight): Required in large amounts.

e Micronutrients/Trace Elements (< 0.05% dry weight): Required in minute amounts.

e Mobile Nutrients: Symptoms appear first in older leaves (e.g., N, P, K, Mg).
e Immobile Nutrients: Symptoms appear first in young leaves/meristems (e.g., Ca, Fe, B).
NUTRIENT FUNCTIONS & DEFICIENCIES

Nutrient . . . . .
(Absorbed Category Major Pl.lysmloglcz_il & Specific Deficiency Mobility
Biochemical Functions Symptoms
Form)
General
- Component of amino acids, chlorosis (yellowing)
. _ proteins, nucleic acids, starting in older
E};r?)gen (NO, Macro chlorophyll, ATP, coenzymes. | leaves; stunted Mobile
4 - Central to metabolism, growth; thin stems;
growth, and photosynthesis. delayed flowering &
fruiting.
- Key component of ATP, D::::; %::sngvlvlilfh-
nucleic acids (DNA/RNA), gree
. . possible purple/red
phospholipids (membranes), .
Phosphorus + anthocyanin .
N . | Macro coenzymes (NADP"). . p Mobile
(H:PO+s/HPO+) ! pigmentation (sugar
- Energy transfer, genetic ol
. . accumulation); poor
information, membrane
inteerit root development;
sy delayed maturity.
- Enzyme activation (over 50 Chlorosis &
enzymes, e.g., for protein necrosis (dead tissue)
synthesis, starch formation). at leaf margins and
Potassium (K*) | Macro - Osmotic regulation & tips; "scorched" Mobile
turgor (stomatal opening). appearance; weak
- Solute transport, charge stalks (lodging); poor
balance. resistance to stress.
- Structural: Component Dea?h of apical
. . meristems (root &
of middle lamella (calcium .
. shoot tips); blossom .
Calcium (Ca?) Macro pectate). . . Immobile
. . end rot in fruits
- Signaling: Second messenger )
. (tomatoes, peppers);
in hormone & stress responses. .
young leaves crinkled
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Forms & Functions in Plants: One Liner

e Nutrition is the process by which organisms obtain and utilize nutrients for growth, metabolism,
and maintenance.

e Plants are autotrophs, specifically photoautotrophs, synthesizing organic compounds from
inorganic materials using light energy.

¢ An essential element is required for a plant to complete its normal life cycle, has a specific
function, and is directly involved in metabolism.

e Hydroponics is a technique of growing plants in a nutrient solution without soil to determine
essential elements.

e In hydroponics, omitting one element at a time helps identify essential nutrients and study

deficiency symptoms.

There are 16 essential elements for plant growth as defined by Arnon & Stout (1939).

e Macronutrients are required in amounts greater than 0.05% of a plant's dry weight.

e Micronutrients or trace elements are required in amounts less than 0.05% of a plant's dry
weight.

e Mobile nutrients show deficiency symptoms first in older leaves (e.g., N, P, K, Mg).

¢ Immobile nutrients show deficiency symptoms first in young leaves or meristems (e.g., Ca, Fe,

B).

¢ Nitrogen is a macronutrient absorbed as NOs~ or NH4" and is a component of amino acids,

proteins, nucleic acids, chlorophyll, and ATP.

e Nitrogen deficiency causes general chlorosis (yellowing) starting in older leaves, stunted growth,

and delayed flowering.

o Phosphorus is a macronutrient absorbed as H2PO+/HPO+*" and is a key component of ATP,

nucleic acids (DNA/RNA), and phospholipids.

e Phosphorus deficiency results in dark green or blue-green leaves with possible purple/red

anthocyanin pigmentation and poor root development.

e Potassium is a macronutrient absorbed as K* and functions in enzyme activation, osmotic

regulation, turgor (stomatal opening), and solute transport.

Potassium deficiency causes chlorosis and necrosis at leaf margins and tips, a scorched

appearance, and weak stalks.

e Calcium is a macronutrient absorbed as Ca?* and is a structural component of the middle

lamella (calcium pectate) and acts as a second messenger.

¢ Calcium deficiency leads to death of apical meristems, blossom end rot in fruits, and distorted

young leaves.

e Magnesium is a macronutrient absorbed as Mg?* and is the central atom in the chlorophyll

molecule and an enzyme activator.

e Magnesium deficiency causes interveinal chlorosis (veins remain green) in older leaves.

e Sulfur is a macronutrient absorbed as SO4*" and is a component of amino acids (cysteine,

methionine), coenzymes (CoA), and ferredoxin.

o Sulfur deficiency causes general chlorosis appearing first in younger leaves, resembling nitrogen

deficiency.

e Iron is a micronutrient absorbed as Fe*'/Fe3" and is essential for chlorophyll synthesis (as a

catalyst) and redox reactions in cytochromes.

e Iron deficiency causes severe interveinal chlorosis in young leaves.

e Manganese is a micronutrient absorbed as Mn?* and activates decarboxylase/dehydrogenase
enzymes and is involved in the water-splitting complex of PS II.

e Manganese deficiency causes interveinal chlorosis with small necrotic spots.

e Zinc is a micronutrient absorbed as Zn?** and is an enzyme component/activator (e.g., alcohol
dehydrogenase) and essential for tryptophan synthesis (auxin precursor).
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Practice MCQs

1. Which element is the central atom in the
chlorophyll molecule?

A) Iron

B) Magnesium

C) Calcium

D) Potassium

Answer: Magnesium

2. Chlorosis in older leaves is a typical
deficiency symptom of which nutrient?

A) Nitrogen

B) Calcium

C) Iron

D) Boron

Answer: Nitrogen

3. Which micronutrient is essential for nitrate
reductase activity?

A) Zinc

B) Molybdenum

C) Copper

D) Manganese

Answer: Molybdenum

4. “Whiptail” disease in cauliflower is caused
by the deficiency of:

A) Boron

B) Molybdenum

C) Zinc

D) Copper

Answer: Molybdenum

5. Carnivorous plants primarily supplement
their intake of which element?

A) Carbon

B) Nitrogen

C) Phosphorus

D) Potassium

Answer: Nitrogen

6. Which plant has a modified leaf that forms
a snap trap?

A) Nepenthes

B) Drosera

C) Dionaea muscipula

D) Utricularia

Answer: Dionaea muscipula

7. The primary site for gas exchange in leaves
is the:

A) Palisade mesophyll

B) Spongy mesophyll

C) Epidermis

D) Vascular bundle

Answer: Spongy mesophyll

8. In dorsiventral leaves, the palisade
mesophyll is located towards the:

A) Lower epidermis

B) Upper epidermis

C) Both sides equally

D) Leaf margin

Answer: Upper epidermis

9. Stomatal opening is triggered directly by
the absorption of:

A) Red light

B) Far-red light

C) Blue light

D) Green light

Answer: Blue light

10. The hormone that induces stomatal
closure during water stress is:

A) Auxin

B) Gibberellin

C) Abscisic Acid

D) Cytokinin

Answer: Abscisic Acid

11. At the compensation point, the net
exchange of which gas is zero?

A) Oxygen

B) Carbon dioxide

C) Nitrogen

D) Water vapor

Answer: Carbon dioxide

12. Which tissue is responsible for the upward
conduction of water and minerals?

A) Phloem

B) Xylem

C) Cambium

D) Pericycle

Answer: Xylem

13. Dead, elongated cells with tapered ends
and lignified walls in xylem are called:
A) Vessel elements

B) Sieve tubes

C) Tracheids

D) Companion cells

Answer: Tracheids

14. The only living cells in the xylem are:
A) Tracheids

B) Vessel elements

C) Xylem fibres
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Chapter 17

Kingdom Animalia

Kingdom Animalia comprises multicellular, eukaryotic, heterotrophic organisms that lack cell walls. They
are ingestive feeders, deriving nutrients by consuming other organisms. Animals typically develop from
a blastula during embryonic development and have a dominant diploid stage. This kingdom is distinct from
Protozoa, which are placed in Kingdom Protoctista.

Characteristics:
e  Multicellular Eukaryotes: Composed of eukaryotic cells without rigid cell walls. Structural
support is provided by an extracellular matrix containing proteins like collagen.
Heterotrophic Nutrition: Obligate heterotrophs that ingest and internally digest food.
Specialized Tissues: Possess true tissues (except in sponges). The evolution
of nervous and muscle tissue is a key innovation.
¢ Blastula Formation: A hollow ball of cells formed after zygote cleavage.
e Sexual Reproduction: Most reproduce sexually with haploid gametes (sperm and egg).
Fertilization produces a diploid zygote.
e Motility: Most are motile at some life stage, aided by muscle tissues.
¢ Regulative Development: Cell fate is determined relatively late, allowing for high developmental
plasticity.
Habitat & Adaptations:
e Marine (Original): Buoyancy, stable temperature. Adaptations include sessile attachment,
burrowing, or planktonic forms.
e Freshwater: Challenges include osmoregulation (hypoosmotic environment) and variable
conditions.
e Terrestrial: Major challenges are desiccation, gravity, and temperature extremes. Key adaptations
include impermeable body coverings, internal respiratory surfaces, internal fertilization, amniotic
eggs/vivipary, and supportive skeletons.

Animal Body Plans & Classification Criteria
A body plan is an integrated set of morphological and developmental traits. Key aspects are used to classify
animals and infer evolutionary relationships.
1. Levels of Organization & Tissue Complexity
e Cellular Level (Parazoa): Cells are loosely associated; no true tissues or organs.
Example: Phylum Porifera (sponges).
e Tissue Level: Cells organized into tissues. Example: Phylum Cnidaria.
e Organ & Organ System Level: Tissues form organs and complex systems. Example: All higher
phyla (Eumetazoa).
2. Germ Layers (Embryonic Tissue Layers)
Formed during gastrulation.
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Feature Diploblastic Triploblastic ‘
Germ Layer Two: Ectoderm & Endoderm Three: Ectoderm,
¢ yers ) Mesoderm & Endoderm
Intermediate Layer Non-cellular Mesoglea Cellular Mesoderm

Allows development of complex
Complexity Limited tissue complexity. organs and systems (muscular,
circulatory, skeletal).

All Bilateria (Platyhelminthes to
Chordata)

Examples Cnidaria, Ctenophora
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Kingdom Animalia: One Liner

¢ Kingdom Animalia comprises multicellular, eukaryotic, heterotrophic organisms that lack cell

walls.
e Animals are ingestive feeders, deriving nutrients by consuming other organisms.
They develop from a blastula during embryonic development and have a dominant
diploid stage.
The kingdom is monophyletic and also called Metazoa.
Animals, fungi, and choanoflagellates form the Opisthokonta clade.
Their structural support comes from an extracellular matrix containing the protein collagen.
Most possess true tissues (except sponges); the evolution of nervous and muscle tissue is a key
innovation.
They exhibit regulative development where cell fate is determined relatively late.
The original animal habitat is marine, offering buoyancy and stable temperature.
Freshwater habitats pose osmoregulation challenges due to a hypoosmotic environment.
Terrestrial colonization required adaptations like impermeable body coverings, internal
respiratory surfaces, internal fertilization, and amniotic eggs/vivipary.
Levels of organization range from cellular (Parazoa) to tissue to organ system (Eumetazoa).
¢ Diploblastic animals have two germ layers (ectoderm & endoderm) separated by a non-
cellular mesoglea (e.g., Cnidaria).
e Triploblastic animals have three germ layers (ectoderm, mesoderm, endoderm), allowing
complex organs (all Bilateria).
¢ Radial symmetry involves arrangement around a central axis and is associated with sessile or
floating life.
e Bilateral symmetry allows for directed movement and cephalization (sensory organs at the
anterior).
¢ Biradial symmetry, a variant of radial, is found in Ctenophora.
e An acoelomate (e.g., Platyhelminthes) lacks a body cavity; space is filled
with mesenchyme/parenchyma.
A pseudocoelomate (e.g., Nematoda) has a body cavity (pseudocoelom) not fully lined by
mesoderm.
e A coelomate has a true coelom fully lined by mesoderm-derived peritoneum (e.g., Annelida,
Chordata).
e The coelom functions as a hydrostatic skeleton, provides cushioning, and allows independent
organ movement.
e In arthropods, the main body cavity is a hemocoel where hemolymph circulates.
e Protostomes ("mouth first") exhibit spiral, determinate cleavage and form the coelom
via schizocoely.
e Deuterostomes ("mouth second") exhibit radial, indeterminate cleavage and form the coelom
via enterocoely.
e Segmentation (metamerism) allows for specialization (tagmatization) and
evolved convergently in Annelida, Arthropoda, and Chordata.
Hox genes are master regulators of segmentation and body plan.
Molecular evidence identifies choanoflagellates as the closest living relatives of animals.
The Ediacaran Period (~635-541 mya) saw the first macroscopic, soft-bodied animal fossils.
The Cambrian Explosion (~541-515 mya) was the rapid diversification of most major animal
phyla.
Arthropods were the first animals to colonize land (~490-440 mya).
e Porifera (sponges) are basal metazoans with cellular-level organization and no true tissues.
e Sponges have choanocytes (collar cells) that drive filter-feeding through a water canal system.
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Practice MCQs

1. Which of the following is NOT a defining
characteristic of Kingdom Animalia?

A) Multicellularity

B) Presence of cell walls

C) Heterotrophic nutrition

D) Blastula formation during development
Answer: Presence of cell walls

2. Animals are distinguished from protozoans
by being:

A) Unicellular

B) Placed in Kingdom Protoctista

C) Multicellular and ingestive feeders

D) Autotrophic

Answer: Multicellular and ingestive feeders
3. The structural protein found in the
extracellular matrix of animals is:

A) Keratin

B) Chitin

C) Cellulose

D) Collagen

Answer: Collagen

4. The hollow ball of cells formed after zygote
cleavage is called:

A) Gastrula

B) Blastula

C) Morula

D) Neurula

Answer: Blastula

5. Which of the following is an autapomorphy
of animals?

A) Photosynthesis

B) Regulative development

C) Presence of cell walls

D) Haploid dominant life cycle

Answer: Regulative development

6. The original habitat of animals is
considered to be:

A) Freshwater

B) Terrestrial

C) Marine

D) Aerial

Answer: Marine

7. A major challenge for freshwater animals
is:

A) Buoyancy

B) Osmoregulation

C) Stable temperature

D) High salinity

Answer: Osmoregulation

8. Which adaptation is NOT crucial for
terrestrial life?

A) Impermeable body covering

B) External fertilization

C) Amniotic egg

D) Internal respiratory surfaces

Answer: External fertilization

9. Animals with loosely associated cells and
no true tissues are at which level of
organization?

A) Tissue level

B) Organ system level

C) Cellular level (Parazoa)

D) Organ level

Answer: Cellular level (Parazoa)

10. True tissues are first observed in which
group?

A) Porifera

B) Eumetazoa

C) Parazoa

D) Protozoa

Answer: Eumetazoa

11. Diploblastic animals possess how many
germ layers?

A) One

B) Two

C) Three

D) Four

Answer: Two

12. The non-cellular layer between ectoderm
and endoderm in diploblastic animals is
called:

A) Mesoderm

B) Mesoglea

C) Mesenchyme

D) Peritoneum

Answer: Mesoglea

13. Triploblastic condition allows for the
development of:

A) Only epithelial tissue

B) Simple nerve nets

C) Complex organs and systems

D) Choanocytes

Answer: Complex organs and systems

14. Radial symmetry is typically associated
with which type of lifestyle?
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Chapter 18

utilization of substances necessary for growth, maintenance, repair, and metabolic functions. Nutrients are

Nutrition and Digestion

Nutrition is the sum of all processes involved in the procurement, intake, digestion, absorption, and

substances that supply the body with elements essential for metabolism.
Importance of Nutrition

Aspect Physiological & Molecular Role

Growth (Hyperplasia & Provides substrates (amino acids, fatty acids, minerals) for the

Hypertrophy) synthesis of new tissues (e.g., bone matrix, muscle protein). Critical
during developmental windows (prenatal, adolescent). Hormones (GH,
IGF-1) are nutrient-sensitive.

Repair & Enables continuous tissue turnover (e.g., intestinal epithelium

Maintenance (Homeostasis)

renewal every 3-5 days). Nutrients act as cofactors (Zn in DNA
polymerase) and antioxidants (Vitamins C & E) to mitigate oxidative
damage and support apoptosis/autophagy of damaged cells.

Energy (ATP Production)

phosphorylation.

Macronutrients undergo catabolism to yield ATP:
* Carbohydrates: Primary fuel via glycolysis & oxidative

* Lipids: High-yield energy reserve via f-oxidation.
* Proteins: Emergency fuel via gluconeogenesis (catabolic states).

Nutrition Vs Digestion

Feature NUTRITION DIGESTION
Definition Holistic process of obtaining & utilizing Specific breakdown of food into
nutrients. absorbable units.
Scope Extremely broad (behavior, physiology, Narrow (focused on GI tract processes).
ecology).
Primary Acquire matter & energy for life functions. | Convert food into absorbable form.
Goal
Key Ingestion, Digestion, Absorption, Ingestion, Mechanical/Chemical
Processes Transport, Assimilation, Catabolism, Breakdown, Propulsion.
Egestion.
Systems Digestive, Circulatory, Lymphatic, Primarily Digestive System & exocrine
Involved Endocrine, Excretory, Nervous. glands.
End Point Cellular metabolism (ATP, biosynthesis). Lumen of small intestine (simple
molecules ready for absorption).
Regulation Systemic (e.g., insulin, leptin). Largely local (e.g., gastrin, secretin,

enteric nervous system).

Fundamental Nutritional Dichotomy:
¢ Autotrophy: Organisms synthesize their own complex organic molecules from simple inorganic
substances.
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Nutrition And Digestion: One Liner
* Nutrition is defined as the sum of processes for growth, maintenance, and metabolism.
* The fundamental nutritional division is between autotrophs and heterotrophs.
* Autotrophs synthesize their own organic compounds from inorganic sources.
* Photoautotrophs, like plants, perform photosynthesis using light energy.
* Chemoautotrophs, like nitrifying bacteria, obtain energy from oxidizing inorganic compounds.
» Heterotrophs cannot synthesize their own organic compounds and rely on other organisms.
* Holozoic nutrition involves ingestion, digestion, absorption, and egestion.
* Saprophytic nutrition involves absorbing nutrients from dead matter via extracellular enzymes.
* Parasitic nutrition derives nutrients from a living host, causing harm.
* Symbiotic mutualism is a relationship where both species benefit nutritionally.
* Insectivorous plants are autotrophs that supplement nutrients by digesting animals.
* Herbivores eat plant material and often have symbiotic microbes for cellulose digestion.
 Carnivores eat other animals and possess adaptations like sharp teeth and short digestive tracts.
* Omnivores consume both plants and animals and have generalized digestive systems.
» Filter feeders obtain food by straining particles from water.
* Fluid feeders consume nutrient-rich fluids through specialized mouthparts.
* Detritivores feed on decomposing organic matter.
* Intracellular digestion occurs inside cells within food vacuoles.
* A gastrovascular cavity has a single opening serving as both mouth and anus.
* A complete digestive tract (alimentary canal) has two openings and allows one-way flow.
* Mammals have heterodont dentition, meaning different types of teeth.
* The dental formula reflects an animal's diet.
* Saliva contains salivary amylase (ptyalin), which begins starch digestion.
* The stomach secretes HCI, which denatures proteins and activates pepsinogen.
* Pepsin is the active proteolytic enzyme in the stomach.
* The mixture of partially digested food in the stomach is called chyme.
* The small intestine is the primary site for digestion and absorption.
* The duodenum receives secretions from the liver and pancreas.
* Bile, produced by the liver, emulsifies fats but contains no digestive enzymes.
* Pancreatic juice contains enzymes for digesting all major macromolecules.
* Brush border enzymes in the small intestine complete the digestion of disaccharides and peptides.
* Hormones like secretin and CCK regulate pancreatic and biliary secretions.
* Enterokinase is the brush border enzyme that activates trypsinogen to trypsin.
* Villi and microvilli massively increase the surface area for absorption in the small intestine.
* Monosaccharides and amino acids are absorbed into the blood capillaries of villi.
* Absorbed monosaccharides and amino acids travel to the liver via the hepatic portal vein.
* Lipids are absorbed as micelles and are reformed into chylomicrons in enterocytes.
* Chylomicrons enter the lymphatic system (lacteals) before entering the bloodstream.
* The large intestine (colon) primarily reabsorbs water and electrolytes.
* The gut microbiome resides in the large intestine and aids in fermentation and vitamin synthesis.
* The liver performs key functions including bile production, detoxification, and glycogen storage.
* The gallbladder stores and concentrates bile.
* The pancreas has both exocrine (digestive) and endocrine (hormonal) functions.
* Essential amino acids are those that cannot be synthesized by the body.
* There are 9 essential amino acids for adults.
* Essential fatty acids include linoleic acid and alpha-linolenic acid.
* Water-soluble vitamins (B-complex and C) act as coenzymes and are not stored.
* Fat-soluble vitamins (A, D, E, K) are stored in the liver and fatty tissues.
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Practice MCQs

1. Which of the following is the correct
sequence of the digestive tract from proximal
to distal?

A) Esophagus, Stomach, Duodenum, Jejunum,
lleum

B) Stomach, Esophagus, Ileum, Jejunum,
Duodenum

C) Duodenum, Jejunum, [leum, Stomach,
Esophagus

D) Jejunum, Ileum, Duodenum, Stomach,
Esophagus

Answer: Esophagus, Stomach, Duodenum,
Jejunum, Ileum

2. Which hormone is responsible for
stimulating the release of bicarbonate-rich
pancreatic juice?

A) Gastrin

B) Secretin

C) Cholecystokinin

D) Gastric Inhibitory Peptide

Answer: Secretin

3. Which of the following cells secrete
pepsinogen in the stomach?

A) Parietal Cells

B) G Cells

C) Chief Cells

D) Mucous Neck Cells

Answer: Chief Cells

4. The majority of nutrient absorption occurs
in which part of the small intestine?

A) Duodenum

B) Jejunum

C) lleum

D) All parts equally

Answer: Jejunum

5. Which vitamin requires intrinsic factor for
its absorption in the ileum?

A) Vitamin C

B) Vitamin B12

C) Vitamin D

D) Vitamin K

Answer: Vitamin B12

6. The process of breaking down large fat
globules into smaller droplets is primarily the
function of:

A) Pancreatic Lipase

B) Bile Salts

C) Gastric Lipase

D) Colipase

Answer: Bile Salts

7. Which of the following is NOT a primary
function of the liver?

A) Gluconeogenesis

B) Production of Insulin

C) Synthesis of Plasma Proteins

D) Detoxification of Ammonia

Answer: Production of Insulin

8. The muscular contractions that mix food
with digestive juices in the small intestine are
called:

A) Peristalsis

B) Segmentation

C) Haustration

D) Mass Movements

Answer: Segmentation

9. Which enzyme is responsible for the
digestion of starch in the mouth and small
intestine?

A) Maltase

B) Sucrase

C) Amylase

D) Lactase

Answer: Amylase

10. The hormone that inhibits gastric
emptying and secretion when fats are present
in the duodenum is:

A) Gastrin

B) Secretin

C) Cholecystokinin

D) Motilin

Answer: Cholecystokinin

11. The main function of the large intestine is:

A) Digestion of Proteins

B) Absorption of Amino Acids

C) Absorption of Water and Electrolytes
D) Production of Bile

Answer: Absorption of Water and
Electrolytes

12. Which of the following is a zymogen
(inactive enzyme precursor)?

A) Pepsin

B) Trypsin

C) Trypsinogen

D) Amylase

Answer: Trypsinogen
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Chapter 19
Gaseous Exchange

Respiration is the integrated physiological process that encompasses the exchange of gases (oxygen, O:
and carbon dioxide, CO:) between an organism and its environment, and the subsequent intracellular
utilization of O: for aerobic metabolism to produce ATP. This fundamental process consists of four
interconnected stages, ensuring O- delivery to cells and CO: removal.

1. Pulmonary Ventilation (Breathing): The mechanical process of moving the respiratory medium
(air or water) into and out of the respiratory organs.

2. External Respiration: The diffusion of O: from the environment into the blood and CO- from
the blood into the environment across a specialized respiratory surface.

3. Transport of Respiratory Gases: The carriage of O: from respiratory organs to tissues and CO-
from tissues to respiratory organs via the circulatory system (blood or hemolymph).

4. Internal (Cellular) Respiration: The diffusion of O: from blood into tissue cells and CO- from
cells into blood, followed by cellular respiration within mitochondria, where O: acts as the final
electron acceptor in the electron transport chain.

In single-celled organisms, gas exchange occurs directly across the cell membrane. Multicellular
organisms require specialized respiratory systems due to a decreased surface area-to-volume ratio and
the increased distance of internal cells from the environment.

Fundamental Physical Principles of Gas Exchange
Gas exchange occurs via simple diffusion down partial pressure gradients, governed by key physical
laws.
Dalton's Law of Partial Pressures: In a mixture of gases, the total pressure exerted is equal to the sum
of the pressures that each gas would exert if it occupied the volume alone. The pressure of an individual
gas is its partial pressure (Py), which is the critical determinant of its diffusion gradient (e.g., at sea level,
atmospheric Pz = 159 mm Hg).
Fick's Law of Diffusion: Quantifies the rate of diffusion (R) of a gas across a membrane: R = (D x A x
AP)/d.

o R =Rate of diffusion.
D = Diftusion constant (depends on gas properties, temperature, and membrane permeability).
A = Surface area available for diffusion.
AP = Partial pressure difference across the membrane.
d = Distance (thickness) over which diffusion occurs.
Evolutionary adaptations of respiratory systems optimize these variables: maximizing A,
minimizing d, and maintaining a steep AP.
Henry's Law: At a constant temperature, the amount of a gas dissolved in a liquid is directly proportional
to its partial pressure above the liquid. CO: is approximately 20-25 times more soluble in
water/plasma than O, which significantly influences its transport mechanics and buffering in blood.

Properties of Efficient Respiratory Surfaces
Efficient respiratory surfaces, where external respiration occurs, share common characteristics:
e Large Surface Area: Relative to body volume, to maximize the area for diffusion (increases A in
Fick's Law).
Minimal Thickness: Often just one cell layer thick, to minimize diffusion distance (decreases d).
Moisture: Gases must dissolve in a fluid before they can diffuse across a membrane.
Permeability: The membrane must be readily permeable to Oz and COa.
Rich Vascularization: A good blood supply (in most animals) maintains a steep partial pressure
gradient by rapidly carrying away O: and delivering CO: (maintains AP).
o Effective Ventilation Mechanism: Ensures a constant supply of fresh, oxygen-rich medium
(air/water) to the surface, renewing the gradient.
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Gas Exchange & Respiratory System: One Liner

o Respiration is the integrated physiological process encompassing the exchange of gases (O- and
CO:) between an organism and its environment and the intracellular utilization of O: for aerobic
metabolism.

e The four interconnected stages of respiration ensure O: delivery to cells and CO- removal.

¢ Pulmonary ventilation (breathing) is the mechanical process of moving the respiratory medium
(air or water) into and out of the respiratory organs.

e External respiration is the diffusion of O: from the environment into the blood and CO: from
the blood into the environment across a specialized respiratory surface.

e Transport of respiratory gases is the carriage of O: from respiratory organs to tissues and CO:

from tissues to respiratory organs via the circulatory system.

Internal (cellular) respiration involves the diffusion of O: from blood into tissue cells and CO2

from cells into blood, followed by cellular respiration within mitochondria.

e In mitochondria, O: acts as the final electron acceptor in the electron transport chain.

¢ In single-celled organisms, gas exchange occurs directly across the cell membrane.

e Multicellular organisms require specialized respiratory systems due to a decreased surface area-
to-volume ratio and the increased distance of internal cells from the environment.

e CO:is approximately 20-25 times more soluble in water/plasma than O, which significantly
influences its transport mechanics and buffering in blood.

o Efficient respiratory surfaces share common characteristics.

e They have a large surface area relative to body volume to maximize the area for diffusion
(increases A in Fick's Law).

e They have minimal thickness, often just one cell layer thick, to minimize diffusion distance
(decreases d).

e They must be moist because gases must dissolve in a fluid before they can diffuse across a
membrane.

e The membrane must be readily permeable to O: and COs:.

e Rich vascularization (a good blood supply) maintains a steep partial pressure gradient by rapidly
carrying away O: and delivering CO: (maintains AP).

e An effective ventilation mechanism ensures a constant supply of fresh, oxygen-rich medium
(air/water) to the surface, renewing the gradient.

¢ Body surface (cutaneous) respiration involves simple diffusion across thin, moist, highly
vascularized skin and is limited by surface area-to-volume ratio.

e Cutaneous respiration is found in Porifera, Cnidaria, Platyhelminthes, Earthworms, and
Amphibians (as a supplementary method).

e The tracheal system is a network of chitin-lined tubes (tracheae & tracheoles) delivering air
directly to cells, bypassing the circulatory system.

e The tracheal system is found in Insects, some Myriapods, and some Arachnids.

e Valvular spiracles in the tracheal system minimize water loss.

¢ Gills (branchial) are evaginations (outgrowths) of the body surface specialized for aquatic
exchange.

e Gills are found in Fish, Crustaceans, Mollusks, Amphibian larvae, and some Annelids.

e Countercurrent flow in gill lamellae allows 80-90% O: extraction from water.

e Lungs (pulmonary) are invaginations (internal pouches) of the body surface specialized for
terrestrial life.

e Lungs are found in terrestrial vertebrates, some Snails (pulmonary cavity), and Spiders
(book lungs).

e Surfactant in mammalian lungs prevents alveolar collapse.

e Air has a higher O: content than water.
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Practice MCQs

1. What is the primary driving force for gas
exchange across respiratory surfaces?
A) Active transport

B) Osmotic pressure

C) Diffusion down partial pressure gradients
D) Facilitated diffusion

Answer: Diffusion down partial pressure
gradients

2. Which law states that the total pressure of
a gas mixture is the sum of the partial
pressures of each gas?

A) Henry's Law

B) Boyle's Law

C) Dalton's Law

D) Fick's Law

Answer: Dalton's Law

3. Fick’s Law of Diffusion rate is directly
proportional to all except:

A) Surface area

B) Diffusion distance

C) Partial pressure difference

D) Permeability constant

Answer: Diffusion distance

4. Which of the following is NOT a
characteristic of an efficient respiratory
surface?

A) Dry surface

B) Large surface area

C) Thin epithelium

D) Rich blood supply

Answer: Dry surface

5. In humans, the actual site of gas exchange
is the:

A) Trachea

B) Bronchi

C) Alveoli

D) Bronchioles

Answer: Alveoli

6. Which structure prevents food from
entering the larynx during swallowing?
A) Glottis

B) Epiglottis

C) Uvula

D) Pharynx

Answer: Epiglottis

7. The trachea is reinforced by C-shaped
rings of:

A) Bone

B) Smooth muscle

C) Hyaline cartilage

D) Elastic cartilage

Answer: Hyaline cartilage

8. Which part of the respiratory system has
no cartilage but contains smooth muscle?
A) Trachea

B) Primary bronchi

C) Bronchioles

D) Larynx

Answer: Bronchioles

9. Surfactant in the alveoli is secreted by:
A) Type I pneumocytes

B) Type Il pneumocytes

C) Alveolar macrophages

D) Goblet cells

Answer: Type II pneumocytes

10. The total lung capacity in an average
adult human is approximately:

A) 3 liters

B) 5 liters

C) 7 liters

D) 10 liters

Answer: 5 liters

11. Residual volume is the air:

A) Inhaled during normal breathing

B) Exhaled forcibly after normal expiration
C) Remaining in lungs after maximal exhalation
D) Inhaled forcibly after normal inspiration
Answer: Remaining in lungs after maximal
exhalation

12. During quiet inspiration, the diaphragm:
A) Relaxes and moves up

B) Contracts and flattens

C) Remains stationary

D) Contracts and moves up

Answer: Contracts and flattens

13. Which muscles are primarily involved in
forced expiration?

A) External intercostals

B) Diaphragm

C) Internal intercostals and abdominals

D) Scalene muscles

Answer: Internal intercostals and abdominals
14. The normal breathing rate (eupnea) in
adults at rest is:

A) 5-10 breaths/min

B) 12-20 breaths/min
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Chapter 20

Circulation and Transport

Biological transport refers to the movement of materials (nutrients, gases, wastes, hormones) within an
organism, essential for maintaining homeostasis in multicellular life forms. In very small or simple
organisms (e.g., protozoans, sponges, hydra), diffusion across the cell membrane or via a gastrovascular
cavity suffices. As body size and complexity increase, the time for diffusion becomes prohibitively long
(increasing with the square of the distance), necessitating specialized circulatory systems. These systems
overcome diffusion limitations, ensuring rapid, directed delivery and removal of substances.

Types Of Circulatory Systems
Based on architectural plan, circulatory systems are classified into two primary types.
OPEN CIRCULATORY SYSTEM
e Definition: The circulatory fluid, called hemolymph, is not always enclosed within vessels. It is
pumped by a heart into open spaces or sinuses called the hemocoel, where it directly bathes
tissues.
e Pathway: Heart — Arteries — Open Hemocoel/Sinuses — Tissues — Returns to heart via
openings (ostia).
e Characteristics:

o Low-pressure system.

o Hemolymph is a mixture of blood and interstitial fluid; no separation.

o Exchange occurs directly between hemolymph and cells.

o Less efficient for rapid, targeted transport; suitable for animals with lower metabolic
rates.

o Examples: Most arthropods (insects, crustaceans) and most molluscs (e.g., snails,
clams). In insects, gas exchange is handled by a separate tracheal system; hemolymph
mainly transports nutrients and hormones.

o Respiratory Pigments: Some (e.g., crustaceans, molluscs) use hemocyanin (copper-
based, blue pigment).

CLOSED CIRCULATORY SYSTEM
e Definition: The blood remains confined within a continuous, branching network of vessels
(arteries — capillaries — veins) throughout its circuit.
o Pathway: Heart — Arteries — Arterioles — Capillaries (site of exchange) — Venules — Veins
— Heart.
e Characteristics:
o Relatively high-pressure system.
Blood and interstitial fluid are separate.
Highly efficient, rapid, and precisely regulated flow.
Supports higher metabolic rates, greater body size, and activity.
Examples: Annelids (earthworm), some advanced invertebrates (cephalopod
molluscs like squid, octopus), and all vertebrates.
OPEN VS. CLOSED CIRCULATORY SYSTEMS
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Feature Open Circulatory System Closed Circulatory System

Fluid Not always in vessels; flows in Always confined within a continuous

Containment sinuses/hemocoel. network of vessels.

Circulating Fluid | Hemolymph (mixed blood & Blood (distinct from interstitial fluid).
interstitial fluid).
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Circulation and Transport: One Liner

¢ Biological transport is the movement of materials within an organism to maintain homeostasis.

¢ In small organisms like protozoans, diffusion across the cell membrane is sufficient for transport.

e Larger, complex organisms require specialized circulatory systems to overcome diffusion
limitations.

e The time for diffusion increases with the square of the distance, making it inefficient for large

bodies.

Circulatory systems ensure rapid, directed delivery and removal of substances.

Based on architectural plan, circulatory systems are classified into open and closed systems.

An open circulatory system is also called a hemocoelic system.

In an open system, the circulatory fluid (hemolymph) is not always enclosed within vessels.

Hemolymph is pumped by a heart into open spaces called the hemocoel.

Exchange in an open system occurs directly between hemolymph and cells in the hemocoel.

Open systems are low-pressure and less efficient for rapid transport.

Examples of open circulatory systems include most arthropods (insects, crustaceans) and

most molluscs.

In insects, gas exchange is handled by a separate tracheal system.

Some invertebrates with open systems use hemocyanin, a copper-based blue respiratory pigment.

A closed circulatory system confines blood within a continuous network of vessels.

The pathway in a closed system is: Heart — Arteries — Capillaries — Veins — Heart.

Closed systems maintain separation between blood and interstitial fluid.

Closed systems are high-pressure, efficient, and support higher metabolic rates.

Examples of closed systems include annelids (earthworms), cephalopod molluscs (squid,

octopus), and all vertebrates.

Closed systems allow precise control of flow via vasoconstriction and vasodilation.

Fishes have a two-chambered heart (one atrium, one ventricle) with single circulation.

In single circulation, blood pressure drops after passing through gill capillaries.

Amphibians have a three-chambered heart (two atria, one ventricle) with incomplete double

circulation.

Amphibians exhibit some separation of blood via ridges in the ventricle.

e The amphibian skin serves as an additional respiratory surface, forming a pulmocutaneous
circuit.

e Most reptiles have a three-chambered heart with a partially divided ventricle.

e Reptilian hearts allow better control of blood flow to lungs versus body.

e Crocodilians, birds, and mammals have a four-chambered heart with complete double
circulation.

e A complete double circulation ensures no mixing of oxygenated and deoxygenated blood.

e The four-chambered heart is essential for supporting endothermy (warm-bloodedness).

The evolution of the four-chambered heart in birds and mammals is a classic example

of convergent evolution.

The human cardiovascular system is a closed, double circulatory system.

The heart is located in the mediastinum of the thoracic cavity.

The heart is enclosed by a double-walled sac called the pericardium.

The fibrous pericardium is the tough outer layer for protection and anchorage.

The serous pericardium is a thin inner layer forming the pericardial cavity.

The pericardial cavity contains pericardial fluid (=15-50 mL) for lubrication.

The heart wall has three layers: epicardium, myocardium, and endocardium.

The epicardium is the visceral layer of the serous pericardium.

The myocardium is the thick, middle layer of cardiac muscle tissue (cardiomyocytes).
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Practice MCQs

1. Which of the following is the primary
function of a circulatory system in
multicellular organisms?

A) To produce hormones

B) To maintain homeostasis by transporting
materials

C) To provide structural support

D) To generate body heat

Answer: To maintain homeostasis by
transporting materials

2. In very small organisms like protozoans,
which process is sufficient for internal
transport?

A) Active transport

B) Osmosis

C) Diffusion

D) Bulk flow

Answer: Diffusion

3. What is the term for the fluid circulating in
an open circulatory system?

A) Blood

B) Plasma

C) Hemolymph

D) Lymph

Answer: Hemolymph

4. In an open circulatory system, where does
exchange between the circulatory fluid and
cells directly occur?

A) Capillaries

B) Hemocoel

C) Arteries

D) Veins

Answer: Hemocoel

5. Which of the following animals typically
possesses an open circulatory system?

A) Earthworm

B) Squid

C) Insect

D) Human

Answer: Insect

6. What is the main respiratory pigment
found in the hemolymph of many arthropods
and molluscs?

A) Hemoglobin

B) Hemocyanin

C) Chlorocruorin

D) Myoglobin

Answer: Hemocyanin

7. Which characteristic is true for a closed
circulatory system?

A) Low-pressure system

B) Blood and interstitial fluid are mixed

C) Exchange occurs in sinuses

D) Blood remains within a continuous network
of vessels

Answer: Blood remains within a continuous
network of vessels

8. All vertebrates possess which type of
circulatory system?

A) Open

B) Hemocoelic

C) Closed

D) Gastrovascular

Answer: Closed

9. The circulatory system of an earthworm is
an example of:

A) Open system

B) Closed system

C) Hemocoelic system

D) Tracheal system

Answer: Closed system

10. In a closed circulatory system, which
vessels are the primary sites of exchange?
A) Arteries

B) Arterioles

C) Capillaries

D) Veins

Answer: Capillaries

11. Fish have a heart with how many
chambers?

A) One

B) Two

C) Three

D) Four

Answer: Two

12. What type of circulation is found in fish?
A) Double circulation

B) Single circulation

C) Incomplete double circulation

D) Pulmocutaneous circulation

Answer: Single circulation

13. Amphibians possess a heart with how
many chambers?

A) Two

B) Three

C) Four
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Chapter 21
Homeostasis

Homeostasis is the maintenance of a stable internal environment (the milieu intérieur) within a narrow,
optimal range despite fluctuations in the external environment. It is a dynamic equilibrium achieved
through self-regulating mechanisms, essential for optimal enzyme function and cellular metabolism. The
concept was pioneered by Claude Bernard and later named by Walter B. Cannon.

Core Principles & Significance

e Dynamic Constancy: It is not a static, fixed state but a condition maintained within a specific,
optimal range through continuous adjustments.

¢ Universal Phenomenon: Observed in all living organisms, from unicellular entities to complex
animals.

¢ Evolutionary Adaptation: Enables functional independence from the external environment,
allowing colonization of diverse habitats.

o Efficiency: Biochemical reactions and physiological processes function with maximum
efficiency within narrow homeostatic ranges.

Components of a Homeostatic Control System
Homeostatic regulation operates via a feedback loop with three integrated components:

e Receptor (Sensor): Specialized structures (e.g., nerve endings, specialized cells like
thermoreceptors, osmoreceptors, chemoreceptors) that detect changes (stimuli) in a specific
physiological variable and send input to the control center.

e Control Center (Integrator): Typically a region of the brain (often the hypothalamus) or an
endocrine gland. It receives input, compares it to the set point (desired value), and determines the
appropriate corrective response. It then sends output instructions to the effector.

e Effector: An organ (muscle or gland) that carries out the corrective response directed by the
control center, thereby influencing the regulated variable and moving it back toward the set point.

Feedback Mechanisms

e Negative Feedback: The most common homeostatic mechanism. The effector's
response counteracts or negates the original stimulus, reversing the change and shutting off the
response loop. This stabilizes the system.

o Process: Stimulus — Receptor — Control Center — Effector (Response reduces
stimulus) — Homeostasis restored.
o Examples:
*= Thermoregulation: Shivering in cold, sweating in heat.
= Blood Glucose Regulation: Insulin lowers high blood glucose; glucagon raises
low blood glucose.
= Baroreceptor Reflex: Adjusts heart rate and vessel diameter to maintain blood
pressure.
= Renin-Angiotensin-Aldosterone System (RAAS): Raises low blood
pressure/volume.

o Positive Feedback: The effector's response amplifies or reinforces the original stimulus, driving

the variable further from its set point to complete a specific event rapidly. Less common.
o Process: Stimulus initiates process — Response intensifies stimulus — Cycle continues
until endpoint/climax.
o Examples:
= Blood Clotting: Platelet aggregation releases chemicals that attract more
platelets, enlarging the clot.
»  Childbirth (Parturition): Fetal head pressure on cervix — oxytocin release —
stronger contractions — more pressure.
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Homeostasis: One Liner

o Homeostasis is the maintenance of a stable internal environment within an optimal range despite

external changes.

Homeostasis represents a dynamic equilibrium, not a static state.

The concept of the internal environment (milieu intérieur) was pioneered by Claude Bernard.

The term "homeostasis" was coined by Walter B. Cannon.

It is essential for optimal enzyme function and cellular metabolism.

Allostasis refers to achieving stability through physiological or behavioral change, often by

anticipating needs.

A homeostatic control system operates via a feedback loop.

The receptor (sensor) is a specialized structure that detects changes (stimuli) in the environment.

The control center (integrator), often the hypothalamus or an endocrine gland, processes

information and determines the response.

e The effector (muscle or gland) carries out the corrective response directed by the control center.

e The set point is the desired or optimal value for a physiological variable.

o Negative feedback is the most common homeostatic mechanism where the response counteracts
the initial stimulus.

e Examples of negative feedback include body temperature regulation and blood glucose control

via insulin/glucagon.

e Positive feedback amplifies the original stimulus to drive a process to completion.

e Examples of positive feedback include blood clotting, childbirth (oxytocin release), and nerve

impulse generation (depolarization).

e Feed-forward mechanisms are anticipatory responses that begin before a change occurs (e.g.,

salivation at the sight of food).

e Homeostasis regulates body temperature, blood pH, blood glucose, fluid volume, and

electrolyte balance.

e The liver contributes to homeostasis through nutrient balance (glucose/glycogen), detoxification,

and urea synthesis.

The kidneys are primary organs for osmoregulation, excretion, pH balance, and blood pressure

regulation.

e The lungs regulate blood O: and CO: levels, which impacts pH (acid-base balance).

e The skin is involved in thermoregulation and minor excretion.

¢ The endocrine system provides hormonal coordination for long-term control (e.g., ADH,

aldosterone, insulin).

e The nervous system provides rapid, short-term coordination (e.g., reflexes, hypothalamic

control).

¢ Blood glucose is primarily regulated by pancreatic hormones insulin (lowers glucose)

and glucagon (raises glucose).

e The normal human blood pH range is 7.35 to 7.45.

e Blood pH is regulated by chemical buffers (fastest), respiratory compensation (lungs),

and renal compensation (kidneys).

¢ The bicarbonate buffer system (CO: + H.O = H.COs = H* + HCOs") is the major extracellular

buffer.

e Circadian rhythms cause many homeostatic set points (e.g., core body temperature, cortisol) to
fluctuate on a 24-hour cycle.

e The body's master biological clock is located in the suprachiasmatic nucleus (SCN) of the
hypothalamus.

e Homeostatic imbalance leads to dysfunction and disease (e.g., diabetes, hypertension).
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Practice MCQs

1. Which part of the nephron is primarily
responsible for the reabsorption of water via
the countercurrent multiplier mechanism?
A) Proximal convoluted tubule

B) Distal convoluted tubule

C) Collecting duct

D) Loop of Henle

Answer: Loop of Henle

2. Antidiuretic hormone increases water
reabsorption by altering the permeability of
which nephron segment?

A) Proximal convoluted tubule

B) Distal convoluted tubule

C) Collecting duct

D) Loop of Henle

Answer: Collecting duct

3. During peritoneal dialysis, the dialysis fluid
is introduced into which part of the body?
A) Liver

B) Abdomen

C) Kidney

D) Pancreas

Answer: Abdomen

4. Aldosterone primarily promotes the active
reabsorption of which ion in the nephron?
A) Sodium

B) Calcium

C) Potassium

D) Bicarbonate ions

Answer: Sodium

5. In which part of the nephron does the
majority of tubular reabsorption occur?

A) Distal convoluted tubule

B) Villi

C) Cortical tissue

D) Proximal convoluted tubule

Answer: Proximal convoluted tubule

6. The maximum reabsorption of filtrate
components takes place in which segment of
the nephron?

A) Distal convoluted tubule

B) Proximal convoluted tubule

C) Ascending limb of Henle

D) Descending limb of Henle

Answer: Proximal convoluted tubule

7. The process of detecting a change and
signaling an effector's response is known as
what?

A) Negative feedback

B) Positive feedback

C) Inter-coordination

D) Feedback mechanism

Answer: Feedback mechanism

8. What are the three essential components of
a homeostatic regulatory mechanism?

A) Receptors, control center, and effectors

B) Sensory, motor, and associative neurons

C) CNS, PNS, and diffused nervous system

D) Cerebrum, cerebellum, and pons

Answer: Receptors, control center, and
effectors

9. Blood enters the glomerulus through which
vessel?

A) Efferent arteriole

B) Afferent arteriole

C) Renal artery

D) Renal vein

Answer: Afferent arteriole

10. Which portion of the nephron is primarily
influenced by antidiuretic hormone?

A) Bowman's capsule

B) Ascending limb of Henle

C) Distal and collecting ducts

D) Descending limb of Henle

Answer: Distal and collecting ducts

11. The site of ultrafiltration in the nephron is
known as what?

A) Glomerulus and Bowman's capsule

B) Proximal and distal tubules

C) Ascending and descending limbs

D) Loop of Henle

Answer: Glomerulus and Bowman's capsule
12. Antidiuretic hormone specifically
increases the reabsorption of which
substance?

A) Amino acids

B) Salts

C) Ammonia

D) Water

Answer: Water

13. Aldosterone promotes the active uptake of
which ion in the ascending limb of Henle?

A) Potassium

B) Chloride

C) Calcium
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Chapter 22

Support and movement are fundamental characteristics of animals, enabled by specialized organ systems.
In complex animals, particularly chordates, this involves an integrated system of bones, cartilage, joints,

Support and Movement

and skeletal muscles. These structures work together to provide a rigid framework, protect organs,
facilitate movement through leverage, produce blood cells, and store minerals.

The evolution of robust support systems became critical with increases in body size and the transition
from water to land. The scientific study of bones is called osteology, and the study of muscles

is myology.

THE SKELETAL SYSTEM

Functions of the Skeletal System
1. Support: Provides a rigid framework that maintains body shape and supports the weight of

tissues.

2. Protection: Encloses and shields vital organs (e.g., skull protects the brain, rib cage protects the
heart and lungs).

3. Movement: Acts as levers that are pulled by skeletal muscles to produce movement at joints.

4. Mineral Storage: Serves as a reservoir for calcium and phosphorus, which can be released into
the bloodstream as needed. Also stores sodium and potassium.

5. Blood Cell Production (Hemopoiesis): Red bone marrow within certain bones produces
erythrocytes, leukocytes, and platelets.

6. Energy Storage: Yellow bone marrow primarily consists of adipose (fat) cells, which store

energy.

Types of Skeletal Systems in Animals

Composition &

.. Found In Key Features
Description i
Hydrostatic Fluid pressure within Soft-bodied invertebrates | Uses antagonistic muscle
Skeleton body compartments (e.g., annelids, contractions against
(coelom or cnidarians). incompressible fluid to change
gastrovascular cavity). shape; flexible but permits
only gross movements.
Exoskeleton Rigid external covering | Arthropods (insects, Provides excellent protection
(e.g., chitin in crustaceans), molluscs. and muscle attachment; must
arthropods, calcium be molted (ecdysis) for
carbonate in molluscs). growth; limits maximum body
size.
Endoskeleton | Internal framework of | Echinoderms and all Grows with the organism;
living, rigid elements chordates/vertebrates. provides superior leverage for
(bone and/or cartilage). muscles; allows for larger
body size and efficient oxygen
delivery.
BONE (Osseous Tissue)

Bone is a dynamic, living, vascular connective tissue. It is strong yet lightweight due to its composite

structure.

Chemical Composition of Bone Matrix
¢ Organic Component (~35%): Primarily collagen type I fibers. Provides tensile strength and

flexibility.

¢ Inorganic Component (~65%): Primarily hydroxyapatite crystals (calcium phosphate,
Caio(PO4)s(OH)2). Provides compressive strength, hardness, and rigidity.
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e System Coordination: Effective locomotion requires the integrated function of the muscular,
skeletal, nervous, circulatory, respiratory, and endocrine systems.

Support And Movement: One Liner
The skeletal system provides structural support and enables movement.
The study of bones is called osteology.
The study of muscles is called myology.
A robust support system became critical with evolutionary increases in body size and the
transition from water to land.
The primary functions of the skeletal system are support, protection, movement, mineral
storage, blood cell production, and energy storage.
Support refers to providing a rigid framework that maintains body shape.
Protection involves enclosing and shielding vital organs like the brain and heart.
Movement is enabled as bones act as levers pulled by skeletal muscles.
Mineral storage involves serving as a reservoir for calcium and phosphorus.
Blood cell production (Hemopoiesis) occurs in the red bone marrow.
Energy storage is a function of yellow bone marrow, which consists of adipose cells.
Animals utilize three main types of skeletal systems: hydrostatic, exoskeleton, and
endoskeleton.
A hydrostatic skeleton uses fluid pressure within body compartments.
Hydrostatic skeletons are found in soft-bodied invertebrates like annelids and cnidarians.
An exoskeleton is a rigid external covering.
In arthropods, the exoskeleton is made of chitin.
A key limitation of an exoskeleton is that it must be molted (ecdysis) for growth.
An endoskeleton is an internal framework of living, rigid elements.
Endoskeletons are found in echinoderms and all chordates/vertebrates.
The endoskeleton grows with the organism and allows for larger body size.
Bone is a dynamic, living, vascular connective tissue.
The bone matrix has an organic component (~35%) and an inorganic component (~65%).
The organic component is primarily collagen type I fibers, providing tensile strength.
The inorganic component is primarily hydroxyapatite crystals, providing compressive
strength.
A typical long bone has a diaphysis (shaft) and epiphyses (ends).
o The diaphysis is composed of thick compact bone surrounding a medullary cavity.
The epiphysis is composed of spongy (cancellous) bone covered by a thin layer of compact
bone.
Articular cartilage is a layer of hyaline cartilage covering joint surfaces.
The periosteum is a tough fibrous membrane covering the outer bone surface.
The endosteum is a thin cellular membrane lining inner bone surfaces.
The epiphyseal plate (growth plate) is responsible for longitudinal growth in children.
The functional unit of compact bone is the osteon (Haversian system).
The central (Haversian) canal contains blood vessels and nerves.
Concentric lamellae are rings of calcified matrix surrounding the central canal.
Lacunae are small spaces between lamellae that house osteocytes.
Canaliculi are tiny channels allowing nutrient/waste exchange between osteocytes.
Perforating (Volkmann's) Canals connect the periosteum to central canals.
Spongy bone consists of a network of bony spines and plates called trabeculae.
Trabeculae align along lines of mechanical stress to provide strength with minimal weight.
Osteoprogenitor cells are stem cells that differentiate into osteoblasts.
Osteoblasts are bone-forming cells that synthesize and secrete the organic matrix (osteoid).
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Practice MCQs

1. Bone-forming cells are called:

A) Osteocytes

B) Osteoclasts

C) Osteoblasts

D) Chondrocytes

Answer: Osteoblasts

2. The functional unit of compact bone is the:
A) Trabecula

B) Osteon

C) Lacuna

D) Canaliculus

Answer: Osteon

3. Which type of joint is immovable?
A) Synovial

B) Cartilaginous

C) Fibrous

D) Diarthrosis

Answer: Fibrous

4. The contractile unit of a muscle fiber is the:

A) Myofibril

B) Sarcomere

C) Sarcoplasmic reticulum

D) Sarcolemma

Answer: Sarcomere

5. Which protein blocks the myosin-binding
sites on actin in a relaxed muscle?

A) Troponin

B) Titin

C) Tropomyosin

D) Myosin

Answer: Tropomyosin

6. Yellow bone marrow is primarily involved
in:

A) Blood cell production

B) Mineral storage

C) Energy storage

D) Protection

Answer: Energy storage

7. The skull bone that is unpaired is the:
A) Parietal

B) Temporal

C) Occipital

D) Zygomatic

Answer: Occipital

8. The joint between the atlas and axis
vertebrae is a:

A) Hinge joint

B) Pivot joint

C) Gliding joint

D) Ball-and-socket joint

Answer: Pivot joint

9. Which type of cartilage is found in the
intervertebral discs?

A) Hyaline cartilage

B) Elastic cartilage

C) Fibrocartilage

D) Articular cartilage

Answer: Fibrocartilage

10. During muscle contraction, the band that
shortens is the:

A) Aband

B) I band

C) H zone

D) Z line

Answer: I band

11. Osteoporosis results from:

A) Excessive bone deposition

B) Decreased bone resorption

C) Increased bone density

D) Decreased bone mass

Answer: Decreased bone mass

12. The hormone that lowers blood calcium
levels is:

A) Parathyroid hormone

B) Calcitonin

C) Calcitriol

D) Estrogen

Answer: Calcitonin

13. Which is a freely movable joint?
A) Suture

B) Symphysis

C) Synchondrosis

D) Synovial

Answer: Synovial

14. The bone cell responsible for bone
resorption is the:

A) Osteoblast

B) Osteocyte

C) Osteoclast

D) Osteoprogenitor cell

Answer: Osteoclast

15. The scientific study of bones is called:
A) Osteology

B) Arthrology

C) Myology
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Chapter 23

Nervous & Sensory System
The nervous system is a specialized, rapid communication network that uses electrochemical signals
(nerve impulses). It allows animals to detect, process, and respond to changes in their internal and
external environments. It works in tandem with the endocrine system (which uses hormones) to
maintain homeostasis. The study of the nervous system is called neurology.
Nervous coordination involves three fundamental steps:
1. Reception: Detection of a stimulus by sensory receptors.
2. Processing/Integration: Analysis and interpretation of the sensory information within the
Central Nervous System (CNS).
3. Response: Execution of a motor command by effectors (muscles or glands).
Sensory Receptors: Biological Transducers
A transducer converts energy from one form to another. Sensory receptors are specialized cells or
neurons that act as biological transducers.
¢ Function: They detect specific stimuli (e.g., light, pressure, chemicals) and convert this stimulus
energy into an electrochemical signal (a receptor or generator potential) within a sensory neuron.
e Organization: Receptors can be clustered to form complex sense organs (e.g., eye, ear) or
scattered individually (e.g., in skin, viscera).

Cells of the Nervous System

Neurons (Nerve Cells)

Neurons are the excitable, signaling units of the nervous system, specialized for generating, conducting,
and transmitting nerve impulses (action potentials).

Structure of a Typical Multipolar Neuron:

e Cell Body (Soma): Contains the nucleus and organelles. Nissl's granules (clusters of ribosomes
and rough ER) are present for high levels of protein synthesis. It is the metabolic and biosynthetic
center.

¢ Dendrites: Short, branched, tapering extensions. They are the primary receptive sites, receiving
signals from other neurons or receptors and conducting them foward the cell body.

NEURON

«—— dendrite
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e Axon: A single, long, cylindrical extension of constant diameter.
o Axolemma: The plasma membrane of the axon.
o Axoplasm: The cytoplasm within the axon.
o Axon Hillock: Cone-shaped region where the axon originates; the site of action
potential initiation (integrates signals from dendrites/soma).
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The Nervous & Sensory System: One Liner

e The nervous system is a highly specialized network for rapid communication within an animal's

body.

Its primary functions are sensory input, integration, and motor output to effectors.

It is the foundation for behavior, homeostasis, learning, and memory.

The study of the nervous system is called neurology.

Nervous coordination involves three components: receptors, neurons, and effectors.

The two main cell classes are neurons (excitable, signaling) and neuroglia (supportive, non-

excitable).

Neurons are specialized for the generation, conduction, and transmission of nerve impulses.

A typical neuron consists of a cell body (soma), dendrites, and an axon.

The cell body contains the nucleus and most organelles; it is the biosynthetic center.

Dendrites are short, branched processes that receive signals and convey them toward the cell

body.

The axon is a single, long process that conducts nerve impulses away from the cell body.

The axon arises from a cone-shaped region called the axon hillock, the site of action potential

initiation.

The axon terminates in synaptic terminals (boutons), which release neurotransmitters.

A synapse is the functional junction where a neuron communicates with a target cell.

Sensory (afferent) neurons transmit impulses from sensory receptors fo the CNS.

Motor (efferent) neurons transmit impulses from the CNS fo effectors (muscles/glands).

Interneurons (association neurons) are located entirely within the CNS and connect sensory

and motor neurons.

e  Multipolar neurons have one axon and many dendrites; they are the most common type (e.g.,
motor neurons).

e Bipolar neurons have one axon and one dendrite (e.g., in the retina and olfactory epithelium).

e Unipolar (Pseudounipolar) neurons have a single process that divides; they are common in
sensory neurons (dorsal root ganglia).

e Neuroglia (glial cells) are non-excitable, supportive cells essential for normal neuronal function.

e Astrocytes (CNS) are the most abundant glia; they maintain the blood-brain barrier (BBB) and
regulate the extracellular environment.

¢ Oligodendrocytes (CNS) myelinate axons; one cell can myelinate segments of several axons.

e Microglia (CNS) are the resident phagocytic cells (macrophages) of the CNS.

o Ependymal cells (CNS) line brain ventricles and the central canal; they produce and
circulate cerebrospinal fluid (CSF).

e Schwann Cells (PNS) myelinate axons; one cell myelinates a single segment of one axon.

o Satellite Cells (PNS) surround neuron cell bodies in ganglia, providing support and regulating
exchange.

e Myelination is the process where glial cells wrap their plasma membranes around an axon to
form an insulating myelin sheath.

e The myelin sheath dramatically increases the speed of nerve impulse conduction via saltatory

conduction.

Gaps in the myelin sheath are called Nodes of Ranvier.

In the PNS, myelin is formed by Schwann cells.

In the CNS, myelin is formed by oligodendrocytes.

White matter consists of bundles of myelinated axons (tracts) in the CNS.

Gray matter contains neuron cell bodies, dendrites, unmyelinated axons, and glia; it is the site of

synaptic integration.

e The resting membrane potential (RMP) is the voltage difference across the membrane of a non-
conducting neuron, typically -70 mV (inside negative).
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Practice MCQs

1. Which part of the neuron primarily
receives signals from other neurons?

A) Axon

B) Myelin sheath

C) Dendrites

D) Node of Ranvier

Answer: Dendrites

2. The resting membrane potential of a
neuron is approximately:

A) +70 mV

B) 0 mV

C)-70 mV

D) -90 mV

Answer: -70 mV

3. Rapid, automatic responses to stimuli that
do not require brain involvement are called:
A) Voluntary actions

B) Reflexes

C) Instincts

D) Hormonal responses

Answer: Reflexes

4. Which neuroglial cell forms the myelin
sheath in the central nervous system?
A) Schwann cells

B) Astrocytes

C) Oligodendrocytes

D) Microglia

Answer: Oligodendrocytes

5. The neurotransmitter released at the
neuromuscular junction is:

A) Dopamine

B) Serotonin

C) Acetylcholine

D) GABA

Answer: Acetylcholine

6. The part of the brain responsible for
coordinating voluntary movements and
balance is the:

A) Cerebrum

B) Medulla oblongata

C) Cerebellum

D) Hypothalamus

Answer: Cerebellum

7. During an action potential, the rapid influx
of which ion causes depolarization?

A) Potassium (K*)

B) Chloride (CI")

C) Calcium (Ca?")

D) Sodium (Na*)

Answer: Sodium (Na*)

8. Which division of the peripheral nervous
system is responsible for the "fight-or-flight"
response?

A) Somatic nervous system

B) Parasympathetic nervous system

C) Enteric nervous system

D) Sympathetic nervous system

Answer: Sympathetic nervous system

9. The gaps in the myelin sheath where action
potentials are regenerated are called:

A) Synaptic clefts

B) Nodes of Ranvier

C) Axon hillocks

D) Terminal boutons

Answer: Nodes of Ranvier

10. Which part of the brain acts as a major
relay station for all sensory information
(except smell)?

A) Hypothalamus

B) Thalamus

C) Hippocampus

D) Amygdala

Answer: Thalamus

11. The minimum level of depolarization
required to generate an action potential is
known as:

A) Resting potential

B) Threshold potential

C) Refractory period

D) Hyperpolarization

Answer: Threshold potential

12. Which type of neuron has one axon and
one dendrite, commonly found in special
sense organs?

A) Multipolar

B) Unipolar

C) Bipolar

D) Anaxonic

Answer: Bipolar

13. The vital centers for heart rate,
respiration, and blood pressure are located in
the:

A) Cerebellum

B) Pons

C) Medulla oblongata
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hapter 24

Endocrine System

The endocrine system is a major regulatory and communication network in animals, working in close
coordination with the nervous system to maintain homeostasis. It consists of ductless glands and
specialized cells that secrete hormones directly into the bloodstream or extracellular fluid. These chemical
messengers travel to distant target cells possessing specific receptors, eliciting slow but prolonged
responses. This system is crucial for regulating growth, development, metabolism, reproduction, and
adaptation to environmental changes.

Hormones: Nature and Function

A hormone is an organic chemical messenger secreted in minute quantities by endocrine tissues. It is
transported via body fluids to specific target cells, where it regulates the rate of pre-existing biochemical
processes without initiating new reactions.

Key Characteristics

High Potency: Effective at extremely low concentrations (e.g., 10712 M).

Specificity: Acts only on target cells with complementary receptors (Lock-and-Key Model).
Regulatory Role: Can stimulate or inhibit physiological processes.

Integrated Action: Hormones often work in synergistic or antagonistic pairs (e.g., Insulin and
Glucagon) to fine-tune responses.

Chemical Classification of Hormones
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Chemical Class Solubility Examples . .
E Secretion Sites
Proteins/Polypeptides Water-soluble Insulin, Glucagon, Most common type.
(Hydrophilic) Growth Hormone Stored in vesicles. Bind
P (GH), ADH to cell surface
receptors.
A Amino Acid Derivatives | Variable Catecholamines: Epin | Derived from
ephrine, tyrosine/tryptophan.
R Norepinephrine (water- | Secreted by adrenal
soluble). Thyroid medulla
A Hormones: T3, T4 (catecholamines) and
(lipid-soluble). thyroid.
T Steroids Lipid-soluble Cortisol, Aldosterone, Derived from
(Hydrophobic) Estrogen, Testosterone, | cholesterol. Synthesized
I Progesterone on demand. Bind
to intracellular
receptors. Secreted by
O adrenal cortex and
gonads.
N Fatty Acid Derivatives Lipid-soluble Prostaglandins, Act as local hormones
Leukotrienes (paracrine/autocrine).
S Derived from
arachidonic acid.

Mechanism of Hormone Action
1. Mechanism for Water-Soluble Hormones (Proteins/Peptides, Catecholamines)
¢ Receptor Location: Transmembrane receptors on target cell surface.
e Signal Transduction: Involves second messenger systems.
o Example (GPCR-cAMP Pathway): Hormone (1st messenger) binds — activates G-
protein — activates Adenylyl Cyclase — converts ATP to cAMP (2nd messenger) —
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Endocrine System & Hormones: One Liner

e The endocrine system consists of ductless glands that secrete hormones directly into the
bloodstream.

e Hormones are chemical messengers that regulate and coordinate the body's metabolic
activities, growth, development, and homeostasis.

e Over 50 hormones have been identified in the human body.

e Hormones act specifically on target cells that possess complementary receptors.

¢ Body communication via hormones occurs between two endocrine glands or between
an endocrine gland and a target organ.

e Chemically, hormones are classified as steroids, proteins/polypeptides, glycoproteins, amines,

or amino acid derivatives.

Steroid hormones (¢.g., cortisol, testosterone) are secreted by the adrenal cortex, gonads, and

placenta.

e Proteinaceous/Peptide hormones (c.g., insulin, GH) are secreted by the anterior pituitary and
pancreas.

e Amino acid derivatives include thyroxine (from thyroid) and catecholamines like adrenaline
(from adrenal medulla).

e Unlike enzymes, hormones do not initiate new reactions but regulate existing biochemical

processes.

¢ The lock-and-key model describes the specific interaction between a hormone and its receptor.

e Endocrinology is the study of endocrine glands and their hormones.

e Hormones are effective in extremely small amounts and are not altered by the reactions they

regulate.

¢ Endocrine glands are ductless and secrete hormones into tissue spaces and body fluids.

¢ Exocrine glands secrete their products (e.g., sweat, saliva) into ducts that lead to body surfaces

or cavities.

e The endocrine system is a slow-acting, long-lasting integrative system, contrasting with the fast,

short-term nervous system.

Hormones are active at remarkably low concentrations, typically between 1078 to 107° M in the

blood.

e Specificity of hormone action is determined by the presence of specific receptor molecules on or

in target cells.

e Compared to the nervous system, endocrine responses are slower (seconds to days) but longer-

lasting.

e Endocrine and nervous systems are interdependent and function as a single

integrated neuroendocrine system.

¢ Chemical communication includes endocrine, synaptic, paracrine, and autocrine signaling.

e A feedback mechanism is a cycle where the output of a process regulates its own production.

e Negative feedback is most common,; it reverses a change to maintain homeostasis (e.g., blood

glucose regulation).

e Positive feedback amplifies a change to complete a specific process (e.g., oxytocin in

childbirth).

e In blood glucose regulation, insulin is released for high levels, and glucagon for low levels—a
classic negative feedback loop.

e The sensation of thirst is part of a negative feedback loop to restore body fluid balance.

e Hormone secretion is regulated by feedback control systems to maintain homeostasis, not
continuous.

e Negative feedback system counteracts a stimulus to restore stability (e.g., regulation of blood
glucose, calcium, metabolic rate).
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Practice MCQs

1. Which of the following is NOT a
characteristic of hormones?

A) High potency at low concentrations

B) Initiation of new metabolic reactions
C) Specificity for target cells

D) Regulation of existing processes
Answer: Initiation of new metabolic reactions
2. The "master integrator" linking the
nervous and endocrine systems is the:
A) Pituitary gland

B) Hypothalamus

C) Adrenal medulla

D) Pineal gland

Answer: Hypothalamus

3. Which hormone is synthesized in the
hypothalamus but stored and released from
the posterior pituitary?

A) Growth Hormone

B) Prolactin

C) Oxytocin

D) Adrenocorticotropic Hormone
Answer: Oxytocin

4. Insulin and glucagon are secreted by which
endocrine structure?

A) Adrenal cortex

B) Thyroid gland

C) Islets of Langerhans

D) Anterior pituitary

Answer: Islets of Langerhans

5. A lipid-soluble hormone that binds to
intracellular receptors is:

A) Insulin

B) Epinephrine

C) Cortisol

D) Glucagon

Answer: Cortisol

6. Which of the following is a protein
hormone?

A) Testosterone

B) Thyroxine

C) Growth Hormone

D) Aldosterone

Answer: Growth Hormone

7. The hormone primarily responsible for
lowering blood calcium levels is:

A) Parathyroid Hormone

B) Calcitonin

C) Calcitriol

D) Aldosterone

Answer: Calcitonin

8. What is the primary effect of Antidiuretic
Hormone (ADH)?

A) Stimulates milk ejection

B) Increases water reabsorption in kidneys

C) Raises blood glucose

D) Promotes sodium retention

Answer: Increases water reabsorption in
kidneys

9. Which anterior pituitary hormone is tropic
to the adrenal cortex?

A) TSH

B) ACTH

C) FSH

D) Prolactin

Answer: ACTH

10. A goiter is most commonly associated with
a deficiency of:

A) Iron

B) Iodine

C) Calcium

D) Vitamin D

Answer: lodine

11. The "fight-or-flight" response is primarily
mediated by hormones from the:

A) Adrenal cortex

B) Adrenal medulla

C) Thyroid gland

D) Pancreas

Answer: Adrenal medulla

12. Which hormone is secreted by the pineal
gland and regulates circadian rhythms?

A) Melatonin

B) Serotonin

C) Insulin

D) Cortisol

Answer: Melatonin

13. In females, luteinizing hormone (LH)
directly triggers:

A) Milk production

B) Ovulation

C) Follicle development

D) Uterine contractions

Answer: Ovulation

14. Which pancreatic cell type secretes
glucagon?

A) Alpha cells
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Chapter 25
Immune System

Immunology is the study of the body's defense mechanisms against pathogens (disease-causing agents
like bacteria, viruses, fungi, protozoa, helminths) and abnormal cells. The immune system is a highly
coordinated network of cells, tissues, and molecules that distinguishes self from nonself and climinates
harmful entities. Its core functions are surveillance, recognition, response, and regulation, leading
to immunological memory.

Immune Response: The coordinated reaction of immune cells and molecules to a foreign substance
(antigen). A successful response provides protection; a dysregulated response causes hypersensitivity,
autoimmunity, or immunodeficiency.

Innate Immunity
Innate immunity provides immediate, non-specific defense against pathogens. It is present from birth,
found in all animals, and does not confer immunological memory.
Characteristics of Innate Immunity
¢ Rapid response: Activated within minutes to hours.
e Non-specific: Recognizes broad patterns common to groups of pathogens.
¢ No memory: The response magnitude is similar upon repeated exposure.
o First line of defense: Acts before adaptive immunity.
Components of Innate Immunity
A. Barrier Defenses
e Skin (Integument):
o Stratum Corneum: Multiple layers of dead, keratinized cells—a formidable physical
barrier.
o Sebaceous Glands: Secrete sebum containing antimicrobial fatty acids (e.g., lauric acid).
o Sweat Glands: Secretions contain lysozyme and dermcidin (antimicrobial peptide).
Low pH (3-5) inhibits microbial growth.
o Normal Microflora: Commensal bacteria (e.g., Staphylococcus epidermidis) compete
with pathogens for space/nutrients (microbial antagonism).
e Mucous Membranes (Mucosae): Line gastrointestinal, respiratory, urogenital tracts.
o Mucus: Viscous glycoprotein secretion that traps microbes. Contains secretory IgA
(sIgA) and lysozyme.
o Ciliary Escalator: In respiratory tract, ciliated epithelial cells propel mucus-trapped
pathogens toward the pharynx to be swallowed.
o Chemical Defenses:
= Stomach: HCI and proteases (pepsin) create a highly acidic (pH ~2) proteolytic
environment.
* Duodenum: Bile salts disrupt bacterial membranes.
= Paneth Cells (Small Intestine): Secrete cryptdins (o-defensins) and lysozyme.
e Chemical Barriers:
o Lysozyme: Enzyme in tears, saliva, and mucus; digests bacterial cell walls.
o Acidic pH: Gastric acid (pH ~2) and vaginal secretions create hostile environments.
o Antimicrobial peptides (e.g., Defensins): Disrupt pathogen membranes.
B. Cellular Innate Defenses
Specialized leukocytes (white blood cells) that detect and destroy pathogens.
Cell Type Primary Role & Function Key Feature

Phagocytes Engulf and destroy pathogens via phagocytosis.
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Found in All multicellular organisms Jawed vertebrates only

Immune System: One-Liner
e Immunology is the study of the body’s defense mechanisms against disease-causing agents.
¢ The immune system is a coordinated network of cells, tissues, and molecules that
distinguishes self from nonself.
e Core functions of the immune system are surveillance, recognition, response, and regulation.
¢ An immune response is the coordinated reaction of immune cells and molecules to a foreign
substance (antigen).
¢ A successful immune response provides protection; a dysregulated response
causes hypersensitivity, autoimmunity, or immunodeficiency.
Pathogens are disease-causing agents like bacteria, viruses, fungi, protozoa, and helminths.
¢ Innate immunity provides immediate, non-specific defense and is present from birth in all
animals.
e Itis characterized by a rapid response (minutes to hours), non-specificity, and no
immunological memory.
e It serves as the first line of defense before adaptive immunity is activated.
e The skin (integument) is a formidable physical barrier composed of dead, keratinized cells in
the stratum corneum.
e Sebaceous glands secrete sebum containing antimicrobial fatty acids like lauric acid.
e Sweat glands secrete lysozyme and dermcidin, and maintain a low pH (3-5) that inhibits
microbial growth.
e Normal microflora (e.g., Staphylococcus epidermidis) compete with pathogens via microbial
antagonism.
e Mucous membranes line the gastrointestinal, respiratory, and urogenital tracts.
e Mucus traps microbes and contains secretory IgA (sIgA) and lysozyme.
e The ciliary escalator in the respiratory tract propels mucus-trapped pathogens toward the
pharynx.
Stomach acid (HCL pH ~2) and proteases (pepsin) create a highly acidic, proteolytic
environment.
Bile salts in the duodenum disrupt bacterial membranes.
Paneth cells in the small intestine secrete cryptdins (a-defensins) and lysozyme.
Lysozyme in tears, saliva, and mucus digests bacterial cell walls.
Antimicrobial peptides (e.g., defensins) disrupt pathogen membranes.
Phagocytes engulf and destroy pathogens via phagocytosis.
Macrophages are “big eaters” resident in tissues; they derive from monocytes and act
as Antigen-Presenting Cells (APCs).
e Neutrophils are the most abundant white blood cells, are first responders, short-lived, and a
major component of pus.
¢ Dendritic Cells are key APCs that phagocytose in tissues and migrate to lymph nodes to activate
adaptive immunity.
e Natural Killer (NK) Cells destroy virus-infected and cancerous host cells by
inducing apoptosis; they recognize cells lacking MHC Class 1.
e Eosinophils discharge enzymes against multicellular parasites (e.g., helminths) and are located
beneath epithelia.
e Mast Cells release histamine and other inflammatory chemicals from granules
via degranulation.
e The Complement System is a group of ~30 plasma proteins that, when activated, leads
to opsonization, inflammation, and cell lysis.
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Practice MCQs

1. Which of the following is NOT a

component of the body's first line of defense?

A) Skin

B) Stomach acid

C) Macrophages

D) Mucous membranes

Answer: Macrophages

2. The slightly acidic pH of human skin
primarily functions to:

A) Promote sebum production

B) Inhibit pathogen growth

C) Increase sweat secretion

D) Enhance keratinization

Answer: Inhibit pathogen growth

3. Sebaceous glands contribute to skin
defense by secreting sebum containing:
A) Lysozyme

B) Hydrochloric acid

C) Antimicrobial fatty acids

D) Histamine

Answer: Antimicrobial fatty acids

4. Lysozyme, an enzyme that breaks down
bacterial cell walls, is found in:

A) Sebum

B) Sweat and tears

C) Gastric juice

D) Complement proteins

Answer: Sweat and tears

5. The ciliary escalator mechanism is
associated with which part of the body?
A) Skin

B) Stomach

C) Respiratory tract

D) Kidney

Answer: Respiratory tract

6. Which cell is a phagocyte that is typically
the first to arrive at a site of infection?
A) Macrophage

B) Neutrophil

C) Dendritic cell

D) Natural Killer cell

Answer: Neutrophil

7. Antigen-presenting cells (APCs) include all

EXCEPT:

A) Macrophages
B) Neutrophils
C) Dendritic cells

D) B cells
Answer: Neutrophils

8. Natural Killer (NK) cells primarily destroy

target cells by releasing:

A) Histamine and heparin

B) Perforins and granzymes

C) Interferons and interleukins

D) Antibodies and complement

Answer: Perforins and granzymes

9. The complement system proteins are
primarily synthesized in the:

A) Spleen

B) Bone marrow

C) Liver

D) Thymus

Answer: Liver

10. Membrane Attack Complex (MAC)

formed by the complement system results in:

A) Opsonization

B) Chemotaxis

C) Lysis of pathogen cell membranes

D) Antigen presentation

Answer: Lysis of pathogen cell membranes
11. Interferons are cytokines that primarily
function to:

A) Stimulate B cell proliferation

B) Inhibit viral replication in neighboring cells
C) Promote histamine release

D) Activate complement cascade

Answer: Inhibit viral replication in
neighboring cells

12. The cardinal signs of inflammation are
redness, heat, swelling, pain, and:

A) Fever

B) Loss of function

C) Itching

D) Pus formation

Answer: Loss of function

13. Which chemical is released by mast cells
to initiate the inflammatory response?

A) Interferon

B) Histamine

C) Perforin

D) Interleukin-2

Answer: Histamine

14. Pyrogens cause fever by acting on the:
A) Pituitary gland

B) Hypothalamus
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Chapter 26
Reproduction and Development

Developmental biology represents one of the most integrative fields in biological science, seeking to
explain how genetic information is translated into three-dimensional form and function. At its core lies
a profound paradox: unlike human-engineered machines that are built first and then function, organisms
must maintain physiological function while simultaneously constructing themselves through embryonic
development, growth, and repair. This field transcends traditional embryology (development from
fertilization to birth) to encompass the entire lifespan, including:
¢ Metamorphosis: Radical post-embryonic transformation (e.g., caterpillar to butterfly)
¢ Regeneration: Replacement of lost body parts (e.g., salamander limbs, zebrafish heart)
e Tissue Turnover: Continuous renewal of cells in skin, gut, and blood
e Aging: Progressive changes in structure and function over time
Historical Foundations: The Epigenesis-Preformationism Debate
The philosophical struggle to understand development shaped early biological thought:
Preformationism (17th-18th Centuries)
e Core Belief: A miniature, fully formed organism (homunculus) existed preformed within the egg
or sperm
e Proponents: Marcello Malpighi (observed structures in unincubated chicken eggs), Nicolas
Hartsoeker (drew sperm containing tiny humans)
¢ Supporting Observations: Visible organization in early embryos; difficulty imagining how
complexity could arise from simplicity
e Fatal Flaws: Could not explain hybrid traits (blending of parental
characteristics), regeneration, or the existence of parasites within parasites (infinite regress
problem)
Epigenesis (Gained Ascendancy in 18th-19th Centuries)
e Core Principle: The embryo forms de novo ("from scratch") through
progressive differentiation and organization of initially homogeneous material
e Key Figures:
o Aristotle: First proposed epigenetic concepts, distinguishing between "potential" and
"actual" form
o William Harvey: "Ex ovo omnia" ("all from the egg"), emphasized gradual emergence
o Kaspar Friedrich Wolff: Provided experimental evidence with chick embryos, showing
heart and intestines develop from undifferentiated tissues
e Modern Support: Microscopic observations of cell division, differentiation, and morphogenesis

The Modern Synthesis: Genetic Preformation + Epigenetic Construction
Today's understanding reconciles both historical views:
1. Genetic Preformation: The fertilized egg contains preformed genetic instructions (the
complete genome) that guide development
2. Epigenetic Construction: The organism is built epigenetically through:
o Progressive differentiation of cells
o Cell-cell interactions and signaling
o Responses to environmental cues (temperature, nutrition, mechanical forces)
o Self-organizing properties of tissues
This synthesis recognizes that while no miniature organism exists, the developmental program is pre-
encoded in the DNA, awaiting execution through epigenetic processes.
Stages of Animal Development with Key Events and Significance
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Definition

Key Processes

Duration
(Human

Example)
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Significance

Fertilization Fusion of haploid | Sperm-egg recognition, | ~24 hours Restores diploidy;
gametes to form membrane fusion, combines parental
diploid zygote blocks to polyspermy, genomes; activates

egg activation, development
pronuclear fusion

Cleavage Rapid mitotic Cell division, Days 1-5 (to Increases cell
divisions without | cytoplasmic blastocyst) number; partitions
growth partitioning, blastula cytoplasm;

formation establishes initial
axes

Gastrulation Reorganization Cell movements Week 3 Most critical
into three-layered | (invagination, period; establishes
embryo involution, etc.); germ body axes and

layer formation; body germ layers
plan establishment

Organogenesis | Formation of Tissue interactions, Weeks 4-8 Builds organ
organs from germ | morphogenesis, cell systems; highly
layers differentiation sensitive to

teratogens

Fetal Period Growth and Histogenesis (tissue Week 9 to Organs become
maturation of specialization), birth functional;
organs functional maturation, massive growth

growth

Metamorphosis | Radical Tissue remodeling, Variable (e.g., | Adapts organism
transformation to | apoptosis, new growth ~12 weeks in | to different
adult form frogs) ecological niches

Gametogenesis | Production of next | Meiosis, gamete Puberty to Completes life
generation's differentiation, reproductive cycle; enables
gametes maturation senescence reproduction

Early embﬁonic development
Fertilized egg
[2- coll stage |

Endoderm

Blastopore
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omparative Embryology and Germ Layer Theory: Deep Principles

The Germ Layer Concept:

The discovery that most animals develop from three primary germ layers represents one of the most
profound unifying principles in biology.

Germ Layer

Germ Layer Derivatives with Specific Examples

Major Derivatives

Specific Tissues/Organs

Ectoderm (Outer Layer) Surface Ectoderm: Epidermis, | Keratinocytes, melanocytes,
hair, nails, lens, inner ear, Merkel cells
enamel
Neuroectoderm: CNS (brain, Neurons, astrocytes,
spinal cord), retina, posterior oligodendrocytes, ependymal
pituitary cells
Neural Crest: PNS, facial Schwann cells, dorsal root
bones, adrenal medulla, ganglia, odontoblasts
melanocytes

Mesoderm (Middle Layer) Axial Mesoderm: Notochord Nucleus pulposus of

intervertebral discs

Paraxial Mesoderm: Somites
— vertebrae, skeletal muscle,
dermis

Myoblasts, sclerotome,
dermatome

Intermediate Mesoderm:
Urogenital system

Nephrotomes, gonads, ducts

Lateral Plate Mesoderm:
Heart, blood vessels, limbs, body
wall

Cardiomyocytes, endothelial
cells, limb bud mesenchyme

Endoderm (Inner Layer)

Foregut Derivatives: Pharynx,
lungs, thyroid, liver, pancreas

Hepatocytes, pancreatic B-cells,
pneumocytes

Midgut Derivatives: Small
intestine, proximal colon

Enterocytes, goblet cells, Paneth
cells

Hindgut Derivatives: Distal
colon, rectum, bladder
epithelium

Colonocytes, urothelial cells

Induction: The Dialogue Between Tissues

o Definition: The process by which one group of cells (inducer) influences the developmental fate
of adjacent cells (responder)
e Historical Example: Spemann-Mangold Organizer (1924) - Transplantation of dorsal lip of
blastopore induced secondary axis
e  Molecular Mechanism: Inducer cells secrete morphogens (signaling molecules) that form
concentration gradients
e Types of Induction:
1. Instructive: Inducer is necessary AND sufficient to change responder fate
2. Permissive: Responder already determined; inducer provides environment for expression

Von Baer's Laws: The Embryological Basis of Evolution
Karl Ernst von Baer's observations (1828) laid groundwork for evolutionary embryology:
1. Law of General to Specific: General characters of large taxonomic groups appear earlier than
specialized characters of smaller groups.
o Example: All vertebrate embryos develop a notochord, pharyngeal arches, and post-
anal tail before developing mammalian hair or bird feathers.
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2. Law of Developmental Divergence: Embryos of different species increasingly diverge during
development; early stages are more similar.

o

o

emerge progressively.
3. Law Against Recapitulation: An embryo does NOT pass through adult stages of its ancestors

(contradicts Haeckel's Biogenetic Law).
Critical Evidence: No mammalian embryo has functional gills like adult fish; rather, all

have pharyngeal arches that develop differently.

Example: Early fish, reptile, bird, and human embryos are remarkably similar; differences

4. Law of Embryonic Similarity: The early embryo of a "higher" animal resembles the early
embryo (not adult) of a "lower" animal.

o

Cleavage

a phylum look most similar (e.g., pharyngula stage in vertebrates).

Comprehensive Analysis of Cleavage Types and Mechanisms

Modern Concept: Phylotypic stage - a conserved embryonic stage when embryos within

Development

Yolk Amount Mechanism RETENT Examples al
Type ..
Significance
Holoblastic: Isolecithal Cleavage Equal Sea urchins, Regulative
Radial (sparse, even) | furrows pass partitioning of | amphibians, development -
completely cytoplasm; mammals early
through egg; microtubule blastomeres
blastomeres asters define are totipotent;
arranged cleavage enables
radially around | planes identical
animal-vegetal twinning
axis
Holoblastic: Isolecithal or | Cleavage Asymmetric Annelids, Mosaic
Spiral mesolecithal planes division mollusks development -
diagonal to influenced (except cytoplasmic
animal-vegetal | by spindle cephalopods), | determinants
axis; orientation de | flatworms unequally
blastomeres terminants partitioned;
spiral around cell fate
embryo determined
early
Holoblastic: Isolecithal First division: | Unique to Eutherian Compaction f
Rotational (mammals) meridional; mammals; mammals, orms
second involves comp | some inner/outer
division: one action at §8- nematodes cells;
meridional, cell stage establishes
one equatorial first
with rotation differentiation
(trophoblast
vs. ICM)
Meroblastic: Telolecithal Cleavage Cleavage Birds, reptiles, | Forms bilamin
Discoidal (dense vegetal | restricted to furrows cannot | most fish, ar
yolk) small blastodi | penetrate yolk | monotremes disc (epiblast/
sc of yolk-free | mass; hypoblast);
cytoplasm at regulated embryo
animal pole by marginal develops from
zZone epiblast only
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Meroblastic: Centrolecithal | Early nuclear | Controlled Most insects Syncytial

Superficial (central yolk) | divisions by centrosom | (Drosophila), | specification -
without e cycles; some morphogen
cytokinesis cellularization | crustaceans gradients in
— syncytium; | occurs common
nuclei migrate | simultaneously cytoplasm
to periphery pattern nuclei
before before
cellularization cellularization

1. HOLOBLASTIC (COMPLETE CLEAVAGE)

A. Isolecithal
(Sparce, evenly disteibuted yolk)

1. Radial
Echinoderms, amphicxus

Q*

~ L

2. Spiral
Amnelds, molluscs,
flatwams

3. Bilateral
Tunicates

®% &<
"

5,3

4. Rotational
Mammals, nenntades

B. Mesolecithal
(Moderate vegaal yoik disposition)
Radial
Ampliritians

II. MEROBLASTIC INCOMPLETE CLEAVAGE)

A. Telolectthal
(Dense yolk throughont mot of cell)
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1. Bilateral
Cephalapod moluscs
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2. Discoidal
Fish, reptiles, birds

B. Centrolecithal
(Yolk in cenier of egg)

Superfical
Most insects
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¢ Cyclin-CDK Complexes: Control cell cycle progression; modified to eliminate G1/G2 phases

e Aurora Kinases & Polo-like Kinases: Regulate spindle assembly and cytokinesis

¢ PAR Proteins: Establish polarity in C. elegans and Drosophila

¢ Cortical Rotation: Microtubule-dependent movement of dorsal determinants in amphibians
Gastrulation: The Most Important Time in Your Life
Lewis Wolpert's famous quote underscores gastrulation's significance: "It is not birth, marriage, or
death, but gastrulation which is truly the most important time in your life."
Core Objectives of Gastrulation:

1. Form three germ layers (ectoderm, mesoderm, endoderm)

2. Establish body axes (anteroposterior, dorsoventral, left-right)

3. Position germ layers appropriately for subsequent organogenesis

4. Create primitive gut (archenteron) from endoderm

Gastrulation Strategies Across Model Organisms

Organism Key Structure Cell Movements Signaling E\./oll_ltlonary
Centers Significance
Sea Urchin Vegetal Plate Primary Whnt/B-catenin at | Simple model for
mesenchyme vegetal pole deuterostome
ingression — specifies gastrulation;
skeletogenic cells; | endoderm; Nodal | shows convergent
archenteron specifies oral- extension
invagination aboral axis
Amphibian Dorsal Lip of Involution of Whnt/p- Classic model for
(Xenopus) Blastopore (Spem | mesoderm; catenin (dorsaliza | induction and
ann organizer) epiboly of tion); BMP4 (vent | organizer function
ectoderm; ralization); Chord
convergent in/Noggin (organi
extension zer signals)
Chick Primitive Epiblast cells FGF8 maintains Excellent for fate
Streak (Hensen's | ingress through streak; SHH from | mapping;
node at anterior streak — form notochord; BMP4 | accessible for
end) mesoderm and lateral mesoderm | microsurgery
endoderm; streak
regresses
Mouse Primitive As in chick, but Nodal establishes | Mammalian
Streak (similar to | embryo rotates; streak; Brachyur | model; embryonic
chick) anterior visceral y (T) expressed in | lethality of
endoderm streak mutations informs
prevents ectopic cells; Cripto co- human
primitive streak receptor development
Drosophila Ventral Ventral cells Twist/Snail specif | Genetic model for
Furrow (mesoder | constrict apically |y cell shape changes
m); Posterior — invaginate; mesoderm; Decap | and invagination
Midgut germband entaplegic
Invagination extension (Dpp/BMP) patte
rns dorsoventral
axis

Cellular Mechanisms of Gastrulation Movements:
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1. Apical Constriction: Contraction of actin-myosin networks at apical cell surface creates
wedge-shaped cells that drive invagination
o Regulation: Folded gastrulation and T48 genes in Drosophila; Shroom proteins in
vertebrates
2. Convergent Extension: Cells intercalate mediolaterally, narrowing tissue in one dimension while
lengthening in another
o Mediation: Planar cell polarity (PCP) pathway (Frizzled, Dishevelled, Van Gogh)
o Example: Elongation of archenteron in sea urchin; neural plate in vertebrates
3. Epiboly: Spreading of cell sheets to cover embryo
o Mechanisms: Cell division, cell shape change (radial intercalation), directed migration
4. Cell Migration: Individual cells move through extracellular matrix
o Guidance: Chemotaxis, haptotaxis, contact inhibition
o Example: Primordial germ cells, neural crest cells

~ L

Involution: Ingression: : : Epiboly:
Invagination: Inturning of cell sheet Migration of Delamination: Expansion of
Infolding of cell over the basal surface individual cells Splitting of one one cell sheet
sheet into embryo of an outer layer into the embryo sheet into two over other cells

Example: Example: Example: Example: Example:
Sea urchin Amphibian Drosophila Mammalian Amphibian
endoderm mesoderm neuroblasts hypoblast ectoderm

Sex Determination

Introduction to Sexual Reproduction

Sexual reproduction generates genetic variation through fusion of haploid gametes. Sex is often
determined chromosomally at fertilization, but other mechanisms exist.

Primary Sex Determination

Refers to the development of gonads (testes or ovaries) from a bipotential precursor.
Chromosomal Sex Determination Mechanisms:
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Taxon System Key Feature
Mammals XX = female, XY = SRY gene on Y chromosome triggers testes.
male
Birds 77 =male, ZW = System reversed compared to mammals.
female
Drosophila XX =female, XY = X:A ratio determines sex; Y chromosome only for
male spermatogenesis.
Hymenopterans | Haplodiploidy Fertilized (diploid) eggs — females; unfertilized (haploid)
eggs — males.

The Mammalian Pathway:

MK PREPARATIONS: Let’s Make It Happen
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e Testis-Determining (XY): SRY — activates SOX9 — Sertoli cell differentiation — testes form
— produce Testosterone and Anti-Miillerian Hormone (AMH).

¢ Ovary-Determining (XX): Absence of SRY — WNT4/RSPO1 stabilize -catenin — ovary
formation — FOXL2 maintains ovarian identity.

Key Genes in Mammalian Sex Determination
Gene/Protein \ Location Role Phenotype if Mutated

SRY Y Triggers testis pathway. XY sex reversal (female).
Chromosome
SOX9 Autosome Master regulator of testis XY sex reversal.
development.
WNT4/RSPO1 | Autosome Promote ovary development. | XX sex reversal (masculinization).
M FOXL2 Autosome Maintains ovarian identity. Postnatal ovary-to-testis
K transdifferentiation.

Secondary Sex Determination in Mammals: Hormonal Regulation
Development of genitalia and secondary sexual characteristics.
e Male Phenotype: AMH causes regression of Miillerian ducts. Testosterone stabilizes Wolfian
ducts; converted to DHT by Sa-reductase for external genitalia.
¢ Female Phenotype: Default pathway in absence of testes; Miillerian ducts persist and
differentiate under estrogen; Wolfian ducts degenerate.
Clinical Correlates - Disorders of Sexual Development (DSD):
e Androgen Insensitivity Syndrome (AIS): XY, testes, but androgen receptor mutation — female
external phenotype.
e So-Reductase Deficiency: XY, cannot make DHT — ambiguous genitalia, virilization at puberty.
e Congenital Adrenal Hyperplasia (CAH): XX, excess androgens — masculinized external
genitalia.
Sex Determination in Drosophila: A Cell-Autonomous Model
e Each cell decides its sex based on the X:A ratio.
¢ Regulatory cascade: X:A ratio — Sex-lethal (Sxl) activation (in females) — splicing
of transformer (tra) — female-specific Doublesex (Dsx”F) protein.
e The Y chromosome is irrelevant for sex determination.
Environmental Sex Determination (ESD)
In some reptiles, sex is determined by incubation temperature.
e Patterns: [a (Turtles: low = male, high = female); Ib (some lizards: opposite); II (Alligators:
extremes = one sex, intermediate = other).
e Molecular Basis: Temperature influences expression of genes like DMRT1, SOX9, aromatase,
and B-catenin.

Comparative Animal Reproduction and Strategies
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Feature Asexual Reproduction Sexual Reproduction
Genetic Variation None (clonal). High (genetic recombination).
Number of One. Two (typically).

Parents

Gamete None. Involves meiosis.

Formation

Speed & Energy Rapid, inexpensive. Slower, costly.

Adaptability Low in changing environments. High; promotes diversity.

MK PREPARATIONS: Let’s Make It Happen
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Examples Hydra, sponges, many Most vertebrates, many
invertebrates. invertebrates.

Asexual Reproduction in Invertebrates

Asexual reproduction involves the production of offspring from a single parent without the fusion of

gametes, relying on mitotic cell division. It is common in stable environments where a successful

genotype can be perpetuated efficiently.

Modes of Asexual Reproduction

1. Fission: The division of one cell, body, or body part into two.

o Binary Fission: Equal division, common in protists like amoebas and many bacteria.

o Longitudinal Fission: Division along the longitudinal axis, e.g., planarian flatworms.

o Multiple/Transverse Fission: Formation of transverse constrictions leading to a chain of
individuals, e.g., some annelids like Naididae.

2. Budding: New individuals develop from outgrowths (buds) on the parent's body.

o External Budding: Buds form on the body surface, as seen in cnidarians (e.g., Hydra)
and poriferans (sponges). Detached buds form new individuals; attached buds form
colonies.

o Internal Budding (Gemmulation): In some freshwater sponges, aggregates of stem
cells are encased in tough, cyst-like gemmules. Upon the parent's death and under
favorable conditions, these cells form a new organism.

3. Fragmentation: A new organism regenerates from a lost body part. This requires significant
regenerative capacity and is seen in some cnidarians (e.g., sea anemones), platyhelminths, and
echinoderms.

4. Parthenogenesis: Development of an embryo from an unfertilized egg.

o Eggs may be diploid (via suppressed meiosis) or haploid.

o Offspring can be all female (diploid eggs), all male (haploid eggs, as in hymenopteran
drones), or a mix.

o It allows rapid population growth in stable conditions and is integral to social structure in
bees, ants, and wasps. Some parthenogenetic species (e.g., certain rotifers, aphids) can
revert to sexual reproduction under environmental stress to generate genetic diversity.

o Also occurs in some vertebrates: certain lizards (e.g., Aspidoscelis neomexicana), snakes
(e.g., Indotyphlops braminus), and fishes (e.g., Stegostoma fasciatum).

Genetic and Evolutionary Implications

e Asexual populations are clonal, leading to low genetic diversity.

¢ Evolution relies solely on mutation as a source of variation, without genetic recombination from
independent assortment or crossing over.

e This can lead to rapid fixation of adaptive mutations but also makes populations vulnerable to
environmental change or novel pathogens, as deleterious mutations are passed to all offspring.

Advantages and Disadvantages of Asexual Reproduction
Advantages Disadvantages
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Rapid population increase from a single Lack of genetic diversity reduces adaptability to
individual. changing environments.

Energetically efficient; no need to find a Accumulation and inheritance of deleterious
mate. mutations.

Successful genotypes are preserved intact High risk of population collapse from a single
in stable environments. disease or environmental shift.

Ideal for colonizing predictable, favorable Evolutionary change is slower and dependent on
habitats. rare beneficial mutations.
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exual Reproduction in Invertebrates
Sexual reproduction involves meiosis to produce haploid gametes (eggs and sperm), followed by
fertilization (syngamy) to form a genetically unique diploid zygote. This process generates significant
genetic diversity within populations.
Modes of Fertilization
1. External Fertilization (Broadcast Spawning):

o Gametes are released into the surrounding environment (typically water).

o Common in aquatic invertebrates (e.g., many sponges, corals, polychaete worms).

o Requires synchronization via environmental cues (temperature, light cycles) and
pheromones.

o Gonads are often simple and transient. High numbers of gametes are produced to offset
low fertilization rates.

2. Internal Fertilization:

o Sperm are directly transferred from male to female via a copulatory organ (e.g., penis,
cirrus).

o Requires specialized reproductive systems.

o Spermatophores: Protective packets containing sperm are used by some groups (e.g.,
cephalopods, leeches, arthropods) for efficient transfer.

Variations in Sexual Systems

¢ Gonochorism (Dioccy): The common condition with separate male and female individuals.

¢ Hermaphroditism (Monoecy): An individual possesses both functional male and female
reproductive systems.

o Simultaneous Hermaphroditism: Individuals can produce both gametes simultaneously,
often mating reciprocally (e.g., earthworms, Lumbricus terrestris; many pulmonate
snails). Beneficial for sessile or low-density populations.

o Sequential Hermaphroditism: Individuals change sex during their lifecycle.

*= Protandry: Male first, then female (e.g., some oysters, Ostrea edulis).
* Protogyny: Female first, then male. Often induced by population sex ratio
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changes.
Advantages and Disadvantages of Sexual Reproduction
Advantages Disadvantages
Generates extensive genetic Energetically costly: requires production of
diversity through crossing over, gametes, finding mates, and often complex
independent assortment, and random behaviors/structures.
fertilization.
Facilitates removal of deleterious alleles "Dismantles" successful parental genotypes in
from populations. offspring.
Provides the raw material (variation) Many gametes go unfertilized, representing a
for evolution by natural selection. metabolic loss.
Enhances population resilience to Requires coordination between two individuals.
parasites, diseases, and environmental
fluctuations.

Sexual Reproduction in Vertebrates

MK PREPARATIONS: Let’s Make It Happen
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Vertebrates exhibit diverse reproductive strategies shaped by the transition from aquatic to terrestria
life. Key adaptations include internal fertilization and specialized eggs/gestation.
Basic Vertebrate Reproductive Strategies

Strategy

Fertilization

Strategy is defined by where fertilization occurs and how the embryo is nourished.

Embryonic Development &

Nourishment

Examples

Oviparity External or Eggs laid externally; embryo Most fishes,
Internal nourished by yolk. No direct amphibians, reptiles
maternal nourishment after (incl. birds),
laying. monotremes.
Ovoviviparity Internal Eggs retained inside female; Some sharks, rays,
embryo nourished by yolk. reptiles (e.g., garter
Young born live. snakes), and
invertebrates.
Viviparity Internal Young retained in female Most mammals
reproductive tract; embryo (eutherians &
nourished directly by marsupials), some
mother via a placenta or sharks, reptiles.
similar structure.

¢ Gestation: The period of carrying developing young within the female.

Reproduction in Major Vertebrate Classes

1. Fishes:

o

Actinopterygii & Sarcopterygii (Bony Fishes): Mostly oviparous with external
fertilization. Produce vast numbers of eggs with small yolk reserves. High mortality

offset by rapid development.

Chondrichthyes (Cartilaginous Fishes): Internal fertilization via modified pelvic fins
(claspers). Many are ovoviviparous or viviparous. Some are oviparous, laying eggs in

protective cases ("mermaid's purses").
2. Amphibians:

o Lifecycle tied to water due to permeable skin and (usually) aquatic larvae.

o External fertilization is most common (e.g., anurans use amplexus for sperm release
over eggs).

o Internal fertilization occurs in salamanders and cacellians.

o Exhibit biphasic development: aquatic larval stage (tadpole)

3. Reptiles (Nonavian & Avian):

@)
@)

undergoes metamorphosis into (often) terrestrial adult.

Key innovations for terrestrial life: internal fertilization and the amniotic egg.
Amniotic Egg: Contains extraembryonic membranes—amnion (fluid-filled
protection), chorion (gas exchange), allantois (waste storage/gas exchange)—and a

leathery or calcareous shell.

o Nonavian Reptiles: Mostly oviparous; eggs often deposited and left unattended (except
crocodylians).

o Birds (Avian Reptiles): All oviparous. Thick, calcified shells
allow brooding (incubation). Exhibit high levels of parental care for altricial (helpless)
or precocial (mobile) hatchlings. Internal fertilization via cloacal contact.

4. Mammals:

o Monotremes (Prototheria): Oviparous (e.g., platypus, echidna). Retain egg-laying from
synapsid ancestors.

o Therians: Viviparous.

MK PREPARATIONS: Let’s Make It Happen
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Marsupials (Metatheria): Short gestation, followed by prolonged developmen
in an external marsupial pouch (e.g., kangaroos, opossums).

= Placental Mammals (Eutheria): Long gestation; embryo nourished via a
complex placenta. After birth, young nourished with milk from mammary
glands.

o Primate Reproduction: Many are asynchronous breeders (year-round mating). Human
females have concealed ovulation and can mate throughout the cycle. In promiscuous
primates (e.g., chimpanzees), sperm competition leads to larger testes and higher sperm
counts.

HUMAN MALE REPRODUCTIVE SYSTEM

The human male reproductive system is a complex network of organs designed for three primary

functions:

1. Spermatogenesis: The production of male gametes (spermatozoa).

2. Hormone Production: The secretion of androgens, primarily testosterone, which regulate
reproductive function and secondary sexual characteristics.

3. Sperm Delivery: The transport, maturation, and deposition of sperm into the female reproductive
tract via the seminal fluid.

It becomes functional at puberty under the influence of the hypothalamic-pituitary-gonadal (HPG)

axis and remains active throughout adult life.

Anatomical Organization and Histology

A. Primary Sex Organ: The Testes

e Location & Temperature Regulation: Paired, oval organs housed within the scrotum, an
external skin pouch. The scrotum maintains the testes at approximately 34—35°C, which is 2—3°C
below core body temperature, a critical condition for viable spermatogenesis. This is achieved
via the cremasteric reflex (muscle contraction/relaxation) and the pampiniform plexus (a
countercurrent heat exchange system of veins surrounding the testicular artery).

e Internal Structure: Each testis is encapsulated by the fibrous tunica albuginea. It is divided
into approximately 250-300 lobules.

o Seminiferous Tubules: Each lobule contains 1-4 highly coiled seminiferous tubules, the
functional units for sperm production (total length ~250 meters per testis). These tubules
are lined by a specialized germinal epithelium.

o Interstitial Tissue: The spaces between the tubules contain blood vessels, lymphatic
vessels, and Leydig (interstitial) cells.

Cellular Composition of the Seminiferous Tubule:
1. Spermatogenic Cells: A stratified epithelium in various stages of spermatogenesis.

o Spermatogonia: Diploid (2n) stem cells located at the basement membrane. Type A
(self-renewing) and Type B (committed to differentiation).

o Primary Spermatocytes: Large cells undergoing Meiosis I.

o Secondary Spermatocytes: Quickly undergo Meiosis II.

o Spermatids: Haploid (n) cells undergoing spermiogenesis (differentiation).

o Spermatozoa: Mature sperm released into the tubule lumen.

2. Sertoli Cells (Sustentacular Cells): Large, columnar somatic cells that span the entire
epithelium from basement membrane to lumen. They are crucial for:

o Structural Support: Form the blood-testis barrier (BTB) via tight junctions, creating
an immunologically privileged adluminal compartment.

o Nutrition & Metabolism: Provide nutrients (lactate, pyruvate) to developing germ cells.

o Phagocytosis: Engulf residual cytoplasm shed during spermiogenesis and apoptotic germ
cells.
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o Secretion: Produce Androgen-Binding Protein (ABP) (to maintain high local
testosterone), Anti-Miillerian Hormone (AMH) during fetal development, inhibin, and
fluid for sperm transport.

3. Leydig (Interstitial) Cells: Located in the connective tissue between seminiferous tubules. Their
primary function is the synthesis and secretion of testosterone in response to Luteinizing
Hormone (LH).

Male Reproductive System

Urinary bladder

Seminal
Vesicles

Bladder

= Ureter

Pubic Bone
i+ Seminal vesicle

Bulbourethral gland Vas deferens

~ L

Prostate gland Rectum

Ductus deferens

Lobules Urethra «

Sperm-producing

tubes Anus

Sperm
Glans of penis

) Prostate
7 Epididymis
Scrotum

The Reproductive (Sperm) Duct System

This series of ducts transports, matures, and stores sperm.

1. Rete Testis: A network of channels that collect sperm from the seminiferous tubules.

2. Efferent Ductules (Vasa Efferentia): 12-20 small, ciliated ducts that carry sperm from the rete
testis out of the testis into the epididymis. They also reabsorb testicular fluid.

3. Epididymis: A single, highly coiled tube (~6 meters long) located on the posterior surface of
each testis. It is divided into:

o Head (Caput): Receives sperm from efferent ductules.

o Body (Corpus): Site of major functional maturation.

o Tail (Cauda): Principal site for sperm storage (can remain viable for weeks). The
epididymis provides an environment for sperm to gain motility and fertilizing
capacity (capacitation potential).

4. Vas Deferens (Ductus Deferens): A thick-walled, muscular tube (~45 cm) that transports sperm
from the epididymis tail. It ascends through the spermatic cord, passes through the inguinal
canal, and loops over the ureter to enter the pelvic cavity. Its terminal portion, the ampulla,
dilates before joining the seminal vesicle duct.

5. Ejaculatory Duct: Formed by the union of the vas deferens and the duct of the seminal vesicle.
It is short (~2 cm) and passes through the prostate gland to empty into the prostatic urethra.

6. Urethra: The terminal duct serving as a common passage for both semen (reproductive
function) and urine (excretory function). It has three regions:

o Prostatic Urethra: Passes through the prostate.
o Membranous Urethra: A short segment through the urogenital diaphragm.
o Spongy (Penile) Urethra: Runs through the length of the penis.

Accessory Glands

These glands produce seminal plasma, the fluid component of semen, which nourishes sperm,

provides a transport medium, and neutralizes hostile environments.
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Contribution Key Secretions & Functions
to Semen
Seminal 60-70% of Fructose: Primary energy source for sperm
Vesicles (Paired) volume. motility.

Prostaglandins: Stimulate uterine/oviduct
contractions to aid sperm transport.
Fibrinogen-like proteins: Aid in coagulation
of semen post-ejaculation.

Ascorbic acid, Flavins: Antioxidants.
Prostate 20-30% of Citrate & Zinc: Nutrient and cofactor.

Gland (Single) volume. Prostate-Specific Antigen (PSA): A serine
protease that liquefies coagulated semen 15-30
minutes after ejaculation, releasing sperm.
Phosphatases, Fibrinolysin.

Acidic Phosphatase: Enzyme marker for
prostatic secretion.

~ L

Bulbourethral ~5% (Pre- Clear, alkaline mucus: Neutralizes traces of
(Cowper's) ejaculate). acidic urine in the urethra and lubricates the
Glands (Paired) penile urethra during sexual arousal.

Semen Composition: A typical ejaculate is 2-5 ml, containing 20-150 million sperm/ml. It is a
mixture of spermatozoa (from testes/epididymis) and seminal plasma (from accessory glands). It is
slightly alkaline (pH 7.2-7.8) to neutralize the acidic vaginal environment.

External Genitalia: The Penis

The penis is the copulatory organ. It consists of:

¢ Root: Attached to the pelvic bone.

¢ Body (Shaft): Composed of three cylindrical masses of erectile tissue:

1. Two Corpora Cavernosa: Dorsal columns. Primarily involved in erection.

2. One Corpus Spongiosum: Ventral column, surrounding the urethra. Expands distally to
form the glans penis, which is covered by the prepuce (foreskin) unless removed by
circumcision.

e Erectile Mechanism: Upon sexual stimulation, parasympathetic nerves release nitric oxide
(NO). NO causes vasodilation of the helicine arteries, leading to increased blood flow into the
erectile tissue sinuses. Engorgement compresses the venous drainage veins, trapping blood and
causing erection. Detumescence is mediated by sympathetic stimulation.

Hormonal Regulation: The Hypothalamic-Pituitary-Gonadal (HPG) Axis

This neuroendocrine axis provides precise, feedback-controlled regulation of testicular function.

1. Hypothalamus: Secretes Gonadotropin-Releasing Hormone (GnRH) in a pulsatile manner
into the hypophyseal portal system.

2. Anterior Pituitary: GnRH stimulates the synthesis and release of two gonadotropins:

o Luteinizing Hormone (LH): Acts on Leydig cells to stimulate testosterone biosynthesis
from cholesterol via a cAMP-mediated pathway:.

o Follicle-Stimulating Hormone (FSH): Acts on Sertoli cells to stimulate the production
of Androgen-Binding Protein (ABP) and other factors essential for supporting
spermatogenesis (e.g., transferrin, inhibin).

3. Testicular Hormones & Feedback:

o Testosterone: The primary androgen. It has both endocrine and paracrine functions.

= Local (Paracrine): High concentrations within the seminiferous tubule (bound
to ABP) are absolutely required for the completion of meiosis and
spermiogenesis.
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Systemic (Endocrine): Responsible for the development and maintenance
of male secondary sexual characteristics (facial/body hair, deep voice, muscle
mass), libido, and anabolic effects.

= Feedback: Exerts negative feedback on the hypothalamus (reducing GnRH
pulse amplitude) and directly on the pituitary (reducing LH secretion).

o Inhibin: A glycoprotein hormone (mainly inhibin B) secreted by Sertoli cells in response
to FSH. It provides selective negative feedback on the anterior pituitary to suppress FSH
secretion, allowing fine-tuning of spermatogenesis without affecting LH.

Clinical Correlation: Conditions like Klinefelter Syndrome (47, XXY) result in testicular
dysgenesis, leading to reduced testosterone, elevated LH/FSH, and impaired spermatogenesis.

HUMAN FEMALE REPRODUCTIVE SYSTEM

Introduction and Functional Overview
The human female reproductive system is designed for:

1. Qogenesis: Production of female gametes (oocytes/ova).

2. Hormone Production: Secretion of estrogens (primarily estradiol) and progesterone, which
regulate the reproductive cycles, pregnancy, and secondary sexual characteristics.

3. Fertilization & Gestation: Provision of a site for fertilization, implantation, and embryonic/fetal
development.

4. Parturition & Lactation: Facilitation of childbirth and nourishment of the newborn.

It exhibits cyclical activity (the menstrual cycle) from menarche to menopause, in contrast to the
continuous activity of the male system.

Anatomical Organization and Histology

Primary Sex Organs: The Ovaries

¢ Location: Paired, almond-shaped organs (3-5 cm long) located in the pelvic cavity, attached by
the mesovarium.

e Structure: Each ovary is covered by a single layer of cuboidal germinal epithelium (a
misnomer; it is not the source of germ cells). Underneath lies the dense connective tissue tunica
albuginea. The ovary consists of:

o Cortex: Outer region containing ovarian follicles at various stages of development,
embedded in a stromal matrix.
o Medulla: Central region with loose connective tissue, blood vessels, and nerves.
The Ovarian Follicle: The functional unit, consisting of an eocyte surrounded by somatic support cells.

1. Primordial Follicle: The resting pool. A primary oocyte arrested in Prophase I, surrounded by
a single layer of flattened pregranulosa cells. Millions present at birth; only a few hundred will
ovulate.

2. Primary Follicle: The oocyte enlarges, and granulosa cells become cuboidal and proliferate to
form multiple layers. A glycoprotein layer, the zona pellucida, forms between the oocyte and
granulosa cells.

3. Secondary (Antral) Follicle: Fluid-filled spaces appear among granulosa cells, coalescing into a
single antrum. The oocyte is surrounded by a mound of granulosa cells (cumulus oophorus) and
sits off to one side. Stromal cells differentiate into the theca interna (androgen-producing)
and theca externa (fibrous capsule).

4. Mature (Graafian) Follicle: The antrum is large and the follicle bulges from the ovarian surface.
The primary oocyte completes Meiosis I just before ovulation, producing the secondary
oocyte and first polar body.

The Reproductive (Genital) Ducts

1. Uterine Tubes (Fallopian Tubes/Oviducts): ~10 cm long, divided into regions:

o Infundibulum: Funnel-shaped opening with finger-like fimbriae that sweep over the
ovary to capture the ovulated oocyte.
o Ampulla: Widest, longest region; the most common site of fertilization.
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o Isthmus: Narrow segment connecting to the uterus.

o Histology: Lined by a mucosa with ciliated cells (beat toward the uterus) and secretory
peg cells (provide nutrients). The muscularis has inner circular and outer longitudinal
layers for peristaltic movement.

2. Uterus (Womb): A pear-shaped, thick-walled, muscular organ.

o Regions: Fundus (top), Body (Corpus) (main part), Cervix (neck projecting into
vagina).

o Layers:

» Perimetrium: Outer serosal layer (visceral peritoneum).
= Myometrium: Thick middle layer of smooth muscle arranged in interlacing
bundles. Contracts rhythmically during labor.
* Endometrium: Inner mucosal lining. It has two layers:
= Stratum Functionalis: Thick, superficial layer rich in glands and spiral
arteries. It undergoes cyclic growth, secretion, and shedding during
each menstrual cycle.
=  Stratum Basalis: Thin, deep layer adjacent to myometrium. It remains
intact and regenerates the functionalis each cycle.
3. Vagina: A fibromuscular tube (~8-10 cm) extending from the cervix to the vestibule.

o Function: Receives semen during intercourse, serves as the birth canal, and allows
passage of menstrual flow.

o Histology: Lined by stratified squamous non-keratinized epithelium that thickens under
estrogen influence. The lamina propria is rich in elastic fibers. No glands; lubrication
comes from cervical mucus and transudation from vaginal walls.

External Genitalia (Vulva)
e Mons Pubis: Fatty pad over the pubic symphysis.
Labia Majora: Hair-covered skin folds (homologous to male scrotum).
Labia Minora: Hairless, vascular folds medial to the labia majora.
Vestibule: Area enclosed by labia minora, containing openings of the urethra and vagina.
Clitoris: Small, erectile organ composed of glans, body, and erura (homologous to the penis). It
is highly innervated and a primary focus of sexual sensation.
e Vestibular Glands (Bartholin's Glands): Homologous to male bulbourethral glands; secrete
mucus for lubrication.
Mammary Glands (Modified Sweat Glands)
e Structure: Located within the breasts. Each gland consists of 15-20 lobes, cach divided
into lobules containing alveoli (milk-secreting sacs). Alveoli drain into lactiferous ducts, which
converge at the nipple.
¢ Hormonal Control: Development is estrogen/progesterone-dependent. Milk production
(lactogenesis) is stimulated by prolactin. Milk ejection (let-down) is stimulated by oxytocin.
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The female reproductive organs.

The Ovarian and Menstrual (Uterine) Cycles
These two interconnected, hormonally driven cycles (~28 days) prepare the body for potential pregnancy.
The Ovarian Cycle

Key Events Hormonal Control

Recruitment of a cohort of follicles | FSH stimulates growth. Growing follicles

Follicular from the primordial pool. One secrete estradiql. Low estradiol inhibits

Phase (1-13) becomes dominant (Graafian FSH/LH (negative feedback). High
follicle). The primary oocyte estradiol near mid-cycle triggers positive
completes Meiosis 1. feedback, causing the LH surge.

The LH surge induces final oocyte
Ovulation maturation, follicular wall

(~Day 14) weakening, and rupture, releasing
the secondary oocyte.

LH surge is the direct trigger.

Luteal The ruptured follicle collapses and | LH maintains the corpus luteum. It

transforms into the corpus secretes progesterone and some estradiol. If
Phase (15- " " . .
28) luteum ("yellow body"), a no pregnancy, it degenerates into a corpus
temporary endocrine gland. albicans ("white body") after ~10 days.
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The Menstrual (Uterine) Cycle
Phase (Days) Endometrial Condition Hormonal Driver

Sloughing of the Stratum

Functionalis. Spiral arteries constrict, Sharp decline
Menstrual e : . . . .
Phase (1-5) causing ischemia and tissue necrosis. in estrgdlol and progesterone from the
Blood, tissue fluid, and cellular debris regressing corpus luteum.
are discharged (menses).
Rapid regeneration and growth of the
Proliferative functionalis. Endometrial glands Estradiol from the developine ovarian
(Follicular) clongate; spiral arteries grow. The ping

Phase (6-14) endometrium thickens from ~1 to 3-5

follicles.

mm.

Secretory Glands become tortuous and secrete .

. . : ¥ Progesterone (and estradiol) from
(Luteal) Phase | glycogen-rich fluid. Spiral arteries the corous luteum
(15-28) become highly coiled. This creates a P ’

Endometrium becomes secretory and
highly vascularized (up to 6 mm).

hospitable environment
for implantation.

Hormonal Regulation: The Integrated HPG Axis

1.

2.

Early Follicular Phase: Low ovarian hormones — negative feedback on pituitary is lifted —
FSH rises — stimulates follicle growth.

Mid-Late Follicular Phase: Dominant follicle secretes high estradiol. Sustained high estradiol
for ~36 hours switches feedback to positive — triggers GnRH surge and consequent LH/FSH
surge.

Luteal Phase: Corpus luteum secretes high progesterone and estradiol — strong negative
feedback on GnRH and gonadotropins — prevents new follicle development.

Late Luteal Phase: If no pregnancy, corpus luteum regresses — progesterone/estradiol plummet
— negative feedback removed — FSH begins to rise, initiating the next cycle.

Pregnancy: If implantation occurs, the embryo-derived hormone Human Cheorionic
Gonadotropin (hCG) rescues and maintains the corpus luteum until the placenta takes over
hormone production (~week 10).

Clinical and Biological Correlations

Endometriosis: Growth of endometrial tissue outside the uterus, causing pain and infertility.
Polycystic Ovary Syndrome (PCOS): Characterized by anovulation, hyperandrogenism, and
multiple cystic follicles.

Menopause: Cessation of ovarian follicular activity and cycles (~45-55 yrs), leading to low
estrogen and symptoms like hot flashes and osteoporosis.

Fertility Window: Highest probability of conception is in the 5 days leading up to and including
the day of ovulation, reflecting sperm survival and oocyte viability.
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Primary Functions Primary
Hormone Source (Female) ) Source (Male) Functions
(Female)
(Male)
GnRH Hypothalamus Stimulates FSH/LH Hypothalamus Stimulates
release. FSH/LH release.
FSH Anterior Pituitary Stimulates follicular | Anterior Stimulates Sertoli
growth; increases Pituitary cells; supports
estradiol. spermatogenesis.
LH Anterior Pituitary Triggers ovulation; Anterior Stimulates
forms/maintains Pituitary Leydig cells to
corpus luteum. produce
testosterone.
Estradiol Ovarian Follicles, Endometrial Minor (from Minimal role.
Corpus Luteum proliferation, aromatization)
secondary sex
characteristics,
positive feedback for
LH surge.
Progesterone Corpus Luteum, Endometrial secretory | - -
Placenta transformation,
maintains pregnancy,
inhibits uterine
contractions.
Testosterone Theca Cells Precursor for Leydig Cells Spermatogenesis,
(precursor) estradiol. secondary sex
characteristics,
anabolism.
Inhibin Granulosa Cells Inhibits FSH Sertoli Cells Inhibits FSH
selectively. selectively.
hCG Syncytiotrophoblast | Rescues corpus - -
(Embryo) luteum (pregnancy

test marker).

e Menarche: First menstruation.
e Menopause: Cessation of cycles (~age 50).
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Gametogenesis

Gametogenesis is the process by which diploid primordial germ cells (PGCs) undergo meiotic division
and differentiation to form haploid, functional gametes: spermatozoa in males and oocytes/ova in
females. While both processes share the goal of producing haploid cells through meiosis, they differ
profoundly in timing, pattern, and outcome, reflecting the distinct biological roles of sperm (motile,
numerous) and eggs (large, nutrient-rich). The fundamental difference is encapsulated in the concept

of anisogamy — the production of two dissimilar gametes.

Primordial Germ Cell (PGC) Specification and Migration

e Origin: PGCs are specified very early in embryonic development, outside the gonads (e.g., in the
epiblast of mice, yolk-sac endoderm in other vertebrates). They are transcriptionally repressed to
maintain pluripotency.

e Migration: Guided by chemotactic signals like SDF1/CXCR4, PGCs migrate via the hindgut
and dorsal mesentery to colonize the developing bipotential (indifferent) gonadal ridges. This
migration is supported by a niche of cells secreting Stem Cell Factor (SCF).

¢ Sexual Differentiation: Upon reaching the genital ridge, the developmental pathway diverges
based on genetic sex. In an XY gonad, PGCs become enclosed within testis cords to
become spermatogonia. In an XX gonad, PGCs undergo mitosis to form clusters of oogonia.

SPERMATOGENESIS

Spermatogenesis is the continuous, high-yield production of motile spermatozoa within the seminiferous
tubules of the testes, beginning at puberty and continuing throughout life. It occurs in a highly organized,
wave-like pattern along the tubule length.
Stages of Spermatogenesis
1. Mitotic Proliferation (Spermatogonial Phase):
e Location: Basal compartment of seminiferous tubule.
e Process: Spermatogonial stem cells (Type A_s) undergo self-renewing mitotic divisions. Some
of these committed cells differentiate into Type A1-A4 spermatogonia, then into Type B
spermatogonia.
e Regulation: Tightly controlled by niche signals. GDNF promotes stem cell maintenance,
while SCF promotes differentiation.
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. Meiotic Phase (Spermatocyte Phase):
e Location: Transition from basal to adluminal compartment (crossing the blood-testis barrier).
e Process:

o Type B spermatogonia enter a growth phase to become primary spermatocytes (2n, 4¢
DNA).

o Meiosis I: A reductional division. Homologous chromosomes pair, undergo crossing over
(facilitated by the synaptonemal complex), and then separate. This yields
two secondary spermatocytes (n, 2c DNA).

o Meiosis II: An equational division, where sister chromatids separate. Each secondary
spermatocyte divides to produce two spermatids (n, 1¢ DNA). Thus, one primary
spermatocyte yields four genetically unique spermatids.

e Regulation: Initiated by retinoic acid (RA), which induces expression of the STRAS gene,
essential for meiotic entry.
Spermatogenesis primordial — @
germ cell vl :

@

T spermatogonium @
mitotic division \ l\«
i primary '

spermatocyte\ #
®

meiotic division |

secondary y /\ .
spermatid o o @
cytoplasm | meiotic /\ /\

acrosome division Il @
\ spermatids—"

~ L

testis :
Sertoli cell

epididymis

seminiferous
tubules

spermatocyte
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| mature sperm
lumen
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3. Spermiogenesis (Spermatid Differentiation):
e Location: Adluminal compartment, progressing towards the tubule lumen.
e Process: A complex morphological transformation of round, non-motile spermatids into
streamlined spermatozoa, without further cell division. Key events include:

o Nuclear Condensation & Repackaging: Histones are replaced by smaller, positively
charged protamines, enabling extreme DNA compaction and inactivation of
transcription.

o Acrosome Formation: The Golgi apparatus forms a cap-like acrosome over the nucleus,
filled with hydrolytic enzymes (hyaluronidase, acrosin) for egg penetration.

o Flagellum Assembly: One centriole elongates to form the axoneme (9+2 microtubule
arrangement) of the tail. The motor protein dynein generates motility.

nZOm—~=-pXpdmRId
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o Mitochondrial Sheath Formation: Mitochondria spiral around the proximal part of the
flagellum (midpiece) to provide ATP.

o Cytoplasmic Shedding: Excess cytoplasm is extruded as a residual body, which is
phagocytosed by Sertoli cells.

e Cytoplasmic Bridges: Throughout meiosis and spermiogenesis, descendant cells remain
connected by intercellular bridges, allowing synchronous development and sharing of gene
products from the single X chromosome in XY cells.

Golgi apparatus

I‘ Mitochondria

Acrosome
(
ﬂ Nucleus
—

14}

Acrosomal
vesicle

I

@/'
Spermatid

nucleus

l : i
| \
Centrioles Z j
@I Microtubules | Midpiece Head
I

L LI

Flagellum — 1
Y excess ! f U

cytoplasm ~ Al m;%

Tail - .f'l.-

® @

4. Spermiation and Release:
Mature spermatozoa are released into the tubule lumen. They are still non-motile and undergo further
functional maturation in the epididymis (gaining motility and fertilizing capacity) and
final capacitation in the female reproductive tract.
Hormonal Regulation of Spermatogenesis
The Hypothalamic-Pituitary-Gonadal (HPG) Axis provides precise control:
e Hypothalamus: Secretes Gonadotropin-Releasing Hormone (GnRH) in pulses.
¢ Anterior Pituitary: GnRH stimulates release of:

o Follicle-Stimulating Hormone (FSH): Binds to Sertoli cells, stimulating production
of Androgen-Binding Protein (ABP) and other factors crucial for supporting meiosis
and spermiogenesis.

o Luteinizing Hormone (LH): Stimulates Leydig cells in the interstitium to
produce testosterone.

o Testosterone: High local concentration within the tubule (maintained by ABP) is absolutely
required for the completion of meiosis and spermiogenesis.

e Feedback: Testosterone inhibits GnRH and LH secretion. Inhibin, secreted by Sertoli cells,
provides negative feedback specifically on FSH release.
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Cell Type (Ploidy) Key Events Duration (Human)
Mitosis Spermatogonia (2n) — | Stem cell renewal, ~16 days
Primary Spermatocyte | differentiation.
(2n)
Meiosis 1 Primary Spermatocyte | Synapsis, crossing over, | ~24 days
(2n) — Secondary homologous
Spermatocyte (n) chromosome
separation.
Meiosis 11 Secondary Separation of sister A few hours
Spermatocyte (n) — chromatids.
Spermatid (n)
Spermiogenesis Spermatid (n) — Nuclear condensation, | ~24 days
Spermatozoon (n) acrosome & flagellum
formation, cytoplasmic
loss.
Total ~74 days from
spermatogonia to
released sperm.
OOGENESIS

Oogenesis is the discontinuous, yield-conserving production of large, nutrient-rich oocytes within
the ovarian follicles. It begins in the fetal stage, involves prolonged meiotic arrests, and is completed

only upon fertilization.
Stages of Oogenesis

1. Fetal Development (Mitotic Proliferation & Meiotic Arrest):
e Process: In the fetal ovary, PGCs divide mitotically to form eogonia (2n). These enter meiosis |
to become primary oocytes (2n) but arrest immediately at the diplotene stage of Prophase
I (also called dictyate arrest).
¢ Outcome: A female is born with her lifetime supply of ~1-2 million primary oocytes, each
encapsulated by a single layer of somatic pregranulosa cells to form a primordial follicle. No
oogonia remain postnatally.
2. Follicular Growth (Recruitment & Cytoplasmic Maturation):
e Process: From puberty to menopause, cohorts of primordial follicles are periodically "recruited"
to begin growth, stimulated by FSH. The primary oocyte undergoes enormous growth (e.g., a
100um frog oocyte grows to ~1mm), accumulating:

@)
@)

o

Yolk (Vitellogenin): Proteins and lipids for early embryonic nutrition.

Maternal mRNAs & tRNAs: Stored in a translationally repressed state for use after
fertilization.

Ribosomes: In massive numbers.
Morphogenetic Determinants: Proteins and mRNAs with asymmetric localization that
will pattern the future embryo.
Protective Components: Pigments, antioxidants, defensive chemicals.

¢ Folliculogenesis: The surrounding somatic cells proliferate to form granulosa cells. A fluid-
filled antrum forms, creating a secondary and then a Graafian (tertiary) follicle.

3. Resumption of Meiosis I and Ovulation:

e Process: Just before ovulation, the LH surge triggers the primary oocyte to resume and

complete Meiosis I. This division is highly asymmetric:

o
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One daughter cell receives almost all the cytoplasm — secondary oocyte (n, 2¢ DNA).
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o The other receives minimal cytoplasm — first polar body (which may or may not divide
again).
e Ovulation: The Graafian follicle ruptures, releasing the secondary oocyte, which is arrested
at Metaphase of Meiosis II. It is surrounded by the zona pellucida (glycoprotein coat) and a
layer of granulosa cells (corona radiata).

primary ovum . _———> primary follicle — developing follicles
Secondaﬁ
blood ovum
/ \

vessels primordial
follicle

mature
(Graafian)

follicle
corpus
albicans
ruptured
\ follicle
corpus
luteum

liberated

early corpus B

‘- luteum

4. Completion of Meiosis II (Triggered by Fertilization):

e Process: The secondary oocyte completes Meiosis II only upon fertilization by a sperm.
Sperm penetration triggers a calcium signal that inactivates Cytostatic Factor (CSF), allowing
the cell cycle to proceed.

e Outcome: Another asymmetric division produces:

o The large, mature ovum (n, 1¢ DNA).
o Atiny second polar body.
e The first polar body may also divide, resulting in a total of three polar bodies that degenerate.
Hormonal Regulation of Oogenesis

e Follicular Phase: FSH stimulates follicle growth and estradiol production. Rising estradiol
thickens the endometrium and, at a critical threshold, triggers the positive feedback LH surge.

e Ovulation: The LH surge induces final oocyte maturation, resumption of Meiosis I, and follicle
rupture.

e Luteal Phase: The ruptured follicle becomes the corpus luteum, secreting progesterone to
prepare the endometrium. If no pregnancy, the corpus luteum regresses, hormone levels fall, and
menstruation occurs.

Modern Insight: The Ovarian Reserve

The long-held dogma of a fixed number of oocytes is being challenged. Evidence in mice, primates, and
humans suggests the presence of female germline stem cells in adult ovarian surface epithelium or
cortex, capable of generating new oocytes. This has significant implications for reproductive biology and
fertility preservation, though its physiological importance remains under investigation.
COMPARATIVE ANALYSIS: SPERMATOGENESIS vs. OOGENESIS
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Viajor Differences Between Spermatogenesis and Qogenesis
Feature Spermatogenesis Oogenesis

Site Seminiferous tubules of testes. Ovarian follicles.
Timing & Continuous process from puberty to Cyclic & Discontinuous. Begins n fetus,
.o arrested for decades, resumes cyclically from
Continuity old age.
puberty to menopause.
o . . Typically one secondary oocyte per
Release Millions per ejaculation.
menstrual cycle.
Meiotic L Extremely Unequal cytokinesis, conserving
Divisions Equal cytokinesis. cytoplasm in the functional gamete.

Product from 1

4 functional, motile spermatozoa.

1 functional ovum + 2-3 polar bodies (which

Germ Cell degenerate).
Two arrests: Prophase I (from fetal stage to
Arrests No prolonged meiotic arrest. pre-ovulation) and Metaphase II (from

ovulation to fertilization).

Gamete Size &

Extremely small, motile, streamlined

Very large (largest cell in body), non-motile,
packed with nutrients and developmental

Motility for delivery. s
Cvioplasmic Most cytoplasm eliminated; few Massive cytoplasm retained; many
CZL tzn ¢ mitochondria (paternally inherited mitochondria, ribosomes, stored mRNASs,
mtDNA is degraded post-fertilization). | yolk.
Stem Cell Spermatogonial stem cells Fixed pool of primary oocytes at birth
. (SSCs) maintained throughout life, (traditional view), though adult stem cells are
Population . . . . .
allowing continuous production. a subject of ongoing research.
Hormonal Luteinizing Hormone (LH) surge triggers
Trigger for Retinoic acid (RA) induces STRAS. resumption of Meiosis I; sperm-induced
Meiosis Ca* wave triggers completion of Meiosis II.
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Spermatogenesis  primordial germ cell in embryo Oogenesis s
Mitotic divisions l\ Primordial germ cell
P Mitotic divisions
Spermatogonial /
stem cell @ J _
Mitotic divisions p (@) —— 0ogonium
Spermatogonium @ / l Mitotic divisions
Mitotic divisi —
otic divisions l\ @ . oy
(present at birth), arrested
Primary spermatocyte - in prophase of meiosis |
Completion of meiosis I
M Meiosis I / First @ / 1 and:nutoimiosls I
Dola: ,-- Socondary oocyte,
K Secondary spermatocyte —— @ o %m&‘ metaphass of

Meiosis I1 /

\ l Ovulation, sperm entry
Earl ¢
sper%atld —m @'

cell differentiation 1 ~/

(Sertoli cells provide nutrients) l

; 'bomplollon of melosis 11
polar —
"U @ body /

= { @ ' Fertilized egg
Clinical and Biological Significance

e Male Infertility: Can result from defects at any spermatogenic stage
(e.g., azoospermia, oligospermia), hormonal imbalances, or genetic issues like Y-chromosome
microdeletions.

e Female Fertility & Maternal Age: The ovarian reserve declines with age. More critically, the
prolonged dictyate arrest makes oocytes susceptible to age-related damage, particularly to
the cohesin complexes that hold homologous chromosomes together. This is the primary reason
for the dramatic increase in aneuploidy (e.g., Trisomy 21/Down syndrome) with advanced
maternal age.

¢ Conservation of Resources: Oogenesis invests heavily in one gamete to support early
development, while spermatogenesis prioritizes quantity and motility to ensure fertilization
success. This anisogamy is a fundamental aspect of sexual reproduction.

o Epigenetic Reprogramming: Both processes involve extensive epigenetic remodeling (DNA
methylation, histone modification) that is crucial for genomic imprinting and normal embryonic
development. Errors here can lead to transgenerational epigenetic disorders.

FERTILIZATION

Fertilization is the fundamental biological process involving the fusion of two highly specialized haploid
gametes—the spermatozoon (male) and the oocyte/ovum (female)—to form a single diploid zygote.
This event accomplishes two primary, interconnected functions:
1. Sexual Reproduction: It combines genetic material from two parents, generating a genetically
unique individual and promoting genetic diversity within a population.
2. Activation of Development: It triggers the resumption of the arrested metabolism and cell cycle
of the mature oocyte, initiating the complex program of embryogenesis.
The process is a tightly coordinated sequence of molecular and cellular events designed to ensure species
specificity and prevent lethal polyspermy (entry of multiple sperm). Mechanisms vary between external
fertilizers (e.g., sea urchins, many fish) and internal fertilizers (e.g., mammals, birds), but core
principles are conserved.

N
)
=
o

o
‘
o
Q
c
A
=
o
3
)
3
a
U
o
<
0
o

o
3
o
3
=

nZO—~—-p» AP UMmMmAT

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091 Page 26 of 56



L MK PREPARATIONS) .-

~ L

nZOm—~=-pXpdmRId

ructural Preparation: The Specialized Gametes
A. The Spermatozoon: A Cell Designed for Delivery
The sperm is a minimalist, motile cell optimized for transporting the paternal genome to the egg.
Anatomy and Functional Compartments:
1. Head:

o Nucleus: Contains a tightly compacted, transcriptionally inactive haploid
genome. Protamines replace histones for extreme DNA condensation.

o Acrosome: A Golgi-derived, membrane-bound vesicle capping the nucleus. It contains a
cocktail of hydrolytic enzymes (e.g., hyaluronidase, acrosin, proteases) essential for
penetrating the egg's outer investments.

2. Midpiece (Neck):

o Packed with spirally arranged mitochondria that generate ATP via oxidative
phosphorylation to power flagellar motility.

o Contains the centriole(s) that will nucleate microtubules for pronuclear migration and
first cleavage spindle.

3. Tail (Flagellum):

o The propulsive apparatus with a canonical ""9+2" axoneme of microtubules.

o Motility is generated by the motor protein dynein, which hydrolyzes ATP to create
sliding forces between microtubule doublets.

Maturation Events Post-Testis:

e Epididymal Maturation: Sperm gain forward motility and fertilizing capacity.

e Capacitation (in mammals): A final maturation step occurring in the female reproductive tract.
It involves cholesterol efflux from the sperm plasma membrane, leading to increased membrane
fluidity, hyperactivated motility, and preparation for the acrosome reaction.

Acrosome  Plasma membrane
! Nucleus Mitochondria

\ J _ |\ Terminal disc Axial filament
'/ Centriole | \ / T
. v
‘ [ ] (%
L J | )

'8
Head Mid (connecting) piece Tail End piece

Peri-acrosomal space Sub-acrosomal space
Cell membrane

uclear envelope
Acrosome
outer acrosome

Nuclear vacuole membrane

‘%quatorial segment

Postfacrosomah‘
region

entriole

Redundant
nuclear

Centriole envelope

sheath

Buter dense fibe .
entral Pair

Axoneme
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B. The Oocyte/Ovum: A Cell Designed for Reception and Support
The egg is a large, metabolically quiescent cell packed with reserves for early development.
Cytoplasmic Stores (Deutoplasm):
e Nutrients: Yolk proteins (vitellogenin), lipids, and glycogen.
¢ Protein Synthesis Machinery: Ribosomes, tRNAs, and maternally-loaded mRNAs stored in a
translationally repressed state.
e Morphogenetic Determinants: Transcription factors and signaling molecules (e.g., bicoid
in Drosophila) often localized to specific regions to establish future body axes.
e Protective Substances: Antioxidants, DNA repair enzymes, antimicrobial compounds.
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Protective Membranes and Envelopes:
1. Plasma Membrane: Contains species-specific receptors for sperm binding.
2. Extracellular Coats:
o Vitelline Envelope: In many invertebrates (e.g., sea urchins).
o Zona Pellucida (ZP): A thick glycoprotein matrix in mammals (composed of ZP1, ZP2,
7P3, ZP4).
o Jelly Coat: An outer, non-cellular layer in many external fertilizers containing
chemoattractants.

3. Cortical Region: A gel-like layer just beneath the plasma membrane, rich in globular actin and
membrane-bound cortical granules. These granules contain enzymes and mucopolysaccharides
crucial for the slow block to polyspermy.

The Sequential Stages of Fertilization
Stage 1: Sperm Attraction and Activation (Chemotaxis)

e Purpose: To guide sperm toward the egg, increasing the probability of encounter.

e Mechanism: Eggs release species-specific chemoattractants, creating a chemical gradient.

o Examples:

o Sea Urchin: The egg jelly secretes small peptides like resact (in Arbacia). Resact binds
to receptor-guanylyl cyclases on the sperm flagellum, increasing intracellular cGMP,
opening CatSper calcium channels, and inducing directed, chemotactic motility.
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o Mammals: A multi-step guidance system:
1. Rheotaxis: Sperm swim against the flow of fluid in the oviduct.
2. Thermotaxis: Sperm are guided by a temperature gradient toward the warmer
ampullary-isthmic junction.
3. Chemotaxis: Capacitated sperm are attracted by factors
like progesterone secreted by the cumulus cells surrounding the oocyte.
Stage 2: The Acrosome Reaction
e Purpose: A triggered exocytosis that releases acrosomal enzymes and exposes proteins necessary
for binding to and penetrating the egg's outer layers.
e Induction:

o Sea Urchin: Sulfated polysaccharides (fucose sulfate) in the egg jelly bind to sperm
receptors, causing membrane depolarization and an influx of Ca®" and Na*, which triggers
the reaction.

o Mammals: Binding of sperm to the Zona Pellucida (ZP), specifically to glycoproteins
like ZP3 (in the classical model) or ZP2 (in newer models), induces the reaction.

e Events:

1. Fusion of the outer acrosomal membrane with the sperm plasma membrane.

2. Formation of hybrid vesicles and release of soluble enzymes to create a path.

3. In many species (e.g., sea urchin), polymerization of globular actin forms a finger-
like acrosomal process, which extends and presents bindin (or equivalent) for species-
specific adhesion.
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Stage 3: Species-Specific Binding
e Purpose: To ensure only conspecific sperm can fertilize the egg, a key mechanism
of reproductive isolation.
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e Mechanism: A molecular "lock-and-key" interaction between sperm surface proteins and
receptors on the egg coat.

o Sea Urchin: Bindin on the acrosomal process binds to bindin receptors (glycoprotein
complexes like EBR1) on the vitelline envelope.

o Mammals: Acrosome-reacted sperm bind to the ZP. Current evidence points to binding
of sperm proteins to a cleaved form of ZP2 as the primary interaction for maintaining
sperm binding post-acrosome reaction.

Stage 4: Sperm-Egg Membrane Fusion
e Purpose: To allow the sperm nucleus, centriole, and activating factors to enter the egg cytoplasm.
e Fusogenic Proteins: Specific proteins mediate the merger of the two plasma membranes.

o Mammals: The sperm protein IZUMOI1 (exposed post-acrosome reaction) interacts with
its egg receptor JUNO (FOLR4). This interaction recruits tetraspanin proteins
like CD9 and CD81 in the egg membrane, which facilitate membrane fusion.

Stage 5: Blocks to Polyspermy
Polyspermy is lethal, leading to aberrant ploidy, multipolar spindles, and developmental arrest. Successful
species employ sequential blocks.
1. Fast Block (Electrical):
e Mechanism: Sperm-egg fusion causes an immediate influx of Na* into the egg, changing the
membrane potential from negative (=-70 mV) to positive (=+20 mV).
This depolarization prevents the fusion of additional sperm.
e Occurrence: Well-documented in external fertilizers with fast, synchronous fertilization (sea
urchins, frogs).
¢ Duration: Transient (=1 minute), serving as a rapid but temporary barrier until the slow block is
established.
2. Slow Block (Cortical Granule Reaction):
e Mechanism: A permanent, physical/chemical barrier.

o Sperm fusion triggers a wave of calcium ions (Ca*") released from the egg's endoplasmic
reticulum (via IPs receptor channels).

o The Ca?" wave causes cortical granules to fuse with the egg plasma membrane and
exocytose their contents into the perivitelline space.

e Consequences:

o Sea Urchin: Enzymes clip sperm receptors (e.g., bindin receptors), mucopolysaccharides
cause osmotic swelling, and cross-linking enzymes harden the elevated vitelline envelope
into an impenetrable fertilization envelope.

o Mammals: Cortical granule enzymes (e.g., ovastacin, a zinc metalloprotease)
cleave ZP2, making it unable to bind sperm. The JUNO receptor is also shed from the
egg Tnembrane. This is the primary block in mammals.
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Stage 6: Activation of Egg Metabolism
The sperm-induced Ca?* signal is the master trigger for reactivating the dormant egg.
¢ Completion of Meiosis: In mammals, Ca?* oscillations inactivate MAP kinase and Cyclostatic
Factor (CSF), allowing the secondary oocyte to complete Meiosis I1, form the female
pronucleus, and extrude the second polar body.
¢ Resumption of Cell Cycle: Ca*" activates calmodulin-dependent kinase II (CaMKII), which
leads to the degradation of cyclin B and other inhibitors, allowing the cell cycle to progress from
its Metaphase II arrest.
e Cortical Granule Exocytosis: As described above.
e Metabolic Activation: Increased cytoplasmic pH and calcium activate translation, leading to
a burst of protein synthesis from stored maternal mRNAs (e.g., for cyclins, histones). DNA
replication is initiated.
Post-Fusion Events: Formation of the Zygote
1. Sperm Nuclear Decondensation and Pronuclear Formation
e The tightly packaged sperm chromatin is unwound. In mammals, protamines are actively
removed and replaced by histones from the egg cytoplasm.
e The remodeled sperm nucleus swells to form the male pronucleus.
2. Pronuclear Migration and Syngamy
e The sperm-derived centriole nucleates microtubules, forming a sperm aster that radiates
through the egg cytoplasm.
e The female pronucleus is captured by these microtubules, and the two pronuclei migrate toward
each other, meeting near the cell center.
¢ Syngamy (genome union):
o Sea Urchin/Frog: Pronuclear membranes fuse to create a single diploid zygote nucleus.
o Mammals: Pronuclear membranes dissolve without full fusion. The parental
chromosomes align on a common mitotic spindle derived from the sperm centriole. A
true diploid nucleus is first seen after the first cleavage division.
3. Cytoskeletal and Organelle Inheritance
e Centrosome: Typically paternally inherited (from the sperm centriole) in most animals,
establishing the mitotic poles for cleavage.
e Mitochondria: Exclusively maternal inheritance. Paternal mitochondria are actively tagged
with ubiquitin and degraded by the egg's autophagy machinery shortly after fertilization.

Comparison of Fertilization Events in Sea Urchins vs. Mammals
Event Sea Urchin (External Mammal (Internal Fertilizer)
Fertilizer)
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Sperm Maturation Mature upon spawning; Requires capacitation in female tract
activated by seawater pH. (membrane remodeling, protein
phosphorylation).
Egg at Fertilization Meiosis complete; haploid Arrested at Metaphase II; meiosis
female pronucleus present. completed after sperm entry.
Chemoattraction Strong, using peptides Modest; involves thermotaxis, rheotaxis,
like resact/speract. chemotaxis (e.g., progesterone).
Acrosome Reaction Triggered by egg jelly at a Occurs on the surface of the zona pellucida.
Site distance from the egg.
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Primary Sperm-

Bindin on sperm binds to

Acrosome-reacted sperm bind to ZP2 on

Binding Protein receptors on vitelline envelope. | zona pellucida.

Fast Block Yes. Na*-dependent membrane | Likely absent or minor. Slow block is
depolarization. primary.

Slow Block Cortical granule exocytosis Cortical granules modify the zona

Mechanism forms a fertilization envelope. | pellucida (ZP2 clipping).

Source of Activating
C32+

Released from egg ER via IPs
produced by egg PLCy.

Released from egg ER via IPs produced
by sperm-derived PLCC.

Pronuclear Behavior

Pronuclei migrate and fuse

Pronuclei remain separate; chromosomes

before first mitosis. align on common spindle.

Centrosome Derived from sperm centriole. | Derived from sperm centriole (in most).
Inheritance

Mitochondrial Exclusively maternal. Exclusively maternal.

Inheritance

Clinical and Applied Significance

e Infertility: Defects in any step (sperm motility, acrosome reaction, sperm-egg binding, fusion,
egg activation) can cause infertility. Understanding these steps underpins Assisted Reproductive
Technologies (ART) like ICSI.

e Contraception: Targeting key steps (e.g., sperm capacitation, acrosome reaction, zona pellucida
binding) is a strategy for developing non-hormonal contraceptives.

e Prevention of Polyspermy: In IVF, ensuring monospermic fertilization is critical. Techniques
like intracytoplasmic sperm injection (ICSI) bypass all natural barriers but must be performed
with precision.

e Pronuclear Transfer: For preventing mitochondrial diseases, techniques involve transferring the
pronuclei from a fertilized egg with defective mitochondria into an enucleated donor egg with
healthy mitochondria.

Pregnancy and Human Development

Fertilization

Fertilization is the process by which a sperm fuses with an oocyte (secondary oocyte) to form a zygote.
This typically occurs in the ampulla of the oviduct (fallopian tube), the widest section near the ovary.
Key Steps in Fertilization:

1. Sperm Capacitation: Sperm undergo final maturation within the female reproductive tract,
gaining the ability to fertilize the egg.

2. Acrosomal Reaction: Upon contact with the zona pellucida (glycoprotein layer surrounding the
oocyte), the sperm's acrosome releases hydrolytic enzymes (hyaluronidase, acrosin) that digest
the zona pellucida.

3. Sperm Penetration: A single sperm penetrates the zona pellucida and fuses with the oocyte's
plasma membrane.
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4. Cortical Reaction: Fusion triggers the cortical reaction — cortical granules in the oocyte
cytoplasm release enzymes that modify the zona pellucida, making it impenetrable to other
sperm. This blocks polyspermy (fertilization by multiple sperm).

5. Completion of Meiosis II: The sperm entry activates the oocyte to complete meiosis II, forming
the mature ovum and a second polar body.

6. Pronuclei Formation: The sperm nucleus swells to form the male pronucleus; the ovum
nucleus becomes the female pronucleus.

7. Syngamy: The pronuclei fuse, combining their chromosomes to form a diploid zygote.

Cleavage

Cleavage is a series of rapid mitotic divisions of the zygote without overall growth. The cells produced
are called blastomeres.

Stages:

e Day 1-3: Zygote divides into 2, then 4, then 8 cells, forming a morula (solid ball of 16+ cells) by
day 4.

e Day 4-5: The morula develops into a blastocyst as it enters the uterus. The blastocyst has:

o Trophoblast: Outer cell layer that will form the placenta and extra-embryonic
membranes.
o Inner Cell Mass (Embryoblast): Cluster of cells that will develop into the embryo.
o Blastocoel: Fluid-filled cavity.
Implantation
Implantation is the attachment and embedding of the blastocyst into the endometrium (uterine lining),
occurring approximately 67 days after fertilization.
Process:

1. Hatching: The blastocyst "hatches" from the zona pellucida.

2. Attachment: The trophoblast adheres to the endometrium.

3. Invasion: Trophoblast cells proliferate and invade the endometrium, forming two layers:

o Cytotrophoblast (inner cellular layer).
o Syncytiotrophoblast (outer multinucleated layer that erodes maternal tissues to establish
nutrient exchange).

4. Decidual Reaction: The endometrium undergoes changes (increased vascularity, edema) to form
the decidua, which supports implantation.

By day 7-10, the blastocyst is fully embedded. The inner cell mass differentiates into the bilaminar
germ disc (epiblast and hypoblast), the precursor to the embryo.

Placenta Formation and Function

Placental Structure

The placenta is a temporary organ formed from both fetal and maternal tissues.

Fetal Components:

e Chorionic villi: Finger-like projections of the chorion (derived from trophoblast) containing
fetal capillaries.

¢ Chorionic plate: Fetal side of the placenta.

e Umbilical cord: Connects fetus to placenta; contains two umbilical arteries (carry
deoxygenated blood from fetus) and one umbilical vein (carries oxygenated blood to fetus).

Maternal Components:

e Decidua basalis: The portion of the endometrium underlying the implantation site.

e Maternal blood pools (lacunae): Spaces where maternal blood bathes the chorionic villi.
Important: Maternal and fetal blood do not mix; exchange occurs across the placental
barrier (syncytiotrophoblast, connective tissue, and fetal capillary endothelium).
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HUMAN IMPLANTATION AND DECIDUALIZATION Pinopodes o Macrophages
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Placental Functions
A. Exchange & Transport:
e Passive Diffusion: Oxygen, carbon dioxide, water, electrolytes.
Facilitated Diffusion: Glucose (via GLUTI transporters).
Active Transport: Amino acids, ions (e.g., Ca*’, Fe*").
Pinocytosis: Maternal antibodies (IgG) for passive immunity.
e Waste Removal: Urea, creatinine, bilirubin transferred to maternal blood.
B. Endocrine Secretion:
¢ hCG (Human Chorionic Gonadotropin): Produced by syncytiotrophoblast; maintains
the corpus luteum for progesterone secretion until the placenta takes over (~week 8—10). Basis
for pregnancy tests.
e Progesterone: Maintains endometrium, suppresses uterine contractions, prevents menstruation,
prepares mammary glands.
e Estrogens (primarily estriol): Stimulate uterine growth, increase blood flow, promote breast
duct development.
e hPL (Human Placental Lactogen): Modulates maternal metabolism to ensure fetal nutrient
supply; has growth hormone-like and lactogenic effects.
¢ Relaxin: Softens cervix and relaxes pelvic ligaments for parturition.
Developmental Timeline (Gestation ~40 weeks)
Gestation is calculated as 40 weeks from the last menstrual period (LMP) or 38 weeks from
fertilization.
First Trimester (Weeks 1-12)
e Week 1-2: Fertilization, cleavage, implantation.
e  Week 3: Gastrulation — formation of three germ layers: ectoderm, mesoderm, endoderm.
o Week 4-8: Organogenesis — major organs form from germ layers.
o Ectoderm: Nervous system, epidermis, sensory organs.
o Mesoderm: Muscles, bones, circulatory system, kidneys.
o Endoderm: Lining of digestive and respiratory tracts, glands.
e Week 8: Embryo becomes a fetus; all major organs are present in rudimentary form.
e Vulnerability: This period is highly sensitive to teratogens (alcohol, drugs, infections, radiation)
that can cause congenital malformations.
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Second Trimester (Weeks 13-26)
¢ Growth: Rapid increase in length; fetal movements felt by mother (quickening ~week 18-20).
o Differentiation: Sex distinguishable by ultrasound; hair, nails form.
e Organ Maturation: Bones ossify; urine production begins; surfactant production in lungs starts.
e Viability: By ~24 weeks, survival outside uterus may be possible with intensive care.
Third Trimester (Weeks 27—40)
¢ Final Growth: Fetus gains weight (~50% of birth weight in last 10 weeks).
e Maturation: Lungs complete surfactant production; nervous system develops (myelination); fat
deposits form for thermoregulation.
e Positioning: Fetus typically moves into cephalic presentation (head down) by week 36.
e Immunity: Maternal antibodies (IgG) are actively transported to fetus, providing passive
immunity for the first few months after birth.
Parturition (Birth)
Parturition is the process of childbirth, typically occurring ~40 weeks after LMP. It is initiated by a
hormonal cascade.
Hormonal Triggers:
1. Fetal Cortisol: Rising levels from the fetal adrenal cortex stimulate the placenta to convert
progesterone to estrogens.
2. Estrogen Surge: Increases expression of oxytocin receptors on uterine myometrium and
promotes formation of prostaglandins (PGE:, PGF:q) that stimulate contractions.
3. Progesterone Withdrawal: The relative decrease in progesterone (compared to estrogen)
removes its quieting effect on the uterus.
4. Oxytocin Release: From the maternal posterior pituitary; stimulated by cervical stretching
(Ferguson reflex) and positive feedback.
Stages of Labor:
Stage 1 — Dilation:
e Cervix effaces (thins) and dilates (opens) to ~10 cm.
e Can last 6-12 hours (longer in first pregnancies).
e Regular contractions increase in frequency and intensity.
Stage 2 — Expulsion:
e From full dilation to delivery of the baby.
e  Mother bears down with contractions.
o Typically lasts up to a few hours.
Stage 3 — Placental Delivery:
e Uterine contractions detach and expel the placenta and membranes ("afterbirth") within 30
minutes.
e Important to ensure complete expulsion to prevent hemorrhage.
Positive Feedback Mechanism:
Contractions — Cervical stretching — Oxytocin release — Stronger contractions — More stretching —
Continued until delivery.
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Onset of labour Flexion Internal rotation of head

Extension External rotation of head Uterus immediately after birth
uterus placenta separating
: from uterine wall

umbilical

Lactation
Mammary Gland Preparation:
e During pregnancy, estrogen and progesterone stimulate duct and alveolar growth.
e Prolactin levels rise but milk production is inhibited by high progesterone.
Postpartum Lactation:
e After delivery, progesterone drops, allowing prolactin to initiate lactogenesis (milk production).
e Colostrum is produced first (days 1-3): yellowish fluid rich in antibodies (IgA), proteins, and
vitamins, but lower in fat and lactose. Provides passive immunity and laxative effect to clear
meconium.
e Mature milk appears by ~day 4: higher in lactose and fat.
Milk Ejection Reflex (Let-down):
e Stimulated by oxytocin released in response to suckling (neuroendocrine reflex).
e Oxytocin causes myoepithelial cells around alveoli to contract, ejecting milk into ducts.
Maintenance of Lactation:
¢ Suckling stimulates prolactin secretion (maintains milk production) and oxytocin release
(ejection).
¢ Emotional stress can inhibit oxytocin release, hindering milk let-down.
Benefits of Breastfeeding:
e Infant: Optimal nutrition, immune protection, bonding, reduced risk of allergies, infections, and
chronic diseases.
e Mother: Promotes uterine involution, delays ovulation (natural contraception), reduces risk of
breast/ovarian cancer, and enhances bonding.
EXTRAEMBRYONIC MEMBRANES IN TERRESTRIAL VERTEBRATES
These membranes support embryonic development on land by providing protection, nutrition, gas
exchange, and waste storage. They are derived from the germ layers but are not part of the embryo
proper.

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 Page 36 of 56

MK PREPARATIONS} . .

N
)
=
o

o
1
o
Q
c
A
=
o
3
)
3
a
U
o
<
0
o

o
3
o
3
=




nZOm—~=-pXpdmRId

Germ

Primary Function in
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(lined with endoderm)

Amniotic cavity
containing
amniotic fluid

Amnion

Endometrium /

Membrane La.yefr Birds/Reptiles Function in Mammals
Origin
Chorion Ectoderm & | Outermost membrane; Contributes to the placenta; involved in gas
Mesoderm | major site of gas exchange | and nutrient exchange with maternal blood.
with the environment.
Amnion Ectoderm & | Encloses embryo Same essential
Mesoderm | in amniotic fluid; prevents | functions. Amniocentesis samples this fluid
desiccation, cushions for prenatal diagnosis.
against shock.
Allantois Endoderm Stores nitrogenous wastes; | Small; its blood vessels contribute to
M & its blood vessels become umbilical circulation. Waste is handled by the
Mesoderm | part of the chorionic placenta.
K circulation for gas
exchange.
Yolk Sac Endoderm Encloses and digests yolk, | Vestigial in placental mammals (little yolk),
& making nutrients available | but an important early site of blood cell
Mesoderm | to the embryo. formation.
Yolk sac Maternal

blood pool

Chorion (derived
from blastocyst
cavity membrane)

Allantois

Endoderm layer

Mesoderm layer

becomes: becomes: becomes:
1) Digestive system 1) Circulatory system 1) Hair
2) Liver 2) Lungs (epithelial layers) 2) Nails
3) Pancreas 3) Skeletal system 3) Skin

Ectoderm layer

N
)
=
o

o
1
o
Q
c
A
=
o
3
)
3
a
U
o
<
0
o

o
3
o
3
=

4) Lungs (inner layers) 4) Muscular system 4) Nervous system
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ammalian Placenta and Development
Placental mammals retain the extraembryonic membranes but modify their functions for internal
development.
o Implantation: The blastocyst implants into the uterine endometrium. The trophoblast forms the
chorion and chorionic villi, which interdigitate with maternal tissue to form the placenta.
e Placental Function: Facilitates nutrient/waste exchange and gas exchange. It evades maternal
immune rejection via specialized proteins.
¢ Developmental Periods:
o Germinal Period (First 2 weeks): Cleavage, implantation, resistant to teratogens.
o Embryonic Period (Weeks 3-8): Organogenesis; highly sensitive to teratogens.
o Fetal Period (Week 9 to birth): Growth and continued differentiation.
Organogenesis: Derivatives of Germ Layers
All adult structures derive from one of the three embryonic germ layers.

Major Derivatives of the Primary Germ Layers in Vertebrates
Ectoderm Mesoderm Endoderm

~ L

* Epidermis, hair, nails, skin glands * Notochord * Epithelial lining of digestive
* Lining of mouth, enamel of teeth * Dermis of skin tract and respiratory tract
* Lens & cornea of eye, inner ear * All muscle (skeletal, * Parenchyma
* Neural Tube: Brain, spinal cord, cardiac, smooth) of liver and pancreas
motor nerves * Bone & cartilage » Pharyngeal pouches — tonsils,
* Neural Crest: Sensory nerves, (except neurocranium) thymus, parathyroid, thyroid glands
adrenal medulla, melanocytes, * Circulatory system * Lining of urethra, urinary bladder
craniofacial cartilage/bone, dentine (heart, blood vessels,
blood cells)
» Kidneys, gonads,
reproductive ducts
* Lining of body cavities
(peritoneum)

Reproductive Health and Technologies
Disorders and Infertility
o Infertility Causes:
o Male: Azoospermia, oligospermia, duct blockages.
o Female: Anovulation, blocked oviducts (e.g., from Pelvic Inflammatory Disease, PID),
endometriosis, uterine fibroids.
¢ Endocrine Disrupting Contaminants (EDCs): Chemicals interfering with hormone action.
Assisted Reproductive Technology (ART)
e In Vitro Fertilization (IVF): Eggs fertilized in lab, embryos transferred to uterus.
¢ Intracytoplasmic Sperm Injection (ICSI): Single sperm injected into oocyte.
e Gamete Intrafallopian Transfer (GIFT): Gametes transferred into oviduct.
Sexually Transmitted Diseases (STDs)
Infections transmitted through sexual contact.
Disease Causative Agent

N
)
=
o

o
‘
o
Q
c
A
=
o
3
)
3
a
U
o
<
0
o

o
3
o
3
=

nZO—~—-p» AP UMmMmAT

Gonorrhea Neisseria gonorrhoeae Can cause PID, infertility. Curable with antibiotics.
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Syphilis Treponema pallidum Progresses in stages; can cause severe long-term
damage. Curable with penicillin.
Genital Herpes Simplex Virus (HSV- | Recurrent outbreaks; no cure; antivirals manage
Herpes 2) symptoms.
HIV/AIDS Human Immunodeficiency Destroys Helper T-cells (CD4+). Managed
Virus (HIV) with Antiretroviral Therapy (ART); no cure.
HPV Human Papillomavirus High-risk strains cause cervical cancer. Vaccination
M available.
Contraception (Birth Control)
K
Condoms Barrier Block sperm entry. Moderate-High (also
prevents STIs).
Oral Hormonal Inhibit ovulation, thicken cervical Very High (with perfect
Contraceptives mucus. use).
1IUD Device/Hormonal | Spermicidal or hormonal effects to | Very High.
prevent implantation.
Sterilization Surgical Vasectomy or Tubal Permanent, Very High.
Ligation blocks gamete transport.
Emergency Hormonal Delays ovulation or disrupts Moderate.
Contraception implantation.
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Reproduction & Development: One Liner

¢ Developmental biology is the study of how organisms grow and develop from a single fertilized
egg into complex multicellular structures.

e It encompasses embryology (development from fertilization to birth) and post-embryonic
processes like metamorphosis, regeneration, and aging.

e A central question is how a single zygote with one genome can produce over 250 different
human cell types.

e Morphogenesis is the process by which cells organize into tissues and organs through
coordinated division, migration, shape change, and death.

e Development is precisely regulated to ensure organs and limbs grow to the correct size, shape,

and symmetry.

Germ cells (sperm and egg) are set aside early in development to pass genetic information to the

next generation.

e Some animals, like salamanders, can regenerate limbs, while mammals rely on stem cells for
more limited repair.

e Environmental factors like temperature can influence development, as seen in Temperature-
Dependent Sex Determination (TSD) in many reptiles.

e Evolutionary changes in developmental processes, such as alterations in gene regulation, lead to
new body forms (e.g., evolution of the one-toed horse).

e Historically, epigenesis (development from scratch) was opposed
to preformationism (preformed miniature homunculus); the modern synthesis combines genetic
instructions with epigenetic construction.

o The typical animal life cycle includes fertilization, cleavage, gastrulation, organogenesis, and
sometimes metamorphosis.

e Gastrulation forms the three primary germ layers: ectoderm, mesoderm, and endoderm.

¢ Von Baer's laws state that general embryonic features appear before specialized ones, and
embryos of different species diverge early and do not pass through adult stages of their ancestors.

e Cleavage patterns are influenced by yolk amount: holoblastic (complete) in eggs with little yolk
(e.g., mammals, sea urchins) and meroblastic (incomplete) in yolk-rich eggs (e.g., birds,
reptiles).

e Isolecithal eggs have sparse, even yolk and undergo equal holoblastic cleavage.

e Mesolectihal eggs have moderate yolk concentrated at the vegetal pole and undergo unequal
holoblastic cleavage (e.g., amphibians).

e Discoidal cleavage is a meroblastic pattern where cleavage is restricted to a small disc of
cytoplasm (e.g., birds, reptiles).

o Superficial cleavage is a meroblastic pattern where cleavage occurs in peripheral cytoplasm
surrounding a central yolk mass (e.g., most insects).

e Gastrulation movements include invagination, involution, ingression, delamination,
and epiboly.

e Cell behaviors during morphogenesis include changes in division, shape, migration, growth,
death (apoptosis), and adhesion/secretions.

o Fate mapping uses dyes, fluorescent markers, or genetic labels (e.g., GFP) to trace which
embryonic cells become which adult structures.

e Embryonic similarities between species indicate common ancestry, supporting evolutionary
embryology.

o Homologous structures (e.g., human arm, bird wing) share a common evolutionary origin,
while analogous structures (e.g., bird wing, insect wing) have similar functions but different
origins.
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¢ Evo-Devo (Evolutionary Developmental Biology) studies how changes in developmental genes
and processes drive evolutionary morphological change.

o Teratogens (e.g., alcohol, thalidomide, radiation) can cause birth defects during critical periods
of organogenesis.

e Understanding normal development is essential for diagnosing congenital disorders and
advancing regenerative medicine.

e Sexual reproduction combines genetic material from two parents via meiosis and fertilization,

increasing genetic diversity.

Primary sex determination refers to the development of gonads (testes or ovaries).

In mammals, primary sex determination is chromosomal: XX = female, XY = male.

The SRY gene on the Y chromosome triggers testis development by activating SOX9.

In the absence of SRY, the ovarian pathway is activated through actions of WNT4, RSPO1,

and FOXL.2.

e Secondary sex determination is the development of genitalia and secondary sexual
characteristics, driven by gonadal hormones.

e In males, testosterone and Anti-Miillerian Hormone (AMH) drive secondary sex
determination.

e In females, the default pathway occurs without testicular hormones; estrogen promotes female
reproductive tract development.

e Disorders of Sexual Development (DSD) include Androgen Insensitivity Syndrome
(AIS), So-Reductase Deficiency, and Congenital Adrenal Hyperplasia (CAH).

¢ In Drosophila, sex is determined by the X:A ratio (number of X chromosomes to sets of
autosomes), not by hormones, via a splicing cascade involving Sex-lethal (Sxl) and doublesex
(dsx).

e Some reptiles and fish use Environmental Sex Determination (ESD), where incubation
temperature determines sex.

e Common ESD patterns include: low temperature = males, high = females (Pattern Ia, turtles); the
opposite (Pattern Ib, some lizards); and extremes produce one sex, intermediate the other (Pattern
11, alligators).

e The molecular basis of ESD involves temperature-sensitive enzymes like aromatase (converts
androgens to estrogens) and expression of genes like DMRT1 and SOXO9.

¢ Gametogenesis is the process by which diploid Primordial Germ Cells (PGCs) undergo
meiosis and differentiation to form haploid gametes.

e PGCs are specified early in development and migrate to the gonadal ridges guided by chemotactic
signals like SDF1/CXCR4.

e Spermatogenesis occurs in the seminiferous tubules of the testes and is continuous from
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puberty.

¢ QOogenesis begins in the fetal ovary, involves long meiotic arrests, and is cyclic from puberty to
menopause.

¢ Spermatogenesis produces four functional spermatozoa from one germ cell through two meiotic
divisions.

e Oogenesis produces one functional ovum and two or three polar bodies from one germ cell
through highly unequal cytokinesis.

e Spermatogenesis has no prolonged meiotic arrest, while oogenesis has two arrests: at Prophase
I (from fetal stage to ovulation) and Metaphase II (from ovulation to fertilization).

¢ In spermatogenesis, stem cells (spermatogonial stem cells) are maintained throughout life.

e Traditionally, females are born with a fixed pool of primary oocytes, though the existence of adult
female germline stem cells is debated.
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e Spermiogenesis is the morphological transformation of round spermatids into streamlined
spermatozoa, involving nuclear condensation, acrosome formation, flagellum assembly, and
cytoplasmic loss.

e In oogenesis, the primary oocyte undergoes enormous cytoplasmic growth, accumulating yolk,
ribosomes, maternal mRNAs, and morphogenetic determinants.

e The LH surge triggers the resumption and completion of Meiosis I in the oocyte, leading to
ovulation of a secondary oocyte.

e Fertilization triggers the completion of Meiosis II in the oocyte via a sperm-induced calcium
signal.

e Meiosis generates genetic diversity through independent assortment of chromosomes

and crossing over between homologous chromosomes.

Maternal age increases the risk of aneuploidy (e.g., Down syndrome/Trisomy 21) due to age-

related degradation of cohesin proteins holding chromosomes together.

¢ Retinoic acid (RA) and the STRAS gene are crucial for initiating meiosis in spermatogenesis.

e Fertilization is the fusion of sperm and egg to form a diploid zygote, restoring diploidy and
initiating development.

e Sperm are small, motile cells with an acrosome containing digestive enzymes, a midpiece with

mitochondria, and a flagellum for movement.

e Eggs are large, non-motile cells storing nutrients, ribosomes, maternal mRNAs, and

morphogenetic factors, surrounded by protective coats like the zona pellucida (mammals) or

vitelline envelope.

e Capacitation is a final maturation step for mammalian sperm in the female reproductive tract,

involving membrane remodeling.

e Steps of fertilization include sperm attraction (chemotaxis/thermotaxis/rheotaxis), acrosome

reaction, species-specific binding, sperm-egg membrane fusion, and blocks to polyspermy.

o The fast block to polyspermy is a rapid electrical change (membrane depolarization) in some

species like sea urchins.

e The slow block to polyspermy is the cortical granule reaction, a physical/chemical

modification of the egg's envelopes (e.g., fertilization envelope, ZP2 clipping).

Sperm-egg fusion triggers a calcium wave (Ca* oscillations in mammals) that activates the egg,

resumes meiosis, and initiates embryonic cycles.

e In mammals, the sperm contributes PLCC (phospholipase C zeta) to trigger the calcium

oscillations.

e Pronuclei from the sperm and egg form and migrate toward each other; their genomes unite in a

process called syngamy.

e Polyspermy (entry of multiple sperm) is typically lethal and is prevented by fast and slow blocks.

e Gamete recognition proteins like bindin (sea urchin) and the Izumo1-Juno interaction

(mammals) evolve rapidly, contributing to reproductive isolation.

¢ Genomic imprinting means some genes are expressed only from the maternal or paternal allele,

with marks established during gametogenesis.

e Mitochondria are almost always inherited exclusively from the mother; paternal mitochondria

are degraded after fertilization.

e The sperm centriole is typically inherited and nucleates the first mitotic spindle.

e The male reproductive system produces sperm (spermatogenesis), secretes hormones
(testosterone), and delivers sperm.

e Testes are housed in the scrotum, which maintains a temperature 2—-3°C below core body
temperature for optimal spermatogenesis.

e Temperature regulation involves the cremasteric reflex and the pampiniform plexus, a
countercurrent heat exchanger.
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Seminiferous tubules are the site of sperm production, containing spermatogenic

cells and Sertoli cells.

Sertoli cells provide structural support, form the blood-testis barrier, nourish germ cells, and
secrete Androgen-Binding Protein (ABP) and inhibin.

Leydig cells, located in the interstitial tissue between tubules, produce testosterone in response
to LH.

Sperm travel from the testes through the epididymis (for maturation and storage), vas
deferens, ejaculatory duct, and urethra.

Accessory glands (seminal vesicles, prostate, bulbourethral glands) produce seminal fluid.
Seminal vesicles contribute ~60-70% of semen volume, providing fructose, prostaglandins, and
coagulating proteins.

The prostate gland contributes ~20-30% of semen volume, secreting a milky fluid containing
citrate, zinc, and Prostate-Specific Antigen (PSA) for semen liquefaction.

Bulbourethral glands produce a clear, alkaline pre-cjaculate that lubricates and neutralizes urine
residue.

Semen is a mixture of sperm and seminal plasma, typically 2-5 ml per ejaculate with 20-150
million sperm/ml.

Hormonal control involves the HPG axis: GnRH from hypothalamus — FSH & LH from
pituitary — FSH acts on Sertoli cells, LH acts on Leydig cells — testosterone and
spermatogenesis.

Testosterone promotes spermatogenesis, male secondary sex characteristics, libido, and anabolic
effects.

Negative feedback by testosterone (on GnRH/LH) and inhibin (from Sertoli cells on FSH)
regulates hormone levels.

The penis is the copulatory organ; erection is mediated by parasympathetic release of nitric
oxide (NO) causing vasodilation.

The female reproductive system produces ova (oogenesis), receives sperm, supports pregnancy,
and gives birth.

Ovaries contain follicles (each with an oocyte and surrounding somatic cells) and

produce estrogen and progesterone.

Follicle stages include primordial, primary, secondary (antral), and mature (Graafian)
follicle.

The oviducts (Fallopian tubes) are the site of fertilization; the ampulla is the most common site.

The uterus has three layers: perimetrium, myometrium (smooth muscle), and endometrium.
The endometrium has a superficial stratum functionalis (shed during menstruation) and a
deep stratum basalis (regenerative).

The menstrual cycle (~28 days) has coordinated ovarian and uterine phases.

Ovarian cycle phases: Follicular phase (days 1-13, follicle growth), Ovulation (~day

14), Luteal phase (days 15-28, corpus luteum activity).

Uterine cycle phases: Menstrual phase (days 1-5, shedding), Proliferative phase (days 6-14,
estrogen-driven rebuilding), Secretory phase (days 15-28, progesterone-driven secretion).
Oogenesis begins prenatally; primary oocytes arrest in Prophase I until puberty.

Each month, one secondary oocyte (arrested at Metaphase II) is ovulated after the LH surge.
Fertilization triggers completion of Meiosis II, producing one ovum and a second polar body.
The follicular phase is driven by FSH and rising estradiol; high estradiol triggers a positive
feedback LH surge.

The luteal phase is maintained by progesterone (and some estradiol) from the corpus luteum.
If no pregnancy occurs, the corpus luteum degenerates, causing a drop in hormones

and menstruation.

Menopause is the cessation of ovarian cycles due to follicular depletion (~age 45-55).
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e The vagina is a fibromuscular tube that receives semen and serves as the birth canal.

¢ The mammary glands are modified sweat glands that produce milk; prolactin stimulates milk
production, oxytocin stimulates milk ejection.

e After fertilization in the oviduct, the zygote undergoes cleavage to form a morula, then
a blastocyst.

e The blastocyst consists of an inner cell mass (becomes embryo) and trophoblast (becomes
placenta).

e Implantation into the endometrium occurs around day 7 after fertilization.

e The placenta forms from fetal chorionic villi and maternal decidua basalis, facilitating
nutrient/gas/waste exchange and hormone production.

e The placenta produces Human Chorionic Gonadotropin (hCG), which rescues the corpus
luteum early in pregnancy.

¢ Human prenatal development is divided into three trimesters.

e The first trimester (weeks 1-12) is the period of organogenesis and is highly susceptible
to teratogens.

e The second trimester (weeks 13-26) involves rapid growth and fetal movement.

e The third trimester (weeks 27-40) involves final maturation, especially of lungs and the nervous
system.

e Parturition (birth) is initiated by a hormonal cascade: fetal cortisol — placental estrogen —

increased oxytocin receptors — oxytocin release — uterine contractions in a positive feedback

loop.

Lactation: Prolactin stimulates milk production; oxytocin triggers the milk let-down reflex.

Colostrum is the first milk, rich in antibodies.

Infertility is the failure to conceive after 12 months of unprotected intercourse.

Male infertility causes include azoospermia (no sperm), oligospermia (low sperm count), duct

blockages, hormonal imbalances, and genetic issues.

¢ Female infertility causes include anovulation (e.g., PCOS), blocked oviducts (e.g., from
PID), endometriosis, and uterine fibroids.

e Assisted Reproductive Technology (ART) includes In Vitro Fertilization
(IVF), Intracytoplasmic Sperm Injection (ICSI), and Gamete Intrafallopian Transfer (GIFT).

e Miscarriage is spontaneous pregnancy loss, while abeortion is induced termination.

¢ Sexually Transmitted Diseases (STDs) include bacterial (gonorrhea, syphilis, chlamydia), viral
(HIV, herpes, HPV), and others.

e HIV attacks CD4+ T-cells, leading to AIDS; managed with Antiretroviral Therapy (ART).

e HPYV infection with high-risk strains can cause cervical cancer; vaccination is available.

e Contraception methods include barrier (condoms), hormonal (pills, implants), intrauterine
devices (IUDs), sterilization, and emergency contraception.

e Sterilization methods are vasectomy (cutting/blocking vas deferens) in males and tubal
ligation (cutting/blocking oviducts) in females.

¢ Prenatal diagnosis techniques include ultrasound, amniocentesis, Chorionic Villus Sampling
(CVS), and Non-Invasive Prenatal Testing (NIPT).

e Ethical issues surround abortion, genetic testing, embryo research, and ART.

¢ Asexual reproduction produces genetically identical offspring from a single parent without
gamete fusion.

e Modes include fission (binary/transverse), budding (external/internal), fragmentation,
and parthenogenesis.

o Parthenogenesis is development from an unfertilized egg, common in insects (e.g., bees for
drones), some fish, and reptiles.

e Advantages of asexual reproduction: rapid population growth, no mate needed, preserves
successful genotypes.
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e Disadvantages: low genetic diversity, vulnerability to environmental change and disease,
accumulation of deleterious mutations.

¢ Sexual reproduction involves meiosis, gamete formation, and fertilization, increasing genetic
diversity.

e External fertilization occurs in water (e.g., many fish, frogs, invertebrates); requires
synchronization and produces many gametes.

e Internal fertilization is common on land (e.g., reptiles, birds, mammals); requires copulatory
organs and produces fewer, protected gametes.

e Hermaphroditism (both sexes in one individual) can be simultaneous (e.g., earthworms)
or sequential (protandry: male first, then female; protogyny: female first, then male).

e Based on embryo nourishment and development, strategies are oviparity (egg-
laying), ovoviviparity (egg retained, yolk-nourished), and viviparity (live birth, maternally
nourished).

e Oviparity: Eggs laid externally; embryo nourished by yolk (e.g., most fish, amphibians, reptiles,
birds, monotremes).

e Ovoviviparity: Eggs retained inside female; embryo nourished by yolk; young born live (e.g.,
some sharks, snakes).

e Viviparity: Young develop within female; nourished directly by mother via a placenta (e.g., most

mammals, some sharks/reptiles).

e Reproductive cycles are often seasonal, controlled by hormones and environmental cues

(photoperiod, temperature).

e The "twofold cost of sex" (males don't produce offspring, only females do) is outweighed by

benefits of genetic diversity.

e Cleavage: Rapid mitotic divisions without growth, forming a multicellular blastula (with

a blastocoel cavity).

¢ Gastrulation: Cells rearrange to form a three-layered gastrula with ectoderm, mesoderm, and

endoderm.

Organogenesis: Germ layers differentiate into specific organs and tissues.

The blastopore fate differs: becomes the mouth in protostomes and the anus in deuterostomes.

Neurulation forms the neural tube from ectoderm, induced by the underlying notochord.

Neural crest cells are a migratory cell population from the dorsal neural tube that form diverse

structures (nerves, skull bones, pigment cells).

¢ Somites are blocks of mesoderm that form alongside the neural tube and give rise to vertebrae,

skeletal muscle, and dermis.

e Apoptosis (programmed cell death) sculpts structures by removing cells (e.g., between digits, in

neural development).

¢ Induction is the process by which one group of cells influences the development of adjacent cells

(e.g., Spemann organizer).

o Hox genes are highly conserved transcription factors that control body plan and segment identity

along the anterior-posterior axis.

e Limb development is guided by signaling centers: the Apical Ectodermal Ridge

(AER) secreting FGFs (controls proximal-distal axis) and the Zone of Polarizing Activity

(ZPA) secreting Sonic hedgehog (Shh) (controls anterior-posterior axis).

e Cell fate specification can be cytoplasmic/autonomous (via maternal
determinants), conditional (via cell-cell interactions), or syncytial (in a multinucleate cell).

¢ Evo-Devo studies how changes in developmental processes and gene regulation lead to
evolutionary morphological change.

e Conserved developmental genes like Hox (body patterning) and Pax-6 (eye development) are
used across animal phyla for similar functions.
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e Changes in the timing (heterochrony), location, or amount of gene expression can lead to major
evolutionary innovations.

e Vertebrate reproductive strategies are defined by fertilization site and embryonic
nourishment: oviparity, ovoviviparity, viviparity.

e The amniotic egg (with shell and extraembryonic membranes) was a key innovation for
reproduction on land in reptiles, birds, and monotremes.

e Extraembryonic membranes in the amniotic egg are the amnion, chorion, allantois, and yolk
sac.

¢ In placental mammals, these membranes are modified: the chorion forms the fetal part of the

placenta, the allantois contributes to umbilical circulation, and the yolk sac is an early site of

blood cell formation.

Early vertebrate embryos share a conserved pharyngula stage, with a notochord, dorsal neural

tube, pharyngeal pouches, and post-anal tail.

e Germ layer derivatives: Ectoderm — epidermis, nervous system; Mesoderm — muscles,

bones, circulatory system, kidneys; Endoderm — gut lining, liver, pancreas, lungs.
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Practice MCQs

1. What is the primary focus of
developmental biology?
A) Study of genetic mutations in adults

B) Study of how multicellular organisms grow

and develop from a zygote

C) Analysis of evolutionary relationships only

D) Examination of animal behavior
Answer: Study of how multicellular
organisms grow and develop from a zygote
2. The historical concept that a miniature,
fully formed organism pre-exists in the
gamete is called?

A) Epigenesis

B) Homunculus theory

C) Modern synthesis

D) Germ layer theory

Answer: Homunculus theory

3. Which of the following is the correct
sequence of early developmental stages in
animals?

A) Gastrulation, Cleavage, Fertilization,
Organogenesis

B) Fertilization, Cleavage, Gastrulation,
Organogenesis

C) Cleavage, Fertilization, Organogenesis,
Gastrulation

D) Organogenesis, Gastrulation, Cleavage,
Fertilization

Answer: Fertilization, Cleavage,
Gastrulation, Organogenesis

4. During gastrulation, which germ layer
gives rise to the nervous system and
epidermis?

A) Mesoderm

B) Endoderm

C) Ectoderm

D) Trophoblast

Answer: Ectoderm

5. Von Baer’s laws of embryology state that:

A) Embryos of higher animals pass through
adult stages of lower animals

B) General features appear before specialized
features

C) Embryonic development is identical across

all species

D) All embryos look the same at birth
Answer: General features appear before
specialized features

6. Cleavage pattern in mammals is typically:
A) Meroblastic and discoidal

B) Holoblastic and isolecithal

C) Superficial

D) Meroblastic and superficial

Answer: Holoblastic and isolecithal

7. Which gastrulation movement involves the
infolding of a cell sheet?

A) Involution

B) Ingression

C) Delamination

D) Invagination

Answer: Invagination

8. Programmed cell death that sculpts
structures like digits is known as:

A) Necrosis

B) Mitosis

C) Apoptosis

D) Metastasis

Answer: Apoptosis

9. A fate map is used to:

A) Determine the genetic sequence of an embryo
B) Trace which embryonic cells give rise to
which adult structures

C) Map the migration of birds

D) Identify teratogenic agents

Answer: Trace which embryonic cells give
rise to which adult structures

10. The study of how changes in
developmental genes drive evolution is called:
A) Teratology

B) Evo-Devo

C) Phylogenetics

D) Ontogeny

Answer: Evo-Devo

11. An external agent that causes birth defects
during critical periods is a:

A) Mutagen

B) Carcinogen

C) Teratogen

D) Pathogen

Answer: Teratogen

12. In mammals, primary sex determination
is triggered by which gene on the Y
chromosome?

A) SOX9

B) WNT4

C) SRY
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Answer: SRY

13. Which hormone causes the regression of
the Miillerian ducts in male fetal
development?

A) Testosterone

B) Estrogen

C) Anti-Miillerian Hormone

D) Follicle-Stimulating Hormone

Answer: Anti-Miillerian Hormone

14. Androgen Insensitivity Syndrome (AILS)
results from a mutation in the:

A) SRY gene

B) Androgen receptor gene

C) So-reductase enzyme

D) Aromatase enzyme

Answer: Androgen receptor gene

15. In Drosophila, sex determination is
primarily based on:

A) Presence of a Y chromosome

B) Temperature

C) The X:A ratio

D) Hormonal signals

Answer: The X:A ratio

16. Environmental Sex Determination (ESD)
where low temperature produces males and
high produces females is seen in:

A) Alligators

B) Some lizards

C) Turtles (Pattern Ia)

D) Birds

Answer: Turtles (Pattern Ia)

17. Primordial Germ Cells (PGCs) migrate to
the gonadal ridges guided by which
chemotactic signal?

A) SCF

B) SDF1/CXCR4

C) GDNF

D) Retinoic acid

Answer: SDF1/CXCR4

18. Spermatogenesis occurs in the:

A) Epididymis

B) Seminiferous tubules

C) Vas deferens

D) Prostate gland

Answer: Seminiferous tubules

19. The phase of spermatogenesis where
round spermatids transform into
spermatozoa is called:

A) Spermiogenesis

B) Meiosis |

C) Mitotic proliferation

D) Capacitation

Answer: Spermiogenesis

20. What triggers the initiation of meiosis in
spermatogenesis?

A) Luteinizing Hormone

B) Follicle-Stimulating Hormone

C) Retinoic acid

D) Testosterone

Answer: Retinoic acid

21. In oogenesis, the primary oocyte is
arrested at which stage until puberty?
A) Metaphase 11

B) Anaphase |

C) Prophase I (Dictyate arrest)

D) Telophase II

Answer: Prophase I (Dictyate arrest)

22. The LH surge directly triggers which
event in the ovarian cycle?

A) Follicle recruitment

B) Completion of Meiosis 11

C) Ovulation

D) Formation of the corpus luteum
Answer: Ovulation

23. How many functional ova are produced
from one primary oocyte after meiosis?
A) One

B) Two

C) Three

D) Four

Answer: One

24. The risk of aneuploidy (e.g., Down
syndrome) increases with maternal age
primarily due to degradation of:

A) Spindle fibers

B) Centromeres

C) Cohesin proteins

D) Telomeres

Answer: Cohesin proteins

25. The cap-like structure on the sperm head
containing digestive enzymes is the:

A) Flagellum

B) Acrosome

C) Midpiece

D) Nucleus

Answer: Acrosome

26. In mammals, the final maturation step for
sperm in the female tract is called:

A) Spermiogenesis
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B) Capacitation

C) Acrosome reaction

D) Spermiation

Answer: Capacitation

27. The fast block to polyspermy involves:
A) Cortical granule reaction

B) Zona pellucida hardening

C) Membrane depolarization

D) Sperm receptor clipping

Answer: Membrane depolarization

28. Which sperm-specific protein triggers
calcium oscillations in the mammalian egg?
A) Izumol

B) Juno

C) PLCC

D) Bindin

Answer: PLC{

29. The fusion of sperm and egg pronuclei is
known as:

A) Cleavage

B) Gastrulation

C) Syngamy

D) Implantation

Answer: Syngamy

30. Mitochondrial DNA inheritance in
humans is:

A) Paternal only

B) Maternal only

C) Both paternal and maternal

D) Random

Answer: Maternal only

31. The scrotum’s function is to maintain
testicular temperature:

A) Equal to core body temperature

B) 2-3°C above core body temperature

C) 2-3°C below core body temperature

D) At a variable temperature

Answer: 2-3°C below core body temperature
32. Which cells form the blood-testis barrier
and nourish developing germ cells?

A) Leydig cells

B) Spermatogonia

C) Sertoli cells

D) Theca cells

Answer: Sertoli cells

33. Testosterone is produced by which
testicular cells?

A) Sertoli cells

B) Spermatocytes

C) Leydig cells

D) Germ cells

Answer: Leydig cells

34. The primary energy source for sperm
motility in seminal fluid is:

A) Glucose

B) Fructose

C) Citrate

D) Lactate

Answer: Fructose

35. Which gland produces Prostate-Specific
Antigen (PSA) to liquefy semen?

A) Seminal vesicles

B) Bulbourethral glands

C) Prostate gland

D) Cowper’s glands

Answer: Prostate gland

36. Erection of the penis is primarily
mediated by the release of:

A) Adrenaline

B) Nitric oxide

C) Acetylcholine

D) Dopamine

Answer: Nitric oxide

37. In the HPG axis, GnRH is secreted by the:

A) Anterior pituitary

B) Hypothalamus

C) Testes

D) Adrenal gland

Answer: Hypothalamus

38. Inhibin, produced by Sertoli cells,
provides negative feedback specifically on:
A) LH

B) FSH

C) Testosterone

D) GnRH

Answer: FSH

39. The functional unit of the ovary
containing an oocyte and surrounding
somatic cells is the:

A) Corpus luteum

B) Follicle

C) Germinal epithelium

D) Antrum

Answer: Follicle

40. The glycoprotein layer between the oocyte
and granulosa cells is the:

A) Zona pellucida

B) Corona radiata

C) Theca interna
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D) Cumulus oophorus

Answer: Zona pellucida

41. Fertilization in humans typically occurs in
the:

A) Uterus

B) Vagina

C) Ampulla of the oviduct

D) Cervix

Answer: Ampulla of the oviduct

42. The layer of the uterus that is shed during
menstruation is the:

A) Myometrium

B) Perimetrium

C) Stratum basalis

D) Stratum functionalis

Answer: Stratum functionalis

43. Which hormone surge triggers ovulation?
A) FSH surge

B) Estradiol surge

C) LH surge

D) Progesterone surge

Answer: LH surge

44. During the menstrual cycle, the secretory
phase is driven by which hormone?

A) Estrogen

B) Progesterone

C) FSH

D) LH

Answer: Progesterone

45. The cessation of ovarian cycles around age
45-55 is called:

A) Menarche

B) Menopause

C) Ovulation

D) Parturition

Answer: Menopause

46. Milk production is stimulated by the
hormone:

A) Oxytocin

B) Prolactin

C) Progesterone

D) Estrogen

Answer: Prolactin

47. The hollow ball of cells formed after
cleavage is the:

A) Morula

B) Blastula

C) Gastrula

D) Zygote

Answer: Blastula

48. The embryonic structure that implants
into the uterine wall is the:

A) Zygote

B) Morula

C) Blastocyst

D) Trophoblast only

Answer: Blastocyst

49. The hormone produced by the embryo
that maintains the corpus luteum is:

A) LH

B) FSH

C) hCG

D) Progesterone

Answer: hCG

50. Organogenesis occurs primarily during
which trimester?

A) First trimester

B) Second trimester

C) Third trimester

D) Throughout pregnancy

Answer: First trimester

51. Parturition is initiated by a positive
feedback loop involving:

A) Estrogen and FSH

B) Oxytocin and uterine contractions

C) Progesterone and relaxin

D) Prolactin and oxytocin

Answer: Oxytocin and uterine contractions
52. Asexual reproduction that involves an
outgrowth from the parent is:

A) Fission

B) Budding

C) Fragmentation

D) Parthenogenesis

Answer: Budding

53. Development of an embryo from an
unfertilized egg is called:

A) Fission

B) Budding

C) Fragmentation

D) Parthenogenesis

Answer: Parthenogenesis

54. A disadvantage of asexual reproduction is:
A) Rapid population growth

B) Low genetic diversity

C) No need for a mate

D) Energy efficiency

Answer: Low genetic diversity

55. Internal fertilization is an adaptation
primarily for:
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A) Aquatic environments

B) Terrestrial environments

C) Asexual reproduction

D) Producing many gametes

Answer: Terrestrial environments

56. An individual that possesses both male
and female reproductive systems is a:

A) Gonochorist

B) Hermaphrodite

C) Parthenote

D) Zygote

Answer: Hermaphrodite

57. The reproductive strategy where eggs are
laid and embryos are nourished by yolk is:
A) Viviparity

B) Ovoviviparity

C) Oviparity

D) Placental

Answer: Oviparity

58. Which vertebrate group typically exhibits
external fertilization?

A) Birds

B) Mammals

C) Most amphibians

D) Reptiles

Answer: Most amphibians

59. The amniotic egg was a key evolutionary
adaptation for:

A) Aquatic life

B) Terrestrial reproduction

C) Internal fertilization only

D) Asexual reproduction

Answer: Terrestrial reproduction

60. Which extraembryonic membrane is
involved in waste storage in birds and
reptiles?

A) Amnion

B) Chorion

C) Allantois

D) Yolk sac

Answer: Allantois

61. In placental mammals, the fetal part of
the placenta is derived from the:

A) Amnion

B) Chorion

C) Allantois

D) Yolk sac

Answer: Chorion

62. During neurulation, the neural tube is
formed from which germ layer?

A) Ectoderm

B) Mesoderm

C) Endoderm

D) Trophoblast

Answer: Ectoderm

63. Somites are derived from which germ
layer and give rise to:

A) Ectoderm; nervous system

B) Mesoderm; vertebrae and skeletal muscle
C) Endoderm; gut lining

D) Mesoderm; dermis only

Answer: Mesoderm; vertebrae and skeletal
muscle

64. The process where one group of cells
influences the development of adjacent cells
is:

A) Apoptosis

B) Induction

C) Migration

D) Determination

Answer: Induction

65. Hox genes are important for regulating:
A) Cell division rate

B) Body plan and segment identity

C) Gamete formation

D) Hormone secretion

Answer: Body plan and segment identity
66. In limb development, the Apical
Ectodermal Ridge (AER) secretes which
signaling molecule?

A) Sonic hedgehog (Shh)

B) Wnt7a

C) Fibroblast Growth Factors (FGFs)

D) Bone Morphogenetic Proteins (BMPs)
Answer: Fibroblast Growth Factors (FGFs)
67. The zone in the limb bud that controls
anterior-posterior patterning is the:

A) Apical Ectodermal Ridge

B) Zone of Polarizing Activity

C) Progress Zone

D) Notochord

Answer: Zone of Polarizing Activity

68. Protostomes are characterized by:

A) Blastopore becomes the anus

B) Radial and indeterminate cleavage

C) Spiral and determinate cleavage

D) Coelom formed by enterocoely

Answer: Spiral and determinate cleavage
69. Male infertility characterized by the
absence of sperm in semen is:
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A) Oligospermia

B) Azoospermia

C) Asthenospermia

D) Teratospermia

Answer: Azoospermia

70. A common cause of female infertility due
to the absence of ovulation is:

A) Endometriosis

B) Pelvic Inflammatory Disease

C) Polycystic Ovary Syndrome

D) Uterine fibroids

Answer: Polycystic Ovary Syndrome

71. In Vitro Fertilization (IVF) involves:
A) Fertilization inside the fallopian tube

B) Fertilization in a laboratory dish

C) Injection of sperm directly into the uterus
D) Transfer of gametes into the uterus
Answer: Fertilization in a laboratory dish
72. The sexually transmitted infection caused
by Treponema pallidum is:

A) Gonorrhea

B) Syphilis

C) Genital herpes

D) Chlamydia

Answer: Syphilis

73. Which viral STD is linked to cervical
cancer and has an effective vaccine?

A) HIV

B) Herpes Simplex Virus

C) Human Papillomavirus

D) Hepatitis B

Answer: Human Papillomavirus

74. A barrier method of contraception that
also helps prevent STIs is the:

A) Oral contraceptive pill

B) Intrauterine device

C) Condom

D) Diaphragm

Answer: Condom

75. Surgical sterilization in females is called:
A) Vasectomy

B) Tubal ligation

C) Hysterectomy

D) Oophorectomy

Answer: Tubal ligation

76. The process by which a zygote undergoes
rapid mitotic divisions is called:

A) Gastrulation

B) Cleavage

C) Organogenesis

D) Neurulation

Answer: Cleavage

77. The primary germ layer that gives rise to
the lining of the digestive tract is:

A) Ectoderm

B) Mesoderm

C) Endoderm

D) Trophoblast

Answer: Endoderm

78. The notochord is derived from which
germ layer?

A) Ectoderm

B) Mesoderm

C) Endoderm

D) Mesenchyme

Answer: Mesoderm

79. Neural crest cells give rise to all EXCEPT:
A) Sensory nerves

B) Adrenal medulla

C) Epidermis

D) Craniofacial cartilage

Answer: Epidermis

80. The pharyngeal arches in terrestrial
vertebrate embryos are repurposed to form
the:

A) Lungs

B) Liver

C) Jaw and ear bones

D) Kidneys

Answer: Jaw and ear bones

81. Cell fate specification by unevenly
distributed maternal determinants is called:
A) Conditional specification

B) Syncytial specification

C) Autonomous specification

D) Inductive specification

Answer: Autonomous specification

82. Maternal effect genes like bicoid in
Drosophila establish the:

A) Dorsal-ventral axis

B) Anterior-posterior axis

C) Left-right axis

D) Segment boundaries

Answer: Anterior-posterior axis

83. The concept that embryos of different
species share a similar early stage is the:
A) Von Baer’s law

B) Biogenetic law

C) Phylotypic stage
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D) Homunculus theory

Answer: Phylotypic stage

84. Holoblastic cleavage that is unequal due
to moderate yolk is characteristic of:

A) Mammals

B) Birds

C) Amphibians

D) Insects

Answer: Amphibians

85. Epiboly is a gastrulation movement
involving:

A) Cell sheet infolding

B) Inward rolling of cells

C) Spreading of cells to enclose deeper layers
D) Splitting of a sheet into two

Answer: Spreading of cells to enclose deeper
layers

86. The synaptonemal complex facilitates:
A) Cytokinesis

B) Chromosome condensation

C) Crossing over during meiosis

D) Sperm-egg fusion

Answer: Crossing over during meiosis

87. In spermatogenesis, the cells that undergo
meiosis I are called:

A) Spermatogonia

B) Primary spermatocytes

C) Secondary spermatocytes

D) Spermatids

Answer: Primary spermatocytes

88. Spermatids are:

A) Diploid

B) Haploid

C) Tetraploid

D) Aneuploid

Answer: Haploid

89. The blood-testis barrier is formed by tight
junctions between:

A) Leydig cells

B) Spermatogonia

C) Sertoli cells

D) Endothelial cells

Answer: Sertoli cells

90. Androgen-Binding Protein (ABP) is
produced by Sertoli cells to:

A) Initiate meiosis

B) Maintain high local testosterone
concentration

C) Stimulate Leydig cells

D) Break down the blood-testis barrier

Answer: Maintain high local testosterone
concentration

91. The first polar body is formed during:
A) Oogenesis at the end of Meiosis I

B) Spermatogenesis during Meiosis 11

C) Oogenesis at fertilization

D) Cleavage of the zygote

Answer: Qogenesis at the end of Meiosis I
92. The corpus luteum secretes:

A) Estrogen only

B) Progesterone only

C) Both estrogen and progesterone

D) FSH and LH

Answer: Both estrogen and progesterone
93. If fertilization does not occur, the corpus
luteum degenerates into a:

A) Corpus albicans

B) New follicle

C) Graafian follicle

D) Theca interna

Answer: Corpus albicans

94. The proliferative phase of the uterine
cycle is driven by:

A) Progesterone

B) Estrogen

C) LH

D) FSH

Answer: Estrogen

95. Human Chorionic Gonadotropin (hCG) is
produced by the:

A) Corpus luteum

B) Anterior pituitary

C) Syncytiotrophoblast of the embryo

D) Maternal ovary

Answer: Syncytiotrophoblast of the embryo
96. The umbilical cord contains:

A) One artery and one vein

B) Two arteries and one vein

C) Two veins and one artery

D) Two arteries and two veins

Answer: Two arteries and one vein

97. Colostrum is characterized by being rich
in:

A) Fats

B) Carbohydrates

C) Antibodies

D) Red blood cells

Answer: Antibodies

98. Sequential hermaphroditism where an
individual is male first, then female is:
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A) Protogyny
B) Protandry

C) Simultaneous hermaphroditism

D) Gonochorism

Answer: Protandry

99. In birds, sex determination is:

A) XX female, XY male

B) ZZ male, ZW female

C) Temperature-dependent

D) Based on the X:A ratio

Answer: ZZ male, ZW female

100. The enzyme Sa-reductase converts
testosterone to:

A) Estradiol

B) Dihydrotestosterone (DHT)

C) Androstenedione

D) Progesterone

Answer: Dihydrotestosterone (DHT)

101. Congenital Adrenal Hyperplasia (CAH)
in XX individuals can lead to:

A) Female internal and external anatomy

B) Masculinized external genitalia

C) XY sex reversal

D) Absence of gonads

Answer: Masculinized external genitalia
102. The Drosophila sex determination gene
that acts as the master switch is:

A) Doublesex

B) Transformer

C) Sex-lethal

D) Sox9

Answer: Sex-lethal

103. In ESD Pattern II (e.g., alligators), what
sex is produced at intermediate
temperatures?

A) Male

B) Female

C) Both sexes

D) Hermaphrodite

Answer: Female

104. The primary function of the acrosome
reaction is to:

A) Provide energy for motility

B) Release enzymes to penetrate egg coats
C) Initiate DNA replication

D) Trigger meiosis in the egg

Answer: Release enzymes to penetrate egg
coats

105. The Izumol protein on sperm interacts
with which receptor on the egg?

A) ZP3

B) Juno

C) Bindin receptor

D) CXCR4

Answer: Juno

106. The slow block to polyspermy in
mammals involves modification of the:

A) Sperm plasma membrane

B) Zona pellucida

C) Egg cytoplasm

D) Cortical actin network

Answer: Zona pellucida

107. Pronuclear migration in the zygote is
guided by microtubules nucleated by the:
A) Maternal centrosome

B) Sperm centriole

C) Egg nucleus

D) Mitochondria

Answer: Sperm centriole

108. Genomic imprinting refers to:

A) Random mutation of genes

B) Parent-of-origin specific gene expression
C) Gene duplication during meiosis

D) Inactivation of all maternal genes
Answer: Parent-of-origin specific gene
expression

109. The pampiniform plexus helps regulate
testicular temperature by:

A) Producing testosterone

B) Acting as a countercurrent heat exchanger
C) Storing sperm

D) Secreting fluid

Answer: Acting as a countercurrent heat
exchanger

110. The cremaster muscle is involved in:
A) Sperm production

B) Moving the testes closer to or farther from
the body

C) Ejaculation

D) Secreting seminal fluid

Answer: Moving the testes closer to or farther
from the body

111. The vas deferens is cut or blocked during
a:

A) Tubal ligation

B) Vasectomy

C) Prostatectomy

D) Circumcision

Answer: Vasectomy
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2. The bulbourethral glands secrete:
A) A fructose-rich fluid
B) An alkaline mucus for lubrication
C) PSA for liquefaction
D) Testosterone
Answer: An alkaline mucus for lubrication
113. In the ovarian cycle, the dominant
follicle is selected during the:
A) Luteal phase
B) Follicular phase
C) Menstrual phase
D) Secretory phase
Answer: Follicular phase
114. The fimbriae of the oviduct function to:
A) Secrete hormones
B) Capture the ovulated oocyte
C) Implant the embryo
D) Produce cervical mucus
Answer: Capture the ovulated oocyte
115. The myometrium is the:
A) Outer serosal layer of the uterus
B) Muscular layer of the uterus
C) Inner lining shed during menstruation
D) Site of implantation
Answer: Muscular layer of the uterus
116. The labia majora are homologous to the
male:
A) Penis
B) Scrotum
C) Prostate gland
D) Vas deferens
Answer: Scrotum
117. The let-down reflex for milk ejection is
stimulated by:
A) Prolactin
B) Oxytocin
C) Estrogen
D) Progesterone
Answer: Oxytocin
118. The morula stage precedes the formation
of the:
A) Zygote
B) Blastocyst
C) Gastrula
D) Neural tube
Answer: Blastocyst
119. The trophoblast layer of the blastocyst
gives rise to the:
A) Embryo proper
B) Placenta

C) Yolk sac

D) Amnion

Answer: Placenta

120. The critical period for teratogen
susceptibility is highest during:

A) Fertilization

B) Cleavage

C) Organogenesis

D) Fetal growth

Answer: Organogenesis

121. Fetal cortisol plays a key role in
initiating:

A) Implantation

B) Organogenesis

C) Parturition

D) Lactation

Answer: Parturition

122. Asexual reproduction by splitting of the
body into two equal parts is:

A) Budding

B) Fission

C) Fragmentation

D) Parthenogenesis

Answer: Fission

123. Gemmules are involved in asexual
reproduction of some:

A) Insects

B) Sponges

C) Flatworms

D) Starfish

Answer: Sponges

124. An advantage of sexual reproduction is:
A) Rapid population growth

B) Preservation of genotypes

C) Generation of genetic diversity

D) Energy efficiency

Answer: Generation of genetic diversity
125. Spermatophores are used for sperm
transfer in some:

A) Mammals

B) Birds

C) Arthropods and cephalopods

D) Amphibians

Answer: Arthropods and cephalopods
126. Ovoviviparity is characterized by:
A) Eggs laid externally

B) Live birth with placental nourishment
C) Eggs retained, yolk-nourished, live birth
D) No yolk provision
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Answer: Eggs retained, yolk-nourished, live
birth

127. Amplexus is a mating behavior seen in:
A) Birds

B) Frogs

C) Mammals

D) Fish

Answer: Frogs

128. The chorioallantoic membrane in bird
eggs functions in:

A) Protection

B) Nutrition

C) Gas exchange

D) Waste storage

Answer: Gas exchange

129. In placental mammals, the yolk sac is an
early site for:

A) Gas exchange

B) Waste storage

C) Blood cell formation

D) Nutrient absorption from mother
Answer: Blood cell formation

130. The heart is derived from which germ
layer?

A) Ectoderm

B) Mesoderm

C) Endoderm

D) Neural crest

Answer: Mesoderm

131. The process of cells changing shape to
bend an epithelial sheet is crucial in:

A) Cleavage

B) Gastrulation

C) Neurulation

D) Apoptosis

Answer: Neurulation

132. The Spemann organizer is a classic
example of:

A) Autonomous specification

B) Induction

C) Apoptosis

D) Morphogen gradient

Answer: Induction

133. Homeotic genes code for:

A) Growth hormones

B) Transcription factors

C) Structural proteins

D) Receptors

Answer: Transcription factors

134. The T-box gene TbxS5 is important for
development of the:

A) Hindlimb

B) Forelimb

C) Heart

D) Brain

Answer: Forelimb

135. Deuterostomes are characterized by:
A) Spiral cleavage

B) Blastopore becomes the mouth

C) Radial cleavage

D) Schizocoely

Answer: Radial cleavage

136. Pelvic Inflammatory Disease (PID) is a
common cause of female infertility due to:
A) Anovulation

B) Blocked fallopian tubes

C) Uterine fibroids

D) Endometriosis

Answer: Blocked fallopian tubes

137. Intracytoplasmic Sperm Injection (ICSI)
involves:

A) Mixing sperm and egg in a dish

B) Placing sperm in the uterus

C) Injecting a single sperm into an oocyte

D) Transferring an embryo to the uterus
Answer: Injecting a single sperm into an
oocyte

138. The bacterial STD caused by Neisseria
gonorrhoeae is:

A) Syphilis

B) Gonorrhea

C) Chlamydia

D) Herpes

Answer: Gonorrhea

139. Antiretroviral Therapy (ART) is used to
manage:

A) HPV

B) HIV/AIDS

C) Herpes

D) Syphilis

Answer: HIV/AIDS

140. Emergency contraception primarily
works by:

A) Causing abortion of an implanted embryo
B) Preventing fertilization or ovulation

C) Killing sperm

D) Blocking implantation permanently
Answer: Preventing fertilization or ovulation
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PPSC, FPSC, SPSC, KPPSC, AJKPSC & BPSC
LECTIRER BIOLOGY & ZOOLOGY MOST REPEATED & PAST PAPERS MCQs

1. The amphibians and the represent the C) blastocyst

two major branches of the tetrapod lineage. D) morula

A) reptiles Answer: blastocoel

B) birds 9. The mammalian skull may be characterized as
C) tennospondyls .

D) amniotes \ ', A) anapsid

Answer: amniotes w  B) diapsid

2. Which of the following statements about hair is """ C) biaspid

true? D) synapsid

A) it is homologous to feathers M Answer: synapsid

B) it is a dermal structure 10. The first terrestrial tetrapods were probably

C) it is found in all mammals the.

D) it is possessed by all endotherms K A) rhipidistians
Answer: it is found in all mammals B) amniotes

3. The endoskeleton of the echinoderms is C) coelacanths
composed of. D) leptocephalans

A) keratin ossicles

B) calcareous ossicles

C) keratin spicules

D) calcareous spicules

Answer: calcareous ossicles

4. The first hormone that was isolated.
A) thyroxine

B) vasopressin

C) secretin

D) adrenaline

Answer: secretin

5. The ultimate source of organic variations is.
A) sexual reproduction

B) hormonal action

C) natural selection

D) mutation

Answer: mutation

6. The structure of molluscs that forms the shell
and houses the gills is the.

A) mantle

B) epidermis

C) gastrovascular cavity

D) odontophore

Answer: mantle

Answer: rhipidistians

11. Which of the following phyla of animals is
exclusively marine?

A) protozoa

B) porifera

C) echinodermata

D) mollusca

Answer: echinodermata

12. A normal green male Maize is crossed with
albino female. The progeny is albino because.
A) trait for albinism is dominant

B) the albinos have biochemical to destroy plastids
derived from green male

C) plastids are inherited from female parent

D) green plastids of male must have mutated
Answer: plastids are inherited from female parent
13. Sertoli cells are found in.

A) liver

B) seminiferous tubules

C) pancreas

D) gut

Answer: seminiferous tubules

14. The sum total of the populations of the same
kind of organisms constitute.

nZO—~—-p» XP»>vmR o

7. In an ecosystem, which one shows one way A) colony
passage? B) genus
A) nitrogen C) species
B) carbon D) community
C) potassium Answer: species
D) free energy 15. A molluscan shell is made of three layers
Answer: free energy @ arranged from the outside to the inside.
8. The central fluid filled cavity of the blastula is "W~ A) periostracum, prismatic layer, nacreous layer
known as. ereeanayons B) mantle layer, prismatic layer, periostracum
A) archenteron ‘ C) nacreous layer, periostracum, mantle layer
B) blastocoel D) none of these
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Answer: periostracum, prismatic layer, nacreous
layer

16. Which one of the following can achieve
protection and conservation of biodiversity?
A) eco-development

B) biosphere reserve

C) national park

D) game sanctuary

Answer: biosphere reserve

17. Lamarck's "Theory of Organic Evolution" is
based upon.

A) effect of environment

B) use and disuse of body parts

C) inheritance of acquired characters

D) all of these

Answer: all of these

18. Myxoedema in adults is caused due to.

A) hyperthyrodism

B) deficiency of thyroid hormone

C) overproduction of PTH

D) deficiency of PTH

Answer: deficiency of thyroid hormone

19. "The animals of colder countries have small
ears, short tail and limbs to avoid more loss of
heat" is the theme of.

A) Allen's law

B) Dollo's law

C) Gause's law

D) Cope's Law

Answer: Allen's law

20. Testosterone is secreted by.

A) sertoli cells

B) leydig cells

C) spermatoepte

D) histiocyte

Answer: leydig cells

21. Changing from a bilaterally symmetrical
larval form to a radially symmetrical adult
involves relocation of various parts. In this
process, the left side becomes the and the
right side becomes the

A) aboral surface, oral surface

B) anterior surface, posterior surface

C) dorsal surface, ventral surface

D) oral surface, aboral surface

Answer: oral surface, aboral surface

22. The class name Myxini, or the hagfishes, refers

to their.

A) lack of eyes

B) unique circulatory system
C) production of slime

D) parasitic lifestyle

Answer: production of slime

7
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23. The earliest therians (mammals) evolved in the

A) Permian

B) Triassic

C) Cretaceous

D) Cenozoic
Answer: Triassic
24. The development of limbs probably aided the

w! first amphibians in.

PREPARATIONS
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A) finding mates

B) swimming

C) moving between bodies of water

D) none of these

Answer: moving between bodies of water
25. Which of the following is odd one?
A) cockroach, spider, silver-fish

B) whale, bat, lizard

C) star-fish, sea-cucumber, sea-urchin
D) cray-fish, cuttle-fish hag-fish
Answer: cray-fish, cuttle-fish hag-fish
26. ABO blood group system is due to.
A) multifactor inheritance

B) incomplete dominance

C) multiple allelism

D) epistasis

Answer: multiple allelism

27. In human beings, the eggs are.

A) microlectthal

B) macrolectthal

C) mesolectthal

D) electihal

Answer: mesolectthal

28. Pyramid of numbers deal with number of.
A) species in area

B) sub-species in a community

C) individuals in a community

D) individuals in a trophic level
Answer: individuals in a trophic level
29. The morphogenetic movement change the
hollow spherical blastula into a/an.

A) embryonic disc

B) gastrula

C) morula

D) neurula

Answer: gastrula

30. The dominant second trophic level, in a lake
ecosystem, is.

A) benthos

B) plankton

C) zooplankton

D) phytoplankton

Answer: zooplankton
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D) Uracil

Answer: Thymine

172. Genetic dominance is associated with.
A) Personality dominance

B) Population distribution

C) Adaptive value

D) None of these

Answer: Population distribution

173. Amino acids are organic compounds
behaving like.

A) Acid

B) Base

C)Botha &b

D) None of these

Answer: Botha & b

174. XXY individual in Drosophila (fruit fly) is.
A) Male

B) Female

C) Sterile

D) All of these

Answer: Female

175. Linneous proposed the method of naming
organism.

A) Uninominal

B) Trinomial

C) Binomial

D) None of these

Answer: Binomial

176. Ontogeny represents the history of an
organismes.

A) Embryonic

B)Botha & ¢

C) Revolutionary

D) None of these

Answer: Embryonic

177. The white blood corpuscles of the cockroach
are called as.

A) Hemocyte

B) Haemoblast

C) Haematoclast

D) Leucocyte

Answer: Hemocyte

178. Nuclear membranes have a structure similar
to.

A) Cell membrane

B) Endoplasmic reticulum

C) Mitochondria

D) All of these

Answer: All of these

179. Trypsin protease secreted in.

A) Bile

B) Saliva

C) Gastric juice

V.

»
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D) Pancreatic juice

Answer: Pancreatic juice

180. Insects mouth Parts are serially homologous.
A) Claspers

B) Sting apparatus

C) Legs

D) None of these

Answer: Legs

181. At cytokinesis in plants a structure
phragmoplast is formed from vesicles which
originate from?

A) Lysosomes

B) Golgi complex

C) Centriole

D) Glyoxisomes

Answer: Golgi complex

182. Sickle cell anemia is the condition where
RBC:s deflate.

A) Under oxygen

B) Botha & ¢

C) Absence of Oxygen

D) None of these

Answer: Absence of Oxygen

183. Inherited and environmental factors
responsible for certain trait are termed as.
A) Epigenetics

B) Multifactorial

C) Monogenetic mutation

D) None of these

Answer: Epigenetics

184. DNA duplicate during.

A) Prophase

B) Metaphase

C) Telophase

D) Interphase

Answer: Interphase

185. The first living and respiring organisms on
earth were.

A) Aerobes

B) Anaerobes

C)Botha &b

D) None of these

Answer: Anaerobes

186. Zygote containing XY are female in.
A) Drosophila

B) In grasshopper

C) In moths

D) None of these

Answer: None of these

187. Significant flight muscles in birds is.

gnEPAnA:gus A) App endicular

B) Tensor
C) Pectoral
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C) Lecithin D) Macrophages

D) Thrombin Answer: Helper T cells

Answer: Thrombin 399. Which of the following human digestive
392. During the final stage of cell division, the enzymes is incorrectly matched to its substrate?
mitotic apparatus disappears, the chromosomes A) Pepsin - protein

become attenuated, the centrioles duplicate and B) Trypsin - starch

split, the nuclear membrane becomes C) Pancreatic amylase - starch

reconstituted and the nucleolus reappears. This @ D) Lipase -- fat

phase of cell division is known as. w! Answer: Trypsin - starch

A) Prophase FREPIATOYS 400. Humans cannot digest cellulose because.
B) Metaphase A) It does not contain sugars

C) Anaphase M B) It is made up of disaccharides

D) Telophase C) It is made up of monosaccharides

Answer: Telophase D) Humans lack the proper enzymes

393. Sickle cell anemia and Huntington's chorea K Answer: Humans lack the proper enzymes
are both. 401. Oxidation of fats and carbohydrates within a
A) Virus-related diseases cell would be an example of.

B) Bacteria-related diseases A) Anabolism

C) Congenital disorders B) Catabolism

D) None of the above C) Biosynthesis

Answer: Congenital disorders D) None of the above

394. Which of the following is NOT part of a Answer: Catabolism

neuron? 402. The ideal vector system would have following
A) Synapse characteristics.

B) Axon A) Non detectable by immune system

C) Nissl bodies B) Adequate carrying capacity

D) Dendrite C) Non inflammatory

Answer: Synapse D) All

395. Melatonin is produced by the. Answer: All

A) Skin 403. Hollow fat molecule in solution is called.
B) Pineal gland A) Polysome

C) Liver B) Polyester

D) Pituitary gland C) Lipids

D) Liposomes

Answer: Liposomes

404. Gene therapy can be used for.
A) Alzheimer's disease

Answer: Pineal gland

396. Which of the following statements is TRUE of
insulin? Is it.

A) Secreted by the pancreas

nZO—~—-p» XP»>vmR o

B) A protein B) Huntington's disease

C) Involved in the metabolism of glucose C) Parkinson's disease

D) All of the above D) All

Answer: All of the above Answer: All

397. Bacteriophage are. 405. Nonhuman Primates similarities with human.
A) Bacteria A) Genetic

B) Bacteria precursors B) Physiologic

C) Viruses C) Anatomic

D) Agents which cause the production of bacteria D) All of the above

Answer: Viruses Answer: All of the above

398. The AIDS viruses specifically attack which 406. Vaccinia virus is isolated from.
kind of cell? o A) Herpes Virus

A) B cells "=, B) Pox virus

B) Helper T cells pnzpmﬁus C) Adenovirus

C) Killer T cells ‘ D) None

Answer: Pox virus
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