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Chapter 1
Introduction To Animal Phyla

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 cukaryotic cells without rigid cell walls. Structural
support is provided by an extracellular matrix containing proteins like collagen.

o Heterotrophic Nutrition: Obligate heterotrophs that ingest and internally digest food.

e 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.

Feature Diploblastic Triploblastic
) Three: Ectoderm,
Germ Layers Two: Ectoderm & Endoderm Mesoderm & Endoderm
Intermediate Layer Non-cellular Mesoglea Cellular Mesoderm

Allows development of
complex organs and systems
(muscular, circulatory,
skeletal).

Complexity Limited tissue complexity.
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Examples

Cnidaria, Ctenophora

All Bilateria (Platyhelminthes

to Chordata)

3. Body Symmetry

Refers to the arrangement of body parts around a central axis.

Feature

Asymmetry

Radial Symmetry

Bilateral Symmetry

Body parts arranged Body divisible into
. around a central axis; mirror-image halves
Definition No plane of symmetry. multiple planes yield by only one sagittal
mirror images. plane.
Germ Layers - Primarily diploblastic. Triploblastic.

Body Surfaces

No distinct ends.

Oral (mouth) and aboral
surfaces.

Distinct anterior/post
erior, dorsal/ventral,
and left/right sides.

Mobility & Sensing

Sessile.

Often sessile or
floating; sensory
structures surround
body.

Associated with
directed movement
and cephalization (co
ncentration of sensory
organs/nervous tissue
at anterior end).

Examples

Most sponges
(Porifera).

Adult cnidarians, adult
echinoderms.

Platyhelminthes,
Annelida, Arthropoda,
Chordata.

Biradial symmetry (a variant of radial symmetry where only two planes yield mirror images) is found in

Ctenophora.

‘Spherical
Symmetry”

“HELIOZ0A”

4. Body Cavity (Coelom)

“Radial
Symmetry”

Planes of
=y symmetry

=
N

“Bilateral
Symmetry”

Dorsal side
——Plane of
symmetry
(Sagittal plane)

. Posterior
end

Anterior i \
end _\\“\ .
Sea Turtle
Ventral side
Star fish I‘
“STAR FISH” “SEA TURTLE”

A fluid-filled space between the gut (digestive tract) and the body wall.
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Asconoid Syconoid Leuconoid

B Choanocytes [|Mesohyl [ ] Pinacocytes [ Water flow

Skeleton
Provides support and defense.
e Spicules: Needle-like structures.
o Calcareous: Made of Calcium Carbonate (CaCOs). Found only in Class
Calcarea. Shapes: monoaxon, triaxon, tetraxon.
o Siliceous: Made of Hydrated Silicon Dioxide (SiO2). Found in Hexactinellida &

Demospongiae. Shapes: monoaxon, tetraxon, or complex (e.g., amphidiscs, hexasters).

e Spongin: Flexible, fibrous protein (a form of collagen). Found in Demospongiae (e.g., bath
sponges). May be sole skeleton or bind siliceous spicules.
Physiology
¢ Feeding & Digestion: Filter feeders (suspension feeders). Entire process
is intracellular (within choanocytes & amoebocytes). No digestive tract.
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Generalized Molluscan Body Plan
1. Head: Contains mouth, sensory organs (eyes, tentacles). Reduced/lost in Bivalvia.
2. Muscular Foot: Ventral, for locomotion (creeping, burrowing, attachment). Highly modified in
Cephalopoda (into arms/tentacles).
3. Visceral Mass: Dorsal concentration of digestive, circulatory, excretory, and reproductive organs.
4. Mantle & Mantle Cavity:

o Mantle: A dorsal fold of body wall that envelops the visceral mass. Secretes
the calcareous shell (if present).

o Mantle Cavity: The space between mantle and body. Houses gills (ctenidia) and
openings for anus, excretory pores, and gonopores. Its functions are respiration,
excretion, and release of gametes. In terrestrial forms, it becomes a lung.

5. Shell: Typically three-layered:

o Periostracum (outer organic layer)

o Prismatic Layer (middle calcareous)

o Nacreous Layer (inner pearly layer; secreted continuously by mantle)

Mantle Coelom Intestine Gonad Shell

~ L

Anus

Digestive
gland

Stomach

Foot
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Mouth

Nerve Visceral
Radula cords Crop mass Heart
Adaptations & Systems
A. Radula: The unique molluscan feeding organ. A ribbon-like membrane with rows
of chitinous teeth. Used for scraping, drilling, or tearing food. Absent in Bivalvia.
B. Circulatory System:
o Mostly Open: Heart (1 ventricle, 2 atria) pumps blood into hemocoel, where it bathes
tissues directly before returning via gills. Slower, low-pressure.
o Cephalopods: Closed circulatory system (blood confined to vessels). Allows for higher
metabolic rate and active predation.
C. Respiratory System:
o Ctenidia: The characteristic gills in the mantle cavity. Filament structure varies.
o Secondary Gills/Lungs: Nudibranchs (skin), terrestrial snails (vascularized mantle
cavity = lung).
D. Excretory System: Metanephridia (kidneys). Typically one or two, collecting wastes from
the coelom (pericardial cavity) and releasing them into the mantle cavity.
E. Nervous System: Varies from simple (Bivalvia) to highly complex (Cephalopoda). Generally,
paired ganglia (cerebral, pedal, visceral) connected by nerve cords.
Development & Larval Stages

nZ QO —~=2» XM

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 16 | 40



L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

e Dorsal Hollow Nerve Cord: A true homology with chordates. A tubular nerve cord runs along

the dorsal midline of the collar and sometimes into the trunk. However, there is also a ventral
nerve cord and a subepidermal nerve plexus, showing a less centralized nervous system.

e Buccal Diverticulum: Another name for the stomochord, emphasizing its origin from the buccal

cavity.
Classification & Major Groups

Common Name

Lifestyle &

Habitat

Key
Distinguishing
Features

Large size (some
>2m). Numerous Balanoglossus,
Solitary, burrowi | gill slits. Direct | Saccoglossus. Imp
ng or sedentary in developers or ortant for studies
Enteropneusta Acorn Worms mud/sand. Vermif | with a Tornaria on development
orm (worm-like). | larva (resembles | and deuterostome
echinoderm evolution.
bipinnaria).
Small size (1-7
mm);lfnlll;ated Rhabdopleura,
Small, colonial, . Cephalodiscus. Sh
live in (lophophore-like ow closer
Pterobranchia Pterobranchs . tentacles) for .
secreted coenecia y . morphological
. feeding. Few gill D
(tubes). Sessile. . . similarity to some
slits (1 pair) or fossil graptolites
none. U-shaped grap ’
gut.
Enigmatic. Larva
Known only from L g herical
Planctosphaeroid Yy ciliated Planctosp | Planctosphaera
Planctosphere a pelagic larval .
ea here larva of pelagica.
form. |
large size. Adult
form unknown.

Reproduction & Development

¢ Reproduction: Mostly dioecious. Gonads are simple sacs in the trunk. Enteropneusts typically
release gametes into the water column for external fertilization.

¢ Development:

o Enteropneusta: Exhibits both direct development (e.g., Saccoglossus) and indirect
development with a free-swimming Tornaria larva. The Tornaria is bilaterally

symmetrical, planktonic, and demonstrates clear evolutionary links to the echinoderm

bipinnaria larva, supporting the Ambulacraria hypothesis.
o Pterobranchia: Development is direct, with brooding of embryos in some species.
HEMICHORDATA & THE ORIGIN OF CHORDATES

Characteristic

Pharyngeal (Gill) Slits

Hemichordata

Present (for filter-feeding).

Chordata

Present (for filter-
feeding/respiration).

Dorsal Hollow Nerve Cord

Present (in collar region).

Present (entire length, forms
CNS).
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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?

A) Active predation

B) Sessile or floating

C) Burrowing

D) Fast running

Answer: Sessile or floating

15. The symmetry where body parts are arranged
around a central axis with multiple planes of
symmetry is:

A) Bilateral

B) Asymmetry

C) Biradial

D) Radial

Answer: Radial
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Chapter 2
Animal Systematics, Taxonomy, Phylogeny &
Organization

Systematics is the scientific discipline that investigates the diversity of organisms and reconstructs
their evolutionary relationships (phylogeny) using morphological, molecular, embryological, ecological,
and behavioral data. Its goal is to infer the evolutionary history and branching patterns of lineages and to
explain trait evolution within a historical framework. Taxonomy is the applied branch of systematics that
involves discovering, describing, naming, and classifying organisms into a hierarchical system of taxa.
It translates phylogenetic hypotheses into a practical, standardized information system based on common
descent and shared characteristics.

Traditional Versus Phylogenetic Classification

Early typological or artificial classification grouped organisms based on a few superficial similarities,
treating species as fixed types. This often-united unrelated forms (e.g., whales with fish) and did not
reflect true evolutionary lineages. Modern natural or phylogenetic classification seeks to recognize

only groups that correspond to clades, defined by homologous characters and molecular evidence,
ensuring the classificatory hierarchy mirrors the actual branching tree of life.

Linnaean Hierarchy and Taxonomic Ranks

The Linnaean system organizes life into a nested hierarchy of mandatory ranks from broad to specific:
Domain, Kingdom, Phylum, Class, Order, Family, Genus, and Species. As one moves down the hierarchy,
groups represent more recent common ancestry and greater similarity. Ranks above the species level are
not quantitatively defined, so their scope (e.g., number of species in a family) can vary widely between
lineages.

Rank Definition / Role Human Tiger
Example Example

Domain Highest unit; major cellular and molecular lineages. Eukarya Eukarya
Broad assemblage sharing fundamental traits (e.g.,
multicellularity, ingestion).

Phylum = Group with a basic body plan (e.g., notochord, segmentation). Chordata Chordata
Subdivision of phylum with distinctive features (e.g., hair,

Kingdom Animalia Animalia

Class Mammalia Mammalia
mammary glands).
Order Set of related families with similar structural/ecological traits. Primates Carnivora
Family Cluster of closely related genera; names often end in -idae. Hominidae Felidae
Group of very closely related species sharing a recent common
Genus P Y Y p & Homo Panthera
ancestor.
. Basic unit; interbreeding populations that are reproductivel . .
Species £ Pop P Y Homo sapiens | Panthera tigris

isolated from others.
Binomial Nomenclature and Naming Rules
Binomial nomenclature assigns each species a unique, two-part Latinized name (e.g., Homo sapiens),
solving the ambiguity of common names. The first part is the capitalized genus, and the second is the
lowercase specific epithet; both are italicized. The system is regulated by the International Code of
Zoological Nomenclature (ICZN), which enforces priority, uniqueness, and stability.

Common vs. Scientific Names

Language Vary with region and language. Standardized Latin/Latinized form.

One name may apply to several

Uniqueness .
species.

One unique name per species.
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Nematode: Heterodera glycines

Pseudocoelom
Ectoderm

~ L

Mesoderm
Endoderm

N
[ ]
=
=V
P ”
0
Mesoderm {<
R N ; w
Digestive cavity Endoderm Ectoderm -
(a) Acoelomate (b) Eucoelomate (c) Pseudocoelomate L
E (flatworms) (annelids, (roundworms) E
mollusks,
arthropods, ”
echinoderms, o
P chordates) o
7/}
A PROTOSTOMES DEUTEROSTOMES
(mellusks, annelids, arthropods) (echinoderms, chordates) 2°
Eight-cell stage Eight-cell stage )
R :-.f e r
A @ P~ =)
CLEAVAGE
e
T S
Spiral and determinate Radial and indeterminate 5

Archenteron
(b) ;
COELOM " Coelom
e e
MR Mesoderm Blastopore Blastopore
Schizocoelous: solid Enterocoelous:
masses of mesoderm folds of archenteron
split to form coelom form coelom
Anus Mouth
(€) \ Digestive tube
FATE OF
BLASTOPORE
" Mouth R
Mouth develops Anus develops
from blastopore from blastopore
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1. Which of the following best describes the organ-
system grade of organization?

A) Cells are specialized but not strongly associated.
B) Tissues are organized into definite layers.

C) Organs work together to perform a function.

D) Aggregation of cells without tissue formation.
Answer: Organs work together to perform a
function.

2. Spherical symmetry is mostly observed in:

A) Jellyfish

B) Some unicellular forms

C) Earthworms

D) Humans

Answer: Some unicellular forms

3. Which symmetry type allows interaction with
the environment from all directions?

A) Bilateral symmetry

B) Spherical symmetry

C) Radial symmetry

D) Asymmetry

Answer: Radial symmetry

4. Cephalization is strongly associated with:

A) Radial symmetry

B) Bilateral symmetry

C) Spherical symmetry

D) Asymmetry

Answer: Bilateral symmetry

5. A body cavity completely lined by mesoderm is
called:

A) Pseudocoelom

B) Coelom

C) Acoelomate

D) Blastocoel

Answer: Coelom

6. In deuterostomes, the blastopore typically
becomes the:

A) Mouth

B) Anus

C) Both mouth and anus

D) Neither

Answer: Anus

7. Which of the following is a diploblastic animal?
A) Earthworm

B) Jellyfish

C) Human

D) Insect

Answer: Jellyfish

8. The term "parenchyma' in acoelomates refers
to:

A) Body cavity fluid

B) Space-filling cells between epidermis and
digestive tract

C) Gut lining

D) Outer epithelial layer

Answer: Space-filling cells between epidermis and
digestive tract

9. Segmentation (metamerism) is most clearly
represented in:

A) Cnidarians

B) Annelids

C) Flatworms

D) Molluscs

Answer: Annelids

10. Which tissue type covers external and internal
surfaces?

A) Connective tissue

B) Epithelial tissue

C) Muscle tissue

D) Nervous tissue

Answer: Epithelial tissue

11. Stratified squamous epithelium is found in:
A) Lungs

B) Intestinal lining

C) Skin

D) Kidney tubules

Answer: Skin

12. Which connective tissue type forms tendons
and ligaments?

A) Loose connective tissue

B) Dense connective tissue

C) Adipose tissue

D) Blood

Answer: Dense connective tissue

13. Cardiac muscle is characterized by:

A) Multinucleate cells

B) Voluntary control

C) Intercalated discs

D) Spindle-shaped cells

Answer: Intercalated discs

14. The functional unit of nervous tissue is the:
A) Neuroglia

B) Neuron

C) Axon

D) Dendrite

Answer: Neuron

15. Which of the following is an advantage of
larger body size?

A) Higher surface area to volume ratio

B) Lower energy cost of locomotion per gram
C) Greater vulnerability to environmental
fluctuations

D) Less efficient use of metabolic energy
Answer: Lower energy cost of locomotion per
gram

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

10 | 12

N
>
=
i @
=
<)
o
N
<
N
PN
o
=
o
PN
i @
()
7/}
&
=
-
!
J—
=
e
o
=]
<




L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

Chapter 3
Animal-Like Protists: The Protozoans

Protozoans are defined as unicellular, eukaryotic, heterotrophic organisms that exist as complete,
independent life forms. They are classified within the polyphyletic Kingdom Protista, meaning they do
not share a single common ancestor but are grouped for convenience. The term "protozoa" (Gr. protos, first
+ zoa, animals) reflects their animal-like characteristics, primarily nutrition and motility. They are
distinguished from other protists by their lack of a cell wall (possessing only a plasma membrane or
a pellicle) and their inability to perform photosynthesis (except in some mixotrophic species).
Evolutionary History: Life originated in ancestral Archaea. The first protozoans likely arose
approximately 1.5 billion years ago. The endosymbiont hypothesis is the leading explanation for
eukaryotic origins: an archaeal host cell engulfed an aerobic alpha-proteobacterium, which evolved into
the mitochondrion. Subsequent primary and secondary endosymbiotic events with cyanobacteria gave rise
to plastids in various lineages. The modern phyla of protists and animals were largely established by
the Cambrian period (~550 million years ago), though their precise evolutionary pathways remain
unclear due to a scant fossil record.

General Characteristics and Organization

1. Unicellularity:

e The single-celled body plan means the cell itself is the organism. All functional specialization
occurs at the organellar level (e.g., contractile vacuole for osmoregulation, gullet for feeding)
rather than in tissues or organs.

e Complexity: This single cell can contain structures with functions analogous to entire organ
systems in animals. For example, the infraciliature in ciliates coordinates locomotion;
the cytostome-cytopharynx-gullet complex is a dedicated feeding apparatus; and the apical
complex in Apicomplexa is a sophisticated invasion machinery.

e Coloniality: In true colonies like Volvox, cells are physiologically interconnected (e.g., through
cytoplasmic bridges) and show a clear division of labor. Most cells are somatic (for locomotion
and feeding), while a few specialized reproductive cells (gonidia) are set aside for propagation.
This represents a significant evolutionary step toward multicellularity.

2. Cytoplasmic Organization:

¢ Plasma Membrane: Acts as the primary site for signal transduction, nutrient transport, and
interaction with the environment. It is often modified with surface proteins, glycocalyx, or
receptors.

o Pellicle: Its composition and structure are taxonomically significant.

o In Euglenoids, it's a helical arrangement of protein strips that allows characteristic
"euglenoid movement" (metaboly).

o In Ciliates and Apicomplexa (Alveolata), it is reinforced by alveoli—flattened
membranous sacs—and a supporting layer of microtubules, creating a more rigid cortex.

e Cytoplasmic Differentiation & Sol-Gel Theory:

o The ectoplasm (plasmagel) is a dense, cross-linked network of actin
microfilaments and other proteins, providing structural integrity.

o The endoplasm (plasmasol) is more fluid due to fewer cross-links.

o Amoeboid movement is driven by controlled polymerization of actin at the leading
edge (converting sol to gel) and simultaneous disassembly of actin networks at the
trailing edge (converting gel to sol). This continuous cytoplasmic streaming is powered
by actin-myosin interactions.

3. Osmoregulation:
¢ Contractile Vacuole Complex (CVC): A dynamic organelle system, not just a simple bladder.
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¢ Excystment: Triggered by specific environmental cues in the new host: optimal temperature,
pH, redox potential, or the presence of specific enzymes (e.g., trypsin in the small intestine). The
trophozoite emerges through a pre-formed weak spot or pore in the cyst wall.

Golgi apparatus

Nucleolus
M Nuclear envelope \ Plasma membrane
Endoplasmic u. a3 / Pellicle
K reticulum ‘ Free
\ Ji‘j“b |3 ribosomes
Cytopharynx . ;
N

Flagellum

o’ \ Contractile
- 3 vacuole
9 + 2 fibrils p
Mitochondria \ Collecting
tubules

Food &
vacucles Lysosome ytopyge

Protozoan Taxonomy:
Zoologists specializing in protozoa (protozoologists) recognize several phyla. The following is a
summary based on locomotion, nuclei, and reproduction.
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Taxonomic Name Key Characteristics Examples / Notes
Rank

Kingdom Protista Single-celled eukaryotes.

Subkingdom @ Protozoa Animal-like protistans.

Phylum Sarcomastigophora Possess flagella, pseudopodia, or

both for locomotion and feeding;
single type of nucleus. ~18,000

nZ QO —~=2» XM

species.

Subphylum Mastigophora One or more flagella for locomotion;
autotrophic, heterotrophic, or
saprozoic.

Class Phytomastigophorea | Chloroplasts usually present; mainly Euglena, Volvox,
autotrophic, some heterotrophic. Chlamydomonas

Class Zoomastigophorea Lack chloroplasts; heterotrophic or Trypanosoma, Trichonympha,
saprozoic. Trichomonas, Giardia,

Leishmania

Subphylum Sarcodina Pseudopodia for movement and food
gathering; naked or with shell; mostly
free living.

Superclass Rhizopoda Lobopodia, filopodia, reticulopodia, Amoeba, Entamoeba, Naegleria,
or no distinct pseudopodia. ~4,000 Arcella, Difflugia; foraminiferans
species. (e.g., Gumbelina)
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= Congenital Toxoplasmosis: Occurs if a woman acquires a primary infection during pregnancy. Can
cause hydrocephalus, intracranial calcifications, chorioretinitis, and fetal death.
Life Cycle of Plasmodium

Mosquito infects —“—
humans by
injecting saliva

.

SEXUAL CYCLE / ; ASEXUAL CYCLE

Injected sporozoites
migrate to liver

~ L

o Ingested
gametocytes

Sporozoites enter
liver cells, undergo
schizogony

@ N
A
Female gamete ] I A

P
— i P develop
/:-’//;’.‘J ﬂ in cocyst, are
\
li ﬁ released, and
. }‘ A migrate to the |

eFerﬂHzaﬂon )
!
,7 “.\ salivary glands
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\Ookmete - / 7 )}/ \:
£ AS i\
i

= 1 / Merozoites enter red

Oocysts beneath /f blood cells and

stomach lining '*,' undergo schizogony
/

Female mosquito

e \
Phylum Ciliophora (The Ciliates)
Some of the most complex protozoans. They are a highly diverse and successful group, primarily
defined by the presence of cilia (or their derived structures) at some stage in their life cycle.
o Cortical Structure (The Pellicle & Infraciliature):

o The cell is covered by a complex cortex consisting of the plasma membrane and
underlying alveoli (flattened membranous sacs that give the group Alveolata its name).

o Infraciliature: Beneath the alveoli lies a precise and stable network of kinetosomes
(basal bodies), interconnected by a system of microtubules (kinetodesmata)
and proteinaceous fibrils. This infraciliature is the cytoskeletal scaffold that determines
the cell's shape, anchors the cilia, and coordinates their beating.

o Ciliary Coordination: Beating is not merely mechanical coupling. Membrane potential
changes (depolarization) can trigger calcium influx, which reverses the direction of the
ciliary power stroke, enabling rapid escape responses (e.g., Paramecium's avoiding
reaction).

¢ Ciliary Diversity & Specialization: Cilia are often modified for specific functions:

o Membranelles: Fused rows of cilia forming a paddle-like structure used in feeding (e.g.,
in the oral groove of Paramecium and Stentor).

o Cirri: Thick, leg-like bundles of fused cilia used for "walking" on substrates
(e.g., Euplotes).

o Undulating Membranes: Sheet-like structures of fused cilia used to create powerful
feeding currents (e.g., in Trichodina).

e Nutrition & Feeding Mechanisms:

o Most are holozoic (phagotrophic). Feeding is highly specialized.

o Filter Feeders (e.g., Paramecium): Use oral cilia to create water currents, filtering
bacteria and small particles into the oral groove — cytostome — cytopharynx.

¥

| Male gamete

7 Slagas in
liver cells

P

Merozoites \.‘
released

(23

J

\_\'

— Trophozoite
Microgametocyte

Macrogametocyte
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Implications of This Reclassification:

1. Separate Evolutionary Origins: The seven classical phyla (e.g., Sarcomastigophora, Ciliophora,

Apicomplexa) represent independently evolved lineages that adapted to similar niches (e.g.,
parasitism, phagotrophy). For example, the Apicomplexa (parasites) are now known to share a
common ancestor with photosynthetic Dinoflagellates and Ciliates within Alveolata, explaining
the presence of a relict plastid (apicoplast) in malaria parasites.

2. Elevated Taxonomic Status: In schemes like Cavalier-Smith's, the groups within these
supergroups are often elevated to phylum or even kingdom level due to their deep evolutionary
divergence and distinct identities. For instance, Ciliophora, Apicomplexa,
and Dinoflagellata are considered separate phyla within the superphylum Alveolata.

3. Reshapes Understanding of Evolution: This phylogeny clarifies the history of complex traits.

o The nuclear dualism of ciliates is a unique innovation within Alveolata.

o Amoeboid forms evolved multiple times independently (in Amoebozoa, Rhizaria, some
Excavata, and Opisthokonta), a prime example of convergent evolution.

o The Opisthokonta supergroup definitively links unicellular choanoflagellates to the
animal kingdom, providing a model for the origin of multicellularity.

Practice MCQs

1. Which of the following is a defining
characteristic of protozoans?

A) Presence of a cell wall

B) Autotrophic nutrition

C) Unicellular eukaryotic organization

D) Multicellular body plan

Answer: Unicellular eukaryotic organization
2. The term 'protozoa’' is derived from Greek
words meaning:

A) First plants

B) First animals

C) False feet

D) Single cell

Answer: First animals

3. According to modern taxonomy, the group
'Protozoa’ is considered:

A) Monophyletic

B) Paraphyletic

C) Holophyletic

D) A single kingdom

Answer: Paraphyletic

4. The endosymbiont hypothesis explains the
origin of:

A) Nucleus

B) Mitochondria

C) Golgi apparatus

D) Endoplasmic reticulum

Answer: Mitochondria

5. Which organelle is primarily responsible for

osmoregulation in freshwater protozoans?
A) Food vacuole

B) Mitochondrion

C) Contractile vacuole

D) Lysosome

Answer: Contractile vacuole

6. The pellicle in euglenoids is composed of:
A) Silica plates

B) Cellulose

C) Protein strips

D) Calcium carbonate

Answer: Protein strips

7. Amoeboid movement is primarily driven by the
polymerization of:

A) Tubulin

B) Myosin

C) Actin

D) Keratin

Answer: Actin

8. The process by which a protozoan engulfs a
solid food particle is called:

A) Pinocytosis

B) Phagocytosis

C) Osmotrophy

D) Autotrophy

Answer: Phagocytosis

9. The permanent cell mouth in ciliates is called
the:

A) Cytoproct

B) Cytopharynx

C) Cytostome

D) Oral groove

Answer: Cytostome

10. Which protozoan exhibits mixotrophic
nutrition?

A) Amoeba proteus

B) Paramecium caudatum

C) Euglena gracilis

D) Plasmodium vivax

Answer: Euglena gracilis
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Chapter 4

Multicellular & Tissue Level Organization

(Porifera, Cnidaria, Ctenophora, Placozoa, Acoelomorpha)
Metazoa (multicellular animals) originated approximately 550—-600 million years ago, during the late
Precambrian (Ediacaran) period. The majority of modern animal phyla appeared rapidly in the fossil
record during the Cambrian explosion (~541-485 million years ago). Early animal evolution produced
not only the extant (living) phyla but also numerous extinct lineages (estimated 15-20), which are
known from the fossil record.
The basal animal phyla—Porifera (sponges), Cnidaria, Ctenophora, Placozoa, and Acoelomorpha—
are critical for understanding early evolution. They retain many ancestral structural features (e.g.,
radial/biradial symmetry, simple tissue organization) that help reconstruct the body plan of the earliest
animals.
Hypotheses on the Origin of Multicellularity
How did single-celled organisms evolve into multicellular animals? Two leading hypotheses exist:

Hypothesis Proposed Mechanism Supporting Evidence / Analogy
A flagellated protist formed colonies where Resembles colony formation
cells remained attached after division. in choanoflagellates (the closest living
Colonial Subsequent cellular protist relatives of animals) and in colonial
Hypothesis differentiation and invagination of cells led | algae like Volvox. The similarity between
to a simple, two-layered (diploblastic) sponge choanocytes and solitary
organism. choanoflagellates is a key observation.

A multinucleate (syncytial) ciliated Supported by the existence of large,

Syncyrlal./ protistevalvedmilticelluiarity iRrouSERIE multinucleate ciliated ?rotl‘sts today. Some
Cellularization artitioR e S simad nuclc argue that the syncytial tissues of glass
Hypothesis P g P sponges (Hexactinellida) and placozoans

separate cells via new plasma membranes. ; .
p A WP might reflect this ancestral state.

Monophyly vs. Diphyletic/Polyphyletic Origins
There is debate on whether all animals share a single multicellular ancestor.
e Monophyletic View (Single Origin): This is the prevailing view supported by modern molecular
systematics. Evidence includes:

o Universal animal cell junction proteins (e.g., cadherins).

o Shared reproductive and developmental traits (e.g., flagellated sperm, a similar
sequence of early cleavage events).

o Common structural proteins like actin and myosin used in cellular contraction.

o Diphyletic/Polyphyletic Views (Multiple Independent Origins): Some earlier theories
suggested animals might have arisen from protists more than once.

o One diphyletic scheme proposed that sponges (Porifera) evolved independently from
choanoflagellates, while all other animals (Eumetazoa) shared a different, separate
multicellular ancestor.

o Another historical debate centered on whether a radially symmetrical ancestor gave rise
to cnidarians and ctenophores first, or whether a bilaterally symmetrical
ancestor preceded all modern phyla (with radial symmetry being a derived simplification
in some groups). Modern molecular phylogenies strongly support the latter.

Phylogenetic Position of Basal Phyla:
The order in which the basal phyla branched off is a major area of research and revision.
e Choanoflagellates and Sponges (Porifera):
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Sclerocytes Secrete spicules.
Spongocytes Secrete spongin fibers.
Myocytes Contractile cells around oscula and canals, regulating water flow.
Osculum
L Collar Food particles

Mesohyl

in mucus

!

Water ——t

flow |

Spongocoal E

Choanncﬂe - Flagellum Phagocytosis Choanocyte

Amoebocyte | of food Amoebocyte
| particles

Epidermis — = e

|II:“ rs '\‘)w'
\L - 's

\ e
I';. ..

Sponge Body Forms & Water Flow
Evolution favors increased choanocyte surface area for efficient filtration.

Body Form Structure & Water Pathway Functional Significance
Ascon (simplest) Vase-shaped. Ostia — Spongocoel (lined by Limited size. Low filtration
choanocytes) — Osculum. efficiency.
Sycon Body wall folded. Ostia — Incurrent Increased surface area over
Canals — Radial Canals (choanocyte-lined) — ascon.
Spongocoel — Osculum.
Leucon (most Extensive branching. Ostia — Incurrent Allows large body size.
complex & common) | Canals — Flagellated Chambers — Excurrent Maximum filtration efficiency;
Canals — Multiple Oscula. no distinct spongocoel.
Water out } Osculum Water out Gsculum Water out
l ) Dsculum Walerin
‘ ﬁ‘a ‘"z:;:“‘ el
Body wall ‘@ il
Ostza %G %

( :S l Eﬂﬁ'@
. . pongocoe . a
Choanocytes

am f
'%’/;g“w g jgi"hzi:s;*;f

Asconoid Syconoid Leuconoid
Maintenance Functions
e Feeding: Choanocytes filter bacteria, microalgae, organic detritus. Pinacocytes can phagocytose
larger particles (~50 um). Some deep-sea sponges (e.g., Asbestopluma) are carnivorous, trapping
crustaceans on spicule filaments.
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e Dominant Stage: The medusa is large and long-lived; the polyp stage is reduced.

¢ Medusa Anatomy: No velum. The mesoglea is thick, gelatinous, and contains amoeboid cells.

e Tissue Origin: Cnidocytes occur in both epidermis and gastrodermis. Gametes

are gastrodermal in origin.
e Sensory Structures: Possess rhopalia (marginal sensory complexes)
containing statocysts (balance), ocelli (light detection), and sometimes sensory pits. They often
exhibit negative phototaxis (move away from light).
M Representative Example (durelia - Moon Jelly):

o Feeding: A plankton feeder. Its
umbrella is coated in mucus; cilia
move trapped food to the margin,
where oral lobes transfer it to the
mouth.

e Internal Anatomy: Mouth leads
to a stomach with four gastric
pouches containing
digestive gastric filaments. A
complex system of branched h T S
radial canals distributes ‘
nutrients.

e Life Cycle:

1. Fertilized egg develops . e orrors
into a planula larva. from anther rZ et
2. Planula settles and ' s
metamorphoses into a
small, MEDUSA STAGE
sessile scyphistoma polyp.

3. The scyphistoma undergoes strobilation (transverse fission), producing stacks of
juvenile medusae called ephyrae.

4. Ephyrae detach and grow into adult medusae.

Class Cubozoa (Box Jellyfish)
Known for their potent venom and sophisticated visual systems.
Key Features:

e Medusa Form: Bell is cuboidal in cross-section. Tentacles (or tentacle groups) hang from each
corner from a stiff, blade-like pedalium.

e Swimming: Possess a velarium, a velum-like structure that increases thrust, making
them powerful, agile swimmers.

e Advanced Vision: Each of the four rhopalia contains six eyes. These include simple ocelli and
complex, camera-type eyes with corneas, cellular lenses, and retinas, capable of forming
images and guiding obstacle avoidance.

Biology and Danger:

e Predation: Active visual predators of fish and crustaceans.

e Venom: Their nematocysts contain extremely potent neurotoxins. Chironex fleckeri (Australian
sea wasp) venom can cause cardiovascular collapse and death within minutes.

e Life Cycle: The polyp stage is tiny and transforms directly into a medusa (no strobilation).

Class Anthozoa (Flower Animals)

The largest and most diverse cnidarian class, containing sea anemones and corals. There is no medusa
stage at all.

Key Features:

~

Ring canal
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Locomotion: Exhibits complex, coordinated movement without a nervous system, likely
mediated by signaling across the syncytial network and epithelial cells.

Genetics and Reproduction

Genome: Has the smallest nuclear genome of any animal (~50-100 Mb) but the largest
mitochondrial genome, which shares features with those of fungi and choanoflagellates.
Reproduction: Primarily asexual via binary fission, budding, or fragmentation. Sexual
reproduction has been observed in laboratory cultures (oocytes and sperm-like cells), and
genetic studies confirm recombination.

Cryptic Diversity: While only one species (7richoplax adhaerens) is formally described, genetic
analyses reveal at least 8-10 deeply divergent, morphologically cryptic lineages ("species").

Phylogenetic Position

Their phylogenetic placement is highly unstable. They may be:

o The sister group to Cnidaria + Bilateria.

o The sister group to all animals except sponges.

o  Within or sister to Cnidaria.
Their extreme morphological simplicity is now considered derived (a result of secondary loss)
rather than primitive, as their genome contains many genes associated with complex processes in
other animals (e.g., cell signaling, differentiation).

Phylum Acoelomorpha

Body Plan: Small (<5 mm), soft-bodied, triploblastic, acoelomate worms. The body is solid
with a mouth but no anus (blind gut). They lack circulatory, respiratory, and excretory systems.
Epidermis: A syncytial tegument (multinucleated surface layer) with intraepidermal cilia for
locomotion. Contains rhabdites (secretory rods) for mucus production and defense.

Digestive System: A simple pharynx leads to a syncytial digestive parenchyma or a transient
gut cavity. Digestion is primarily intracellular.

Nervous System: A simple nerve net or a pair of longitudinal nerve cords, concentrated
anteriorly. They possess a statocyst for balance and, in many species, paired pigment-cup ocelli.
Frontal Organ: A unique, glandular sensory complex at the anterior end, likely chemosensory.
Symbiosis: Many species (e.g., Waminoa, Convolutriloba) harbor photosynthetic algal symbionts
(zooxanthellae or Tetraselmis) within their tissues, from which they derive nutrients.

Phylogenetic Significance
Acoelomorphs are pivotal in understanding the origin of bilaterian animals.

1. Which of the following is the closest living
protist relative to all animals?

Basal Bilaterians: Strong molecular and morphological evidence places Acoelomorpha (often
combined with Xenoturbellida in Xenacoelomorpha) as the sister group to all other

Bilateria (Nephrozoa).

"Simple" Body Plan as Ancestral: Their solid, acoelomate body, simple nervous system, and
lack of excretory structures are now viewed as potentially representative of the ancestral
bilaterian condition, not as a simplification from a more complex ancestor.

Genetic Toolkit: They possess a reduced complement of Hox genes (only 3-4), consistent with
a very basal position. Their genome provides clues to the genetic architecture of the first
bilaterally symmetrical animals.

Practice MCQs

2. The multicellular animals (Metazoa) first
appeared approximately how many million years

A) Dinoflagellates ago?

B) Choanoflagellates A) 250-300
C) Foraminifera B) 400450
D) Amoebozoans C) 550-600
Answer: Choanoflagellates D) 700-800

Answer: 550-600
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Chapter S

Spiralian & Acoelomate Phyla

Triploblastic Body Plans & Coelom Evolution

Triploblastic animals possess three germ layers: ectoderm, mesoderm, and endoderm. The organization
of the mesoderm defines the body cavity type, representing an important evolutionary grade (not a strict

clade).
Body Plan Definition & Development = Key Features & Functions Representative Phyla
- Organs embedded in
. parenchyma.
No body cavity. Space - Acts as a hydrostatic Platyhelminthes,
between gut and body wall . .
. skeleton, nutrient storage, Gastrotricha,
Acoelomate filled with parenchyma (a . ) .
) . and site for regeneration. Gnathostomulida (also Xen
solid, mesodermal packing . .
. - Lack of fluid-filled cavity acoelomorpha).
tissue of cells and fibers). S .
limits body size and
complexity.
Possess a pseudocoel (or - Provides a hydrostatic
blastocoelomate cavity). skeleton for support and
This is a fluid-filled space movement.
Pseudocoelomate derived from the - Allows space for organ Rotifera, Acanthocephala,
embryonic blastocoel, lined development and simple Nematoda.
by mesoderm on the body circulation of fluids.
wall only, not around the - No mesenteries to suspend
gut. organs.
- Coelom is completely lined
Possess a true coelom, a by peritoneum (mesodermal
fluid-filled, mesoderm-lined epithelium).
cavity that - Organs are suspended Annelida, Mollusca,
Coelomate develops within the by mesenteries. Brachiopoda, Phoronida,
mesoderm - Allows for larger size, Ectoprocta.
(via schizocoely or enteroc greater complexity, and
oely). independent movement of
internal organs.

Major Clades of Bilateral Animals (Bilateria)

Molecular phylogenetics divides Bilateria into two primary lineages:
1. Deuterostomia: Characterized by radial/indeterminate cleavage and the blastopore typically
becoming the anus (e.g., Echinodermata, Chordata).

2. Protostomia: Characterized by spiral/determinate cleavage (in many) and the blastopore typically

becoming the mouth. Protostomes split into:
o Ecdysozoa: Defined by the periodic molting of a cuticle (e.g., Arthropoda, Nematoda).
o Spiralia/Lophotrochozoa: The non-ecdysozoan protostomes, ancestrally
exhibiting spiral cleavage.
Spiralia: Lophotrochozoa and Gnathifera
e Ancestral Traits: Spiral, mosaic cleavage and mesoderm derived from the 4d (mesentoblast)

cell.
¢ Key Clades:

o Lophotrochozoa: Named for two common (but often lost) features:

1.

Trochophore Larva: A free-swimming, planktonic larva with a prominent band

of cilia (the prototroch) used for locomotion and feeding. Found in marine
annelids, mollusks, and some others.
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e Feeding: Use a muscular, often protrusible pharynx to ingest small invertebrates. Digestion is
initially extracellular in the gut lumen, then completed intracellularly in phagocytic
gastrodermal cells.

¢ Locomotion: Small forms use ciliary gliding on secreted mucus. Larger forms combine ciliary
action with muscular undulations.

e Reproduction:

o Asexual: Common via transverse fission behind the pharynx; exceptional regenerative
ability.

o Sexual: Hermaphroditic, typically practicing reciprocal cross-fertilization. Eggs are
often laid in protective cocoons. Development is usually direct, but some marine
polyclads have a Miiller's larva (trochophore-like).

~ L
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Class Trematoda (The Flukes)

Lifestyle: Endoparasites of vertebrates.
e Key Morphology: Leaf-shaped, with oral sucker (around mouth) and ventral sucker
(acetabulum) for attachment. Gut is a forked, blind-ending tube.
¢ Life Cycle (Digenetic): Complex, indirect life cycles involving asexual multiplication in an
intermediate host (usually a mollusc) and sexual reproduction in the definitive vertebrate host.
o Definitive Host: Vertebrate where adult flukes live and sexually reproduce.
o Intermediate Host (1st): Mollusc (snail) where asexual reproduction occurs.
o Infective Stage to Definitive Host: Metacercaria (encysted juvenile).
Generalized Digenetic Life Cycle Stages:
1. Egg: Released from definitive host in feces/urine.
Miracidium: Ciliated, free-swimming larva that infects the snail.
Sporocyst: Sac-like asexual stage in snail; produces more sporocysts or rediae.
Redia: More developed asexual stage with a simple gut; produces cercariae.
Cercaria: Tailed, free-swimming larva that exits the snail.
Metacercaria: Cercaria encysts on vegetation or in a second intermediate host (e.g., fish, crab).
7. Adult: Develops in definitive host after ingestion of metacercaria.
Important Examples:
o Fasciola hepatica (Sheep Liver Fluke):
o Adults in bile ducts of sheep, cattle, humans.
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o Amictic Phase (Asexual): Under favorable conditions, diploid amictic
females produce diploid eggs via mitosis. These eggs have thin shells and develop
rapidly into genetically identical female clones, allowing explosive population growth.
o Mictic Phase (Sexual): Triggered by environmental stressors (crowding, food scarcity,
temperature change), amictic females
produce mictic females. These mictic Neck
females produce haploid eggs via meiosis. \ é’ij
= Ifahaploid egg is fertilized by a _
male, it develops into a thick-shelled,
resistant resting egg (or winter egg).
This dormant stage can survive harsh
conditions (freezing, desiccation) for /
extended periods. B =S S cetactor
= Ifahaploid egg is unfertilized, it Pseudocoel
develops parthenogenetically into
a haploid male. Males are typically
smaller, short-lived, and often lack a
functional gut; their sole purpose is
reproduction.

e Class Bdelloidea: Exhibit obligate parthenogenesis.
No males have ever been observed. Females ;
are exclusively diploid and produce diploid eggs via Sperm duct \JRi gy~ Epidemis
mitosis. They have remarkable abilities Penis -
for anhydrobiosis (surviving complete desiccation) :
and possess mechanisms for horizontal gene transfer,
which may compensate for the lack of genetic
recombination.

e Class Seisonidea: (A small, marine group) are dioecious (separate sexes) and exhibit only sexual
reproduction, representing the ancestral condition for the phylum.

Ecological & Evolutionary Significance

e Bioindicators: Rotifer community composition is used to assess water quality and trophic status
in freshwater ecosystems.

e Model Organisms: Used in studies of aging, cryptobiosis, and the evolution of sexual vs. asexual
reproduction.

e Phylogenetic Position: Along with Acanthocephala, rotifers form the clade Syndermata, united
by a syncytial epidermis with an internal skeletal lamina. Acanthocephala are now understood to
be highly modified, parasitic rotifers.

Phylum Acanthocephala (Spiny-Headed Worms)
General Features and Parasitic Adaptations
Acanthocephalans are highly specialized endoparasites with a complex life cycle requiring two hosts.
Their entire biology is adapted to a parasitic existence.
e Adult Habitat: Reside in the small intestine of vertebrate definitive hosts, including fish,
birds, and mammals.
e Key Diagnostic Feature — The Proboscis: The anterior end bears a cylindrical,
retractable proboscis armed with multiple, longitudinal rows of recurved, sclerotized hooks.
This organ is inverted into a protective sac (the proboscis receptacle) when not in use. Upon
reaching the host's gut, it is everted and the spines anchor the worm firmly to the intestinal wall,
often causing significant tissue damage.

Proboscis
with spines
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= Parasitic Plasmodium Stage (Asexual): Inside the host, the parasite exists as a
multinucleated, amoeboid plasmodium that grows asexually, absorbing host

nutrients.

= Free-living Sexual Stage: The plasmodium eventually produces male and
female ciliated, microscopic adults. These are released from the host, swim
freely, mate, and produce a ciliated larva that infects a new host, developing into
a new plasmodium.

Acoelomate & Pseudocoelomate Phyla at a Glance

Phylogenetic and Evolutionary Synthesis

¢ Xenacoelomorpha represents the earliest branch of Bilateria, showing a simple, possibly
ancestral, acoelomate condition.

¢ The Platyhelminthes are a derived, monophyletic group within Lophotrochozoa.

The Neodermata (Trematoda, Monogenea, Cestoda) is a robust clade defined by the syncytial
tegument.

¢ Nemertea demonstrates a step towards greater complexity within acoelomates (complete gut,
closed circulation) but retains the proboscis as a unique innovation.

e The lophophore is a convergent or homologous feeding structure defining a subset of
lophotrochozoans. Its presence in Ectoprocta, Brachiopoda, and Phoronida supports their close
relationship (Brachiozoa + possibly Ectoprocta).

e Gnathifera is a strongly supported clade within Spiralia. The inclusion
of Acanthocephala within the rotifer lineage (Syndermata) is a major modern revision.

¢ Body plans (acoelomate, pseudocoelomate, coelomate) are evolutionary grades that have
evolved multiple times through processes like simplification (e.g., parasitic flatworms, Mesozoa)
and innovation (e.g., the nemertean rhynchocoel).

Practice MCQs

1. Which of the following phyla is NOT part of the A) Presence of a lophophore

. n
. . Rotifera .
Platyhelminthes Nemertea Gastrotricha
i (Syndermata) 0 p)
Acoelomate =
. [T
Body Cavity Acoelomate (rhynphocoel isa Acoelomate / small Pseudocoelomate =
(parenchyma) specialized proboscis pseudocoel )
cavity) e
Digestive Complete (mouth & o>
Tract Incomplete or absent anus) Complete Complete =]
Circulatory Closed system (no Absent (pseudocoel
System Absert heart) A fluid) &
Kev Feature Neodermis (in Eversible proboscis in Ventral ciliation; Corona & mastax }
y parasites) rhynchocoel forked tail with trophi o
Mostly =
. hermaphroditic; Mostly dioecious; Parthenogenesis Cyclical @
Reproduction . - . o
complex parasitic pilidium larva (freshwater) parthenogenesis (e}
cycles E
=¥
-
(¢~
=
=3
<
J—
=V
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Lophotrochozoa? B) Complex chitinous jaw structure

A) Platyhelminthes C) Trochophore larval stage

B) Nemertea D) Syncytial tegument

C) Brachiopoda Answer: Complex chitinous jaw structure

D) Arthropoda 3. Flatworms in the class Cestoda lack which of

Answer: Arthropoda
2. What is the primary characteristic that unites
the Gnathifera clade?

the following systems?
A) Nervous system
B) Reproductive system
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Chapter 6
Ecdysozoans Phyla

The superphylum Ecdysozoais a major, monophyletic clade of protostome animals definitively
established through molecular phylogenetic analyses. Its defining synapomorphy (shared derived trait) is
the presence of a non-living, multi-layered cuticle composed of structural proteins (e.g., collagen,
cuticlin) and often chitin. This cuticle is periodically shed through the process of ecdysis (molting), which
is hormonally regulated by ecdysone and related hormones. Ecdysozoans typically lack locomotory
cilia and possess amoeboid sperm. Their embryonic cleavage patterns are varied and not spiralian. The
clade exhibits immense morphological diversity, encompassing microscopic pseudocoelomates to the
hyper-diverse arthropods.
From Aschelminthes to Modern Phylogeny
Historically, several worm-like phyla sharing a pseudocoelom were grouped under the informal
term " Aschelminthes", including Kinorhyncha, Nematoda, Nematomorpha, Acanthocephala, Loricifera,
and Priapulida. This grouping was based on shared anatomical features like the pseudocoelom, a complete
digestive tract, and a cuticle. Modern molecular phylogenetics has revealed this assemblage to
be polyphyletic; the similarities are largely due to convergent evolution and shared ancestral
(plesiomorphic) traits. Most of these phyla are now correctly placed within Ecdysozoa, but they do not form
a single, exclusive evolutionary branch.
The Pseudocoelomate Body Plan
A pseudocoelom (or false coelom) is a body cavity derived from the embryonic blastocoel. It is not fully
lined by mesoderm; the mesoderm lines only the outer body wall and surrounds the gut in a partial
manner. This fluid-filled cavity serves critical functions:
¢ Hydrostatic Skeleton: Provides turgor pressure for support and antagonism for muscle
contraction, enabling movement.
e Circulation & Distribution: Facilitates the passive distribution of nutrients, gases, hormones,
and metabolic wastes.
e Organ Space: Allows for development, placement, and limited movement of internal organs
(e.g., gut, gonads).
e Gamete Storage: Acts as a reservoir for developing gametes in some species.
General Characteristics of Pseudocoelomate Ecdysozoans:
o Triploblastic, bilaterally symmetrical, and typically vermiform (worm-shaped).
Body covered by a secreted cuticle that is often molted (ecdysis).
Epidermis is frequently syncytial (multinucleate, lacking cell membranes).
Exhibit eutely (a fixed, constant number of somatic cells in adults) in several phyla.
Complete digestive tract with a specialized, often muscular pharynx.
Lack specialized circulatory and respiratory systems; gas exchange occurs via diffusion across the
body wall.
e Excretion and osmoregulation often via protonephridia with flame cells, especially in freshwater
forms.
¢ Nervous system is relatively simple, comprising an anterior nerve ring and longitudinal nerve
cords.

Phylum Kinorhyncha ('""Mud Dragons'")

General Characteristics

Kinorhynchs are microscopic, exclusively marine invertebrates, typically less than 1 mm in length. They
are a classic component of the meiofauna, inhabiting the interstitial spaces between sediment grains in
muddy and sandy sea floors from coastal to abyssal depths. Their common name, "mud dragons,"
references their habitat and their method of movement.

Morphology
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Phylum Nematoda (Roundworms)
General Characteristics
Nematodes are unsegmented, cylindrical, pseudocoelomate worms with a tough, flexible collagenous
cuticle. They are among the most successful and abundant animals on Earth.

¢ Diversity & Ubiquity: While ~25,000 species are described, estimates suggest 500,000 to over 1

million exist. They inhabit every conceivable niche: marine, freshwater, terrestrial, polar, and as
parasites of nearly all plants and animals.

Economic & Medical Impact: Crucial for soil health and nutrient cycling, major agricultural
pests, and causative agents of debilitating human and animal diseases.

Body Plan and Functional Anatomy

Cuticle and Hypodermis:

e The cuticle is a complex, multi-layered structure (epicuticle, cortical, medial, and basal zones)
made primarily of cross-linked collagen. It provides structural integrity, maintains high internal
hydrostatic pressure, and offers protection from host enzymes (in parasites) or desiccation (in
soil).

e The hypodermis is a syncytial epidermis that thickens into four longitudinal hypodermal
cords (dorsal, ventral, and two lateral). The lateral cords often house excretory canals.

~ L
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Excretory pore

Genital pore Anus
A Anatomy of the nematode Ascaris
Dorsal nerve cord
Epidermis Muscle arm Nucleus
(hypodermis) (protoplasmic process)

Intestine
Ovary

W— Cell body

Contractile

j / % e portion.of cel

é’ ntral nerve cord
,g' Y

Muscle

Oviduct

Uterus
Hypodermal cord
Cuticle
Epidermis (hypodermis)

! Cuticle

B Cross section of Ascaris C Enlarged view of muscle cells and ventral nerve cord

Musculature and Locomeotion:

e Nematodes possess only longitudinal muscles arranged in four bands beneath the hypodermal
cords. Circular muscles are entirely absent.

e Each muscle cell has a contractile spindle (containing myofibrils) and a non-
contractile sarcoplasmic cell body that extends a muscle arm to connect with the nerve cords.

e The fluid-filled pseudocoelom acts as a high-pressure hydrostatic skeleton. Contraction of
longitudinal muscles on one side causes the body to bend against the resistant cuticle and
incompressible coelomic fluid, resulting in characteristic sinusoidal (whipping or thrashing)
movements.

Feeding and Digestive System:

e Complete digestive tract: mouth — buccal cavity — muscular pharynx (a powerful pumping
organ with a triradiate lumen) — intestine (a single layer of absorptive cells, non-muscular) —
rectum — anus.

o Feeding Adaptations: Mouthparts vary widely: stylets in plant parasites, teeth in predators,
cutting plates in hookworms, and simple openings in microbivores and detritivores.
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A) Mastax

B) Corona

C) Introvert

D) Lorica

Answer: Corona

6. In rotifers, the muscular pharyngeal apparatus
containing jaw-like structures is the:

A) Corona

B) Trophi

C) Mastax

D) Buccal funnel

Answer: Mastax

7. Which class of rotifers reproduces solely by
obligate parthenogenesis, with no males known?
A) Seisonidea

B) Bdelloidea

C) Monogononta

D) Hydroidea

Answer: Bdelloidea

8. In class Monogononta (Rotifera), haploid eggs
that develop into males if unfertilized are called:
A) Amictic eggs

B) Resting eggs

C) Mictic eggs

D) Dormant eggs

Answer: Mictic eggs

9. The body of a kinorhynch is divided into
distinct units called:

A) Segments

B) Zonites

C) Metameres

D) Somites

Answer: Zonites

10. Kinorhynchs move by anchoring their spiny
anterior structure called the:

A) Proboscis

B) Introvert

C) Mastax

D) Lorica

Answer: Introvert

11. Which phylum includes microscopic, marine
worms with a retractable introvert and 11 trunk
Zonites?

A) Nematoda

B) Kinorhyncha

C) Priapulida

D) Nematomorpha

Answer: Kinorhyncha

12. The cuticle of nematodes is primarily
composed of:

A) Chitin

B) Cellulose

C) Collagen

D) Keratin

Answer: Collagen

13. Nematodes possess only which type of body-
wall muscles?

A) Circular

B) Longitudinal

C) Oblique

D) Both circular and longitudinal

Answer: Longitudinal

14. The fluid-filled pseudocoel in nematodes
functions mainly as a:

A) Respiratory chamber

B) Hydrostatic skeleton

C) Digestive chamber

D) Reproductive sac

Answer: Hydrostatic skeleton

15. Each muscle cell in a nematode extends a
process called a muscle arm to connect with the:
A) Epidermis

B) Cuticle

C) Nerve cord

D) Intestine

Answer: Nerve cord

16. What structure in male nematodes is used to
hold the female’s vulva open during copulation?
A) Bursa

B) Spicules

C) Stylet

D) Amphids

Answer: Spicules

17. Nematode sperm are unique because they:
A) Are flagellated

B) Possess an acrosome

C) Are amoeboid and lack flagella

D) Are released in spermatophores

Answer: Are amoeboid and lack flagella

18. The chemosensory organs located near the
anterior end of nematodes are called:

A) Phasmids

B) Ocelli

C) Amphids

D) Papillae

Answer: Amphids

19. The presence or absence of which sensory
structure traditionally separates nematode classes
Secernentea and Adenophorea?

A) Amphids

B) Phasmids

C) Ocelli

D) Cephalic papillae

Answer: Phasmids

20. How many juvenile stages (molts) do
nematodes typically undergo before reaching
adulthood?

A) Two

B) Three

C) Four
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Chapter 7

Phylum Mollusca

Phylum Mollusca is a highly successful, species-rich phylum with nearly 100,000 described living
species—more than twice the number of vertebrate species. Its success is attributed to extensive adaptive
radiation, resulting in adaptation to nearly every habitat on Earth: marine, freshwater, and terrestrial.
Molluscs are triploblastic, coelomate, protostomate organisms exhibiting cleavage and schizocoelous
coelom formation. They are placed within the Lophotrochozoa, a major protostome clade, though their
precise relationships with groups like Annelida, Brachiopoda, and Entoprocta remain a subject of ongoing
phylogenetic research.
o The vast majority of species belong to Gastropoda (snails, slugs) and Bivalvia (clams, mussels).
e C(lass Cephalopoda (octopuses, squid) has dramatically declined from an estimated 9,000 fossil
species to about 700 living species. Hypotheses for this decline include competition with
evolving vertebrate predators (bony fishes) and random evolutionary events.
e The phylum is ancient, with fossils over 550 million years old. Some evidence suggests the
Ediacaran fossil Kimberella may be an early mollusc.
Theories on Coelom Origin
1. Schizocoel Hypothesis: The coelom arose from a splitting of mesodermal bands (as in
protostomes), implying triploblastic acoelomates (e.g., flatworms) as forerunners.
2. Enterocoel Hypothesis: The coelom arose as outpocketings from the primitive gut (as in
deuterostomes), implying formation from a diploblastic ancestor.
Current understanding suggests the true origin may involve multiple independent evolutionary
events.
General Molluscan Body Plan and Characteristics
Despite incredible diversity in size (from microscopic snails to the 18m giant squid) and form, all
molluscs share a fundamental body plan.
Defining Morphological Features:

|
1. Body Regions: Gonad Heart
o Head-Foot: Anterior, muscular Intestine %ﬁﬁ/@?\ /— Coelom
7 O —

region containing the head (with Stomach S Nephridium
I —
Mantle

mouth, sensory organs) and the Bigastive:gland TS . Shell
foot (for q -
0 e N\ Gil
\ \\“ : \\ Anus
A\ %

locomotion/attachment). ,
o Visceral Mass: Dorsal region >~
containing most internal organs 7T/ | Retractor muscles |\
(digestive, circulatory, e
reproductive, excretory). L | |
2. Mantle and Shell: Head Foot
o Mantle: A specialized
epidermal tissue sheet that enfolds the visceral mass and secretes the shell.
o Shell: Typically calcareous, secreted by the mantle. It is often tri-layered:
= Periostracum: Outer organic layer (protein, conchiolin).
= Prismatic Layer: Middle thick layer (calcium carbonate & organic matrix).
= Nacreous Layer (Mother-of-Pearl): Inner iridescent layer (thin sheets of
calcium carbonate).
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3. Mantle Cavity: A water- or air-filled space between the mantle and body wall. It is central to
biology, functioning in respiration, excretion, waste elimination, and release of gametes.
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radula; wedge-shaped foot. Marine and approximately 15,000
freshwater. species.
Examples: Octopus,
Loligo, Sepia, Nautilus;
approximately 700
species.

Foot modified into arms or tentacles and
Class Cephalopoda a siphon; shell reduced or absent; head in
line with elongate visceral mass. Marine.

~700

Class Gastropoda (Snails, Slugs, Limpets)

1. Introduction & Diversity

Gastropoda is the largest and most successful class of mollusks, comprising over 65,000 living species
and 25,000 fossil species. Their name means "stomach-foot," referring to the broad, muscular foot on
which they crawl. Their unparalleled success is attributed to key evolutionary innovations (torsion and
coiling) and extraordinary adaptability, allowing them to colonize virtually every habitat on Earth: deep
ocean trenches, coral reefs, freshwater streams, deserts, and rainforests.

2. Evolutionary Modifications

A. Torsion

A pivotal, defining event in gastropod development.

e Process: During the larval veliger stage, the visceral mass (containing organs) and the overlying
mantle cavity rotate 180° counterclockwise relative to the head and foot. This is a rapid,
irreversible process driven by asymmetrical muscle contraction.

¢ Result: The mantle cavity (housing gills, anus, and excretory pores) moves from a posterior to
an anterior position, lying above and behind the head. The nervous system becomes twisted into
a figure-eight (streptoneurous condition).

¢ Hypothesized Adaptive Significance:

1. Head Protection: The primary theory. Allows the sensitive head to retract into the
mantle cavity first, followed by the foot, offering better defense against predators.

2. Sensory Advantage: Positions the osphradium (a chemosensory organ that samples
water for chemicals and sediment) at the front, allowing the animal to "taste" and assess
its environment as it moves forward.

e The Fouling Problem & Solutions: Torsion places the anus and nephridiopores (waste outlets)
directly above the head, creating a sanitation issue where waste is expelled over the sensory head
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region.
Stomach Retractor Mantle
muscle cavity
Torsion
Mantle
cavity \J
= |
Operculum Operculum Foot
(a) (b)
Mouth Mouth e
J Ganglia .
Crossing of
connectives
Nervous
system Emd;ﬁ EOf Mantl
connectives . antle
// Torsion cavity
Ganglion Anus,
discharging
Heart Mantle into mantle
cavity cavity
Left gill i i
g Right gill Edge of
mantle Foot
Anus, discharging
(c) into mantle cavity (d)
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2. Shell: From External Buoyancy to Internal Support
The evolutionary story of cephalopods is vividly told through the modification and reduction of the shell.
¢ Nautilus (External Shell): Possesses a planispirally coiled, chambered shell. The animal lives
only in the outermost, largest chamber. The inner chambers are filled with gas (cameral gas) and
fluid, regulated by the siphuncle (a strand of tissue penetrating the chambers), to achieve precise
neutral buoyancy. The shell provides significant protection but limits mobility and flexibility.
e Coleoid Evolution (Internalized Shell):

o Cuttlefish: Have a porous, calcareous internal shell called the cuttlebone. It serves as a
rigid buoyancy device (by regulating gas-to-liquid ratio) and as an internal skeleton for
muscle attachment.

o Squid: Possess a lightweight, chitinous internal shell called the pen or gladius. It acts
primarily as a flexible, supportive "backbone" and a site for muscle attachment,
contributing little to buoyancy. Squid maintain neutral buoyancy via ammonium chloride
in their tissues.

o Octopuses: The shell has been lost entirely, except for vestigial stylets in some species.
This loss grants maximum flexibility, allowing them to squeeze through incredibly small
openings. They are strictly benthic and do not require a buoyancy device.

3. Locomotion: Mastery of Jet Propulsion
Cephalopods are the undisputed masters of aquatic jet propulsion, a system that allows for rapid, precise
movement.

nZ QO —~=2» XM
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e Impact: Leads to thinner, weaker shells in bivalves and gastropods, and impaired larval

development, threatening fisheries.

o Exception: Cephalopods are less affected due to reduced/absent shells.

Other Anthropogenic Threats

1. Habitat Destruction: Coastal development, deforestation, mining.

kWb

polymorpha).

Pollution: Eutrophication, chemical contaminants, plastics.

Climate Change: Warming, acidification, sea-level rise.

Overexploitation: Unsustainable harvesting for food and ornaments.

Invasive Species: e.g., Rosy wolf snail (Euglandina rosea), Zebra mussel (Dreissena

Practice MCQs

1. What is the approximate number of described
living species in Phylum Mollusca?

A) 50,000

B) 75,000

C) 100,000

D) 125,000

Answer: 100,000

2. Molluscs are classified within which major
protostome clade?

A) Ecdysozoa

B) Deuterostomia

C) Lophotrochozoa

D) Radiata

Answer: Lophotrochozoa

3. Which class contains the largest number of
molluscan species?

A) Bivalvia

B) Cephalopoda

C) Gastropoda

D) Polyplacophora

Answer: Gastropoda

4. What hypothesis proposes that the coelom arose
from splitting of mesodermal bands?

A) Enterocoel hypothesis

B) Schizocoel hypothesis

C) Pseudocoel hypothesis

D) Hydrostatic hypothesis

Answer: Schizocoel hypothesis

5. Which structure is secreted by the mantle and
typically tri-layered?

A) Radula

B) Shell

C) Odontophore

D) Operculum

Answer: Shell

6. In molluscs, the space between the mantle and
body wall that functions in respiration and
excretion is called the:

A) Coelom

B) Mantle cavity

C) Visceral mass

D) Hemocoel

Answer: Mantle cavity

7. The unique rasping feeding organ found in most
molluscs is the:

A) Ctenidium

B) Radula

C) Siphon

D) Captacula

Answer: Radula

8. Which layer of the molluscan shell is the outer
organic layer?

A) Prismatic layer

B) Nacreous layer

C) Periostracum

D) Conchiolin layer

Answer: Periostracum

9. Most molluscs possess which type of circulatory
system?

A) Closed

B) Open

C) Lacunar

D) Vascular

Answer: Open

10. Which class of molluscs has a closed
circulatory system?

A) Gastropoda

B) Bivalvia

C) Cephalopoda

D) Polyplacophora

Answer: Cephalopoda

11. The larval stage common to many molluscs
and some other lophotrochozoans is the:

A) Veliger

B) Trochophore

C) Glochidium

D) Nauplius

Answer: Trochophore

12. In gastropods, the 180° counterclockwise
rotation of the visceral mass is called:

A) Coiling

B) Torsion

20 | 23
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Chapter 8
Phylum Annelida

Phylum Annelida (Latin annelus, "little ring") comprises the segmented worms, a diverse group
of triploblastic, coelomate, bilaterally symmetrical invertebrates. The phylum includes familiar
carthworms, leeches, and marine polychaetes, as well as groups once classified separately (e.g., spoon
worms, peanut worms, beardworms). Their most defining and transformative evolutionary innovation is
metamerism — a body plan divided into a linear series of similar units (metameres or segments), each
containing repeated components of major organ systems. Molecular phylogenetics has dramatically revised
annelid classification, confirming the phylum's monophyly and its placement within the Lophotrochozoa,
sharing a common ancestor with molluscs, flatworms, and other spiral-cleaving protostomes.
Characteristics of Phylum Annelida

e Metamerism (True Segmentation): The body is divided into numerous
similar metameres arranged in a linear series. Internal divisions are marked by septa.

e Coelom: A well-developed, fluid-filled schizocoelous coelom (derived from mesodermal splits)
is present in each segment. It functions primarily as a hydrostatic skeleton.

¢ Body Wall: Comprises an outer, non-chitinous cuticle secreted by a columnar epidermis,
underlain by layers of circular and longitudinal muscles.

e Setae (Chaetae): Most annelids bear paired, chitinous bristles called setae (except in leeches and
some derived groups). They are used for locomotion and anchorage. Paired epidermal setae are
considered an ancestral trait.

e Organ Systems:

o Digestive System: A complete, tubular gut running from mouth to anus, perforating each
septum. It is not segmented internally.

o Circulatory System: Typically a closed circulatory system with dorsal and ventral
longitudinal vessels, often containing respiratory pigments (hemoglobin, chlorocruorin,
or hemerythrin) dissolved in the plasma.

o Excretory System: Primarily metanephridia (one pair per segment), though some
primitive forms have protonephridia.

o Nervous System: Consists of a pair of dorsal cerebral
ganglia ("brain"), circumpharyngeal connectives, and a double ventral nerve
cord with paired segmental ganglia.

¢ Reproduction: Exhibits both sexual (dioecious or monoecious) and asexual (fission, budding)
strategies. Many marine forms have a free-swimming trochophore larva.

Metamerism and the Annelid Body Plan
Structural Organization
The annelid body is divided into three main regions:

1. Head (Prostomium & Peristomium): The anterior end. The prostomium is a pre-oral lobe
bearing sensory organs (eyes, tentacles, palps). The peristomium is the first segment surrounding
the mouth.

2. Segmented Trunk: A linear series of metameres. Each typically contains a pair of nephridia,
ganglia, blood vessels, and a coelomic compartment. Lateral appendages called parapodia may
be present.

3. Pygidium: The terminal segment bearing the anus. New segments are produced from a growth
zone just anterior to the pygidium.

The Coelom as a Hydrostatic Skeleton
The coelomic compartments are central to annelid locomotion. Each segment's coelom is isolated by
septa and filled with incompressible fluid.
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_' Characteristics of Phylum Annelida

L

Ead
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10.
11.
12.
13.
14,

15.
16.

Clade Errantia: Mobile Polychaetes

Unique annelid head and paired epidermal setae present (lost in

leeches, sipunculans, and some echiurans); parapodia present in
the ancestral condition

. Marine, freshwater, and terrestrial
. Most free-living, some symbiotic, some ectoparasitic
. Body bilaterally symmetrical, metameric, often with distinct

head; metamerism reduced or lost in some, especially echinrans
and sipunculans

. Triploblastic body
. Coelom (schizocoel) well developed and divided by septa in all

segmented forms, except in leeches; coelomic fluid functions as
hydrostatic skeleton

. Epithelium secretes outer transparent, moist cuticle
. Dipestive system complete and not segmentally arranged
. Body wall with outer circular and inner longitudinal muscle

layers

Nervous system with a double ventral nerve cord and a pair of
ganglia with lateral nerves in each segment; brain a pair of dorsal
cerebral ganglia with connectives to ventral nerve cord

Sensory system of tactile organs, taste buds, statocysts (in some),
photoreceptor cells, and eyes with lenses (in some); specializa-
tion of head region into differentiated organs, such as tentacles,
palps, and eyespots of polychaetes

Asexual reproduction by fission and fragmentation; capable of
complete regeneration

Hermaphroditic or separate sexes; larvae, if present, are trocho-
phore type; asexual reproduction by budding in some;, spiral
cleavage and mosaic development

Excretory system typically a pair of nephridia for each
segment; nephridia remove waste from blood as well as from
coelom

Respiratory gas exchange through skin, gills, or parapodia
Circulatory system cosed with muscular blood vessels

and aortic arches (“hearts™) for pumping blood, segmentally
arranged; respiratory pigments (hemoglobin, hemerythrin, or
chlorocruorin) often present; amebocytes in blood plasma

Taxonomy of Phylum Annelida

Annelids are wormlike forms sharing a segmented ancestor with
patred epidermal setae. Taxonomy based on morphology focused on
the presence of parapodia and many setae in polychaetes and on the
absence of parapodia and a reduction 1n setae in oligochaetes and
leeches. Phylogenies using molecular and morphological characters
distinguished a large clade called Pleistoannelida and several
lineages, such as Sipuncula and Chaetopteridae (example:
Chaetopterus) that lie outside of Pleistoannelida. Errantia and
Sedentaria are within Pleistoannelida. Sedentaria includes worms
with polychaete and oligochaete body plans. Because both
oligochaetes and hirudineans (leeches) bear a clitellum, these two
groups are united under the heading Clitellata (cli-tel-la'ta) and
members are called clhitellates.

Pleistoannelida comprises Errantia and Sedentaria; Marine,
freshwater and terrestrial annelids, most with segmented

bodies.

Errantia Freely moving polychaetes (pol &-ke'ta) (Gr. pelys,
many, + chaiié, long hair). Mostly marine; head distinct and
bearing eyes and tentacles: most segments with parapodia (lateral
appendages) bearing tufts of many setae; clitellum absent: sexes
usually separate; gonads transitory; asexual budding in some;
trochophore larva usually present. Examples: Nereis, Aphrodita,
Glycera.

Sedentaria Sedentary annelids including tube-dwelling
polychaetes and those living in burrows, as well as members of
Clitellata (oligochaetes and leeches with a clitellum at some
phase of the life cycle). Examples with a polychaete body plan:
Arenicola, Amphitrite, and Riftia; examples with an unsegmented
body plan: Urechis and Bonellia. Chtellate animals with an
oligochaete body plan have conspicuous segmentation; number of
segments variable; setae few per segment; no parapodia; head
absent: coelom spacious and usually divided by intersegmental
septa; hermaphroditic; development direct, no larva; chiefly
terrestrial and freshwater. Examples: Lumbricus, Stvlaria,
Aeolosoma, Tubifex.

Class Hirudinida (hir' u-din‘i-da) (L. hirudo, leech, + ida, pl.
suftix): leeches. Sedentary clitellate annelids with fixed number of
segments (normally 34; 15 or 27 in some groups) with many annuli;
oral and posterior suckers usually present; chitellum present: no
parapodia; setae absent (except in Acanthobdellida); coelom closely
packed with connective tissue and muscle; development direct;
hermaphroditic: terrestrial, freshwater, and marine. Examples:
Hirudo, Placobdella, Macrobdella.

General Features: This clade comprises the classic, active "polychaetes" (meaning "many bristles").
They are predominantly marine worms characterized by a metameric, elongated body adapted for free
movement. A key feature is the well-developed head (prostomium and peristomium) bearing
sophisticated sensory organs like eyes, tentacles, palps, and nuchal organs (chemoreceptive pits). Each
body segment typically possesses a pair of lateral, fleshy appendages called parapodia, which are
equipped with bundles of chitinous bristles (setae or chaetae).

Locomotion: Parapodia are the primary locomotory organs.
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e Siboglinid Dwarf Males (Osedax): Females are large with roots in whale bone. Males are
microscopic, multiple dwarf males live inside the female's tube. Sex is determined by larval
settlement site (on bone vs. on female).

Fertilization Types Summary

e External Fertilization: The ancestral and most common state in marine polychaetes. Requires
precise temporal and spatial synchronization (e.g., epitokal swarming).

e Internal Fertilization: Universal in Clitellata via copulation and sperm transfer. Also occurs in
some polychaetes via modified parapodia or spermatophore transfer.

Nervous System & Sensory Adaptations
Central Nervous System Organization
The annelid nervous system is a "rope-ladder" type, characteristic of many protostomes. It consists of:

e Cerebral Ganglia: A pair of dorsal suprapharyngeal ganglia ("brain") located in the
prostomium. They integrate sensory input and control anterior functions.

e Circumpharyngeal Connectives: Two nerves that loop around the pharynx, connecting the brain
to the subpharyngeal ganglia.

¢ Subpharyngeal Ganglia: A pair of fused ganglia below the pharynx that coordinate feeding and
anterior movement.

e Ventral Nerve Cord: A double, solid cord running the length of the body along the ventral body
wall. It contains paired segmental ganglia in each metamere, which control local reflexes and
motor functions.

Giant Nerve Fibers: The Rapid Escape Circuit
A key adaptation for predator avoidance is the presence of giant axons within the ventral nerve cord.

¢ Anatomy & Function: These are exceptionally large-diameter neurons. In earthworms
(Lumbricus), there are three main giant fibers: one median and two lateral. Their large diameter
dramatically increases conduction velocity (up
to 20-45 m/s vs. 0.5 m/s in small nerves) by comecive T gangln nenves
reducing internal resistance. W

e Mechanism: A stimulus (e.g., touch, vibration) at ~ Susheynges
the posterior end triggers an action potential in
the giant fibers. The impulse travels rapidly sensory
anteriorly, synapsing with motor neurons in each ~ preiections
segment to cause simultaneous contraction of
longitudinal muscles along the entire body. This =
results in a lightning-fast withdrawal into the
burrow. SV Lateral nerves

¢ Enhancement in Earthworms: Earthworm giant
fibers are surrounded by a myelinated sheath,
which provides electrical insulation and
enables saltatory conduction, where the signal S e
jumps between nodes of Ranvier, further boosting
speed.

Sensory Organs Across Groups

e Polychaetes (Errantia): Possess the most advanced sensory systems.

o Eyes: Range from simple pigment-cup ocelli to complex, image-forming eyes with
a cornea, lens, and retina (e.g., in the pelagic family Alciopidae).

o Nuchal Organs: Paired, ciliated sensory pits or slits on the prostomium, functioning
as chemoreceptors for locating food.

o Statocysts: Present in some burrowing/tube-dwelling forms for gravity detection and
orientation.
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Practice MCQs

1. What is the primary function of the coelomic
fluid in annelids?

A) Digestion

B) Circulation of nutrients

C) As a hydrostatic skeleton

D) Sensory reception

Answer: As a hydrostatic skeleton

2. Which larval stage is commonly associated with
annelid development?

A) Pluteus

B) Nauplius

C) Trochophore

D) Planula

Answer: Trochophore

3. The body segmentation in annelids is also
known as:

A) Metamerism

B) Tagmatization

C) Cephalization

D) Symmetry

Answer: Metamerism

4. Which class of annelids is primarily marine and
has parapodia with numerous setae?

A) Oligochaeta

B) Polychaeta

C) Hirudinea

D) Clitellata

Answer: Polychaeta

5. What structure in earthworms is involved in
secreting mucus during copulation and forming
cocoons?

A) Typhlosole

B) Clitellum

C) Nephridium

D) Prostomium

Answer: Clitellum

6. Which annelid group has a reduced coelom,
anterior and posterior suckers, and lacks setae?
A) Polychaetes

B) Oligochaetes

C) Leeches

D) Sipunculans

Answer: Leeches

7. The excretory organs in most annelids are
called:

A) Malpighian tubules

B) Nephridia

C) Flame cells

D) Coelomocytes

Answer: Nephridia

8. In polychaetes, the lateral extensions used in
locomotion are called:

A) Setae

B) Parapodia

C) Cirri

D) Palps

Answer: Parapodia

9. Which annelid has a proboscis armed with jaws
and is a predator?

A) Earthworm

B) Leech

C) Nereis

D) Tubifex

Answer: Nereis

10. The ancestral annelid is believed to have been
a:

A) Sedentary tube-dweller

B) Burrowing worm

C) Free-swimming predator

D) Parasitic form

Answer: Free-swimming predator

11. The phylum Annelida is classified under which
superphylum?

A) Deuterostomia

B) Ecdysozoa

C) Lophotrochozoa

D) Parazoa

Answer: Lophotrochozoa

12. Which of the following is NOT a characteristic
of phylum Annelida?

A) Closed circulatory system

B) Metameric segmentation

C) Pseudocoelom

D) Paired epidermal setae

Answer: Pseudocoelom

13. The dorsal fold in the intestine of earthworms
that increases absorptive surface area is the:

A) Clitellum

B) Typhlosole

C) Gizzard

D) Crop

Answer: Typhlosole

14. What is the primary nitrogenous waste
excreted by marine annelids?

A) Uric acid

B) Urea

C) Ammonia

D) Guanine

Answer: Ammonia

15. Which annelid group includes the Siboglinidae
(beardworms) that lack a digestive tract?

A) Errantia

B) Sedentaria

C) Sipuncula
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Chapter 9

Phylum Arthropoda

Phylum Arthropoda (Greek: arthron = joint, podus = foot) is the largest and most diverse animal phylum,
containing well over 1 million described species and probably several million undescribed species. The
phylum includes insects, spiders, scorpions,
mites, ticks, crustaceans, millipedes,

Characteristics of Phylum Arthropoda

~ L

centipedes, and extinct trilobites.
Arthropods occupy virtually all habitats —
marine, freshwater, terrestrial, aerial, and
parasitic niches. Their evolutionary

Modern Phylogenetic View

Modern classification recognizes three major
arthropod groups based on mouthpart types:
* Subphylum Chelicerata — First pair of
appendages are chelicerae (piercing/pincer-
like); no antennae. Includes spiders,
scorpions, mites, ticks, horseshoe crabs, and
sea spiders.

10.

11.

Jointed appendages; ancestrally, one pair to each segment,
but number often reduced; appendages often modified for
specialized functions

striated muscles for rapid actions, smooth muscles for visceral

organs: no cilia

Nervous system similar to that of annelids, with dorsal brain
connected by a nng around the gullet to a double nerve chain
of ventral ganglia: fusion of ganglia in some species

Well-developed sensory organs; behavioral patterns much more

complex than those of most invertebrates, with wider occur-
rence of social organization

2
=~
—x
"blueprint for success" is based on: 2 I;;:]Eeu; trr;:j::x freshwater, and terrestrial habitats; many :_
fnfetamerism with Ta.gl.natization, chitinous e m:j parasitic taxa E
P Jomte.d eXOSk.eleton’,Jomted appendages, 4. Bilateral symmetry; segmented body divided into functional
ecdysis (m()l?mg)’ highly developed sense groups called tagmata: head and trunk; head, thorax, and >
R organs, and m. many groups abdomen or cephalothorax and abdomen; definite head :r
metamorphosis. 5. Triploblastic body =
E P}; gif;?(l)\lNgf[]])PI;HYLOGENETIC 6. Reduced coelom in adult; most of body cavity consisting of g
. L hemocoel (sinuses, or spaces, in the tissues) filled with blood =
P Arthropods belong to Protostomla, within 7. Cuticular exoskeleton; containing protein, lipid, chitin, and =
the sup erp.hylum E'cdy.sozoa (animals that often calcium carbonate secreted by underlying epidermis and .
molt a cuticle), which includes Nemat(?da, shed (molted) at intervals; chitin occurs less pervasively in &
A Nematomorpha, and other molting animals. some other groups
Within Ecdysozoa, arthropods plus 8. Complete digestive system; mouthparts modified from
R Onyc.hophora (velvet worms) and ancestral appendages and adapted for different methods
Tardigrada (water bears) form of feeding; alimentary canal shows great specialization by
A Panarthropoda — all characterized by having, in various arthropods, chitinous teeth, compartments,
segmented bodies, paired appendages, and gastric ossicles
T hemocoel, and cuticular molting. 9. Complex muscular system, with exoskeleton for attachment,
I
O
N
S

* Subphylum Mandibulata — Possess 12. Parthenogenesis in some taxa

mandibles (jaw-like structures); 1-2 pairs of 13. Sexes usually separate, with paired reproductive organs and
antennae. Includes Myriapoda (centipedes, ducts; usually internal fertilization: oviparous, ovoviviparous,
millipedes) and Pancrustacea (crustaceans or viviparous; often with metamorphosis

and hexapods). 14. Paired excretory glands called coxal, antennal, or maxillary
* Subphylum Trilobitomorpha — All glands present in some: others with excretory organs called
extinct; dominated Paleozoic seas. Malpighian tubules

Important Note on Classification 15. Respiration by body surface, gills, tracheae (air tubes), or
Hexapoda is now placed inside book lungs

Pancrustacea, making traditional 16. Open circulatory system, with dorsal contractile heart,

"Crustacea" paraphyletic from a modern
cladistic perspective.

arteries, and hemocoel (blood sinuses)
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Exoskeleton (Cuticle) — Foundation of Success

Structure and Composition

The arthropod exoskeleton is a non-living structure secreted by the underlying epidermis (hypodermis). It
consists of two main layers:

Epicuticle (outermost) — A thin, waxy lipoprotein layer that is waterproof and serves as a barrier against
microorganisms and many pesticides.

Procuticle (bulk of exoskeleton) — Thick layer composed of chitin (a polysaccharide) plus structural
proteins. It hardens through sclerotization (protein cross-linking, similar to "tanning"). In many

Arthropod Mouthparts

CHELICERAE ws. MANDIBLES

M o
crustaceans, further hardening occurs through calcification with calcium carbonate (CaCO:s). *
K Functions of the Exoskeleton =
* Provides mechanical protection against predators and physical damage 3
* Waterproofing — especially critical for terrestrial life -
* Support and structure — replaces hydrostatic skeleton =
P * Lever system for powerful muscle action through attachment sites E
* Sensory specializations — modified into sensory structures (sensilla, setae, lenses) }
R * Respiratory specializations — internal tubes (tracheae, book lung slits) I
-
-
E Arthropod Appendages g
| =
P UNIRAMOUS vs. BIRAMOUS Eﬁ g_
Endopod —=1 & -V
A Exopod _\
2 '.
R Endopod
Exopod
T Exopod ﬂ (L/ 3
Endopod i

\ p -
\;'f‘ Left mandible
,

Chelicerae

Structural Modifications
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Dioecious; mass spawning occurs in intertidal zones. The male rides on the female; as the female digs
nests and lays eggs in sand, the male releases sperm — external fertilization. Eggs develop in sand; larvae
resemble trilobite-like forms.

Class Arachnida — Spiders, Scorpions, Mites, Ticks, Harvestmen

Arachnids are one of the earliest terrestrial arthropod groups, with Silurian—Devonian fossils. Water
conservation is critical for survival, with adaptations including:

* Impermeable exoskeleton with thick waxy epicuticle

* Book lungs and/or tracheae (internal respiratory surfaces)

» Malpighian tubules + coxal glands; excreting mainly uric acid, minimizing water loss

Most arachnids are carnivorous predators, often feeding by external digestion followed by sucking of
liquefied tissues.

Form and Function (General)

* Prosoma: chelicerae, pedipalps, 4 pairs walking legs, eyes

* Opisthosoma: visceral organs, genital openings, respiratory structures; may be segmented or
unsegmented

* Coxal glands — nephridia-like excretory organs opening at leg bases

* Malpighian tubules — diverticula of gut; absorb nitrogenous wastes from hemolymph and empty into
hindgut as uric acid

* Book lungs — invaginated sacs with stacked lamellae; air flows between lamellae, blood within; diffusion
of gases across thin walls

* Tracheae — chitin-lined tubes opening via spiracles; deliver air directly to tissues (independent origin
from insect tracheae)

Order Scorpionida — Scorpions

The body divides into:

Prosoma — carapace with median Median eye
and lateral eyes; small chelicerae, Chelicera
large chelate pedipalps
Opisthosoma with:

* Preabdomen — broader; contains . .l’“
book lungs, pectines (comb-like ’ /
chemo- and mechanoreceptors), Pedipalps

genital openings '
: D

* Postabdomen (tail) — narrow; ends

in sting with venom gland and
hollow aculeus a
0N ~J
“ Ny

Lateral eye

Walklng legs

Postabdominal sting

Most species' venom is comparable
to a wasp sting; a few species (such

as Androctonus and Centruroides) . A =
can be lethal to humans. Prosoma Preabdomen Postabdomen
Reproduction ~ g

Complex courtship "dance"; male (b) Opisthosoma

deposits spermatophore on substrate and maneuvers female over it. Many scorpions are ovoviviparous or
viviparous; development can take up to 1.5 years. Young climb onto mother's back after birth and remain
there until after first molt.

Order Araneae — Spiders

Prosoma contains chelicerae (bearing venom glands and fangs), leg-like pedipalps (male pedipalps
specialized for sperm transfer), and usually 8 simple eyes. Prosoma and opisthosoma are connected by
narrow pedicel, allowing flexibility. Opisthosoma contains reproductive openings, book lungs and/or
tracheae, and spinnerets (2—8) connected to numerous silk glands.
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Bears antennae, compound eyes, ocelli, mouthparts. Antennae have many shapes (filiform, clavate,

plumose, etc.); they are primary organs of smell (olfaction) and also sense touch and sometimes hearing.

Mouthparts — Types and Examples
Mouthpart

Type Key Structures Feeding Mode and Examples
. Strong toothed mandibles, maxillae with palps, Biting, cutting, grinding solid food —
Chewing . .
labrum, labium, hypopharynx grasshoppers, beetles, caterpillars
Piercing- Elongated stylets from mandibles/maxillae, labrum- Piercing tissues 2'1nd suckmg bl(.)Od or
. - o plant sap — mosquitoes, aphids, lice, true
sucking epipharynx, hypopharynx; labium forms sheath bugs
Siphoning Mandibles lost; maxillae e.longated into coiled Sucking nectar — butterflics, moths
proboscis
Sponging- Labium with spongy labellum; saliva pre-digests Lapping liquid or semi-liquid food —
lapping food houseflies, blowflies

Thorax and Locomotion

Prothorax, mesothorax, metathorax — each with a pair of legs; wings (0-2 pairs) are on meso- and
metathorax.

Leg Modifications

* Saltatorial (jumping) — enlarged hindlegs of grasshoppers

* Fossorial (digging) — spade-like forelegs of mole crickets

* Natatorial (swimming) — oar-like hindlegs of aquatic beetles

» Raptorial (grasping prey) — spined forelegs of mantids

* Pollen-collecting — pollen combs and baskets on bee legs for carrying pollen

Wings and Flight

Wings are double-layered cuticular outgrowths with supporting veins. Types include: membranous,
elytra (hardened forewings in beetles), hemelytra (partly hardened, in bugs), scaled (butterflies, moths),
hairy.

Flight muscle systems:

nZO—~—-p» Xp>vmRI o
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* Exoskeleton with waxy epicuticle — mechanical protection, waterproofing, support, muscle attachment
« Jointed appendages and tagmatization — efficient locomotion, feeding, sensory specialization, division of labor

among regions

* Metamorphosis — ecological separation of life stages, reduced intraspecific competition, efficient exploitation of

different niches

* Efficient respiratory and excretory systems — gills for aquatic life; tracheae and book lungs plus Malpighian

tubules and uric acid excretion for terrestrial life

* Highly developed sensory and neural systems — compound eyes, sensilla, advanced chemoreception and

mechanoreception enabling sophisticated behavior

* High reproductive potential and diverse strategies — rapid population growth, parthenogenesis, sociality, complex

courtship

These integrated features explain why Arthropoda has become the dominant phylum in animal diversity and
ecological impact, from copepods in the oceans to insects and arachnids on land.

The Phylum Arthropoda represents one of nature's greatest evolutionary successes. With adaptations spanning from
the microscopic to the macroscopic, from aquatic to terrestrial to aerial environments, arthropods continue to dominate
biodiversity. Their remarkable features — the exoskeleton, metamorphosis, sensory sophistication, and behavioral
complexity — make them indispensable to ecosystem functioning and profoundly influential on human affairs.

Practice MCQs

1. Which statement best explains why
arthropods have a reduced true coelom?

A) They lack mesoderm

B) The rigid exoskeleton and hemocoel replace
the hydrostatic skeleton

C) They are derived from acoelomate ancestors
D) Their coelom is filled with fat bodies
Answer: The rigid exoskeleton and hemocoel
replace the hydrostatic skeleton

2. The primary body cavity through which
hemolymph circulates in arthropods is called
the:

A) Pseudocoel

B) Coelom

C) Hemocoel

D) Blastocoel

Answer: Hemocoel

3. Which layer of the arthropod exoskeleton is
most important for preventing desiccation?
A) Endocuticle

B) Exocuticle

C) Epicuticle

D) Epidermis

Answer: Epicuticle

4. Sclerotization of the procuticle involves
mainly cross-linking of which component?
A) Lipids

B) Chitin

C) Cuticular proteins

D) Calcium salts

Answer: Cuticular proteins

5. In many crustaceans, additional hardening

of the exoskeleton is achieved by deposition of:

A) Silica
B) Calcium carbonate
C) Calcium phosphate

D) Magnesium sulfate

Answer: Calcium carbonate

6. The infoldings of cuticle that act as internal
tendons for muscle attachment are called:
A) Spiracles

B) Sutures

C) Apodemes

D) Lamellae

Answer: Apodemes

7. The ancestral arthropod appendage with a
basal protopod and two branches is termed:
A) Uniramous

B) Biramous

C) Triramous

D) Polybranchial

Answer: Biramous

8. Which combination correctly matches
subphylum and diagnostic mouthpart?

A) Chelicerata — mandibles

B) Mandibulata — chelicerae

C) Hexapoda — proboscis only

D) Chelicerata — chelicerae

Answer: Chelicerata — chelicerae

9. Which subphylum consists entirely of
extinct marine forms with three longitudinal
body lobes?

A) Chelicerata

B) Mandibulata

C) Trilobitomorpha

D) Onychophora

Answer: Trilobitomorpha

10. The three main tagmata of a typical insect
are:

A) Head, trunk, pygidium

B) Prosoma, opisthosoma, telson

C) Head, thorax, abdomen
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Chapter 10

derives

Phylum Echinodermata

Echinodermata is a wholly marine phylum of triploblastic, coelomate deuterostomes. The name

from Greek: echinos (spiny)

+ derma (skin),

referring to their characteristic calcareous

endoskeleton often bearing spines. They are a classic "noble group especially designed to puzzle the
zoologist" due to their unique combination of features not found in any other animal group. Adults
exhibit pentaradial symmetry, a derived condition from a bilateral ancestor, as confirmed by
their bilateral larval stages and fossil record. They occupy diverse benthic habitats, from intertidal zones
to abyssal depths, and play crucial ecological roles.

General Diagnostic Characteristics
The phylum is defined by a suite of
unique characteristics:

1.

Pentaradial Symmetry: The
adult body is organized in five
parts (or multiples

thereof) around a central oral-
aboral axis.

Water-Vascular System
(Ambulacral System): A
unique, coelom-derived
hydraulic system used for
locomotion, feeding,
attachment, and respiration. It
terminates externally in tube
feet (podia).

Endoskeleton: Composed

of calcareous ossicles (plates
or spicules) of calcium
carbonate (calcite) with a
distinctive mesh-

like stereom structure. The
ossicles may be articulated or
fused to form a rigid test.
Mutable Collagenous Tissue
(Catch Collagen): Specialized
connective tissue under neural
control that can rapidly
change stiffness, allowing
energy-efficient posture
maintenance, autotomy (self-
amputation), and protection.
Dermal Branchiae
(Papulae): Thin-walled,
finger-like extensions of the
body wall (skin gills) used for
respiration in some classes.

1.

8]

10.

11.

Characteristics of Phylum Echinodermata

Unique water-vascular system of coelomic origin extends
from body surface as series of tentacle-like projections (podia,
or tube feet) protracted by increase of fluid pressure within
them; opening to exterior (madreporite or hydropore) usu-
ally present

. Living in marine habitats
. Free-living taxa
. Body unsegmented (nonmetameric) with pentaradial

symmetry; body rounded, cylindrical, or star-shaped, with five
or more radiating areas, or ambulacra, alternating with interam-
bulacral areas; no head

. Triploblastic body
. Coelom extensive, forming perivisceral cavity and cavity of

water-vascular system; coelom of enterocoelous type; coelomic
fluid with amebocytes

. Endoskeleton of dermal calcareous ossicles with spines or of

calcareous spicules in dermis; covered by epidermis (ciliated in
most); pedicellariae (in some)

. Digestive system usually complete; axial or coiled; anus absent

in ophiuroids

. Skeletal elements connected by ligaments of mutable collage-

nous tissue under neural control, ligaments can be “locked” into
rigid posture or relaxed to allow free movement at will; locomo-
tion by tube feet, which project from ambulacral areas, by
movement of spines, or by movement of arms, which project
from central disc of body

Nervous system with circumoral ring and radial nerves; usually
two or three systems of networks located at different levels in
the body, varying in degree of development according to group
No brain; few specialized sensory organs; sensory system of
tactile and chemoreceptors, podia, terminal tentacles, photore-
ceptors, and statocysts
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6. Pedicellariae: Minute, pincer-like structures on the body surface, often stalked, used for defense

and cleaning.

7. Deuterostome Development: Exhibiting radial, indeterminate cleavage, enterocoely (coelom
formation from gut pouches), and formation of the mouth from a secondary opening (not from the

blastopore).

Classification of Extant Echinoderms

Living echinoderms are divided into five extant classes, traditionally grouped into two subphyla based on
lifestyle and orientation.
Major Subphyla and Classes of Echinodermata

Subphylum

Common
Name

Key Defining Features

Sessile or free-
moving; branched, pinnulate

. Sea Lilies & Antedon (Feather
Pelmatozoa (Sessile, .. arms; mouth & anus on oral .
Crinoidea Feather . star), Metacrinus (Sea
oral surface up) Stars surface facing upward; possess lily)
a stalk (lilies) or cirri (feather
stars).
Star-shaped; arms not sharply
El e}ltherozoa (Free- . Sea Stars / de.marcated ioie ral Asterias, Pisaster, Penta
living, oral surface Asteroidea disc; open ambulacral
Starfish . ceros
down) grooves with suckered tube feet;
madreporite aboral.
Arms long, slender, and
Brittle Stars sharply demarcated from . . .
Ophiuroidea & Basket central gig’c; closed ambulacral Ophiura, Ophiothrix, Go
Stars grooves; tube feet lack suckers; rgonocephalus
madreporite oral; no anus.
Globular or flattened
Sea Urchins | body with no arms; endoskeleton Strongylocentrotus, Echi
Echinoidea & Sand forms a rigid test; movable ’
Dollars spines; possess Aristotle's nus, Clypeaster
lantern (jaw apparatus).
Elongated, cylindrical, worm-
like; secondary bilateral
. Sea symmetry; leathery body with | Holothuria, Cucumaria,
HologhuFoidea Cucumbers microscopic Parastichopus
ossicles; respiratory trees;
madreporite internal.
Class Crinoidea (Sea Lilies & Feather Stars)
Form, Orientation & External Morphology
¢ Body Division: The body is divided into two main regions:
o The Crown (Calyx + Arms): Contains all major organ systems.
Page 2|24
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o The Holdfast: For attachment. This is a long, jointed stalk in sea lilies and a set

of prehensile cirri in
feather stars.

e Calyx Structure: The cup-
shaped calyx is the main body,
composed of calcified plates. It
houses the viscera.

o Dorsal Cup
(Aboral): The base of
the calyx attached to
the stalk or cirri.

o Oral Disc
(Ventral): The upper
surface, bearing both
the mouth (central or
slightly off-center) and
the anus (typically on a
raised anal cone).

e Arm & Pinnule Structure:

o Arms: Typically 5, but
often branch once or
multiple times at
the axillae, giving 10,
20, or more arms. This
increases the filtering
surface area.

o Pinnules: Small,
lateral, finger-like
appendages arranged
alternately along the
length of the arms.
They are soft, highly
flexible, and bear
the tube feet (podia).

Phylum Echinodermata (i-ki"na-dur'ma-tah)
The phylum of triploblastic, coelomate animals whose members are

pentaradially symmetrical as adults and possess a water-vascular
system and an endoskeleton covered by epithelium. Pedicellaria
often present.

Class Crinoidea (krin-oi‘de-ah)

Free living or attached by an aboral stalk of ossicles; flourished in
the Paleozoic era. Sea lilies; feather stars. Approximately 630
living species.

Class Asteroidea (as"te-roi'de-ah)

Rays not sharply set off from central disk; ambulacral grooves with
tube feet; suction disks on tube feet; pedicellariae present. Sea
stars. Approximately 1,800 species.

Class Ophiuroidea (o-fe-u-roi'de-ah)
Arms sharply marked off from the central disk; tube feet without
suction disks. Brittle stars. More than 2,000 species.

Class Echinoidea (ek"i-noi'de-ah)

Globular or disk shaped; no rays; movable spines; skeleton (test) of
closely fitting plates. Sea urchins, sand dollars. Approximately
1,000 species.

Class Holothuroidea (hol"o-thu-roi‘de-ah)

No rays; elongate along the oral-aboral axis; microscopic ossicles
embedded in a muscular body wall; circumoral tentacles. Sea
cucumbers. Approximately 1,700 species.

They give the arms a delicate, feathery appearance.

e Cirri & Stalk:

o Stalk (Sea Lilies): Composed of numerous disc-shaped ossicles (columnals) stacked like
vertebrae and connected by ligaments. May bear whorls of cirri along its length for
additional stability. The stalk lifts the crown into water currents.

o Cirri (Feather Stars): A whorl of jointed, claw-like appendages at the aboral end of the
calyx. Used for temporary attachment to the substrate, algae, or coral. Feather stars can
actively crawl and even swim by rhythmic arm movements.

Water-Vascular System: Specialization for Feeding
e Open Ambulacral System: Unlike in other eleutherozoans, the ambulacral grooves are open
and conspicuous, running along the oral surface of the arms and pinnules. They are lined

with ciliated epithelium.
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e Absence of Madreporite & Modifications: There is no
distinct madreporite. Seawater percolates into the system
through a multitude of dermal pores scattered over the
body surface, especially on the oral disc.

e Tube Feet (Podia): Simple, non-muscular, and lack
suckers and ampullae. They are extensions of the radial
canals, covered in secretory epithelium. Their primary
functions are:

1. Food Capture: Secrete mucus to trap suspended
particles.

2. Sensory Reception.

e Coelomic Pressure for Extension: Tube feet are
extended by increased coelomic fluid pressure within
the water-vascular canals, not by ampullar contraction.

Feeding Mechanism: Passive Suspension Feeding

e Posture: The crown is oriented with the oral surface
facing upward into prevailing currents. Arms are typically
spread in a parabolic fan.

e Process: A coordinated, multi-step process:

1. Trapping: Plankton and organic detritus (seston)
contact the sticky mucus secreted by the podia on
the pinnules. :

2. Conveyance: Beating cilia lining the ambulacral /wj:
grooves create a continuous current flowing ,7/3)
towards the mouth.

3. Transport: The trapped food, entangled in mucus strings, is carried along the grooves,
down the arms, and into the ambulacral (food) grooves on the oral disc.

4. Ingestion: Ciliary tracts on the oral disc converge at the mouth, where the mucus food
bolus is ingested.

e Ancestral State: This mode of feeding is considered the primitive, ancestral function of the
echinoderm water-vascular system, later co-opted for locomotion in other classes.

Internal Anatomy & Physiology

e Digestive System:

o U-shaped Gut: The mouth leads to a short esophagus, a large stomach within the calyx,
and an intestine that loops and terminates at the anus on the oral disc.

o Digestive Glands: Paired digestive glands (pyloric caeca) extend from the stomach into
the arms, providing secretory and absorptive surfaces.

e Circulation, Respiration & Excretion:

o No specialized respiratory or excretory organs.

o Gas Exchange: Occurs by diffusion across the extensive, thin epithelium of the tube feet
and pinnules.

o Excretion: Ammonia and other wastes diffuse directly into the surrounding
seawater. Coelomocytes (phagocytic cells within the coelomic fluid) also collect and
transport waste particles.

o Circulation: The hemal system is simple. Nutrient distribution is primarily via the
circulation of coelomic fluid, driven by cilia lining the coelomic spaces.

e Nervous System:

o No circumoral nerve ring. Instead, a centralized chambered organ (a cup-shaped nerve
mass) lies below the calyx.

MK PREPARATIONS: Let’s Make It Happen
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o From this central mass, radial nerves extend into each arm to coordinate movement and
feeding.
o Sensory cells are abundant on podia and pinnules.

Reproduction, Development & Life History

Sexuality: Most are dioccious. Gonads are located in the genital pinnules—specialized swollen
pinnules located near the base of the arms.
Gamete Release & Fertilization: Gametes are released through microscopic pores in the pinnule
walls. Fertilization is usually external in the water column.
Larval Development:
o Doliolaria Larva: The fertilized egg develops into a free-swimming, barrel-
shaped doliolaria larva. It is encircled by several bands of cilia used for locomotion and
is bilaterally symmetrical.
o Metamorphosis: After a brief planktonic period (hours to days), the larva settles on the
substrate. It attaches by an anterior adhesive pit and undergoes a radical metamorphosis:
= The attached end develops into the stalk.
= The free end forms the calyx and the first five arms.
= In feather stars, the stalk is eventually resorbed or broken off at maturity.
Brooding: In some cold-water or deep-sea species, brooding is common. Eggs are retained in
specialized brood pouches on the pinnules or arms, where they are fertilized (via sperm entering
the pouch) and develop directly into doliolaria larvae or even miniature adults, enhancing
offspring survival.
Regeneration: High regenerative capacity. Can regenerate lost arms, pinnules, and even parts of
the visceral mass. Some species can reproduce asexually via stalk fragmentation.

Evolutionary Significance & Fossil Record

"Living Fossils": Crinoids are the most ancient and primitive of extant echinoderm classes, with
a body plan closest to the hypothesized ancestral echinoderm.

Extensive Fossil Record: They have an unparalleled fossil record dating to the Ordovician
period (~480 mya). During the Paleozoic (especially the Carboniferous "Age of Crinoids"), they
were extraordinarily abundant, forming vast submarine "meadows." Their fossilized stems
(columnals) are common limestone components.

Phylogenetic Position: Considered the sister group to all other living echinoderms (the
Eleutherozoa). Their sessile/sedentary, mouth-up, suspension-feeding lifestyle represents

the plesiomorphic (ancestral) condition for the phylum.

Distinguishing Features of Sea Lilies vs. Feather Stars

Feature Sea Lilies (Order Isocrinida, etc.) Feather Stars (Order Comatulida)
Adult Lifestyle Sessile; per;?l%r;frn;tley attached to Free-living; can crawl, swim, and temporarily attach.

Holdfast Long, jointed stalk (may have cirri). A whorl of prehensile, zL&:iw-llke cirri at the aboral
Stalk in Adult Present and retained throughout life. Present only in juvenile ;;?ﬁf; shed or resorbed in the

Mobility

Very limited; can bend stalk but not Highly mobile; use arms for swimming and crawling.

relocate.
. . . More common in shallow, tropical reefs and
Habitat Predominantly deep-sea environments. » Lrop
temperate zones.
i . irri to perch on elevat trat .g., coral
Feeding Stalk elevates crown into currents. Uses ¢ o perch on elevated substrates (e.g., coral,
Posture sponges).
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Ecological Role: As efficient suspension feeders, crinoids play a significant role in energy transfer from
the plankton to the benthos, especially in deep-sea ecosystems where they can be dominant fauna.

Class Asteroidea (Sea Stars)

Form, Orientation & External Morphology

e Arm Number & Structure: While typically pentaradial (5 arms), many species have 6 or more
arms (e.g., Leptasterias hexactis has 6, Heliaster can have up to 50). The arms are not sharply
demarcated but are broad-based continuations of the central disc.

e Body Wall & Endoskeleton: The body wall consists of:

1. Epidermis: A ciliated, single-cell layer.

2. Dermis: Contains the endoskeleton of separate calcareous ossicles. These are bound by
mutable collagenous tissue, allowing the body wall to be alternately rigid or
flexible under neural control—a unique echinoderm trait.

3. Coelomic Epithelium: Lines the internal cavity.

e Surface Features:

o Aboral Surface: Bears tubercles and various types of spines. The madreporite is
located interradially (between two arms).
o Oral Surface: The central mouth is on a soft, flexible region called the peristome. Each
arm has a prominent, open ambulacral groove.
Specialized Structures
e Pedicellariae: Small, pincer-like structures mounted on movable stalks. They are modified
ossicles and function as defensive and cleaning tools. There are two main types:
o Forceps-like (Straight): For removing debris and parasites.
o Crossed (Scissor-like): Often venomous in some species, used for defense against small
predators and larvae.

e Dermal Branchiae (Papulae): Thin-walled, finger-like extensions of the coelomic cavity
through gaps in the ossicles. They vastly increase surface area for respiration and also function
in excretion. They are protected within spines when not in use.

Water-Vascular System & Locomeotion in Detail

¢ Hydraulic Mechanism: The system is a closed hydraulic network. Seawater enters via the
madreporite, passes down the stone canal (often lined with calcareous deposits) to the ring
canal encircling the mouth.

e Ampullar Action: Each tube foot is a complex organ. Its extension is powered by the
contraction of the ampulla (a muscular bulb). Contraction forces fluid into the podium, extending
it. Longitudinal muscles in the podium wall then contract to shorten the foot, forcing fluid back
into the ampulla.

e Adhesion: The sucker creates a temporary vacuum seal via muscular action. Secretions from the
adhesive gland provide temporary attachment, while the de-adhesive gland secretions allow for
controlled release.

e Coordination: Tube feet operate in coordinated waves, but not in unison. The radial nerve in
each arm controls this stepping motion, creating a slow but powerful and versatile locomotion
system capable of moving in any direction without turning,.
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A, Internal anatomy of a sea
star. B, Water-vascular system. Podia penetrate
between ossicles. (Polian vesicles are not Tube feet <8
present in Asterias.) €, Cross section of arm at
level of gonads, illustrating open ambulacral
grooves.
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Feeding Biology & Digestive System
e Diet: Carnivorous predators dominating benthic communities. Prey includes bivalves (mussels,
clams), gastropods, barnacles, crustaceans, other echinoderms, and even fish.
¢ Bivalve Predation - A Detailed Sequence:

1. Detection & Mounting: The sea star locates prey chemotactically and mounts it, arching
its disc.

2. Attachment: Hundreds of tube feet attach to both valves of the shell.

3. Steady Pull: The sea star adopts a hunched posture, applying constant tension via its
tube feet and body wall muscles. This utilizes catch connective tissue in its ligaments to
maintain force with minimal energy expenditure.

4. Fatigue & Gaping: The bivalve's adductor muscles fatigue, causing a microscopic gap
(as little as 0.1 mm).

5. Stomach Eversion: The sea star increases coelomic pressure, everts its cardiac
stomach through its mouth and into the gap.

6. External Digestion: Digestive enzymes (proteases, lipases) are secreted directly onto the
bivalve's soft tissues, liquefying them.

7. Ingestion: The partially digested soup, along with the now-retracted stomach, is drawn
into the pyloric stomach.

e Internal Digestion: Digestion continues within the paired pyloric ceca in each arm, which are
major sites of enzyme secretion, absorption, and nutrient storage (glycogen, lipids).

nZO—~—-p» Xp>ovmRI o
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e Adaptations: Some species are specialized feeders (e.g., Acanthaster planci, the crown-of-thorns
starfish, feeds on coral polyps; Pteraster feeds on sponges).

Internal Transport, Respiration & Excretion

e Hemal System: A poorly defined but important
channel system. It consists of:

o Axial Gland: The main hemal vessel,
runs alongside the stone canal.

o Oral & Aboral Rings: Connect
to radial hemal strands in each arm.

o Function: Likely distributes nutrients
from the digestive glands and
coordinates neuroendocrine functions.

e Perivisceral Coelom: The main body cavity. Its
fluid, moved by cilia, transports gases, nutrients,
and wastes. Coelomocytes (amebocytes) within
it are phagocytic and involved in waste
transport, clotting, and immune functions.

e Respiration: Primarily via dermal branchiae.
Gas exchange also occurs across the thin walls
of tube feet.

A M _ Aboral hemal
_ ring
Dorsal sac

Stone canal

— Pyloric hemal

Axial canal
complex T

" Gastric hemal
Cardiac ring
stomach

Axial sinus

Ring canal
Perihemal
ring

Mouth Oral hemal ring  Radial hemal canal

e Excretion: Nitrogenous waste (mainly ammonia) diffuses out through the dermal branchiae and
tube feet. Specialized excretory organs are absent. Phagocytic coelomocytes also accumulate

waste and may exit via the papulae.
Nervous System & Sensory Biology
e Decentralized Nervous System:

1. Ectoneural System: The dominant system. Includes the oral nerve ring and radial
nerves running under each ambulacral groove. Controls locomotion and tube feet.
2. Hyponeural System: Motor system lying below the ectoneural system, controlling body-

wall muscles.

3. Aboral (Coelomic) System: Minimal, coordinates the aboral body wall.

e Sensory Structures:

o Terminal Tentacle: The tube foot at the tip of each arm is modified into a
sensory eyespot. It contains 80-200 simple ocelli capable of detecting light and dark,

aiding in orientation.

o Chemoreception: Highly developed, located on podia and the epidermis. Critical for

finding prey.

o Mechanoreception: Sensitive to touch and current.

Reproduction, Development & Regeneration
e Sexual Reproduction:

o Gonads: Paired in each arm, located interradially. Gametes are released into seawater

via gonopores.

o Spawning Synchrony: Often triggered by environmental cues (temperature,
photoperiod) and pheromones to ensure mass spawning.

Page 8|24
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o Larval
Development: The bipinnaria larva
is a feeding, bilaterally symmetrical
planktotroph. It may metamorphose
into a brachiolaria larva, which
uses adhesive arms to settle before
metamorphosis. Some species have
non-feeding (lecithotrophic) larvae.

.':,,ffd Ciliary band

o Asexual Reproduction: Common Anss ———=
via fission (splitting of the central disc)
M or autotomy of arms, followed by (e) Early bipinnaria (b) Late bipinnaria
regeneration.
K ¢ Regeneration: An extreme adaptive trait.

o Process: Involves wound healing,
formation of a blastema (mass of
undifferentiated cells), and re-
differentiation of tissues. The water-
vascular system is key in patterning
the regenerate.

o Capability: Most species can
regenerate arms provided part of the
central disc remains. A few
(e.g., Linckia) can regenerate a
complete individual from a single
arm segment—a process called comet formation.

Ecology & Keystone Role

¢ Keystone Predation: By preying on dominant space-competitors (like mussels), sea stars
maintain high species diversity in intertidal and subtidal communities. The classic example
is Pisaster ochraceus in Pacific Northwest tide pools.

e Population Outbreaks: Some species, like the crown-of-thorns starfish (Acanthaster planci),
undergo population explosions that can devastate coral reef ecosystems.

e Trophic Cascades: Their removal (e.g., due to disease, climate change, or human activity) can
trigger trophic cascades, leading to ecosystem collapse (e.g., conversion of kelp forests to urchin

Water-vascular
system

Madreporite

Mouth

Anus

(c) Brachiolaria (d) Juvenile sea star

[—
=
=
—x

s
J—
=
=
=
e
=
i @
=
=
ol
)
=
=
o
-
eV

barrens).
Types of Pedicellariae in Asteroidea
Forceps Two straight, broad valves that Primarily cleaners. Remove debris and settling organisms
(Straight) meet directly. from the body surface.
Crossed Two curved, crossed valves with Often venomous. Defensive; can snap at and deter small
(Scissor) basal plates. predators or parasites.

Asteroids and Their Ecological Roles

nZQO—~=p» xXppomRI

Species Common Name Key Ecological Role / Trait
Pisaster ochraceus Ochre Sea Star Classic keystone predator in rocky intertidal zones.
. Crown-of-Thorns Corallivore; population outbreaks cause severe coral reef
Acanthaster planci .
Starfish degradation.
. Common European Generalist predator, model organism for development and
Asterias rubens . .
Sea Star regeneration studies.
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Pycnopodia Sunflower Sea Star Fast-moving, multi-armed predator; major controller of urchin
helianthoides populations in the NE Pacific.
Linckia guildingi Comet Star Exhibits exceptional regeneratlpn from severed arms (comet
formation).

Class Ophiuroidea (Brittle Stars & Basket Stars)
External Morphology & Distinguishing Features
e Central Disc: Highly compact,
pentagonal or circular, and sharply
demarcated from the arms. Contains all
major organs. The oral surface is flat,
bearing the mouth and bursal slits.
e Arm Architecture: Arms are long,
slender, whip-like, and highly flexible.
They are used for locomotion, feeding, and
sensory perception.

o Brittle Stars: Arms are
unbranched, typically used for
rapid crawling and burrowing.

o Basket Stars: Arms
undergo repeated, dichotomous
branching, creating a complex,
bush-like structure specialized for
passive suspension feeding in

~ L

BIRULIdPOUTYI Y WN[AYJ ‘01

currents.
e Surface Features: Generally lack
pedicellariae and dermal branchiae A o;?,li:;:jn; h
(papulae). The skin is often smooth or :
granular.

Endoskeleton & Arm Structure: The Vertebral Column

e Arm Ossicles (Vertebrae): The key innovation of ophiuroids. The arm contains a central series
of large, articulated ossicles called vertebrae. These are hourglass-shaped and join via ball-and-
socket joints, forming a flexible, internal ' vertebral column."

e Closed Ambulacral Groove: The ambulacral groove is not open as in asteroids. It is covered
over and converted into an internal epineural canal by large lateral arm plates that arch over it.
The radial water-vascular canal and nerve cord run protected within this canal.

e  Muscular Control: Four pairs of intervertebral muscles connect successive vertebrae. Their
coordinated contraction produces the rapid, sinuous (snake-like) arm movements characteristic
of the class.

Water-Vascular System & Locomotion

e Non-Locomotor Tube Feet: Tube feet are slender, pointed, and lack both suckers and
ampullae. They are extended by contraction of muscles at their base within the arm, not by a
hydraulic ampulla. Their primary roles are sensory perception, feeding, and burrowing, not
adhesion or locomotion.

e Locomotion Mechanics: Movement is arm-powered. Two primary methods:

1. Rowing/Rowing: One or two arms lead, pulling the disc while others trail or push. This
allows for surprisingly fast, directional movement.
2. Sinous Crawling: Coordinated, snake-like undulations of the arms propel the animal.

e Burrowing: Many species live infaunally in soft sediments. They use their pointed arms to dig
and wedge themselves into the substrate.
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Feeding Strategies:
Ophiuroids exhibit the most varied feeding modes of any echinoderm class.

o Brittle Star Strategies:

o Active Predators/Scavengers: Use arms to capture small prey (worms, crustaceans) or
scavenge detritus. Arms transfer food to the mouth.

o Deposit Feeders: Collect organic particles from the sediment surface using tube feet
and/or mucus strands on the arms.

e Basket Star Strategy (e.g., Gorgonocephalus):

o Passive Suspension Feeders: At night or in currents, they extend their complex,
branched arms into the water column like a net. Muco-ciliary action on the arms traps
plankton, which is then passed down the branches to the mouth.

e Mouth & Digestion: The mouth, on the oral disc, is surrounded by five triangular, movable jaw
plates (modified oral plates) that form a chewing apparatus. It leads directly to a blind-
ending, sac-like stomach within the disc. There is no intestine and no anus. Indigestible
material is regurgitated through the mouth.

Internal Anatomy & Physiology

e Respiratory & Brood Chambers (Bursae): A defining feature. Ten invaginations of the oral
disc, called bursae, open via bursal slits at the base of the arms. They serve a dual function:

1. Respiration: Cilia maintain a water current through the bursae, facilitating gas exchange
across their thin walls.

2. Brooding: In many species, the bursae serve as brood chambers where embryos and
early larvae are protected and nourished.

¢ Reduced Coelom: The main body cavity (coelom) is largely restricted to the central disc and
does not extend far into the arms.

e Excretion & Circulation: Nitrogenous waste (ammonia) diffuses across the bursal walls and
tube feet. The hemal system is reduced. Circulation and nutrient distribution rely mainly on
coelomic fluid movement.

Nervous System & Sensory Biology

e Similar to asteroids but adapted for arm-based movement. The ectoneural nerve cord runs
within the protected epineural canal.

e Sensory perception is concentrated in the arms and tube feet, which are sensitive to touch and
chemicals. Most species lack distinct eyespots.

Reproduction, Development & Remarkable Regeneration

e Sexual Reproduction: Most are dioccious. Gonads are located within the disc, associated with
the bursal sacs. Gametes are often released into the bursae and then expelled through the bursal
slits.

o Brooding vs. Planktonic Development: Many species are brooders, retaining embryos
in the bursae until they develop into juvenile brittle stars. Others have
planktonic ophiopluteus larvae, which are distinguished by long, delicate arms
supported by calcareous rods.

e Asexual Reproduction & Regeneration:

o Autotomy & Regeneration: The common name "brittle star" refers to their ability
for voluntary autotomy. When grasped by a predator, specialized muscles sever an arm
at a pre-determined breaking plane (a weak joint between vertebrae). The lost arm is
later regenerated. This is a primary defense mechanism.

o Fission: Some species can reproduce asexually by splitting the central disc (fission),
with each half regenerating a complete individual.

Ecology & Significance

[—
&
=
—x

s
J—
=
=
=
e
=
i @
=
=
ol
)
=
=
o
-
eV

P 11| 24
MK PREPARATIONS: Let’s Make It Happen age 11|

+92 333 2605045, +92 342 4470091



MK PREPARATIONS} . .

e Biodiversity: With over 2,000 species, Ophiuroidea is the most speciose class of extant
echinoderms.
e Habitat: Ubiquitous in marine environments from intertidal zones to abyssal depths. They are
often cryptic, hiding under rocks, within sponges, or in sediment.
e Trophic Role: As diverse feeders, they play crucial roles as predators, scavengers, and important
links in benthic food webs. Basket stars are significant suspension feeders in some ecosystems.
e Abundance: In many deep-sea and soft-sediment communities, ophiuroids can be the dominant
macrofauna in terms of abundance and biomass.
Differences Between Brittle Stars and Basket Stars
Brittle Stars (Subclass

External Morphology
e The Test: The body is enclosed within a rigid, box-like shell called the test, formed by fusion of
calcareous ossicles into a continuous structure. This provides formidable protection but limits
flexibility. - Perproct
o Plating Pattern: The test is composed
of 20 vertical rows of plates arranged in a B
precise pentaradial pattern:
o 5 Ambulacral Areas: Double rows

=Y
&
M Feature .. Basket Stars (Subclass Euryalida) =
Ophiurida) ’ —x
K Arm Morphology Unbranchetlli,k sélender, whip- Repeatedly branched, f(r)lrertmng a complex, bush-like <.<_‘
Flexible, used for crawling and Prehensile, used to climb and anchor on =
Arm Movement . . E
burrowing. gorgonians/sponges.
Primary Feeding Predators, scavengers, deposit . . H
Mode feaders, Passive suspension feeders. g
Skeletal Plates Arm plates are generally thick Arm plates are thin and flexible to allow coiling. i
and robust. =
Habitat Preference Wide range; often infaunal or Often epizoic, clinging to corals, sponges, or seagrass in S
under rocks. current-swept areas. o
Class Echinoidea (Sea Urchins, Sand Dollars, Heart Urchins) —
<]
-
eV

Gonad —_____

vesicle

of plates perforated by pore Intesting-—..._
pairs for the tube feet. These run Stomach —__J
from the oral to the aboral pole like i
meridians. e

o 5 Interambulacral Areas: Double ‘
rows of plates without pores, Polian %

located between the ambulacral
areas. These bear the large Kt
tubercles for spine articulation. / S A ,
/ Radial Ring Nerve |  Aristotle’s Radial \
L4 Poles & Surfaces: A Tube feet canal canmal ring Mouth lantern nerve cord Test
o Oral Pole: The underside, where
the mouth is located.
o Aboral Pole: The top, where the periproct (a membranous area containing the anus) is
located. In irregular urchins, the anus is displaced to the posterior margin or oral surface.
e Symmetry Groups:
o Regular Echinoids: Exhibit pentaradial symmetry. Globular or hemispherical. The
mouth is central on the oral surface, and the anus is central on the aboral surface.
Example: Strongylocentrotus (sea urchin).
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o Irregular Echinoids: Exhibit secondary bilateral symmetry. Flattened, with a distinct
anterior-posterior axis. The mouth is often central or anterior, and the anus is displaced
posteriorly. This adaptation is for burrowing or surface dwelling in soft sediments.
Examples: Echinarachnius (sand dollar), Spatangus (heart urchin).

Appendages: Spines & Pedicellariae
e Spines:

o Structure: Long, movable, and articulate with the tubercles on the test via a ball-and-
socket joint controlled by both muscles and catch connective tissue. They are extensions
of the stereom (the porous calcareous structure of the ossicle).

o Function: Primary defense and locomotion (used like stilts). In some species
(e.g., Diadema), spines are long, hollow, and venomous.

o Pedicellariae: Highly specialized and diverse in echinoids, serving critical defensive and
cleaning roles. Three main types:

o Tridentate (Triphyllous): The most common. Three small, straight jaws. Used for
cleaning the test and removing debris.

o Globiferous (Globular): Highly specialized for defense. The jaw ends in a venom sac,
and the tips are often hollow for venom injection. Used against predators and settling
larvae.

o Ophicephalous (Snake-headed): Jaw valves are elongated and serrated, mounted on a
long, flexible stalk. Function is primarily cleaning.

Aristotle's Lantern: A Masterful Jaw Apparatus
e Location & Structure: A complex, intricate
chewing apparatus located internally but can
be partially extruded through the mouth Alveolus
(peristome). It consists of 35 separate Protractor muscle
ossicles and associated muscles. The five Y
main, radially arranged components are:

1. Pyramids: Five wedge-shaped A

pieces, each bearing a long, \-..J =\ )

Esophagus

protruding tooth. The teeth are self- Auricle — —~——
sharpening and grow continuously.
2. Rotulae & Compasses: Ossicles

Mouth Teeth Retractor muscle

that act as braces and supports, Aristotle’s lantern, a complex mechanism used by sea

. urchins for masticating their food. Five pairs of retractor muscles draw the
hOldll’lg the lantern together and lantemn and teeth up into the test; five pairs of protractors push the lantem
allowing for complex movements. down and expose the testh. Other muscles produce a variety of movements.

Only major skeletal parts and muscles are shown in this diagram.

3. Epiphyses: Ossicles that bridge
adjacent pyramids.
e Musculature & Function: A set of protractor and retractor muscles allow the lantern to be
extended from the test and retracted. Adductor muscles move the pyramids and teeth together in
a scraping or biting motion.
¢ Feeding in Regular Urchins: Herbivores that graze on algae, seagrasses, and biofilms. They
scrape the substrate clean with their teeth, a process so effective it can shape entire benthic
communities.
Water-Vascular System & Locomotion
e Internal Ambulacral System: The radial canals run internally beneath the test, within the
epineural sinus. Tube feet extend through the pore pairs in the ambulacral plates.
e Tube Feet: Equipped with suckers and internal ampullae. They serve multiple functions:
o Locomotion: Work in coordination with spines. Tube feet provide adhesion and fine
movement, while spines provide the main pushing force.

MK PREPARATIONS: Let’s Make It Happen
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o Attachment: Powerful suction allows urchins to withstand strong wave action.

o Feeding (Irregular Urchins): In sand dollars and heart urchins, tube feet on the oral
surface are modified into phyllopodia — delicate, flower-like structures used for
collecting and transporting food particles.

e Madreporite: Located aborally on one of the genital plates (usually the one designated plate 2),
often within the apical system.

Feeding Strategies

e Regular Urchins (Herbivores/Grazers): Use Aristotle's lantern to scrape algae. Some are also
opportunistic scavengers.

e Irregular Urchins:

o Sand Dollars (e.g., Dendraster): Primarily suspension feeders. They stand obliquely in
the sand, using ciliated tube feet on the oral surface to capture plankton from passing
currents. They may also be deposit feeders, using mucus-covered podia to collect
particles from the substrate.

o Heart Urchins (e.g., Echinocardium): Obligate deposit feeders. They live buried in
sand/mud and use specialized tube feet around the mouth (petaloids) to collect organic
particles from the sediment, creating a respiratory funnel to the surface.

Internal Anatomy & Physiology

o Digestive System: The mouth leads to a pharynx, which is surrounded by Aristotle's lantern. A
long, coiled intestine fills much of the coelomic cavity, looping counter-clockwise before
terminating at the anus. Siphon: A separate ciliated tube running alongside the intestine, allowing
for continuous water flow to irrigate the gills without mixing with digesting food.

¢ Respiration: Gas exchange occurs through:

1. Peristomial Gills: Five pairs of small, external, branched gills surrounding the mouth
(derived from the water-vascular system).

2. Tube Feet: Especially the aboral ones.

e Excretion: Ammonia is excreted by diffusion across the gills and tube feet. Axial Gland: Part of
the hemal system, it may have an excretory function and is also involved in coelomocyte
production.

e Nervous System: A circumoral nerve ring with radial nerves running beneath the ambulacral
areas. Sensory cells are abundant on podia and spines. Some urchins have diffuse photoreceptor
cells in the epidermis.

Reproduction & Development

e Sexual Reproduction: Dioccious. Five gonads (sometimes four in irregular urchins) are
suspended within the test, attached interradially. They are large and voluminous during the
breeding season.

¢ Gamete Release: Gametes are released through five gonopores located on the aboral genital
plates at the apex. Spawning is often synchronized by lunar cycles or pheromones.

o Larval Stage: Fertilization is external. The resulting planktonic larva is a highly
distinctive echinopluteus. It possesses long, ciliated arms supported by delicate calcareous rods,
used for swimming and feeding. After a period of weeks to months, it undergoes a dramatic
metamorphosis, resorbing the larval body and developing the juvenile urchin's test and spines.

Ecology & Keystone Role

¢ Keystone Grazers: Particularly in temperate kelp forests and coral reefs, sea urchins
are primary herbivores. By controlling macroalgal growth, they maintain open spaces for other
organisms and promote biodiversity.

e Trophic Cascades & Urchin Barrens: The removal of their natural predators (e.g., sea otters,
lobsters, sheephead fish) leads to urchin population explosions. This results in overgrazing,
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stripping kelp forests bare and creating low-diversity "urchin barrens." These barrens represent
a stable, alternative ecosystem state with low productivity.

e Bioerosion: Some urchins (e.g., Echinometra) are powerful bioeroders. By scraping rock and
coral with their lanterns to create burrows, they contribute significantly to coastal erosion and
sediment production.

o Indicator Species: Sensitive to changes in water quality, ocean acidification (which affects test
and spine calcification), and temperature.

Types of Pedicellariae in Echinoidea
Type Morphology Function

. Three small, straight, forceps-like Cleaning. Most common type; removes debris, parasites,
M Tridentate . : ) ]
jaws. and fouling organisms from the test and spines.
Globiferous Jaw ends in a venom sac; tips may Defense. Injects venom into predators or settling larvae.
K be hollow. Characteristic of diadematoid urchins.
. Elongated, serrated jaw valves on | Cleaning & Defense. Can reach between spines to remove
Ophicephalous . -
a long, flexible stalk. debris; may also deter small predators.

Comparison of Regular vs. Irregular Echinoids

Regular Echinoids (e.g., Sea Irregular Echinoids (e.g., Sand Dollars,

Feature

Urchins) Heart Urchins)
Secondary bilateral symmetry superimposed
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Symmetry Pentamerous radial symmetry. on radial plan.
d ; i W Flattened (sand dollars) or oval/heart-shaped
Body Shape Globular, hemispherical, or cylindrical. (heart urchins).
Habitat & Epifaunal on hard substrates; some in Infaunal in soft sediments (sand, mud); some
Lifestyle crevices. surface dwellers.
Oral/Aboral Axis Oral surface down, aboral surface up. S eggnioee Uown it anus often displaced

posteriorly or marginally).

Aristotle's Well-developed, powerful for scraping. Reduced or absent in adults (especially sand

Lantern dollars).
Primary Feeding . . Deposit or suspension feeders (collecting
Mode Herbivorous grazers (scraping algae). particles).
. . Locomotion, defense, sometimes Locomotion, burrowing, creating respiratory
Spine Function .
wedging. currents.
Tu!)e F oo.t Primarily for locomotion and adhesion. Oral tube feet modified fo.r food gathering
Specialization (phyllopodia).
Example Genera Strongylocentrotus, Diadema, Arbacia Echinarachnius (sand

dollar), Echinocardium (heart urchin)

Class Holothuroidea (Sea Cucumbers)
External Morphology & Body Plan

¢ Elongate, Bilateral Form: The body is elongated along the oral-aboral axis and lies
permanently on one side (the ventral surface or sole), resulting in pronounced secondary
bilateral symmetry superimposed on the underlying pentaradial plan.

e Body Wall: Unique among echinoderms. It is thick, muscular, and leathery, lacking prominent
spines. The dermis contains microscopic ossicles (often wheel-, anchor-, or rod-shaped)
embedded within the connective tissue, which are taxonomically important but do not form a
rigid skeleton.

e Oral & Aboral Ends: The mouth is at the anterior end, surrounded by a ring of buccal tentacles.
The anus is at the posterior end.
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¢ Body Regions:

o Ventral Sole: Typically
flattened, bearing three rows of
tube feet used for locomotion.
It is the functional "ventral"
surface.

o Dorsal Surface: Often arched,
with two rows of reduced tube
feet or papillae, primarily
sensory.

Specialized Structures

¢ Calcareous Ring: A critical skeletal
element. This is a rigid ring of fused
calcareous plates encircling
the pharynx, serving as the site of
attachment for the muscles controlling
the tentacles and the anterior body wall.

e Cloaca: A common chamber receiving
the digestive tract (rectum), the

Tentacles — o,
7&%@%%\

Polian vesicle

PR

Pharynx

Madreporite
Gonad

Stomach Ventral

hemal sinus B

Dorsal hemal

sinus
Intestine

Tube feet

Transverse

Longitudinal muscle sinus

band

Body wall

Respiratory tree

Cloaca

Anus

paired respiratory trees, and (in some
species) the Cuvierian tubules. Its muscular contractions power the unique respiratory system.
Feeding Biology & Digestive System
o Tentacle Diversity: The buccal tentacles are highly modified tube feet. Their form correlates
with feeding mode:
o Peltate (Shield-shaped): For surface deposit feeding.
o Digitate (Finger-like): For selective deposit feeding.
o Plumose (Feathery): For suspension feeding in the water column.
e Feeding Mechanism:
1. Collection: Tentacles are extended and swept across the substrate or held in the current.
Mucus traps organic particles.
2. Ingestion: Each tentacle is sequentially inserted into the mouth, and the pharynx wipes it
clean.
o Digestive Tract: The mouth leads to a muscular pharynx, a stomach, a long, looped intestine that
performs most digestion and absorption, a rectum, and the cloacal opening.
Water-Vascular System & Locomotion
o Internal Madreporite: Unlike other echinoderms, the madreporite is not connected to the
exterior. It is a free-floating, porous ossicle suspended within the coelomic cavity of the anterior
body.
¢ Fluid Filling: The entire water-vascular system is filled with coelomic fluid, not seawater.
¢ Locomotion: Primarily achieved through waves of muscular contraction in the body wall
(peristaltic crawling), similar to annelids. The ventral tube feet aid in attachment and provide
additional traction but are not the primary means of movement.
Respiration: The Respiratory Trees
e Structure: A pair of highly branched, tubule-based organs that arise as two primary trunks from
the cloaca and ramify throughout the body cavity.
e Pumping Mechanism (Cloacal Respiration):
1. Inhalation: The cloacal sphincter relaxes, and the cloaca dilates, drawing seawater in
through the anus.
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2. Transfer: Contraction of the cloaca, combined with closure of the sphincter, forces the
water into the respiratory trees.
3. Gas Exchange: Oxygen diffuses from the water in the tubules into the coelomic fluid,
and carbon dioxide/ammonia diffuses out.
4. Exhalation: Contraction of the tubule muscles expels the deoxygenated water back
through the cloaca and anus.
Defense Mechanisms: Evisceration & Cuvierian Tubules

e Evisceration: A dramatic stress response where the sea cucumber contracts violently, rupturing
the body wall at the anterior end and expelling the entire digestive tract, respiratory trees, and
gonads through the anus or the rupture. The animal later regenerates the lost organs over weeks
to months.

e Cuvierian Tubules: A specialized defense in the family Holothuriidae. These are long, sticky,
and often toxic tubules (modified parts of the respiratory trees) stored in the body cavity. When
threatened, they are shot out through the anus, rapidly elongating and entangling a predator
with a potent mix of toxins and adhesives. The tubules are regenerated.

Internal Anatomy & Physiology

e Coelom & Circulation: Possess a large, fluid-filled coelom. A well-developed hemal
system (absent in other echinoderms) functions alongside coelomic fluid circulation for nutrient
and gas distribution.

e Excretion: Primarily via diffusion of ammonia across the thin walls of the respiratory trees and
general body surface. Coelomocytes also play a role in waste accumulation.

e Nervous System: Similar to other echinoderms but with additional nerves for the tentacles and
pharynx. Some species possess statocysts for balance and simple photoreceptors.

Reproduction & Development

¢ Sexual Reproduction: Most are dioccious with a single gonad (a tuft of tubules) located in the
anterior coelom. A single gonopore opens near the base of the tentacles.

e Spawning & Fertilization: Typically external, with synchronized spawning events. The larva is
a free-swimming auricularia, which is planktonic and feeds on microalgae. It eventually
metamorphoses into a benthic juvenile.

e Brooding: Some species are brooders, carrying developing embryos on their ventral surface, in
body wall pouches, or even internally within the coelom.

¢ Asexual Reproduction: Some species reproduce by transverse fission, splitting into two parts
that regenerate into complete individuals.

Ecology, Conservation & Economic Importance

e "Earthworms of the Sea": As deposit feeders, they play a crucial role in bioturbation, recycling
nutrients, and oxygenating seafloor sediments. Their alkaline feces can help buffer local ocean
acidification on coral reefs.

e Vulnerability & Overfishing: Characterized by slow growth, late maturity, and low
reproductive rates, making them highly vulnerable to overexploitation.

¢ Fishery: Heavily harvested for the béche-de-mer / trepang / hai shen market, primarily in East
and Southeast Asia. High-value species (e.g., Holothuria scabra, Apostichopus japonicus) are
severely depleted.

e Conservation Status: Numerous species are threatened (IUCN Red List) due to uncontrolled
fishing, leading to ecosystem-wide impacts. International trade is regulated under CITES for
some species. Conservation challenges include enforcement difficulties and illegal trade.

Comparative Summary of Echinoderm Classes
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Feature Crinoidea Asteroidea Ophiuroidea Echinoidea Holothuroidea
Adult Pentaradial Pentaradial Pentaradial Pentaradial Bilateral
Symmetry (Regular) / (Secondary)
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Bilateral
(Irregular)
Cup-like calyx, Star-shaped, Arms slender, Elongate,
arms .. Globular/flat, no o
Body Form branched arms, . sharply distinct . cylindrical, worm-
. continuous . arms (rigid test) .
stalk/cirri o1 g from disc like
with disc
Orientation Oral surface up Oral surface Oral surface Oral surface On side
down down down
Ambulacral Open, ciliated Open Closed Closed Closed
Grooves
Tube Feet No suckers With No suckers With With suckers (oral
(Suckers) (feeding) sucker; (loco (feeding) suc.kers (lqcomo tentacles)
motion) tion/feeding)
Madreporite Absent Aboral Oral Aboral Internal
Pedicellariae Absent Present Absent Present (some Absent
venomous)
Suspension Predator/Scave Various Herbivore/Depo | Suspension/Depos
Feeding Mode usp (Scavenger/Pred . P pe p
feeder nger . sit feeder it feeder
ator/Filter)
Plates in Ossicles, Articulated arm b Microscopic
Endoskeleton calyx/stalk flexible ossicles Rigid test ossicles
. . Papulae, Aristotle's Respiratory trees,
Unique Pinnules, pyloric ceca, Bursae, closed . o
. . lantern, spines, cloaca, Cuvierian
Structures stalk/cirri eversible grooves
test tubules
stomach
. N Bipinnaria/Bra . . . .
Larval Form Doliolaria chiolaria Ophiopluteus Echinopluteus Auricularia

The Water-Vascular System (WVS)

This is the most distinctive feature of echinoderms, a coelom-derived hydraulic system unique to the
phylum. It is a closed network of canals and reservoirs that functions as a combined muscular and

hydraulic organ system.

e Function: Locomotion, feeding,
attachment, respiration, and
sensory perception. Its primary
function differs by class (e.g.,
feeding in Crinoids, locomotion in
Asteroids).

e Pathway & Components:

1. Madreporite: A sieve-like,
calcified plate for filtered
seawater entry. Its position
varies by class (aboral in
Asteroids/Echinoids,
internal in Holothuroids,
absent in Crinoids, on the
oral surface in many
Ophiuroids).

Ring canal

Madreporite

Stone canal

— a&iD

=X (--

Aboral hemal ring

Polian vesicle

l

Tiedemann body

Oral hemal ring

/Radiai canal

y Lateral canal
J

Tube foot

2. Stone Canal: A calcareous, often spirally-grooved tube connecting the madreporite to the
ring canal. In some species, it contains calciferous glands that may regulate ionic

balance of the fluid.

3. Ring Canal (Circumoral Canal): Encircles the esophagus. It may possess:
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= Polian Vesicles: Sac-like reservoirs (1 to many) that maintain hydraulic pressure
and store fluid for the WVS.
* Tiedemann's Bodies (Radial Bodies): Typically 5 pairs (in asteroids), small
swellings involved in the production of coelomocytes (immune cells) for the
WVS fluid.
Radial Canals: One extends from the ring canal into each arm or ambulacral radius,
running underneath the ambulacral groove or ossicles. These are the main distribution
channels.
Lateral Canals & Tube Feet (Podia): Each tube foot is a complex organ connected via
a lateral canal and a one-way valve to the radial canal. Key parts:
= Ampulla: A muscular, fluid-filled bulb located inside the body cavity.
» Podium: The external, extendable portion of the tube foot.
» Sucker: A muscular disc at the end of the podium (present in Asteroids,
Echinoids, some Holothuroids).

Mechanism of Action (Locomotion/Attachment):

1. Extension: Contraction of muscles in the ampulla forces fluid down the lateral canal
into the podium, extending it.

2. Adhesion: When the sucker (or tip) contacts a surface, it creates a temporary seal.
Retraction of the podium's center lifts the center, creating negative pressure (suction).
This is often aided by adhesive secretions from the tip.

3. Release & Retraction: Muscles at the sucker's edge break the seal. Longitudinal
retractor muscles in the podium contract, shortening the tube foot and forcing fluid back
into the ampulla, which relaxes and re-expands.

4. Coordination: Tube feet operate in coordinated, overlapping waves, providing steady
movement.

Other Organ Systems
e Digestive System:
o Structure: A complete gut (mouth — anus), but complexity varies greatly.
o Variations: Simple, U-shaped gut in Crinoids; short intestine with anus on oral disc.

In Asteroids, includes a large, eversible cardiac stomach for external digestion and
paired pyloric ceca in each arm for digestion/absorption. Echinoids possess the complex
chewing apparatus, Aristotle's lantern. Holothuroids have a long, looped intestine and
a cloaca.

e Respiratory System: Echinoderms lack specialized gills; gas exchange occurs across thin-walled
extensions of the body wall or coelom.

o

o

Dermal Branchiae (Papulae): Thin, finger-like projections of the body wall and coelom
in Asteroids; site of primary gas exchange.

Tube Feet: Important in many classes.

Bursae: Ciliated, sac-like invaginations on the oral disc of Ophiuroeids; water is pumped
in/out for gas exchange and brood care.

Respiratory Trees: Unique, branched, cloacal evaginations in Holothuroids; gas
exchange occurs as water is pumped in and out of the cloaca.

Peristomial Gills: Small, external projections surrounding the mouth in Echinoids.

e Circulatory (Hemal) System:

o

Poorly developed and often diffuse. It consists of a reduced network of sinuses and
lacunae (spaces) surrounding the digestive tract and gonads, often enclosed within
coelomic channels.

Function: Likely more important for nutrient distribution than oxygen transport.
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o Primary Transport Medium: The coelomic fluid, which circulates throughout the large
body cavity (coelom) via ciliary action and body movement.

o Coelomocytes: Various amoeboid cells suspended in the coelomic fluid, including:

= Phagocytes: For immune defense and waste transport.

= Vibratile Cells: Possibly involved in clotting or fluid dynamics.

= Hemocytes: Some contain the respiratory pigment hemoglobin (in a few
species).

e Excretory System:

o No specialized kidneys or nephridia.

o Nitrogenous Waste: Primarily ammonia, which easily diffuses across membranes.

o Process: Waste is absorbed from coeclomic fluid by amoeboid coelomocytes, which then
migrate to respiratory surfaces (papulae, tube feet, bursae) or the body wall, where
ammonia diffuses out. Some solid waste may be expelled via the digestive tract.

e Nervous System:

o Decentralized and radially organized. No centralized brain.

o Main Components:

1. Ectoneural System: The largest and most important, serving as the primary
sensory-motor system. It lies underneath the epidermis, following the ambulacral
grooves. Consists of a nerve ring around the mouth and radial nerves down
each arm.

2. Hyponeural System: A motor system lying just below the ectoneural system. It
innervates the muscles of the body wall and arms.

3. Entoneural (Apical) System: Found only in Crinoids and some Asteroids,
associated with the aboral (upper) surface.

o Sensory Structures: Include sensory cells on the epidermis, tube feet (touch,
chemoreception), and ocelli (simple eyespots at arm tips in some asteroids).

¢ Reproductive System:

o Sexes: Mostly dioecious (separate sexes), though a few are hermaphroditic.

o Gonads: Typically 5 pairs (or multiples of 5), located in the arms or near the aboral
surface. Often appear as conspicuous, seasonal structures.

o Fertilization: Almost exclusively external. Gametes are usually released into the water
column via gonopores (often simple openings).

o Development: Usually involves a free-swimming, bilaterally symmetrical larva (type
varies by class), which undergoes a dramatic metamorphosis into the radial adult.

o Asexual Reproduction: Common in some groups via fission (splitting across the disc)
or autotomy with regeneration (e.g., Ophiuroids).

o Regenerative Capacity: Extremely high across the phylum. Can regenerate lost arms,
spines, tube feet, and even major internal organs.

Evolution and Phylogeny

e Evolution of Symmetry: Ancestral echinoderms were bilaterally symmetrical (confirmed by
fossils like Yanjiahella and bilateral larvae). Adoption of a sessile lifestyle favored the evolution
of radial symmetry for omnidirectional feeding. This became fixed as pentaradiality in free-
moving classes, with some groups (irregular urchins, holothurians) evolving secondary bilateral
symmetry.

¢ Phylogenetic Relationships: Echinoderms and Hemichordates form the clade Ambulacraria,
united by tripartite coelom, similar larval forms (e.g., dipleurula-type), and an axial complex.
Ambulacraria is the sister group to Chordata within Deuterostomia.

Page 20| 24
MK PREPARATIONS: Let’s Make It Happen age 20|

+92 333 2605045, +92 342 4470091

[—
&
=
—x

s
J—
=
=
=
e
=
i @
=
=
ol
)
=
=
o
-
eV




L MK PREPARATIONS) .-

~ L

nZQO—~=p» xXppomRI

e Extant Class Phylogeny: Crinoidea is the sister group to all others (Eleutherozoa). Within
Eleutherozoa, Asteroidea and Ophiuroidea are often grouped as Asterozoa,
while Echinoidea and Holothuroidea form the clade Echinozoa.

Economic and Ecological Importance

¢ Food Source: Sea urchin gonads (uni) and sea cucumber body wall (trepang or béche-de-mer)
are commercially harvested, requiring sustainable management.

e Ecological Roles:

o Keystone Predators: Some sea stars (e.g., Pisaster) control prey populations,
maintaining biodiversity.

o Grazers: Sea urchins prevent algal overgrowth on coral reefs; their overpopulation
creates destructive barrens.

o Bioindicators: Sensitive to pollution, temperature change, and ocean
acidification (which dissolves calcareous skeletons).

e Scientific Research: Sea urchin eggs and embryos are classic models for embryology,
developmental biology, and fertilization studies.

Threats and Conservation
Echinoderms face significant natural and anthropogenic threats:

e Natural Threats: Predation, parasitism, and diseases like Sea Star Wasting Disease (SSWD),
linked to a densovirus and environmental stress.

e Anthropogenic Threats: Habitat destruction (trawling, coastal development), pollution (heavy
metals, plastics), climate change (ocean warming, acidification), and overexploitation for food
and trade.

¢ Survey Methods: Monitoring employs techniques ranging from traditional quadrat/transect
surveys (SCUBA) and trawling to modern Baited Remote Underwater Video
(BRUYV), Environmental DNA (eDNA) analysis, and ROV/AUYV deployments for deep-sea
studies.
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Practice MCQs

1. Which of the following is a wholly marine
phylum?

A) Mollusca

B) Arthropoda

C) Echinodermata

D) Annelida

Answer: Echinodermata

2. Adult echinoderms exhibit which type of
symmetry?

A) Bilateral

B) Spherical

C) Pentaradial

D) Asymmetrical

Answer: Pentaradial

3. The name Echinodermata is derived from
Greek words meaning what?

A) Star form

B) Spiny skin

C) Five arms

D) Water tube

Answer: Spiny skin

4. What is the most distinctive feature of the
phylum Echinodermata?

A) Notochord

B) Water-vascular system

C) Mantle

D) Radula

Answer: Water-vascular system

5. Echinoderm larvae are characteristically what?
A) Pentaradial

B) Asymmetrical

C) Bilaterally symmetrical

D) Radially symmetrical

Answer: Bilaterally symmetrical

6. The calcareous endoskeleton of echinoderms is
composed of what?

A) Chitin

B) Silica

C) Calcite ossicles

D) Cartilage

Answer: Calcite ossicles

7. Which system in echinoderms is used for
locomotion and feeding?

A) Hemal system

B) Ambulacral system

C) Nervous system

D) Excretory system

Answer: Ambulacral system

8. Pedicellariae in echinoderms are primarily used
for what?

A) Respiration

B) Digestion

C) Defense and cleaning

D) Reproduction

Answer: Defense and cleaning

9. The specialized connective tissue in
echinoderms that can change stiffness is called
what?

A) Cartilage

B) Mutable collagenous tissue

C) Chitin

D) Epidermis

Answer: Mutable collagenous tissue

10. Which of the following is NOT a diagnostic
characteristic of echinoderms?

A) Deuterostome development

B) Pentaradial symmetry

C) Chitinous exoskeleton

D) Water-vascular system

Answer: Chitinous exoskeleton

11. In which subphylum are echinoderms with the
oral surface oriented upward classified?

A) Eleutherozoa

B) Pelmatozoa

C) Echinozoa

D) Asterozoa

Answer: Pelmatozoa

12. Sea lilies and feather stars belong to which
class?

A) Asteroidea

B) Ophiuroidea

C) Crinoidea

D) Holothuroidea

Answer: Crinoidea

13. Which class of echinoderms is considered the
most primitive extant group?

A) Echinoidea

B) Crinoidea

C) Holothuroidea

D) Ophiuroidea

Answer: Crinoidea

14. What structures do free-moving crinoids use
for temporary attachment?

A) Tube feet

B) Byssal threads

C) Cirri

D) Pedicellariae

Answer: Cirri

15. In crinoids, the food-capturing tube feet lack
what structure?

A) Ampullae

B) Suckers

C) Spines
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D) Cilia

Answer: Suckers

16. Which echinoderm class has open, ciliated
ambulacral grooves?

A) Echinoidea

B) Ophiuroidea

C) Asteroidea

D) Holothuroidea

Answer: Asteroidea

17. The madreporite in sea stars is located on
which surface?

A) Oral

B) Aboral

C) Lateral

D) Ventral

Answer: Aboral

18. What is the function of the papulae in
asteroids?

A) Locomotion

B) Respiration and excretion

C) Digestion

D) Reproduction

Answer: Respiration and excretion

19. Sea stars feed on bivalves by doing what?
A) Injecting venom

B) Drilling a hole

C) Everting their stomach

D) Using Aristotle's lantern

Answer: Everting their stomach

20. Which larval stages are characteristic of class
Asteroidea?

A) Auricularia and Doliolaria

B) Bipinnaria and Brachiolaria

C) Ophiopluteus and Echinopluteus

D) Trochophore and Veliger

Answer: Bipinnaria and Brachiolaria

21. Brittle stars and basket stars belong to which
class?

A) Asteroidea

B) Ophiuroidea

C) Echinoidea

D) Crinoidea

Answer: Ophiuroidea

22. What is a key difference between ophiuroid
and asteroid arms?

A) Ophiuroid arms are not distinct from the disc
B) Asteroid arms are long and slender

C) Ophiuroid arms are sharply demarcated from the
disc

D) Asteroid arms are used for rapid swimming
Answer: Ophiuroid arms are sharply demarcated
from the disc

23. In ophiuroids, the ambulacral grooves are
what?

A) Open and ciliated

B) Closed and covered by ossicles

C) Used for swimming

D) Absent

Answer: Closed and covered by ossicles

24. Where is the madreporite located in
ophiuroids?

A) Aboral surface

B) Internal

C) Oral surface

D) Absent

Answer: Oral surface

25. Ophiuroids primarily move by what method?
A) Tube feet with suckers

B) Sinuous arm movements

C) Jet propulsion

D) Muscular foot

Answer: Sinuous arm movements

26. Respiration in ophiuroids occurs through what
structures?

A) Papulae

B) Respiratory trees

C) Bursae

D) Peristomial gills

Answer: Bursae

27. Which echinoderm class has a rigid test
formed of fused plates?

A) Holothuroidea

B) Echinoidea

C) Crinoidea

D) Asteroidea

Answer: Echinoidea

28. What is the complex jaw apparatus of sea
urchins called?

A) Radula

B) Mandible

C) Aristotle's lantern

D) Pedicellaria

Answer: Aristotle's lantern

29. Sand dollars and heart urchins are examples
of what?

A) Regular echinoids

B) Irregular echinoids

C) Pelmatozoans

D) Asterozoans

Answer: Irregular echinoids

30. Which structures on sea urchins can be
venomous in some species?

A) Spines

B) Tube feet

C) Pedicellariae
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D) Gills

Answer: Pedicellariae

31. Sea cucumbers belong to which class?
A) Crinoidea

B) Asteroidea

C) Ophiuroidea

D) Holothuroidea

Answer: Holothuroidea

32. What unique respiratory structures are found
in holothurians?

A) Papulae

B) Bursae

C) Respiratory trees

D) Book gills

Answer: Respiratory trees

33. In holothurians, the madreporite is located
where?

A) Aboral surface

B) Oral surface

C) Internal, free in the coelom

D) At the tip of the tentacles

Answer: Internal, free in the coelom

34. What defensive mechanism do some sea
cucumbers employ?

A) Autotomy of arms

B) Eversion of the stomach

C) Evisceration of internal organs

D) Ink secretion

Answer: Evisceration of internal organs
35. What are the modified oral tube feet of sea
cucumbers called?

A) Cirri

B) Pinnules

C) Tentacles

D) Papulae

Answer: Tentacles

36. Which echinoderm class exhibits secondary
bilateral symmetry?

A) Asteroidea and Ophiuroidea

B) Crinoidea and Echinoidea

C) Echinoidea (irregular) and Holothuroidea

D) All classes equally

Answer: Echinoidea (irregular) and
Holothuroidea

37. What is the sieve plate for water entry into the
water-vascular system called?

A) Stone canal

B) Ring canal

C) Madreporite

D) Radial canal

Answer: Madreporite

38. Which canal encircles the mouth in the water-
vascular system?

A) Stone canal

B) Ring canal

C) Radial canal

D) Lateral canal

Answer: Ring canal

39. The small sacs on the ring canal thought to
produce coelomocytes are called what?

A) Polian vesicles

B) Tiedemann's bodies

C) Ampullae

D) Podia

Answer: Tiedemann's bodies

40. The muscular sac at the base of a tube foot is
the what?

A) Podium

B) Ampulla

C) Sucker

D) Vesicle

Answer: Ampulla
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Chapter 11

Phylum Hemichordata

Hemichordata is a small, exclusively marine phylum of deuterostome invertebrates. The name ("half-
chordate") originated from the historical—and incorrect—belief that they possessed a structure homologous
to the chordate notochord. Modern molecular phylogenetics has firmly placed hemichordates within the
clade Ambulacraria as the sister group to Echinodermata. This phylum is evolutionarily pivotal for
understanding the origins of chordate characteristics and deuterostome body plans.

General Characteristics
Taxonomic Position: Phylum within the superphylum clade Ambulacraria (with

Echinodermata).

Habitat: Exclusively marine, from intertidal zones to abyssal depths.
Symmetry & Organization: Bilaterally symmetrical, triploblastic, coelomate animals.

Body Plan: Distinct tripartite division into:

1. Proboscis(Prosoma/Protosome): Anterior, pre-oral, muscular region.
2. Collar (Mesosoma/Mesosome): Middle ring bearing the ventral mouth.

3. Trunk
(Metasoma/Metasome): Posterior,
elongated region housing major
organs.

Unique Derived Features:

o Pharyngeal gill slits (a
deuterostome synapomorphy).

o Stomochord (Buccal
diverticulum): A hollow,
endodermal outgrowth from the
buccal cavity into the proboscis (a
hemichordate synapomorphy).

o Tripartite Coelom: Body cavity
divided into three pairs of
compartments (protocoel,
mesocoel, metacoel) corresponding
to the three body regions. This is a
key shared feature with
echinoderms.

Nervous System: Primitive, mainly a
diffuse subepidermal nerve plexus.

A dorsal collar nerve cord (hollow in
some species) and a ventral trunk nerve
cord are present.

Circulatory System: Open

(lacunar) system with dorsal and ventral
vessels, a dorsal heart vesicle, and colorless
blood.

Excretory System: A single glomerulus
(proboscis gland) located in the proboscis
coelom.

Reproduction: Mostly dioecious; can be
sexual and/or asexual.

Morphology & Anatomy
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11.
12.

13.

14.

15.

16.

Body divided into proboscis, collar, and trunk; buccal
diverticulum in posterior part of proboscis

. Enteropneusta free-moving and of burrowing habits; ptero-

branchs sessile, mostly colonial, living in secreted tubes

. Free-living
. Bilaterally symmetrical, soft bodied; wormlike or short and

compact with stalk for attachment

. Triploblastic
. Single coelomic pouch in proboscis, but paired pouches in collar

and trunk

. Ciliated epidermis

. Digestive system complete

. Longitudinal and circular muscles in body wall in some

. A subepidermal nerve plexus thickened to form dorsal and

ventral nerve cords, with a ring connective in the collar; some
species with hollow dorsal nerve cord

Sensory neurons in proboscis likely function in chemoreception
Colonies form by asexual budding in pterobranchs; asexual
reproduction by fragmentation in enteropneusts

Sexes separate in Enteropneusta, with gonads projecting into
body cavity; tornaria larva in some Enteropneusta

A single glomerulus connected to blood vessels may have excre-
tory function and is considered a metanephridium

Respiratory and filter-feeding system of gill slits (few or none
in pterobranchs) connecting the pharynx with outside

Open circulatory system with dorsal and ventral vessels and dor-
sal heart, as well as several blood sinuses.
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3. Which of the following is NOT a characteristic
of Hemichordata?

A) Dorsal tubular nerve cord

B) Pharyngeal slits

C) Notochord

D) Tripartite body division

Answer: Notochord

4. In acorn worms, the body region posterior to
the proboscis is called the:

A) Trunk

B) Collar

C) Metasome

D) Thorax

Answer: Collar

5. The feeding mode of most enteropneusts is best
described as:

A) Predatory

B) Parasitic

C) Deposit or suspension feeding

D) Photosynthetic

Answer: Deposit or suspension feeding

6. Which structure in acorn worms is involved in
excretion and is located at the base of the
proboscis?

A) Nephridia

B) Glomerulus

C) Flame cell

D) Malpighian tubule

Answer: Glomerulus

7. The tornaria larva is characteristic of which
group?

A) Pterobranchia

B) Enteropneusta

C) Urochordata

Cephalochordata

Answer: Enteropneusta

8. Pterobranchs are typically:

A) Large, solitary predators

B) Small, colonial, tube-dwelling filter feeders

C) Free-swimming planktonic organisms

D) Burrowing detritivores

Answer: Small, colonial, tube-dwelling filter
feeders

9. The circulatory system in hemichordates is:
A) Closed

B) Open

C) Absent

D) Lacunar

Answer: Open

10. The buccal diverticulum in hemichordates was
once mistakenly thought to be homologous to the
chordate:

A) Heart

B) Notochord

C) Nerve cord

D) Endostyle

Answer: Notochord

11. In hemichordates, pharyngeal slits function
primarily in:

A) Respiration and filter feeding

B) Digestion

C) Excretion

D) Reproduction

Answer: Respiration and filter feeding

12. Which class of hemichordates possesses arms
with ciliated tentacles?

A) Enteropneusta

B) Pterobranchia

C) Planctosphaeridae

D) None of the above

Answer: Pterobranchia

13. The coelom in hemichordates is divided into
how many compartments?

A) One

B) Two

C) Three

D) Four

Answer: Three

14. The nervous system of hemichordates is
primarily:

A) Centralized with a brain

B) A ventral solid nerve cord

C) A diffuse epidermal nerve plexus

D) Absent

Answer: A diffuse epidermal nerve plexus
15. Which of the following is a shared larval form
between hemichordates and echinoderms?
A) Trochophore

B) Veliger

C) Tornaria and Bipinnaria

D) Planula

Answer: Tornaria and Bipinnaria

16. The proboscis of acorn worms is primarily
used for:

A) Digestion

B) Locomotion and feeding

C) Reproduction

D) Respiration

Answer: Locomotion and feeding

17. Hemichordates are placed within the
deuterostome clade:

A) Spiralia

B) Ecdysozoa

C) Ambulacraria

D) Lophotrochozoa

Answer: Ambulacraria

18. Approximately how many species of
Enteropneusta are described?

A) About 20

B) About 70-100
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Chapter 12

Phylum Chordata

The Phylum Chordata is a major phylum within the Deuterostomia clade, sharing common ancestry with

echinoderms and hemichordates. It encompasses
a remarkable diversity of animals, from simple
invertebrate filter-feeders to the most complex
vertebrates, including humans. Chordates are
defined by the presence of five key anatomical
structures at some stage in their life cycle. They
are triploblastic, bilaterally = symmetrical,
coelomate organisms with a closed circulatory
system and metameric  segmentation.  This
phylum demonstrates extraordinary adaptive
radiation, occupying marine, freshwater,
terrestrial, and aerial habitats.

Characteristics:

o Triploblastic, Bilaterally Symmetrical,
Coelomate: Three germ layers, mirror-
image body plan, and a true body cavity
lined by mesoderm.

e Deuterostome Development: Exhibits
radial indeterminate cleavage, blastopore
becomes anus, and enterocoelic coelom
formation (secondarily schizocoelous in
many vertebrates).

e Metameric Segmentation: Evident in
muscular (myomeres), skeletal
(vertebrae), and nervous system
organization.

e Closed Circulatory System: Blood
confined to vessels with a ventral,
chambered heart (in vertebrates).

The Five Diagnostic Chordate Characteristics
All members of the phylum possess the
following five hallmarks during embryonic,
larval, or adult stages.

Notochord

B L

=] o Ln

Characteristics of Phylum Chordata

. Postanal tail; notochord ; endostyle or thyroid gland; bone

and cartilage in vertebrates

. Living in marine, freshwater, and terrestrial habitats; many capa-

ble of flight

. Free-living, but a very few fishes are ectoparasitic
. Bilateral symmetry; segmented, but segmentation inconspicuous

in many

. Triploblastic
. Coelom well developed
. Epidermis present in all; dermis in vertebrates; keratinized or

bony structures often present in vertebrate integument; skin
glands often diverse and abundant in vertebrates

. Digestive system complete; muscular gut in vertebrates; pharyn-

geal pouches present early in development, erupting to outside
as gill slits in aquatic forms

. Smooth, skeletal, and cardiac muscle tissue present; segmented

myomeres in amphioxus, fishes, and amphibians

. Nerve cord hollow and dorsal; distinct, three-lobed brain

present in vertebrates

. Protochordates with simple, unpaired photoreceptors and stato-

cysts; vertebrates with well-developed paired sensory organs for
vision, chemoreception, hearing, balance, electroreception, and
vibration sensitivity

. Asexual reproduction uncommon, but occurs by parthenogenesis

in some fishes, amphibians, and lizards

. Sexes usually separate; hermaphroditism in tunicates and some

fishes; fertilization internal or external; oviparous or viviparous;
distinct larval stage in some; parental care of young in many ver-
tebrates

14. Paired, glomerular kidneys and ducts in vertebrates

. Respiration primarily via gills, lungs, and skin; swim bladder

present in many fishes, functioning in buoyancy

. Closed circulation; chambered hearts and red blood cells in

vertebrates; distinct aortic arches in all except tunicates

A flexible, rod-like structure located dorsal to the gut and ventral to the nerve cord. Its core consists of
large, fluid-filled vacuolated cells enclosed in a tough fibrous sheath. It functions as a primary axial
hydrostatic skeleton, providing support and a firm base for the attachment of segmented body muscles
(myomeres). In most vertebrates, it is largely replaced by the vertebral column, with remnants persisting
as the nucleus pulposus in mammalian intervertebral discs.

Dorsal Tubular (Hollow) Nerve Cord

A single, hollow nerve cord derived from dorsal ectoderm via neurulation. It is located dorsal to the
notochord and forms the central nervous system. Its anterior end enlarges to form a complex brain in
vertebrates. This contrasts with the solid, ventral nerve cords typical of invertebrates like annelids and

arthropods.

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

1]14

[—
™
=
-

N
e
=
=
@)
-3
=
-~
=B
=)
-
b=y}




L MK PREPARATIONS) .-

~ L

nZO—~—-p» Xp>vmRI o

e Metapleural Folds: Paired, longitudinal ventrolateral folds of the body wall run from the oral
hood to the atriopore. They help
stabilize the animal during
Oral hood

swimming and may represent an >
. . .
evolutionary precursor to paired % Pharynx

fins. N \\\
2. Burrowing & Locomotion: i \\\\ =
e Burrowing Behavior: Lancelets Gill bar - Notochord

are facultative burrowers. They

spend most time partially buried in

sand with only the anterior end and Midgut cecum /

oral hood exposed for filter- O / \
feeding. /

e  Muscular System: The body wall AmeRoE ~
contains chevron-shaped, Ventral fin /
segmented muscles Anus /
called myomeres, separated by
connective tissue myosepta. These are innervated by segmental dorsal and ventral nerve roots.

e Mechanics of Movement: Contractions of the myomeres act against the hydrostatic stiffness of
the notochord, creating lateral undulations that propel the animal through water or into
sediment. The notochord's elasticity provides recoil.

3. Specialized Filter-Feeding Apparatus:
The feeding system is a complex, highly efficient ciliary-mucous system.

e Step 1 — Pre-filtration: The oral hood forms an anterior chamber. Its margin bears numerous,
slender, ciliated buceal cirri (oral tentacles) that form a grid to exclude large particles and
detritus.

e Step 2 — Current Generation: Inside the oral hood, the wheel organ (Miiller's organ)—a band
of ciliated epithelium on the pharyngeal wall—beats to create a powerful, vortex-like current that
draws water into the mouth.

e Step 3 — Pharyngeal Filtration: Water enters the large, perforated pharynx (making up ~50% of
body length). The endostyle in the pharyngeal floor secretes a sheet of mucus. Cilia on the gill
bars (primary pharyngeal bars) move this mucus dorsally, trapping fine food particles
(phytoplankton, organic detritus).

e Step 4 — Food Concentration & Transport: The mucus-food sheet forms a rope-like food
cord at the dorsal groove (epibranchial groove). Cilia here transport it posteriorly into the gut.

o Step 5 — Water Exit: Filtered water passes through the pharyngeal slits into the
surrounding atrium (a chamber formed by the metapleural folds). It then exits the body via
the atriopore, located anterior to the ventral fin.

4. Digestive System:

e The gut is a straight tube. The ileocolic ring, a region of concentrated cilia, moves food.

e The hepatic cecum (midgut diverticulum) is a blind pouch extending forward from the gut. It
functions in:

o Intracellular digestion (via phagocytosis).
o Nutrient storage (glycogen, lipids).
o Enzyme secretion (amylase, protease), making it a combined homolog of the
vertebrate liver and pancreas.
5. Unique Circulatory System:

e Lack of Heart: There is no defined, chambered heart.

e Mechanism: Blood is propelled by peristaltic-like contractions in the walls of major vessels.
Key vessels include:

Dorsal tubular

Pharyngeal slits nerve cord

Dorsal fin

Tail
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e Respiration: Pharyngeal filter-feeding — Gills — Lungs.

¢ Circulation: Single-loop — Double-loop; 2-chambered heart — 3-chambered — 4-chambered.
e Thermoregulation: Ectothermy — Endothermy (birds & mammals).

e Reproduction: External fertilization, oviparity — Internal fertilization, viviparity (with placenta

in most mammals).

Practice MCQs

1. Which subphylum of chordates includes
animals that are sessile as adults and possess a
cellulose-containing tunic?

A) Cephalochordata

B) Vertebrata

C) Urochordata

D) Hemichordata

Answer: Urochordata

2. The notochord is a defining feature of chordates
and is primarily composed of what?

A) Chitin

B) Bone cells

C) Fluid-filled vacuolated cells

D) Cartilage cells

Answer: Fluid-filled vacuolated cells

3. In vertebrates, the embryonic notochord is
largely replaced by what structure?

A) Dorsal nerve cord

B) Pharyngeal slits

C) Vertebral column

D) Postanal tail

Answer: Vertebral column

4. Which of the following is NOT a diagnostic
characteristic of chordates?

A) Dorsal tubular nerve cord

B) Ventral solid nerve cord

C) Pharyngeal slits

D) Postanal tail

Answer: Ventral solid nerve cord

5. The endostyle in protochordates is homologous
to which vertebrate gland?

A) Pituitary gland

B) Thyroid gland

C) Adrenal gland

D) Pineal gland

Answer: Thyroid gland

6. Which organism is considered a living model
for the ancestral chordate condition?

A) Herdmania (sea squirt)

B) Branchiostoma (amphioxus)

C) Lamprey

D) Hagfish

Answer: Branchiostoma (amphioxus)

7. Tunicates belong to which subphylum?

A) Vertebrata

B) Cephalochordata

C) Urochordata

D) Agnatha

Answer: Urochordata

8. In tunicates, the outer protective covering is
called the:

A) Mantle

B) Test

C) Tunic

D) Cuticle

Answer: Tunic

9. Which class of Urochordata includes solitary or
colonial, sessile sea squirts?

A) Thaliacea

B) Appendicularia

C) Ascidiacea

D) Larvacea

Answer: Ascidiacea

10. The free-swimming larval stage of tunicates
exhibits all chordate characteristics but undergoes
what type of metamorphosis to become a sessile
adult?

A) Progressive

B) Retrogressive

C) Direct

D) Incomplete

Answer: Retrogressive

11. Which of the following is a pelagic tunicate
that builds and discards a mucus house for filter-
feeding?

A) Salpa

B) Doliolum

C) Oikopleura

D) Ciona

Answer: Oikopleura

12. Cephalochordates are commonly known as:
A) Sea squirts

B) Lancelets

C) Lampreys

D) Hagfishes

Answer: Lancelets

13. In cephalochordates, the notochord extends to
the:

A) Tail only

B) Mid-body region

C) Anterior tip of the head

D) Pharyngeal region only

Answer: Anterior tip of the head

14. The circulatory system of amphioxus lacks
which structure?
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Chapter 13
Fishes: Vertebrate Success In Water

In common usage, the term "fish" is often applied incorrectly to aquatic invertebrates such as jellyfish,
cuttlefish, or starfish. Biologically, a fish is defined as an aquatic, gill-breathing vertebrate with
appendages (if present) in the form of fins, and usually skin covered in scales of dermal origin. This
is a convenient descriptive term, not a valid taxonomic unit, because fishes as traditionally defined
do not form a monophyletic group. The ancestor of all land vertebrates (tetrapods) is found within a
lineage of fishes (the Sarcopterygians). A more precise, cladistic definition is therefore: all vertebrates
that are not tetrapods.

Fishes are the oldest and most diverse group of vertebrates. With over 34,000 described species (and
thousands more likely undiscovered), they represent about half of all vertebrate species. They have
successfully radiated into virtually every aquatic habitat on Earth, from high-altitude streams and desert
springs to the abyssal depths of the ocean, demonstrating exquisite adaptations to life in water.
EVOLUTIONARY PERSPECTIVE AND PHYLOGENY

Water covers 73% of Earth's surface. It is a dense, buoyant, and thermally stable medium that presents
unique physiological challenges related to locomotion, respiration, and osmoregulation. Fishes represent
the ancestral vertebrate group from which all other vertebrates (tetrapods) evolved. Their evolutionary
history spans over 500 million years, beginning in the early Paleozoic era.

Milestones in Early Vertebrate Evolution:

e  Mylokunmingiids (~530-520 mya): Among the earliest known craniates. Small, lancelet-shaped
animals with a protective, non-bony braincase, large eyes, and fish-like muscle blocks
(myomeres), suggesting they were active, visual predators.

e Conodonts (~510 mya): Eel-like vertebrates known primarily from their tooth-like feeding
elements called denticles, made of hydroxyapatite. This represents one of the first appearances
of mineralized tissue (bone) in the vertebrate lincage.

e Ostracoderms (Extinct): A paraphyletic assemblage of early, jawless vertebrates. They were
bottom-dwelling, heavily armored with bony dermal plates, and mostly lacked paired fins. Most
were filter-feeders or detritivores.

e Placoderms (Extinct): The first major group of jawed vertebrates (Gnathostomes),
characterized by heavy bony armor on the head and thorax. They possessed paired pectoral and
pelvic fins.

e Key Innovations: The evolution of the braincase, mineralized tissues (bone/dentine), hinged
jaws (from modified anterior pharyngeal arches), and paired appendages were transformative
events that enabled vertebrate diversification.

Phylogenetic Relationships:
Modern cladistic analysis, supported by molecular data, clarifies the relationships of living fishes. The
traditional group "Agnatha" (jawless fishes) is paraphyletic.

¢ Cyclostomata is a monophyletic clade containing the living jawless fishes: Myxini
(hagfishes) and Petromyzontida (lampreys).

¢ Gnathostomata is a monophyletic clade containing all jawed vertebrates, including
cartilaginous fishes, bony fishes, and tetrapods.

o Hagfishes are the most basal living craniates. Lampreys are more closely related to jawed
vertebrates than to hagfishes.

Marine vs. Freshwater Origins: Evidence suggests the first vertebrates were marine. However,
vertebrates invaded freshwater very early in their history. Remarkably, over 41% of all fish species are
now restricted to freshwater habitats, which constitute less than 0.01% of Earth's water volume,
indicating a massive evolutionary radiation in continental waters.

SURVEY AND CLASSIFICATION OF LIVING FISHES

CYCLOSTOMATA: THE LIVING JAWLESS FISHES
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Feature Cyclostomata Chondrichthyes Actinopterygii Sarcopterygii (Fishes)
Skeleton Cartllage & Cartilage Bone Bone
fibrous tissue
Jaws Fc?;nl;alred Absent Present Present Present (lobed fins)
Scales Absent Placoid (dermal) Ganoid/Cycloid/Ctenoid Cosmoid/Elasmoid
(dermal) (dermal)
Gill Cover Pore-'hke Separate slits Bony operculum Bony operculum
openings
Buoyancy Aid — Large, oily liver Swim bladder (usually) Lungs/Swim bladder
Fertilization External Internal (claspers) Usually external External or internal
Tail Type - Heterocercal Hetero- or Homocercal D1phycerga | (living
species)
Characteristics of Fish Groups
Cyclostomata (Myxini and Sarcopterygii
Petromyzontida) Chondrichthyes Actinopterygii (fish members only)

1. Body slender, eel-like; no
paired appendages

Body fusiform or dorsoventrally
compressed; caudal fin heterocercal
(sharks and rays) or diphycercal
(chimaeras) (see Figure 24.15);
paired pectoral and pelvic fins
supported by cartilaginous rays

Caudal fin heterocercal (ancestral
condition) or homocercal; paired
pectoral and pelvic fins usually
present, supported by bony rays;
muscles controlling fin
movements within trunk

Caudal fin heterocercal (fossil
forms) or diphycercal; paired
pectoral and pelvic fins usually
present, supported by stout bones
and bony rays; muscles controlling
fin movements within fin

2. Skin naked (no scales)

Skin with placoid scales
(see Figure 24.16) of dermal origin
or naked

Skin with ganoid (ancestral
condition), cycloid, or ctenoid
scales of dermal origin or naked

Skin with elasmoid scales (in
living species) with dense bone and
some denting

3. Fibrous and cartilaginous
skeleton; notochord persistent;
vertebrate reduced or absent

Skeleton cartilaginous; notochord
persistent but reduced; vertebrae
distinct

Skeleton of bone; notochord
usually absent; vertebrae distinct

Skeleton of hone: notochord
absent or nearly so; vertebrae
distinct

4. Jaws absent; mouth with
keratinized plates (hagfishes)
or teeth (lampreys); no
distinctive stomach

Jaws present with polyphyodont
teeth; stomach large (absent in
chimaeras); intestine with spiral
valve (see Figure 24.10); liver of-
ten large and oil filled

Jaws present, usually with
enameloid, polyphyodont teeth;
spiral valve present (ancestral
condition) or absent

Jaws present; teeth as enamel-
covered crushing plates in
lungfishes; intestine with spiral
valve

5. Brain small, but distinct;
10 pairs of cranial nerves

Brain well developed; 10 pairs of
cranial nerves

Brain well developed, but relatively
small; 10 pairs of cranial nerves

Brain well developed, but relatively
small; 10 pairs of cranial nerves

6. Eyes poorly developed
(hagfishes) or moderately
developed (lampreys); one
pair (hagfishes) or two pairs
(lampreys) of semicircular
canals in inner ear

Senses of smell, vibration
reception (lateral line), vision and
electroreception well developed;
three pairs of semicircular canals
in inner ear

Senses of vision, hearing, smell,
and vibration reception usually
well developed, but highly variable;
three pairs of semicircular canals
in inner ear

Senses of vision, hearing, and
smell usually well developed; three
pairs of semicircular canals in
inner ear
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7. Sexes separate; external
fertilization

Sexes separate; internal
fertilization with claspers

Sexes usually separate; some
hermaphroditic; some reproduce
asexually by parthenogenesis:
fertilization usually external, but
internal in some

Sexes separate; many
hermaphroditic; fertilization
external (lungfishes) or internal
(coelacanths)

8. Large yolky eggs and no larval
stage in hagfishes; small eggs
and long larval stage
(ammocoete) in lampreys

Oviparous or viviparous; embryos
of viviparous species nourished by
placenta, yolk sac (ovoviviparity),
or cannibalism; no larval stage

Oviparous or viviparous; embryos
of viviparous species nourished by
placenta or yolk sac (ovoviviparity);
larval stage often greatly different
from adult

Oviparous (lungfishes) or
ovoviviparous (coelacanths)

9. Excretory system of pronephric
and mesonephric (hagfishes)
or opisthonephric (lampreys)
kidneys (see Figure 30.9);
kidneys drain via archinephric
duct to cloaca; ammonia
main nitrogenous waste

Excretory system of
opisthonephric kidneys, which
drain via archinephric duct to
cloaca; high concentration of
urea and trimethylamine oxide in
blood; rectal gland present

Excretory system of
opisthonephric kidneys, which
drain via archinephric duct to
cloaca; ammeonia usually main
nitrogenous waste

Excretory system of
opisthonephric kidneys, which
drain via archinephric duct to
cloaca; ammeonia and urea usually
main nitrogenous wastes

10. Hagfishes with 5-16 pairs of
¢ills; lampreys with 7 pairs of
gills

Five to seven pairs of gills leading
to gill slits in rays and sharks or
covered by operculum in chimaeras;
no swim bladder or lung

Gills covered by bony operculum;
swim bladder present, usually
functioning for buoyancy,
sometimes used for respiration

Gills covered by bony operculum;
swim bladder present, used
primarily in respiration (fat filled
in coelacanths)

11. Heart with a sinus venosus,
atrium, and ventricle; single
circulation; accessory hearts
in hagfishes; nucleated red
blood cells

Heart with a sinus venosus, atrium,
ventricle. and conus arteriosus;
single circulation; nucleated red
blood cells

Heart with a sinus venosus,
atrium, and ventricle; single
circulation; nucleated red blood
cells

Heart with a sinus venosus, atrium,
and partly divided ventricle:
pulmonary and systemic circuits
incompletely separated; nucleated
red blood cells

Myomere (muscle segment)

Fin ray support
Vertebra

Spinal cord
Brain

Efferent
branchial artery

Olfactory bulb ———"~

Afferent
branchial artery

Bulbus
arteriosus

Ventricle v

Liver Pyloric ceca Pelvic fin Spleen Stomach Intestine

Epidermis Dentine Enamel

Placold scales
(cartllaginous fishes)

e -
| ;l

Ganold scales
(nonteleost bony fishes)

First dorsal fin

Swim bladder

Anus

QOvary

Cyclold scales
(teleost fishes)

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

Second dorsal fin

Lateral line

Kidney (opisthonephros)

Caudal fin

Anal fin

Urinary bladder

Urogenital opening

Ctenold scales
(teleost fishes)
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o Homing Migration (e.g., salmon imprint on the unique chemical signature of their nata
stream as juveniles and use it to return years later).

¢ Gustation: Taste buds can be located not only in the mouth and pharynx but also on external
structures like barbels (e.g., catfish) and even fins.

OSMOREGULATION AND EXCRETION

Fishes must constantly battle to maintain their internal water and ion balance against their environment.
Their gills (both a blessing and a curse—vital for respiration but a huge surface area for water/ion
exchange), kidneys, and specialized glands work together as an integrated osmoregulatory system. Most
fishes are ammonotelic, excreting nitrogenous waste primarily as ammeonia (NHs) directly across their
gill membranes into the water, which is energetically cheap and effective in an aquatic environment.

The fundamental challenge differs dramatically between freshwater and marine bony fishes, as their
internal fluids are in opposite osmotic relationships to their surroundings.

Osmoregulatory Mechanisms:

1. Freshwater Bony Fishes (Hyperosmotic Regulators):

Their body fluids (~300 mOsm) are saltier than the surrounding freshwater (1-5 mOsm). This creates two
problems: constant osmotic water gain and passive ion loss (Na*, CI").

e The Gills - Active Ion Uptake: Specialized mitochondria-rich cells in the gill epithelium, often
called chloride cells (though they transport both Na* and CI"), actively pump ions from the dilute
water into the blood against a steep concentration gradient. This process is powered by ATP and
involves enzymes like Na*/K*-ATPase.

e The Kidneys - Water Excretion: To counteract constant water influx, they have Kidneys with
numerous, large glomeruli that produce a high volume of filtrate. The kidney tubules
then reabsorb valuable ions and solutes, but allow most of the water to pass, resulting in the
excretion of a large volume of very dilute urine.

e Behavioral/Other: They do not drink
water. They gain some ions from food.

2. Marine Bony Fishes (Hypoosmotic

~ L

Regulators): =
Their body fluids (~300-400 mOsm) are more . —
dilute than seawater (~1000 mOsm). The problems @ S

are reversed: constant osmotic water f 9 \

loss and passive ion gain. Food only Hypoosmotic urine

(large volume)

¢ Drinking Seawater: To compensate for
water loss, they actively and
continuously drink seawater.

o The Gills - Active Ion (a) Freshwater teleosts
Secretion: The chloride cells in marine e
fish gills have a reversed function. They
actively transport excess Na* and
CI from the blood out into the seawater.

This is a vital process for removing the L

N

Hypoosmotic freshwater

nZ QO —~=2» XM

salts ingested with the seawater they
drink.

e The Kidneys - Water
Conservation: Their kidneys have fewer,
smaller glomeruli (some species, like

Food

sosmotic urine
{small volume)
Mg?*, 50,27, Ca®*, PO,

toadfish, are aglomerular). They produce Fyperosnistic scawater
only a small volume of isotonic or _

. . (b) Marine teleosts
slightly concentrated urine to conserve (hypotonic blood)
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Practice MCQs

1. In bony fishes, the finger-like outgrowths from
the intestine that increase absorptive surface area
are called:

A) Villi

B) Pyloric ceca

C) Mesenteries

D) Hepatic caeca

Answer: Pyloric ceca

2. The spiral valve, which increases digestive
surface area, is found in the intestine of:

A) Teleost fishes

B) Lampreys

C) Elasmobranchs (sharks and rays)

D) Lungfishes

Answer: Elasmobranchs (sharks and rays)

3. The primary site of enzymatic digestion and
nutrient absorption in most fishes is the:

A) Stomach

B) Esophagus

C) Small intestine

D) Pharynx

Answer: Small intestine

4. Most modern bony fishes have teeth that are
generally:

A) Heterodont and thecodont

B) Homodont and acrodont

C) Diphyodont and bunodont

D) Acrodont and pleurodont

Answer: Homodont and acrodont

5. Hagfishes feed by entering carcasses using body
knots and a specialized:

A) Muscular stomach

B) Pharyngeal jaw

C) Rasping tongue

D) Suction disc

Answer: Rasping tongue

6. The feeding mode of adult lampreys is best
described as:

A) Filter feeding

B) Herbivorous grazing

C) Parasitic/predatory (blood and fluids)

D) Detritivory

Answer: Parasitic/predatory (blood and fluids)
7. Paddlefishes and basking sharks are examples
of fishes that are:

A) Suction feeders

B) Filter feeders

C) Parasitic feeders

D) Shell crushers

Answer: Filter feeders

8. The rapid expansion of the oral cavity to create
negative pressure for prey capture is called:

A) Ram ventilation

B) Suction feeding

C) Filter pumping

D) Pharyngeal expansion

Answer: Suction feeding

9. The expandable region of the teleost digestive
tract used for food storage is the:

A) Crop

B) Gizzard

C) Stomach

D) Rumen

Answer: Stomach

10. Which fish is known for a specialized scale-
eating behavior?

A) Electric eel

B) Scale-eating cichlid (Perissodus microlepis)
C) Piranha

D) Archerfish

Answer: Scale-eating cichlid (Perissodus
microlepis)

11. The bonnethead shark is unique among sharks
for digesting significant amounts of:

A) Coral

B) Seagrass

C) Mammalian bone

D) Inorganic sediment

Answer: Seagrass

12. Ancient ostracoderms are believed to have
been primarily:

A) Apex predators

B) Filter feeders or bottom detritus feeders

C) Air-breathing omnivores

D) Fast-swimming piscivores

Answer: Filter feeders or bottom detritus feeders
13. The primary nitrogenous waste excreted by
most aquatic fishes is:

A) Urea

B) Uric acid

C) Ammonia

D) Creatinine

Answer: Ammonia

14. Marine teleost fishes combat osmotic water
loss by:

A) Drinking seawater and excreting salts at gills
B) Producing large volumes of dilute urine

C) Storing urea in tissues

D) Absorbing water through skin

Answer: Drinking seawater and excreting salts at
gills

15. Freshwater fishes maintain ion balance by:
A) Actively absorbing ions at gills

B) Drinking large amounts of water

C) Excreting concentrated urine
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Chapter 14
Amphibians: The First Terrestrial Vertebrates

Amphibians (Class Amphibia), meaning "double life," are ectothermic, tetrapod vertebrates that
represent the evolutionary transition from aquatic to terrestrial life. They are characterized by a moist,
permeable skin used in cutaneous respiration and typically a biphasic life cycle involving an aquatic
larval stage and a terrestrial adult phase. Modern amphibians (Lissamphibia) comprise over 8,400
species in three extant orders. They are the only living vertebrates that demonstrate the water-to-land
transition in both their individual development (ontogeny) and evolutionary history (phylogeny).
Evolutionary Perspective and Origins

~ L
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Transition from Water to Land: Physical Challenges & Adaptations
The move to land required accommodation of major physical differences between aquatic and terrestrial

environments:

¢ Higher Oxygen Content & Rapid Diffusion: Air contains ~20 times more oxygen than water,
facilitating the evolution of lungs and cutaneous respiration.

e Lower Density & Viscosity: Air provides little buoyancy, necessitating the evolution of stronger

skeletal and muscular systems for support and locomotion against gravity.

e Greater Temperature Fluctuations: Terrestrial habitats experience more extreme temperatures,

requiring behavioral and physiological adaptations for thermoregulation.
¢ Increased Habitat Diversity: Drove the evolution of diverse morphological and life-history

strategies.

This transition involved modifications to virtually every organ system.
Devonian Origin of Tetrapods
The transition began in the Devonian period (~416 million years ago) within freshwater bony fish

populations. Key exaptations (pre-adaptations) in aquatic sarcopterygian (lobe-finned fish) ancestors

facilitated the move:

¢ Internal Nares (Choanae): Paired openings connecting the nasal cavity to the pharynx, allowing

air to be drawn into the mouth for breathing.
e Air-filled Cavity: A homologous structure that functioned as a swim bladder in fish was co-
opted for use as a lung for air breathing. The original function (buoyancy vs. respiration) is still

debated.

e Paired Fins: The bony elements within lobe-finned fish fins were precursors to tetrapod limb

bones.

e Selective Pressures: Unstable freshwater habitats (prone to drying or oxygen depletion) drove
the evolution of terrestriality.
Transitional Fossil Forms ("'Fish-to-Tetrapod')

Key Features

Interpretation & Significance

Lobe-finned fish with Primarily aquatic; used muscular fins
Eusthenopteron | 385 mya clear humerus, radius, ulna, and for pushing through substrate.
wrist element homologies. Shows pre-adaptation of limb bones.
"Fishapod': Fish-like scales & fins, Morphological intermediate. Likely a
Tiktaalik 375 mya but with tetrapod-like robust ribs, a shallow-water dweller that could
mobile neck, and primitive wrist support its body and possibly venture
joints. onto land.
Early true tetrapod with well-formed Primarily aquatic; limbs were likely
Acanthostega 365 mya | limbs bearing eight digits; weak limb used for paddling or walking on
girdles; retained gills. substrate, not terrestrial locomotion.
Stronger limbs & girdles; robust ribs | Capable of some terrestrial locomotion
Ichthyostega 365 mya | for body support; early ear structures; but still largely tied to water. A key
retained tail fin and opercular bones. model for early tetrapod anatomy.
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e Funnel Traps: Wire or mesh traps with inward-facing funnels, placed in aquatic habitats. Best
for: Aquatic adult salamanders, newts, anurans.
¢ Enclosure Methods (Quadrats): Exhaustively searching and capturing all amphibians within a
defined, small area. Best for: Quantifying absolute density in specific habitats.
4. Environmental DNA (eDNA) Sampling
A rapidly advancing, non-invasive molecular technique.
e Method: Collecting water or soil samples and extracting DNA fragments shed by amphibians.
Using PCR (often gPCR or metabarcoding) to detect species-specific sequences.

o Best for: Detecting rare, cryptic, or invasive species; confirming presence without visual contact.

e Advantages: Highly sensitive; non-invasive; useful in difficult terrain.
e Disadvantages: Does not provide abundance or demographic data; requires lab facilities; risk of
contamination.
5. Remote Sensing & Automated Recording
Technology-assisted methods for long-term or large-scale monitoring.
¢ Automated Acoustic Recorders (ARUs): Deployed to record sounds continuously. Allows
analysis of call phenology, species richness, and activity patterns.
e Camera Traps: Used with bait or at trap exits to photograph species for behavior documentation
or population monitoring.
e PIT Tagging: Injecting Passive Integrated Transponder tags for individual identification via
remote scanners, ideal for long-term mark-recapture studies.
Key Considerations for Selecting Methods
o Target Species & Life Stage: Larval vs. adult, aquatic vs. terrestrial, vocal vs. silent.
e Habitat: Pond, stream, forest, desert.
e Season & Time: Breeding season, rainy periods, nocturnal vs. diurnal activity.
e Study Objective: Inventory (eDNA, call surveys) vs. Population Estimate (mark-recapture, egg
mass counts).
e Resources & Ethics: Time, budget, expertise, and necessary permits/animal care guidelines.
Standardized Protocols & Citizen Science
o Standardization of survey duration, season, and conditions is critical for data comparison.
o Citizen Science Programs (e.g., FrogWatch USA, UK Froglife) engage the public in call
monitoring, greatly expanding spatial and temporal coverage (with data quality control).
Integrated Approach: A robust study typically integrates multiple methods (e.g., eDNA screening
followed by targeted VES and trapping for confirmation and demographic data).

Practice MCQs
1. Amphibians are the only vertebrates B) Devonian
demonstrating a water-to-land transition in both: C) Permian
A) Ontogeny and physiology D) Triassic
B) Phylogeny and morphology Answer: Devonian
C) Ontogeny and phylogeny 4. Internal nares (choanae) in early tetrapods
D) Physiology and ecology allowed:
Answer: Ontogeny and phylogeny A) Water filtration
2. The first vertebrates to make a significant B) Air to be drawn into the mouth
transition to terrestrial habitats were: C) Enhanced olfaction in water
A) Reptiles D) Jaw strengthening
B) Amphibians Answer: Air to be drawn into the mouth
C) Birds 5. A structure homologous to the fish swim
D) Mammals bladder, later used as a lung, is an example of:
Answer: Amphibians A) Adaptation
3. The approximate geological period for the B) Exaptation
origin of tetrapods from freshwater bony fish is: C) Convergent evolution

A) Carboniferous
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Chapter 15
Reptiles

The Amniota is a monophyletic lineage of vertebrates whose defining, key evolutionary innovation is
the amniotic (cleidoic) egg. This adaptation freed vertebrates from aquatic reproduction, enabling the full
colonization of terrestrial habitats.
¢ Evolutionary Significance:
o Severed the last reproductive tie to water.
o Enabled exploitation of arid inland habitats.
o Triggered a major adaptive radiation in the late Carboniferous and Permian periods (~312
MYA).
e Structure of the Amniotic Egg: It contains unique extraembryonic membranes:
o Amnion: Forms a fluid-filled cavity (amniotic fluid), providing an aqueous
microenvironment and hydraulic cushion.
o Chorion: Outer membrane for gas exchange. Fuses with the allantois to form
the chorioallantois, a highly vascularized respiratory surface.
o Allantois: Stores nitrogenous waste (as uric acid) and is vascularized for respiration.
o Yolk Sac: Nutrient reservoir (present in some anamniotes but fully integrated into the
amniote system).
o Shell: Leathery or calcified; provides mechanical support, limits water loss, and allows
for gas exchange via pores.
Ancestry and Early Diversification
e Ancestors: Evolved from

srnall, lizard-like Mineralized
anthracosaur tetrapods in the shell / :
Late Carboniferous. Chorion /L
e Basal Condition: Possessed / i .
Allantois —— S8/ { .

an anapsid skull (no temporal ’
openings), were ectothermic, and \
had keratinous scales.
e Major Divergence: The amniote Yolk sac
lineage split into two major
branches:
1. Synapsida: Characterized
by a single temporal
fenestra. This lineage gave rise to mammals.
2. Sauropsida (Reptilian Lineage): This lineage includes all reptiles. Its earliest members
had a diapsid skull (two pairs of temporal openings).
CLADISTICS & MODERN CLASSIFICATION OF REPTILES
Traditional Linnaean taxonomy classifies Class Reptilia as including turtles, lizards, snakes, tuataras, and
crocodilians, but excludes birds. This makes Reptilia a paraphyletic group because it does not include
all descendants of their most recent common ancestor (birds).

Amnion
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e Process: A new epidermal layer forms beneath the old. Lymph and specific enzymes are secret¢

between the layers, loosening the outer "stratum corneum." The animal then rubs against surfaces

to shed it.
e Patterns of Shedding:
Synchronous (Complete): Seen in snakes and some lizards (e.g., geckos). The entire

o

Pituitary
gland
Cerebrum

Olfactory
bulb

Esophagus

Jugular
vein

Optic  Cerebellum
lobe

outer layer, including the eye spectacle, is shed in one inverted piece. Frequency depends

on growth rate and health.
Asynchronous (Patchy): Seen in most lizards. The skin is shed in large, irregular
patches or segments.
Continuous/Piecemeal: Seen in crocodilians and turtles. Individual scales or small
patches are worn off and replaced gradually throughout life.

Medulla

2. Feeding Adaptations
Dental Systems: Modes of Tooth Attachment
Tooth morphology and attachment are critical taxonomic traits, reflecting diet and evolutionary history.
REPTILIAN DENTITION TYPES

oblongata artery

Trachea Aortic Pulmonary Pulmonary
arch artery vein

Carotid Stomach Aorta Spleen

Right Left

ventricle wventricle portal vein

Small Testis
intestine

Hepatic

Metanephric

kidney

Posterior
vena cava

Mechanical
Ty Attachment Replacement Exampl
Ype (v (¢ eplaceme Advantage X ples
Weaker
Fused to the apex Limited or none. Teeth attachment;
. . . Tuatara, chameleons,
Acrodont (top) of the jaw are not replaced, leading suited for -
. . agamid lizards.
bone. to wear over time. gripping soft
prey.
Attached to Stronger
. . Continuous attachment than
the inner side (polyphyodonty) from a acrodont; Iguanids, anguid lizards
Pleurodont | (lingual) of the jaw POLyphyo Y ’ & > angt ’
. dental lamina at the tooth allows for a many colubrid snakes.
bone, often in a
base. broader tooth
shelf.
base.
Set in deep - The strongest
L Continuous and most stable o
individual sockets ) Archosaurs: Crocodilians,
Thecodont (alveoli) in the jaw (polyphyodonty) froma | attachment; can dinosaurs (including birds)
bone J dedicated dental lamina. | withstand high & ’
) stress.

e Specialized Dentition:
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Method

Specific Method Key Application Advantages/Limitations

Category
. Visual Encounter . . . Simple, inexpensive; weather/observer
Observational Surveys (VES) Diurnal, visible species biased.
Capture-Based Pitfall "ljrappmg (with Ground-dvxfe.lhng Passive, continuous; labor-intensive,
drift fence) communities bycatch.
Capture-Based Funl{lel/Bgsklng Semi-aquatic turtles, Targeted, can be baited; may trap non-
rapping snakes targets.
M . Sign/Shed Skin . . Non-invasive, low-cost; no abundance
Indirect Elusive species (-
Surveys data.
K . Environmental DNA Cryptic/aquatic species Highly sensitive, non-invasive; no EJI
Indirect . .
(¢cDNA) detection density data, costly.
. Fine-scale movement & Detailed individual data; invasive, z
Advanced Radio Telemetry . . o
habitat use expensive. =
Advanced Camera Trapping Nocturnal/cryptic species Non-invasive, verifiable; high data :,:
occupancy volume. e
e Integration: Effective conservation requires a multi-method approach to inform Population g

Viability Analysis (PVA), occupancy modeling, and long-term monitoring programs.

Practice MCQs

nZ QO —~=2» XM

1. The amniotic egg, a key adaptation for called the:

terrestrial life, contains an extraembryonic A) Plastron

membrane that encloses the embryo in fluid. This B) Carapace

membrane is the: C) Scute

A) Chorion D) Bridge

B) Allantois Answer: Carapace

C) Amnion 6. The only surviving member of the order

D) Yolk sac Sphenodontia, often called a "living fossil," is the:

Answer: Amnion

2. Which of the following is a unique, hard form of
keratin found in the epidermis of clade Reptilia
(including birds and nonavian reptiles)?

A) Alpha-keratin

B) Beta-keratin

C) Gamma-keratin

D) Collagen

Answer: Beta-keratin

3. A skull with two pairs of temporal fenestrae
(upper and lower openings) is characteristic of
which amniote group?

A) Anapsida

B) Synapsida

C) Diapsida

D) Euryapsida

Answer: Diapsida

4. The traditional class "Reptilia" is considered
paraphyletic because it excludes which of the
following descendant groups?

A) Amphibians

B) Mammals

C) Birds

D) Fish

Answer: Birds

5. In turtles, the dorsal part of the shell, formed
from fused vertebrae, ribs, and dermal bone, is

A) Komodo dragon

B) Gila monster

C) Tuatara

D) Glass lizard

Answer: Tuatara

7. The movable quadrate bone, a key feature
allowing for a kinetic skull, is a defining
characteristic of the order:

A) Testudines

B) Crocodilia

C) Squamata

D) Sphenodonta

Answer: Squamata

8. The closest living relatives of birds are:

A) Turtles

B) Lizards and snakes

C) Tuataras

D) Crocodilians

Answer: Crocodilians

9. Most reptiles excrete their primary nitrogenous
waste as a semi-solid paste to conserve water. This
waste product is:

A) Ammonia

B) Urea

C) Uric acid

D) Allantoin

Answer: Uric acid
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e Sinosauropteryx (Early Cretaceous): Possessed simple, hollow,
tubular protofeathers (filaments). This demonstrates that feather precursors evolved for
functions other than flight, such as insulation or display.

e  Caudipteryx (Early Cretaceous): A turkey-sized, flightless theropod with symmetrical
pennaceous feathers on its forelimbs and tail. This confirms that fully formed feathers predate
powered flight.

e Microraptor (Early Cretaceous): A "four-winged" dromaeosaur with asymmetrical flight
feathers on both fore and hind limbs. It was likely capable of gliding or weak flapping,
representing a stage in the evolution of the avian flight apparatus.

e Archaeopteryx lithographica (Late Jurassic, ~150 mya): The iconic transitional fossil. It
displays a mosaic of reptilian and avian traits:

o Reptilian: Long bony tail, clawed fingers, abdominal ribs, teeth in sockets, unfused hand
bones, flat sternum.

o Avian: Well-developed, asymmetrical flight feathers, a furcula (wishbone), and a
perching foot.

o It was likely a weak flier or glider, but its morphology provides undeniable evidence
linking birds to theropod dinosaurs.

e Sinornis (~135 mya) & Eoalulavis (~120 mya): These early birds show more advanced avian
traits like a shortened tail, a keeled sternum for muscle attachment, wings that could fold, and the
presence of an alula (for slow, maneuverable flight). This indicates powered flight was
established early in the Cretaceous.
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Bony teeth
set in sockets

Long bony tail

Clawed
fingers

Abdominal
ribs

Feathers

Long bony tail

A Cast of fossil of Archaeopteryx. B Reconstruction of Archaeopteryx.

Phylogenetic Consensus: Birds are modern dinosaurs, directly descended from coelurosaurian
theropods within the Saurischian lineage. They are part of the archosaur clade, sharing a more recent
common ancestor with crocodilians than with any other living reptile.
Numerous synapomorphies (shared derived traits) link birds and theropods: hollow bones, three-toed
foot, furcula, semilunate carpal bone (aids wing folding), backward-pointing pubis, and feathers.
Initial Function of Feathers and Origin of Flight Hypotheses:
Feathers are a classic example of exaptation—structures that evolved for one function and were later co-
opted for another.
o Initial Functions: Thermoregulation, camouflage, display, insulation, and possibly balance
during cursorial (ground) running.
e Arboreal ("Trees-down'') Hypothesis: Suggests flight evolved from tree-dwelling ancestors
that used claws for climbing, followed by gliding between trees, then powered flight.

nZO—~—-p» Xp>vmRI o
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ompensates for the rigid trunk. Birds have a large number of cervical vertebrae (13-25, depending on
species) with heterocoelous (saddle-shaped) centra, allowing great flexibility in all directions. The skull
articulates via a single occipital condyle (a reptilian trait), enabling extensive rotation.

MUSCULAR SYSTEM

Musculature is highly specialized, with mass concentrated near the body's center of gravity for
aerodynamic stability.

Flight Muscles:

e Pectoralis Major: The largest muscle, comprising 15-25% of body mass. It originates on the
keel and sternum and inserts on the ventral side of the humerus. Its contraction depresses the
wing (powerful downstroke).

e Supracoracoideus: Located deep to the pectoralis. Its tendon passes dorsally through
the triosseal canal (formed by the coracoid, scapula, and furcula), acting as a pulley. Its
contraction elevates the wing (recovery upstroke). This unique pulley system allows both major
flight muscles to be positioned ventrally.

Leg and Foot Muscles:

Muscles for the toes (flexors and extensors) are located proximally in the thigh and lower leg. Long
tendons run down to the toes, making the feet light and agile. This design powers the perching
mechanism and, in raptors, creates a vice-like grip.

Adaptations for Endurance:

Flight muscles are composed of aerobic, fatigue-resistant fibers with:

e High mitochondrial density for efficient ATP production.

o Extensive capillary networks for oxygen and fuel delivery.

o High myoglobin content for oxygen storage (giving "dark meat").

e Preferential use of fats as a dense, long-term fuel source for migration.
NUTRITION AND DIGESTIVE SYSTEM _
A high metabolic rate demands rapid processing of energy- F
rich food. 4
Beak Adaptations: Liver

¢ Hooked (ecagles): Tearing flesh.

¢ Strong & Conical (finches): Cracking seeds.

e Long & Slender (hummingbirds, curlews): Probing
for nectar or invertebrates.

o Lamellate (ducks, flamingos): Filtering food from
water.

e Chisel-like (woodpeckers): Excavating wood.

Digestive Tract:

1. Crop: An esophageal dilation for food storage and
softening. In pigeons/doves, the lining proliferates to
produce "crop milk" (rich in fat and protein) fed to
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Proventriculus

Ventriculus
(gizzard)

Pancreas
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squabs.
2. Two-Part Stomach: \ ) A\
o Proventriculus: Glandular stomach )
secreting HCI and pepsinogen to initiate \ (s Closca

protein digestion.

o Ventriculus (Gizzard): Muscular stomach with a tough, keratinized lining. It
mechanically grinds food, often with ingested grit (gastroliths). Particularly well-
developed in granivores.

3. Intestine: The duodenum receives secretions from the pancreas (digestive enzymes,
bicarbonate) and liver (bile for fat emulsification). The small intestine is the primary site of
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Practice MCQs

1. What is the single most unique feature that
distinguishes birds from all other living animals?
A) Ability to fly

B) Laying hard-shelled eggs

C) Presence of feathers

D) Endothermy

Answer: Presence of feathers

2. The evolutionary origin of birds is most closely
linked to which group of dinosaurs?

A) Sauropods

B) Ornithischians

C) Theropods

D) Pterosaurs

Answer: Theropods

3. Which fossil is considered a key transitional
form between reptiles and birds?

A) Tyrannosaurus rex

B) Archaeopteryx

C) Hesperornis

D) Velociraptor

Answer: Archaeopteryx

4. Which reptilian feature was retained by
Archaeopteryx?

A) Toothless beak

B) Furcula

C) Long bony tail

D) Keeled sternum

Answer: Long bony tail

5. The scientific study of birds is known as:

A) Herpetology

B) Ornithology

C) Entomology

D) Ichthyology

Answer: Ornithology

6. Which anatomical structure is unique to birds
and responsible for sound production?

A) Larynx

B) Syrinx

C) Glottis

D) Pharynx

Answer: Syrinx

7. The streamlined body shape of birds primarily
aids in:

A) Heat conservation

B) Flight efficiency

C) Mating displays

D) Camouflage

Answer: Flight efficiency

8. Which type of feather forms the primary flight
surface of the wing?

A) Down feathers

B) Contour feathers

C) Remiges

D) Filoplumes

Answer: Remiges

9. The term ""Neornithes" refers to:

A) Extinct toothed birds

B) Modern birds with a keel

C) Flightless birds only

D) All fossil birds

Answer: Modern birds with a keel

10. Which survey method involves counting birds
seen or heard from a fixed point for a set time?
A) Transect method

B) Point count

C) Territory mapping

D) Roost count

Answer: Point count

11. The fused clavicles in birds, commonly called
the wishbone, are scientifically termed:

A) Coracoid

B) Furcula

C) Scapula

D) Sternum

Answer: Furcula

12. Which order includes birds with webbed feet
adapted for aquatic life, such as ducks and geese?
A) Passeriformes

B) Anseriformes

C) Falconiformes

D) Strigiformes

Answer: Anseriformes

13. The primary function of the bird's gizzard is:
A) Gas exchange

B) Food storage

C) Grinding food

D) Enzyme secretion

Answer: Grinding food

14. What type of migration involves seasonal
movement up and down mountain slopes?

A) Latitudinal migration

B) Altitudinal migration

C) Longitudinal migration

D) Irruptive migration

Answer: Altitudinal migration

15. The primary goal of bird banding or ringing is
to study:

A) Population size

B) Migration routes and longevity

C) Feather coloration

D) Nest construction

Answer: Migration routes and longevity

16. Which order includes the largest living
flightless bird, the ostrich?

A) Struthioniformes

B) Sphenisciformes
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Chapter 17

Mammals

Mammals (Class Mammalia) represent one of the most biologically differentiated of endothermic,
amniotic vertebrates. They are uniquely characterized by the presence of hair and mammary glands,
occupying nearly every terrestrial, aquatic, and aerial habitat on Earth.

e Species Diversity: Approximately 5,700 described species.

e Size Range: From the 2-gram bumblebee bat (Craseonycteris thonglongyai) to the 170-ton blue
whale (Balaenoptera musculus).
Characteristic Description & Components Functional Significance
Composed of keratin; present at some life
stage in all species. Layers: medulla, cortex, | Insulation, camouflage, sensory perception

~ L

Hair/Fur

S
=
=
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complex social behavior.

Internal heat generation via metabolism

Endothermy & | 4 Enables activity in varied climates;
Homeotherm (endothermy); maintenance of constant high supports hich-enerey lifestyles
Y body temperature (homeothermy). PP & &y yies.
Other Notable Epiphyses on long bor{es, .enucleatf':d red Growth regulation, efficient gas transport,
blood cells, metanephric kidneys with loop . .
Features water conservation, waste excretion.

of Henle, urea as primary nitrogenous waste.

ORIGIN AND EVOLUTION OF MAMMALS

Mammals evolved from synapsid amniotes, a lineage distinct from diapsid reptiles (dinosaurs, lizards,

birds).

Synapsid Lineage

Characterized by a skull with a single pair of temporal fenestrae.
Time

cuticle. Types: underhair (insulation) and (vibrissae), protection, communication.
guard hair (protection).
P Mammary Modified apocrine (sweat) glands that Defines the class; enables
Glands secrete milk for nourishing offspring. extended parental care.
R . Lower jaw composed of a Increased jaw strength and efficiency; part
Single Dentary . . . . . o 2.
single dentary bone, articulating directly of evolutionary transition from reptilian
Bone - .
with the squamosal bone of the skull. jaw.
E . Malleus (from articular bone), Incus (from Amplifies sound vibrations; enhances
Three Middle . . . >
. quadrate bone), Stapes (homologous to hearing acuity, especially in higher
Ear Ossicles g o -
P amphibian/reptilian columella). frequencies.
Diphyodont Two sets of teeth: deciduous ("milk teeth") Balanced wear and replacement;
A Dentition and permanent set. specialization for varied diets.
Muscular Sheet of muscle separating thoracic and Enabl.es e.f ficient negz}tlvefpressure lqng
. . b ventilation, supporting high metabolic
R Diaphragm abdominal cavities. >
Four-Chambered Complete separation of pulmonary and Supports endf)thermy anq hlgh metabolic
A Heart systemic circuits rates, prevents mixing of
) oxygenated/deoxygenated blood.
Responsible for higher cognitive functions:
T Highly Developed Enlarged, often convoluted outer layer sensory integration, voluntary motor
Neocortex of cerebral cortex. control, learning, memory, reasoning,

Group Period Key Features Examples
Earl Early, diverse synapsids; sprawling gait; Dimetrodon (often
Pelycosaurs Y likely ectothermic; some with dorsal sails mislabeled as "mammal-like
Permian . . o
(thermoregulation/display). reptile").
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Omnivorous

Versatile: incisors for
cutting, rounded
molars for crushing.

Moderately long tract; variable
cecum.

Bears, pigs, raccoons, primates
(including humans).

e Metabolic Rate & Body Size: Scales with body mass (~mass”0.75). Smaller mammals have
much higher mass-specific metabolic rates (e.g., shrew eats >100% body weight daily).
LOCOMOTOR TERMINOLOGY & BIOMECHANICS

Term Definition Example

M Plantigrade Walking with entire sole and heel touching ground. Humans, bears, raccoons
Digitigrade Walking on toes (metatarsals/tarsals elevated). Dogs, cats, birds

K Unguligrade | Walking on tips of toes encased in hooves. Horses, deer, cattle
Cursorial Adapted for running/speed. Cheetahs, antelope
Saltatorial Adapted for leaping/jumping. Kangaroos, jerboas
Fossorial Adapted for digging/burrowing. Moles, aardvarks
Scansorial Adapted for climbing. Squirrels, primates
Arboreal Adapted for life in trees. Sloths, monkeys
Volant Adapted for flight/gliding. Bats, flying squirrels
Aquatic Adapted for swimming. Whales, seals
Patagium Stretched skin membrane forming wing or gliding surface. Bats, colugos
Prehensile Capable of grasping/wrapping around objects. ?fu(:iksey tails, elephant
Suspensory Adapted for hanging beneath branches. Sloths, gibbons

Robust teeth
for crushing
hard fruit

nZ QO —~=2» XM

Can[nes

Premolars and molars

—
; —
—

Incisors {h /’—’Hy “|~ ’}( 3

'I' .~ Carnivores

Carnass[al(bladel]ke} (=i
teeth adapted for
shearing meat

. N
x&»ﬁ

Frugivores

Premelars and molars

Enamel on anterior
surfaces of incisors
wears more slowly
than dentine
behind, keeps
chisel-sharp edge

(fruit-eating bat) / \

Derived Insectivores
(2-toed anteater)

iy
P S y
P
ooy 7.
[ =R
Complete loss of teeth;
tongue principal feeding tool

Diastema
Incisers and Gnawing (EoE Emen
cheek teeth grow (beaver) teeth) I
throughout life Upper o
incisors T .‘)‘ _r = T
absent r ‘-": e ';‘}
ST . o q
Inci = St e B
ncisors 55 =
Herbivores ) - p—
garly insectivore ’ Grazing, browsing
é (deer)
ity ge‘neralizev.i de““h
Piscivores and ,/_\-
plankton feeders =~ g,
[dolphln) )
Omnlivores / *—‘-‘ / YR
{marmoset) e = ‘J
{;&;‘&6::,’ X :\‘aw/
= —— —

Versatile dentition
for varied diet
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Premolars and molars;
high cheek teeth with
ridge-shaped cusps for
grinding abrasive plants

Numerous, similar,
conical teeth in both
Jaws for fish capture
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INSECTIVORE
Short intestine, no cecum
Esophagus : /—? l
Stomach AY%\{
\W . Esophagus

8 Stomach

Intestine @)

Short small intestine and
colom, small cecum

==
Anus }]

RUMINANT HERBIVORE
Four-chambered stomach with = i
large rumen, long small intestine \W /'
and colon z

Rumen

Esophagus ﬁ\:\*—| -

Reticulum
Omasum
Abomasum

Small - EEeEsee

intestine

e =
piral _.'l\ — ‘ﬁl R xw ) .

loop

Colon

NONRUMINANT HERBIVORE

Simple stomach, large cecum and celon

X

Colon i e —
forsoe oS AP
| o
Type Adaptations Examples
Cursorial Elongated limbs; digitigrade/unguligrade posture. Horses, deer, antelope.
Fossorial Powerful forelimbs; reduced eyes/pinnae. Moles, a;‘madﬂlos,
marsupial moles.
Scansorial/Arboreal Grasping limbs; claws; prehensile tails. Squirrels, primates,
possums.
. True powered flight via patagium over elongated | Bats (Chiroptera) — only
Aerial L

digits. mammals capable.
Gliding Patagial membranes for controlled descent. Flying squirrels, colugos.
. Streamlined body; limbs modified into flippers; Whales (Cetacea), seals,

Aquatic .

blubber. manatees (Sirenia).
Saltatorial Adapted for leaping; powerful hindlimbs. Kangaroos, kangaroo rats.

. . Obligate in humans: S-shaped spine, short broad Humans (exclusive

Bipedalism ;i . . .

pelvis, angled femur, anterior foramen magnum. among living mammals).
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SIGNIFICANT EVENTS IN HOMININ EVOLUTION

~ L

SPECIES (YEARS
BEFORE PRESENT)

CRANIAL CAPACITY SIGNIFICANT EVENTS
(BRAIN SIZE)* AND

EXTENT OF FOSSIL RECORD

STATURE
Sahelanihropus tchadensis 350 cm® Oldest known hominin fossil Single skull
(7-6 million) Tcm

Possibly bipedal

Ardipithecus ramidus
(5.8-4 million)

7em’
122cm
Possibly bipedal

Three fossil sites include partial jaw, teeth, and
partial arm bones.

S[ewweA L1

Australopithecus anamensis ? cm’ Three fossil sites include partial jaw, humerus, and
(4.2-3.9 million) Tcm tibia.
Probably bipedal
P Australopithecus afarensis 375-550 ¢m’ Possible divergence point to Multiple fossil sites and numerous individuals,
(3.9-3 million) 107-152¢cm Homa lineage including the 40% complete “Lucy” and another
R Bipedal T0% complete specimen.
Australopithecus africanus 420-500 cm’ Multiple fossil sites and numerous individuals. Skull,
(3-2 million) Tcm pelvis, vertebrae, and leg bones. Includes a nearly
E Bipedal complete skull of a child about three years old.
Homo habilis 500-800 cm’ Possibly rudimentary speech. Multiple fossil sites with many skeletal remains,
P (2.4-1.5 million) 127 cm Primitive stone tool use. including skulls and arm and leg bones.
Bipedal
A Homa erecius 750-1,225 cm’ More sophisticated stone tools Multiple fossil sites with many skeletal remains,
(1.8 million-300,000) 160-180 cm and fire.Migrated widely out of including skulls and a nearly complete skeleton
Bipedal Africa into Europe and Asia of “Turkana boy,” a 10- or 11-year-old individual
R discovered near Lake Turkana in Kenya.
Homo heidelbergensis 1,200 cm? Multiple fossil sites with skulls and teeth.
A (500,000-200,000) ?em
Bipedal
T Homo neanderthalensis 1,450 cm’ Mare advanced tools and Many fossil sites with nearly complete skeletons.
(230,000-30,000) 170 cm weapons. Burial rituals.
Bipedal Construction of shelters.
I Homo sapiens 1,350 cm’ More advanced tools and Many fossil sites with nearly complete skeletons.
(300,000-present) 180 cm Weapons.
O Bipedal Developed fine artwork.
TAXONOMIC CLASSIFICATION OF LIVING MAMMALS
N 29 orders grouped into three major lineages.
Subclass Prototheria (Monotremes)
S e Order Monotremata: Oviparous; cloaca; no nipples (milk patch); adults toothless; lower

variable body temperature (~31°C); retain reptilian bones (interclavicle,
coracoids). Examples: Platypus, echidnas. Distribution: Australia, New Guinea.
Infraclass Metatheria (Marsupials)
Short gestation; choriovitelline placenta; altricial young; prolonged pouch development; epipubic bones;
lack corpus callosum.
Common

Key Characteristics Distribution Examples
Name(s)
Didelphimorphia American Prehensile tail; w.ell—developed The Americas Virginia opossum
Opossums pouch; omnivorous.
. Shrew Small, insectivorous; no true Western South .
Paucituberculata . Chilean shrew opossum
Opossums pouch. America
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Lagomorpha Two pairs of upper incisors (second pair small peg-like); herbivorous. Rabbits, hares, pikas
Scandentia Arboreal; primitive brain but share features with primates. Treeshrews
Dermoptera Extensive patagium for gliding; herbivorous. Colugos (flying
lemurs)
Grasping hands/feet with nails; forward-facing eyes; large brains.
. . e pe s . . . Lemurs, macaques,
Primates Suborders: Strepsirrhini (lemurs), Haplorrhini (tarsiers, monkeys, apes, Tlas. h

humans). gorillas, humans

CENSUS TECHNIQUES IN MAMMALOGY
Census: Absolute count. Estimate: Probable number from sampling.
Goals: Determine population size, density, distribution, sex ratio, age structure for conservation,
management, research.

Classification of Techniques

. T f . . . TR
Technique ypeo Key Principle Best-Suited For Major Limitations
Estimate i
Total Count Absolute Dlrect. Consplf:uou§, aggregated Costly; misses Cpr.tIC animals;
enumeration populations in open areas. habitat-limited.
Line Transect Absolute Distance Visible species in varied Requires modeling; assumes
(Density) sampling habitats. perfect detection on line.
Pellet/Dung Absolute (if Defecation & Forest ungulates, Requires species/season-specific
Count calibrated) decay rates lagomorphs. rate calibration.
Mark- Capture-mark- Trappable small to Labor-intensive; assumes closed
Absolute . . .
Recapture recapture ratio medium mammals. population.
TCr 2;:1:;12 Absolute Spatially explicit | Individually identifiable High setup cost; complex data
(SECR) (Density) recapture species (e.g., tigers). analysis.
Elusive species with non- ! ) .
Genetic Census Absolute .DI\.IA-based invasive samples (hair, High cost per sample, requires
individual ID T lab expertise.

Other Methods: Waterhole counts, block counts, track counts, call counts, burrow/nest counts, aerial
surveys/drones (with thermal imaging), acoustic monitoring.

Practice MCQs

1. Which of the following is a diagnostic
characteristic unique to all mammals at some
stage of their life cycle?

A) Feathers
B) Scales

C) Hair

D) Antlers
Answer: Hair

D) Sauropsids
Answer: Synapsids

4. Which early synapsid group is often incorrectly
called "mammal-like reptiles'?

A) Cynodonts
B) Pelycosaurs
C) Therapsids
D) Dinosaurs

2. What is the primary component of mammalian
hair?

A) Chitin

B) Cellulose

C) Keratin

D) Collagen

Answer: Keratin

3. From which lineage of amniotes did mammals
evolve?

A) Diapsids

B) Synapsids

C) Anapsids

Answer: Pelycosaurs

5. What key adaptation in therapsids allowed for
more efficient locomotion?

A) Sprawling limbs

B) Erect gait

C) Fins

D) Wings

Answer: Erect gait

6. Which advanced therapsid subgroup is
considered the direct ancestor of mammals?
A) Pelycosaurs

B) Cynodonts

C) Dicynodonts
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Chapter 18

Nutrition and Digestion

Nutrition is the sum of all processes involved in the procurement, intake, digestion, absorption, and
utilization of substances necessary for growth, maintenance, repair, and metabolic functions. Nutrients are
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 synthesis of new
Hypertrophy) 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 renewal every 3-
Maintenance (Homeostasis) 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.
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P Energy (ATP Production) Macronutrients undergo catabolism to yield ATP:
» Carbohydrates: Primary fuel via glycolysis & oxidative phosphorylation.
R * Lipids: High-yield energy reserve via f-oxidation.
* Proteins: Emergency fuel via gluconeogenesis (catabolic states).
E Nutrition Vs Digestion
P Feature NUTRITION DIGESTION
Definition Holistic process of obtaining & utilizing Specific breakdown of food into absorbable
A nutrients. units.
R Scope Extremely broad (behavior, physiology, ecology). | Narrow (focused on GI tract processes).
A Primary Goal | Acquire matter & energy for life functions. Convert food into absorbable form.
T Key Processes | Ingestion, Digestion, Absorption, Transport, Ingestion, Mechanical/Chemical Breakdown,
Assimilation, Catabolism, Egestion. Propulsion.
I Systems Digestive, Circulatory, Lymphatic, Endocrine, Primarily Digestive System & exocrine
O Involved Excretory, Nervous. glands.
End Point Cellular metabolism (ATP, biosynthesis). Lumen of small intestine (simple molecules
N ready for absorption).
S 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.
e Heterotrophy: Organisms cannot synthesize their own organic compounds and must obtain them
from other organisms.
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Filter Feeders Strain suspended particles | Baleen whales, clams, Specialized structures
from water. barnacles, flamingos. (baleen plates, cilia, gill
rakers).
Fluid Feeders Suck nutrient-rich fluids. Mosquitoes, ticks, aphids, | Piercing-sucking
leeches, butterflies. mouthparts (stylets,
proboscis); anticoagulant
saliva.
Substrate/Deposit Live in/on or ingest food Earthworms, leaf-miner Burrowing/mining (-
Feeders source (e.g., soil, leaf caterpillars, maggots. through food; simple guts. (o' o)
tissue). °
Detritivores Consume decomposing Dung beetles, millipedes, | Often host symbiotic Z
organic matter. some crabs. microbes for breakdown. e
M =
differs between Digestive System H
Invertebrates -— 1 oy
I < I includes :.
vary in and i l c
t ! =]
u iali Breakdown, Neurcendocrine
nspecialized Early ;
12€ e absorption, & control ”
versus specialized digestion S
. elimination :
regions 1 q I
P path\'l"vay is OCCJ(S in involves includes Q
Vertebrates - Mouth - ‘ Jr— U
. . =function =- . Basal External = Energy
have . intestines nutrients . i @
R functions metabolic input balance
Specialized rate 1 m
organs Salivation Ducdenum regulated g
E Accessory ) by
Digestive and Villi organs stimulates } :o
tract Swallowing °
I Esophagus ‘ Hormones
P layers include Large Lt nction » Eliminate | :
¥ propels food food  intestines waste include
Lumen Peristalsis 4—| passes to
A |, Stomach J Digestive Enterogastrones =<
M . ) enzymes = Leptin
ucosa unctions i
R . produces - Pancreas — Gastrin include
{ b Alfclid 4J Insulin & l
Submucosa reaxdown glucagen ccK b= Insulin
A { and Secretin
. Gallbladder <= stored/ m==  Bile = <= produces= Liver -« GIP .
Muscularis I - Neuropeptides
T * e | e
Serosa hzzqeg;:(;;e - maintains with pancreas e%st:g?en
Evolutionary Perspective of Heterotrophy: Heterotrophy is ancient, originating with early heterotrophic
O bacteria. The loss of certain biosynthetic pathways in animals provided a selective advantage, allowing
energy to be redirected toward growth and reproduction.
N Diversity in Digestive System Plans
The structure of the digestive system correlates with complexity and diet.
e Intracellular Digestion: Food particles are engulfed by phagocytosis and digested within food
S vacuoles that fuse with lysosomes.

o Examples: Sponges (Porifera), amoebas.
e Gastrovascular Cavity: A sac-like structure with a single opening serving as both mouth and
anus. Allows extracellular digestion in the cavity and intracellular completion in cells.
o Examples: Cnidarians (e.g., Hydra), flatworms (e.g., Planaria).
e Complete Digestive Tract (Alimentary Canal): A tubular system with two openings (mouth
and anus), allowing one-way flow and regional specialization.
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ANATOMICAL ORGANIZATION AND TISSUE LAYERS
The gastrointestinal tract (GIT) wall has a consistent four-layered structure from the esophagus onward:
Layer Components & Structure Primary Functions

Mucosa - Epithelium (simple columnar in most, stratified Secretion of enzymes/mucus;
squamous in mouth/esophagus) absorption of nutrients.

- Lamina propria (connective tissue)

- Muscularis mucosae (thin smooth muscle)

Submucosa Dense connective tissue containing blood vessels, Provides vascular supply and
lymphatics, nerves (submucosal/Meissner's plexus). neural control.

Muscularis Inner circular and outer longitudinal layers of smooth Responsible for

Externa muscle (except stomach has third oblique layer). motility: peristalsis (propulsion)
Controlled by myenteric/Auerbach's plexus. and segmentation (mixing).

Serosa/Adventitia | Outer connective tissue layer; serosa is covered by Protection and lubrication.

visceral peritoneum.

Submucosal plexus
(Meissner's plexus)

Submucosa———————————— ‘

Mesentery
Artery
Nerve

Myenteric plexus
(Auerbach's plexus)

Gland in mucossa

Duct of gland
outside tract

Lymphatic tissue

Lumen L Serosa:
—___—Areolar connective tissue
Mucosa: T Epithelium
Epithelium

Lamina propria

h Muscularis:
Muscularis mucosae

Circular muscle
Longitudinal muscle

ORGANS OF THE DIGESTIVE SYSTEM AND THEIR FUNCTIONS
1. MOUTH (ORAL CAVITY)
¢ Functions: Ingestion, mechanical breakdown (mastication), initiation of chemical digestion.
e Structures:
o Teeth: Heterodont dentition (Incisors, Canines, Premolars, Molars) for cutting, tearing,
and grinding.
o Tongue: Muscular organ for manipulation, taste, and swallowing.
o Salivary Glands: Three pairs - Parotid, Submandibular, Sublingual.
e Secretion - Saliva (~1-1.5 L/day):
o Composition: Water, mucus, electrolytes, salivary amylase (ptyalin), lingual lipase,
lysozyme, IgA.
o Functions:
* Moistens and lubricates food (mucin).
= Initiates starch digestion (amylase).
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o Acidic chyme from the stomach.
o Bile from the liver and gallbladder (via the bile duct).
o Bicarbonate-rich pancreatic juice from the pancreas (via the pancreatic duct).
¢ Key Structural Feature: Brunner's glands in the submucosa secrete an alkaline mucus to
neutralize acid, protect the duodenal wall, and optimize pH for pancreatic enzymes.
e Hormonal Control (Enteroendocrine Secretions):
o Secretin: Released by S-cells in response to acidic chyme. Stimulates the pancreas to
secrete bicarbonate-rich fluid.
o Cholecystokinin (CCK): Released by I-cells in response to fats and proteins. Stimulates
pancreatic enzyme secretion and gallbladder contraction.
B. Jejunum (~2.5 meters)
The primary site of nutrient absorption.
e Characterized by the tallest and most numerous plicae circulares and villi, maximizing surface
area.
e  Major site for absorption of:
o Carbohydrates: Monosaccharides (glucose, galactose, fructose).
o Proteins: Amino acids and small peptides.
o Lipids: Fatty acids and monoglycerides.
o Vitamins & Minerals.
e Possesses an extensive vascular and lymphatic network for rapid nutrient transport.
C. Ileum (~3.5 meters)
The "completion and defense' segment.
e Completes absorption of remaining nutrients, specifically:
o Vitamin B:: (cobalamin).
o Bile salts (initially absorbed here for enterohepatic circulation).
¢  Mucosal Immunity: Rich in Peyer's patches—large aggregates of lymphoid tissue in the
submucosa that sample gut antigens and initiate immune responses.
e Terminates at the ileocecal valve, a sphincter regulating entry into the large intestine and
preventing bacterial backflow.

Small intestine

Villus

Epithelial <552 (Tl
cell = |

Lacteal

Capillary

Submucosa Lymphatic :
Muscularis duct
Serosa Vein

Artery

Structural Adaptations for Absorption
The intestinal wall is engineered to create a cumulative surface area increase of ~600x. From macroscopic
to microscopic:
1. Plicae Circulares: Large, permanent circular folds of the mucosa and submucosa. They slow
chyme transit, creating turbulence for better mixing.
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= Stem Cells at the crypt base.

Functions
Water & Electrolyte Reabsorption: Reabsorbs ~1.5 liters of water daily, along with Na*, Cl-, and other
ions, concentrating the luminal contents.

1. Microbial Fermentation: The gut microbiota (mostly in the proximal colon) ferments
undigested carbohydrates (fiber) into short-chain fatty acids (SCFAs) like butyrate (a primary
energy source for colonocytes), acetate, and propionate. This also produces gases (flatus).

2. Vitamin Synthesis: Bacteria synthesize Vitamin K (essential for clotting) and some B
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vitamins (biotin, B5, folate), which are then absorbed.
3. Feces Formation & Storage: Compacts indigestible residue, bacteria, sloughed cells, and bile

pigments (which give color) into feces. Storage occurs primarily in the descending and sigmoid

colon.
Defecation Reflex:

1. Filling: Feces move into the rectum by
mass movements, causing rectal
distension.

2. Spinal Reflex: Stretch receptors signal

Parotid

Oral cavity
salivary

: . . land
via pelvic nerves to the defecation Teeth R g
center in the sacral spinal cord (S2-S4). ;ngﬁﬁgum Submandib-

3. Involuntary Response: The reflex salivary gland M Sy

causes peristalsis in the sigmoid
colon/rectum and relaxes the internal
anal sphincter (smooth muscle,
involuntary).

4. Voluntary Control: Conscious
awareness allows the external anal
sphincter (skeletal muscle, voluntary)
to be contracted to delay defecation.
When appropriate, voluntary relaxation
of this sphincter, combined with
increased abdominal pressure (Valsalva
maneuver), allows expulsion.

ACCESSORY DIGESTIVE ORGANS

gland
Esophagus

Liver

Gallbladder

v |Duodenum
A.LIVER 2 |
. . = |Jejunum
e Largest gland; multifunctional 3
metabolic powerhouse. = Large:
e Functions: ol e
o Bile Production: 600-1000 Cecum

ml./day. Bile contains bile salts
(emulsify fats), cholesterol,
phospholipids, bile pigments
(bilirubin).

o Metabolic Regulation:

Appendix
Rectum

Anal canal

= Carbohydrates: Glycogenesis, glycogenolysis, gluconeogenesis.
= Proteins: Deamination of amino acids; urea synthesis.
= Lipids: Synthesis of cholesterol, lipoproteins (HDL, LDL).

o Detoxification: Processes drugs, alcohol, metabolic wastes.

o

Storage: Glycogen, vitamins (A, D, B12), iron.

o Synthesis: Plasma proteins (albumin, clotting factors).
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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, Ileum
B) Stomach, Esophagus, Ileum, Jejunum, Duodenum
C) Duodenum, Jejunum, Ileum, Stomach, Esophagus
D) Jejunum, Ileum, Duodenum, Stomach, Esophagus
Answer: Esophagus, Stomach, Duodenum,
Jejunum, Illeum

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

13. The final product of protein digestion that is
absorbed is:

A) Dipeptides

B) Tripeptides

C) Amino Acids

D) Polypeptides

Answer: Amino Acids

14. Which sphincter regulates the passage of
chyme from the stomach to the duodenum?
A) Cardiac Sphincter

B) Pyloric Sphincter

C) Ileocecal Sphincter

D) Anal Sphincter

Answer: Pyloric Sphincter

15. The hormone that stimulates gastric acid
secretion is:

A) Secretin

B) Gastrin

C) Somatostatin

D) Gastric Inhibitory Peptide

Answer: Gastrin
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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 O2 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.

Properties of Efficient Respiratory Surfaces
Efficient respiratory surfaces, where external respiration occurs, share common characteristics:
o Large Surface Area: Relative to body volume, to maximize the area for diffusion
e Minimal Thickness: Often just one cell layer thick, to minimize diffusion distance.

e Moisture: Gases must dissolve in a fluid before they can diffuse across a membrane.

e Permeability: The membrane must be readily permeable to O2 and COs..

¢ Rich Vascularization: A good blood supply (in most animals) maintains a steep partial pressure
gradient by rapidly carrying away O: and delivering COx.

o Effective Ventilation Mechanism: Ensures a constant supply of fresh, oxygen-rich medium
(air/water) to the surface, renewing the gradient.

Comparative Overview of Major Respiratory Surfaces

Structural . . Efficiency &
Nature Environment Key Adaptations Examples Constraints
Porifera,
Cnidaria, Limited by surface
Simple Thin, moist, highly | Platyhelminth area-to-volume
Body Surface integument; Aquatic / Moist vascularized skin; es, ratio; requires high
(Cutaneous) direct diffusion Terrestrial low metabolic Earthworms, environmental
across skin. demand. Amphibians | moisture to prevent
(supplementa desiccation.
ry).
Spiracles — Independent of
Tracheae — circulatory system;
Network of Tracheoles; delivers | Insects, some extremel ye f}fl'lcien‘;
Tracheal chitin-lined . air directly to cells, Myriapods, y eHhie
Terrestrial . . for small organisms;
System tubes (tracheae bypassing circulatory some .
> . supports high
& tracheoles). system; valvular Arachnids. .
! S metabolic rates (e.g.,
spiracles minimize i
ight).
water loss.
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o Pathway:

o Fresh Air (75%): A new batch of fresh air is drawn in, taking the same bypass route
down the primary bronchus to refill the Posterior Air Sacs.

o "Now-Old" Air (25%): Simultaneously, the air that just underwent gas exchange in the
lungs (during Step 2) is pulled from the lungs into the Anterior Air Sacs for temporary
storage.

e Key Point: The lungs are being

cleared of the now-deoxygenated ok
air, making room for the next batch. L a8 }O
Step 4: Second Exhalation e
e  Mechanism: The bird contracts its Air Sac Q
M chest cavity. Paranasal %
e Pathway: N o
K o From Posterior Sacs: The g
fresh air taken in during /;@9 i @
Step 3 (now stored in Abdominal =
Posterior Sacs) is —4 %Au sac 5
forced into the lungs for sinus .t oL > \J ey
gas exchange. _ : SN -
o From Anterior Sacs: The by o
"now-old" air stored in the Clavicular =
Anterior Air Sacs (from - Ug
Step 3) is exhaled. ferior posteror
e Completion: The original "packet" Arsec T

of air we followed has now been

exhaled. The cycle is perfectly continuous, with two breaths required to move one batch of air

completely through the system.
In essence, birds have a through-flow ventilation system (like a fish's gills), while mammals have a tidal
ventilation system (like a bellows on a fire). This elegant design is a key reason birds can thrive in
environments where oxygen is scarce.

1. First Inhalation: Fresh air — Posterior air sacs. "OId" air from lungs — Anterior air sacs.

2. First Exhalation: Air from posterior sacs — Lungs (parabronchi). Air from anterior sacs —
Exhaled.

3. Second Inhalation: New fresh air — Posterior sacs. Air now in lungs — Anterior air sacs.

4. Second Exhalation: Air from posterior sacs — Lungs. Air from anterior sacs — Exhaled.

Evolutionary Advantages

1. Continuous, Unidirectional Gas Exchange: Air flows over the gas exchange surfaces (in the
parabronchi) in one direction, and blood in the surrounding capillaries flows in the opposite
direction (a cross-current exchange system). This is more efficient than the mammalian system,
allowing birds to extract more oxygen per breath, especially at high altitudes.

2. No "Dead Space': In mammals, the trachea and bronchi form "dead space" where stale air
mixes with fresh air during each breath. Birds minimize this because fresh air goes directly to the
posterior sacs on inhalation and stale air is expelled directly from the anterior sacs.

3. High Metabolic Support: This system provides the enormous and continuous oxygen supply
needed for flight, a highly energy-demanding activity.

4. Thermoregulation: The extensive air sac system connects to air spaces in some bones
(pneumatization) and throughout the body cavity, aiding in heat dissipation during flight.

5. Vocalization Efficiency: The rigid lungs and separate air sacs allow for continuous airflow over
the syrinx (voice box), enabling many birds to sing long, sustained notes without interrupting
their breathing.
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e Vocal Folds (True Vocal Cords): Mucosal folds that vibrate as air passes through the glottis,
producing sound. Pitch is controlled by
tension (via intrinsic laryngeal muscles),
and loudness by force of air.
4. Trachea (Windpipe): A 10-12 cm rigid Nasal cavity ~_
tube descending from the larynx. -~
e Structure: Walls are reinforced by 16-20

//, Hard palate

-
Nasal vestibule ~__ e _— Posterior naris

Anterior naris =2 — Soft palate
C-shaped rings of hyaline cartilage, t T Sottpal
preventing collapse during inspiration. Pharynx
. . Epiglottis
The open posterior part is spanned by _‘___ — Laynx
the trachealis muscle (smooth muscle), Esophagus — gt |
M allowing esophageal expansion during Trachea X
SWallOWing. Bronchus :;
K e Lining: Ciliated pseudostratified
Bronchiole

columnar epithelium with goblet cells.
The mucociliary escalator mechanism ferminal - O
moves mucus laden with trapped particles
upward toward the pharynx to be
swallowed or expectorated. Right lung Left lung
5. Bronchial Tree: A series of progressively ®
branching tubes.
e Primary (Main) Bronchi: Right and left Respiratory - Alveo Pulmenary venule

bronchicle e
branches at the carina (last tracheal \ / ‘
Pulmonary

—
A
)
o
7]
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(=]
=
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»
)
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cartilage). The right main bronchus is Alveolar duct
wider, shorter, and more vertical, making

aspiration more likely on this side. artery /| / o,
/ '

Pulmenary

¢ Secondary (Lobar) Bronchi: Supply vein

. »
each lung lobe (3 right, 2 left). _
. . Blood Pulmonary Capillary
o Tertiary (Segmental) Bronchi: Supply flow Terminal Alveolar arteriole network on
brenchiole sac surface of
bronchopulmonary segments. alveolus
e Bronchioles: Walls contain circular {b) c)

smooth muscle but no supporting cartilage. Bronchoconstriction and bronchodilation are
controlled by the autonomic nervous system (Parasympathetic: constrict; Sympathetic: dilate).

e Terminal Bronchioles: The smallest conducting airways (<0.5 mm diameter).

The Respiratory Zone (Site of Gas Exchange)

The region where alveoli are present. Begins where the terminal bronchioles feed into respiratory

bronchioles.

Pathway: Respiratory Bronchioles — Alveolar Ducts — Alveolar Sacs — Alveoli.

Alveoli (~300 million per lung): Cup-shaped, thin-walled sacs that constitute the primary gas

exchange surface (total surface area ~70 m?).

Alveolar Cell Types (Pneumocytes):

e Type I Pneumocytes (Squamous Alveolar Cells): Constitute ~90% of the alveolar
surface. Extremely thin (for optimal diffusion), simple squamous epithelial cells. The primary
site of gas exchange.

e Type II Pneumocytes (Septal Cells): Cuboidal cells that secrete pulmonary surfactant—a
phospholipid-protein mixture (chiefly dipalmitoylphosphatidylcholine). Surfactant reduces
surface tension within alveoli, preventing their collapse (atelectasis) and reducing the work of
breathing.

e Alveolar Macrophages (Dust Cells): Phagocytic cells that patrol the alveolar surface, engulfing
dust, bacteria, and debris.
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Respiratory System

involves
l ! | ! |
Gas Respiratory organs Ventilation Gas transport
exchange | |
| | influenced by of
governed include I |
by
Partial pressure
‘ — b Oxygen Carbon
of 02 & C02 isrd
Fick’s J_ ioxide
Law of Gills = Lungs |_I_| blood - tissues |
Diffusion | | l- 1 as
structures are Intrapleural  vs  Intrapulmonary
Hemoglobin Myoglobin
found
External I
gills Amphibians/ (= Lung capacity structure
reptiles | Bicarbonate
described b
Branchial Y Tetramer
chambers Mammals = A
r A Heme
L]
contain
Tidal Vital
Operculum use ¥ + IRV + ERV = . Oxygen
volume capacity - — reduced at
. affinity
Alveoli
Total Higher
Countercurrent P I
s V“al_ Residual —= lung temperature
. capacity volume e
Birds - Bohr
Cutaneous | Breathi effect I+ Lower pH
respiration contain RIS
" r low J— high —"
Tracheal Parabronchi o o
T Hypoventilation Hyperventilation

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
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{ ! } ] =
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Vertebrate blood — = Vertebrate Cardiac cycle —-  Blood pressure (]
| throug circulatory system | :
functions includes
P J Systole BP = COxR )
— found in 1
. pp- Heartbeat Systolic :
= Transportation > Fishes f Contraction = f=jnvolves
R . propels blood Diastolic Q
have through )
l > Regulation Diastole _l Hypertension H
Linear heart Gills Heart & . H
Relaxat|
elaxation
= Protection body _regu:‘ated___ Hormones ”
Amphibians & by :
P reptiles Electrical 72]
b= Clotting contains hc:lve cnndll.lctmn Blood w
recorded as P wave >l . =)
A structure Arteries ]
l 1 Pulmonary Systemic QRS =
X . y . ECG illari
Blood circulation circulation complex Capillaries
Platelets
R plasma
Mammals & Twave Veins
Blood bird .
cells “'l S L Cardiac output
A Lymphatic
have — affects = system
* undergoes
e N
T Leukocytes Red blood Four-chambered _I CO = SV X HR elevated Cardiovascular
cells heart — linked to disease
Based on architectural plan, circulatory systems are classified into two primary types.
O OPEN CIRCULATORY SYSTEM
¢ Definition: The circulatory fluid, called hemolymph, is not always enclosed within vessels. It is
N pumped by a heart into open spaces or sinuses called the hemocoel, where it directly bathes
tissues.
S e Pathway: Heart — Arteries — Open Hemocoel/Sinuses — Tissues — Returns to heart via

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.

Circulatory System

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.
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= Bicuspid/Mitral Valve: Left side (2 cusps). Cusps anchored by chordae
tendineae to papillary muscles.
o Semilunar (SL) Valves: At bases of arteries leaving ventricles. Close during ventricular
diastole.
* Pulmonary Valve: Base of pulmonary trunk.
= Aortic Valve: Base of aorta.
e Malfunction: Stenosis (narrowing) or Insufficiency/Regurgitation (Ilcakage).

Pathway of Blood Flow (Double Circulation):
1. Pulmonary Circuit (Right Heart): Body — SVC/IVC — Right Atrium — Tricuspid Valve
— Right Ventricle — Pulmonary Valve — Pulmonary Arteries — Lungs (gas exchange).
M 2. Systemic Circuit (Left Heart): Lungs — Pulmonary Veins — Left Atrium — Bicuspid Valve
— Left Ventricle — Aortic Valve — Aorta — Body Tissues — SVC/IVC.

~

Systemic
capillaries
Aorta Right lung Left lung
e | Pulmonary /./‘n‘ Respiratory Respiratory" h
P y. capillaries / capillaries

vena cava

anlery

veins

Left atrium

Pulmonary
semilunar valve

Bicuspid

mitral ! :
Right atrium vena cava N % Pulmonary veins
Inferior:

vena cava

N
S
®!
i 0
H
e
=
[—
o
PN
i @
=
=
<V
=
=
5
<V
=]
7]
=
=)
-
-

Tricuspid valve

Right ventricle

— — Inferior
vena cava

CARDIAC CYCLE & HEART SOUNDS
One complete heartbeat (~0.8 sec at 75 bpm), involving systole (contraction) and diastole (relaxation).

nZOm—~=-pXpdmRId

Phase Atrial Ventricular State AV SL Key Events & Sounds
State Valves | Valves

1. Late Diastole | Relaxed Relaxed (filling). Open. Closed. | Passive ventricular filling

(Inflow) (filling). (~70-80%).

2. Atrial Systole | Contracted. | Relaxed (end-diastolic Open. Closed. | "Atrial kick" contributes

volume reached). final 20-30% filling. P

wave on ECG.

3. Isovolumetric | Relaxed. Contracted (pressure Snap Closed. | All valves closed. First

Contraction rises). shut. heart sound (S1, "Lub").
QRS complex.

4. Ventricular Relaxed. Contracted. Closed. | Forced | Rapid then reduced

Ejection open. ejection. Aortic pressure
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o Arteriosclerosis: Hardening and loss of elasticity of arteries.

3. Peripheral Artery Disease (PAD):

o Atherosclerosis in arteries of the legs (or arms), causing limb ischemia, claudication (pain
with walking), and risk of gangrene.

4. Aneurysms:

o Abnormal, localized dilation of a blood vessel wall, most commonly in the aorta. Risk of

rupture is fatal.
5. Thromboembolic Diseases:

o Deep Vein Thrombosis (DVT): Blood clot in a deep vein, usually leg.
o Pulmonary Embolism (PE): Clot breaks off and lodges in pulmonary arteries—a

medical emergency.
6. Cerebrovascular Diseases (Stroke):

o Ischemic Stroke (87%): Blockage of a cerebral artery by a thrombus or embolus.
o Hemorrhagic Stroke: Rupture of a cerebral vessel causing bleeding into brain tissue.

7. Venous Disorders:

o Varicose Veins: Dilated, tortuous superficial veins due to valve incompetence.
o Chronic Venous Insufficiency: Impaired venous return leading to edema, skin changes,

and ulcers.

8. Vasculitis: Inflammation of blood vessel walls (e.g., Giant Cell Arteritis, Polyarteritis Nodosa).

C. Disorders of Blood & Hemodynamics

1. Anemia: Deficiency in RBCs or hemoglobin, reducing oxygen-carrying capacity (e.g., iron
deficiency, vitamin B12 deficiency, hemolytic anemias).
2. Polycythemia: Excess RBCs, increasing blood viscosity.

3. Coagulation Disorders:

o Hypercoagulable States: Increased risk of thrombosis (e.g., Factor V Leiden mutation).
o Bleeding Disorders: Impaired clotting (e.g., Hemophilia, Von Willebrand Disease).
4. Shock: A life-threatening condition of systemic hypoperfusion and inadequate cellular oxygen

utilization.

o Types: Cardiogenic, Hypovolemic, Distributive (e.g., septic, anaphylactic), Obstructive.

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
molluses?

A) Hemoglobin
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Chapter 21
Homeostasis

Homeostasis is the maintenance of a stable internal environment 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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4. SKkin: Primary role is thermoregulation. Its secondary excretory role involves sweat glands
producing sweat (water, NaCl, urea, lactic acid, ammonia). Sebaceous glands secrete sebum (oily
substance), not a metabolic waste.

URINARY SYSTEM IN HUMANS

The mammalian urinary system is the principal organ system for excretion and osmoregulation.

Components & Primary Functions
Component Structure & Location Function

Kidneys (2) Bean-shaped, retroperitoneal 1. Filtration & Excretion: Remove nitrogenous wastes (urea,
organs between T12 and L3 uric acid, creatinine), toxins, drugs. 2.
vertebrae. Right kidney is Osmoregulation: Regulate water & electrolyte (Na*, K*, CI-,

slightly lower due to the liver. Ca?", HPO+*) balance. 3. pH Regulation: Maintain blood pH
Size: ~10-13 cm long, 5-7.5 cm | (~7.4) by secreting H* and reabsorbing HCO:™. 4. Endocrine
wide. Weight: ~150 g (<1% Function: Secrete Renin (activates RAAS for BP

body weight). regulation), Erythropoietin (stimulates RBC production), and
activate Vitamin D (for Ca?* absorption). 5. Blood Pressure
Regulation: Via RAAS and fluid volume control.

~ L

Ureters (2) Muscular tubes (~25 cm long) Transport urine from kidneys to bladder via peristaltic
running from renal pelvis to contractions. Prevent backflow via oblique entry into bladder
bladder. wall.

Urinary Hollow, distensible muscular sac | Storage of urine (capacity ~600-800 mL). Stretch receptors

Bladder (detrusor muscle) in pelvic signal fullness to CNS.
cavity. Lined with transitional
epithelium.

Urethra Tube from bladder to Conducts urine from bladder to exterior during micturition
exterior. Female: ~4 cm long, (urination), controlled by internal (involuntary) and external

carries only urine. Male: ~20 cm | (voluntary) sphincters.
long, carries both urine and
semen.

Juxtamedullary Cortical
Nephron  nephron nephron
tubule 3

Inferior
vena cava

Adrenal

gland

Renal artery
and vein

Aorta

Ureter

Renal Renal
pelvis medulla

Collecting
. duct medulla
Urinary

bladder

Urethra
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Renal Blood Supply: Kidneys receive ~20-25% of cardiac output (~1.2 L/min) via renal arteries,
highlighting their critical role in blood filtration.
Anatomy of the Kidney
o External Layers (Superficial to Deep):
1. Renal Fascia: Dense connective tissue anchoring kidney to abdominal wall.
2. Perirenal Fat Capsule: Adipose tissue cushion providing protection, stabilization, and
thermal insulation.

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 Page 5 0f 19

N
.ﬁ
=
=
=
9%
=
7]
-

sise




L MK PREPARATIONS) .-

Urinary System
Solute Mitrogenous evolved _ Mammalian Hormenal
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'r Solutes excretion
Osmotic control
Ly Secretion e Waste & toxins

Osmoregulation is the active regulation of the osmotic pressure (water and solute concentration) of
body fluids to maintain homeostasis.
Fundamental Concepts
¢ Osmolarity: Total solute concentration per liter of solution (mOsm/L). Determines the direction
of osmotic water flow.
e Tonicity: Describes the effect of a solution on cell volume. Depends on the concentration of non-
penetrating solutes.
o Hypertonic: Higher solute concentration than cell cytoplasm — Water leaves cell —
Cell crenates (shrinks).
o Hypotonic: Lower solute concentration — Water enters cell — Cell swells,
may lyse (burst).
o Isotonic: Equal solute concentration — No net water movement, cell volume stable.
Osmoregulatory Strategies: Conformers vs. Regulators
Strategy Definition Relation to

nZOm—~=-pXpdmRId

Energy
Cost

Examples Ecological

Implication

Environment
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4. Piloerection: Erection of body hairs ("goosebumps") traps a layer of insulating air near the skin.
More effective in furry mammals.
5. Behavioral: Seeking sunlight/shelter, huddling, curling up, wearing insulating layers.

Thermoreceptors Thermoreceptors
—————————— » found in the found inside - - - - - — - - ==
skin the body

)

vou

BRAIN ——— HYPOTHALAMUS

Thyroid-releasing hormone

~ L

Autonomic .
Motor area Anterior
nervous system

of cerebral
cortex

pituitary gland

(sympathetic or (adenohypophysis)

parasympathetic)

Thyroid-stimulating
hormone (thyrotropin)

Voluntary Involuntary
MNegative response responses Negative
feedback
- Thyroxine
* ™y
Y \( ¢ Y
Skeletal Blood Adrenal glands Body cells Sweat glands
muscles vessels (cortex)
| |
Epinephrine
Y \
Shivering Vasoconstriction Increases or Basal metabolic Sweating cools
thermogenesis (sympathetic) or decreases rate increases the body (inhibition
(generates vasodilation organic or decreases retains heat)
heat) (parasympathetic) metabolism
Y l l

Either heat generation or conservation

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
: feedback
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

- Blood temperature either rises or falls 4
Adaptive Strategies in Other Animals

¢ Countercurrent Heat Exchange: Conserves body heat in extremities. Arteries carrying warm
blood from the core run parallel to veins returning cold blood from the skin. Heat transfers from
artery to vein, warming the returning blood and preventing core heat loss. Found in dolphin
flippers, whale flukes, bird legs (e.g., Arctic gull).

o Insulation: Reduces conductive/convective heat loss.

o Blubber: Thick subcutaneous adipose tissue in marine mammals (seals, whales).
Excellent insulator and energy store.

nZOm—~=-pXpdmRId
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o Fur & Feathers: Traps air, a poor conductor. Density can change seasonally

(winter/summer coats).
o Evaporative Cooling Variations:

o Panting: Rapid, shallow breathing increases evaporation from tongue and upper

respiratory tract (dogs, birds).

o Gular Fluttering: Birds vibrate throat membranes to increase evaporation.
o Saliva Spreading: Rodents lick fur to cool by evaporation.
¢ Behavioral Thermoregulation (Critical for Ectotherms):
o Basking: Orienting body to maximize sun exposure.
o Burrowing: Escaping extreme surface temperatures.

o Nocturnality: Avoiding daytime heat.

o Aestivation/Hibernation: Entering a dormant state during extreme heat/cold.

Acclimatization & Fever

e Acclimatization: Long-term physiological adjustments to seasonal or environmental changes
(e.g., increased RBC count at high altitude, changes in enzyme isoforms, altered fur/feather

density).

e Fever: A regulated increase in the hypothalamic set point triggered by pyrogens (e.g.,
interleukin-1 from immune cells responding to pathogens). The body actively raises its
temperature (via shivering, vasoconstriction) to a new set point. A moderate fever may enhance
immune function (increased phagocytosis, lymphocyte activity) and inhibit growth of some
microbes. It is a defensive homeostatic response, not a failure of thermoregulation.

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
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Chapter 22

Support and Movement

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,
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).
Movement: Acts as levers that are pulled by skeletal muscles to produce movement at joints.
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P 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.
R 5. Blood Cell Production (Hemopoiesis): Red bone marrow within certain bones produces
erythrocytes, leukocytes, and platelets.
E 6. Energy Storage: Yellow bone marrow primarily consists of adipose (fat) cells, which store
energy.
P Musculoskeletal System
Skeletal Bone Joints Muscle contraction
A systems | | 1
| types involves results from stimulated by
types some exhibit undergoes |, Ball-and- ¥ }
R \ } socket Slidin
L Hydrostatic . Muscle - g Motor
Long bone Development produces organization filament neurons
. r structure Universal . mechanism ;
A maintained b}." movement includes I release
’ includes {
Intramembranous . Myofilaments
T Water L Epiphysis development Hinge Muscle ACh
pressure joint fiber thin thick
'
Exoskel —>- Diaphysis Endochondral produces  Forward/ conrlams }  cause
I = Exoskeleton ™ development L—» backward Actin Myosin
1 movement A
composed of Spongy Myofibrils
¥ bone [, Bone Gliding I required for
Chitin remodeling = joint composed of 1 : Depolarization
P - f Cross-bridge
. bo::e produces Siidi cycle ‘ |
N Endoskel mov:e::\gnt hyeilEnmimiE I ragers
L Endoskeleton e I needs release of
1 ized int |
S composed of L, Combination orgamie e ATP
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movements| /
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o Leg: Tibia (1, medial/shin bone), Fibula (1, lateral).
o Ankle: Tarsals (7, including the calcaneus/heel bone).
o Foot: Metatarsals (5), Phalanges (14: big toe has 2, each toe has 3).
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Clavicle N
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Vertebral w
column
Ut =
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Carpal bones—24 %
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i gy
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'Y g Patella E
D L
N A
N4 Ll Tibia g~

Fibula | f’

|
\
Calcaneus - ..l
~ "
Tarsal bones

Metatarsal bones
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JOINTS (ARTICULATIONS)

A joint is a point where two or more bones (or bone and cartilage) meet. The scientific study of joints
is arthrology.
Structural Classification of Joints
1. Fibrous Joints: Bones united by dense fibrous connective tissue. No joint cavity. Generally
immovable or slightly movable.
o Sutures: Seams between bones of the skull.
o Syndesmoses: Bones connected by ligaments (e.g., distal tibiofibular joint).
o Gomphoses: Peg-in-socket joint (e.g., tooth in its alveolar socket).
2. Cartilaginous Joints: Bones united by cartilage. No joint cavity. Slightly movable or
immovable.
o Synchondroses: Hyaline cartilage union (e.g., epiphyseal plates, first sternocostal joint).
o Symphyses: Fibrocartilage union (e.g., intervertebral discs, pubic symphysis).
3. Synovial Joints: Bones separated by a fluid-filled joint cavity. Freely movable. Most joints of
the limbs.
Functional Classification of Joints (Based on Movement)
e Synarthrosis: Immovable joint (e.g., skull sutures).
e Amphiarthrosis: Slightly movable joint (e.g., intervertebral discs).
e Diarthrosis: Freely movable joint (e.g., shoulder, knee).
Synovial Joints: Structure and Function
General Anatomy:
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e Sarcomere: Functional Unit of Contraction
The sarcomere is the region of a myofibril between two successive Z discs (Z lines).

e 7 disc: Protein sheet that anchors the thin filaments.

e I band: Light region containing only thin filaments.

e A band: Dark region spanning the entire length of the thick filaments (and overlapping thin
filaments).

e H zone: Lighter region in the center of the A band where only thick filaments are present (no
overlap).

e M line: Middle of the sarcomere; holds adjacent thick filaments together.

Mechanism of Skeletal Muscle Contraction: Sliding Filament Theory
During contraction, thin filaments slide past thick filaments, increasing their overlap. The filaments
themselves do not shorten. The sarcomere shortens.
Steps of Contraction & Relaxation:
1. Excitation (at Neuromuscular Junction):
o Nerve action potential — release of acetylcholine (ACh) — ACh binds receptors on
sarcolemma — depolarization (end-plate potential) — muscle action potential.
2. Excitation-Contraction Coupling:
o Action potential travels along sarcolemma and down T-tubules — triggers SR to release
Ca?" into sarcoplasm.
3. Cross-Bridge Cycling (Contraction):

~ L

actin site.

The cycle can now
repeat as long as
calcium is present to
expose active sites on
the actin molecules.

o Ca? binds to troponin (TnC) — conformational change — tropomyosin moves,
exposing myosin-binding sites on actin.
o Cross-Bridge Formation: Energized myosin head (with ADP + Pi) binds to exposed

Excitation-contraction A -
coupling in vertebrate skeletal muscle. ”l Action potential
T-tubule N
L - T - b1
Sarcoplasmic /' I
reticulum i — 7}__ — = —— ==, ..

4
Sarcolemma i

Myofibril

Calcium attaches

Step 1: An action potential spreads
along the sarcolemma and is
conducted inward to the
sarcoplasmic reticulum by way of
T-tubules. Calcium ions are released
from the sarcoplasmic reticulum and
diffuse rapidly into the myofibrils,
binding to troponin molecules on the
actin fillament. Troponin and
tropomyosin molecules move away
from the active sites.

Step 5: The myosin w
head splits ATP,

retaining the o~

enargy
released as
well as the ADP
and the phosphata
group and the myosin
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heads move back to
their ready position.

Troponin and tropomyosin
move off active site

Step 2: Myosin
forms cross
bridges as it
binds to the
exposed active
sites.

Step 4: The myosin
head binds
another ATP
molacule; this
frees the
myosin head
from the active
site on actin.

Step 3: Using the
energy stored as ATP,
the myosin head
swings toward

the center of the
sarcomere and actin
mowves with it ADP and
a phosphate group (Pj)
are released.
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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

D) Histology

Answer: Osteology

16. The total number of bones in the adult human
skeleton is:

A) 206

B) 306

C) 106

D) 250

Answer: 206

17. Which is not a function of the skeletal system?
A) Support

B) Hormone production
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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.

e 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 Cell body (G
. . . c Dendrites -

levels of protein synthesis. It is the metabolic N

and biosynthetic center. Nucleus

e Dendrites: Short, branched, tapering
extensions. They are the primary receptive
sites, receiving signals from other neurons or Schwann

Axon

cell —
receptors and conducting them toward the cell 2 Nodo of
b 0 dy 4 Ranvier
e Axon: A single, long, cylindrical extension of a5

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).

o Axon Terminals (Synaptic Knobs/Boutons): Branched endings containing synaptic
vesicles filled with neurotransmitters.

o Myelin Sheath: An insulating, fatty layer formed by glial cells (Schwann cells in PNS,
oligodendrocytes in CNS) around many axons. It increases conduction speed
via saltatory conduction.

o Nodes of Ranvier: Regular gaps in the myelin sheath where the axolemma is exposed;
crucial for saltatory conduction.
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“lassification of Neurons
A. Based on Function & Direction of Impulse:

Neuron Type Direction = Function Location & Typical Structure
of Impulse
Sensory (Afferent) Toward Transmit sensory Cell body located in a dorsal root
CNS information from ganglion (PNS).
receptors to the CNS. | Usually unipolar/pseudounipolar.
Motor (Efferent) Away Carry motor Cell body within the CNS (spinal cord or
from CNS | commands from the | brain). Typically multipolar. N
to CNS to muscles or SJ)
Effectors | glands.
M Interneuron Within Connect sensory and | Entirely within the CNS. Highly branched, Z
(Association/Relay) | CNS motor neurons; usually multipolar. 2
K process, integrate, <
and relay =
information. g
Essential for reflexes, &
learning, and =1
memory. (=
Peripheral Nervous System Central Nervous System m
Sensory Neurons Interneurons ('D
Dendrites a
J o
Cell body -
3 Cell body {<
W ]
E:)o::mui_:!::.lu::ti-::;nf Axon %
- 2
Dendrites . g

Direction of

Motor Neurons conduction

Axon
terminals

,‘yfm

conduction

Skeletal
muscle

Cell body

B. Based on Structure (Number of Processes):
e  Multipolar: One axon and many dendrites (e.g., motor neurons, interneurons). Most common
type.
e Bipolar: One axon and one dendrite (e.g., retinal cells, olfactory epithelium).
e Unipolar/Pseudounipolar: A single process that divides into two branches (e.g., sensory neurons
in dorsal root ganglia).
¢ Anaxonic: No clear axon (e.g., some interneurons in the brain).
Neuroglia (Glial Cells)
Neuroglia are non-excitable, supportive cells that are essential for normal neuron function.
They outnumber neurons.
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Cardiovascular
Center: Regulates
heart rate and force of
contraction; adjusts
blood vessel diameter
(blood pressure).
= Respiratory
Centers: Set the basic
rhythm of breathing.
= Other Centers: For
vomiting, coughing,
sneezing, swallowing.
o Contains ascending and
descending nerve tracts, some
of which cross over
(decussate) here, explaining
why one side of the brain

Corpus
callosum

Frontal lobe =&
of cerebral A8
cortex

Lateral
ventricle

Optic
recess
Optic chiasm

Temporal

cortex

controls the opposite side of the body.

The Spinal Cord

e Function: Two-way conduction
pathway between brain and
body (via tracts); integrating
center for spinal
reflexes (rapid, involuntary g
responses to stimuli). Wiis oy

e Internal Structure (Cross-

Gray

o
f\"

z d Monosynaptic
= ‘K@— ynap

£

%
NS

lobe of cerebral

N\
\ Dorsal root

Thalamus Pineal gland

- Cerebellum

Pituitary
gland

Hypothalamus

Parietal lobe of
cerebral cortex

Occipital
lobe of
cerebral
cortex

Medulla
oblongata

Stretch receptor

Nerve fiber (muscle spindle)

\ ganglion

synapse

J‘\ ~ Motor neuron /
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section): matter WS ) T e
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o Grey Matter (H- \ - I ' SO ~
shaped): Central; ] l - \
contains neuron cell ooy Guadr_ce;\\\\

. . pinal cort PR
bodies, dendrites, and e o\
Response —"\ — *";f‘
synapses. N o
= Dorsal '
(Posterior)
Horns: Interneurons that receive and process sensory input from dorsal root
ganglia.

= Ventral (Anterior) Horns: Contain cell bodies of somatic motor
neurons whose axons exit via ventral roots to control skeletal muscles.
= Lateral Horns (T1-L2 only): Contain cell bodies of autonomic (sympathetic)
motor neurons that control smooth muscle, cardiac muscle, and glands.
o White Matter (Peripheral): Contains bundles of myelinated axons organized into
columns (funiculi), which contain distinct tracts.
= Ascending (Sensory) Tracts: Carry information zo the brain (e.g., spinothalamic
tract for pain/temp, dorsal columns for fine touch/proprioception).
= Descending (Motor) Tracts: Carry commands from the brain (e.g., lateral
corticospinal tract for voluntary movement).
o Central Canal: A small channel filled with CSF, continuous with the brain's ventricles.
e Reflex Arc: The fundamental functional unit. Pathway: Sensory Receptor — Sensory
(Afferent) Neuron — Integration Center (spinal cord) — Motor (Efferent) Neuron —
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rigin (CNS)

Thoracolumbar: Lateral gray horns of spinal cord
segments T1-L2.

NT

Craniosacral: Brainstem nuclei of CN
I, VII, IX, X and spinal cord
segments S2-S4.

Ganglion Location

Close to CNS: Paravertebral chain ganglia
(sympathetic trunk) or prevertebral ganglia (e.g.,
celiac).

Near or within Target
Organ: Terminal ganglia in the organ
wall or nearby.

Fiber Length Short preganglionic, Long postganglionic. Long preganglionic, Short
postganglionic.
Neurotransmitters | Preganglionic: ACh (nicotinic Preganglionic &
receptor). Postganglionic: Norepinephrine Postganglionic: Acetylcholine (ACh).
(NE) (alpha/beta adrenergic Preganglionic uses nicotinic receptors;
receptors). Exception: Sweat glands use ACh. postganglionic uses muscarinic
receptors.
Physiological Provides vasomotor tone (constant partial Dominates at rest; maintains heart
"Tone" constriction of blood vessels). rate, digestion, and glandular
activity at baseline.
General Effect Mobilizes body for activity ("E situations"— Conserves and restores energy.
Exercise, Excitement, Emergency, Embarrassment). | Promotes maintenance functions like
Increases alertness and metabolic output. digestion and waste elimination.
Key Effects * Heart: 1 Rate & force. » Heart: | Rate.

* Lungs: Dilates bronchi.

* Digestive: | Motility & secretion.

* Pupils: Dilation (mydriasis).

* Vessels: Constricts most; dilates skeletal muscle
vessels.

* Liver: Stimulates glucose release.

* Adrenal Medulla: Stimulates release of
epinephrine/NE.

* Lungs: Constricts bronchi.

* Digestive: T Motility & secretion.
* Pupils: Constriction (miosis).

* Bladder: Contracts smooth muscle
for urination.

* Salivary/Lacrimal

Glands: Stimulates secretion.

e The Enteric Nervous System (ENS): Often called the "second brain" or the third division of
the ANS. It is an intricate network of neurons within the walls of the digestive tract. It can
operate autonomously but is regulated by the sympathetic and parasympathetic systems.

Sympathetic

— Dilate

— Stop secretion

Spinal cord e

Sympathetic
ganglion

chain — Dilate bronchioles

Speed up heartbeat

Adrenal gland

A

e o i A

— Secrete adrenaline

_ Decrease secretion
Large intestine

— Decrease motility

— Retain colon contents

‘— Delay emptying

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

Parasympathetic

i— Slow down heartbeat —|

Constrict

Secrete saliva

Constrict bronchicles—

Stomach

PEREFEEREREE S
PP PVPPPPPY Py P
SR e e gt

Increase secretion

Increase motility
Small intestine

Empty colon
Empty bladder
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xample: Withdrawal reflex from pain (polysynaptic).
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Sensory Systems

Sensory Processing Pathway
Stimulus — Reception — Transduction — Transmission — Integration — Perception

Classification of Sensory Receptors
Receptor Type Stimulus Detected | Examples & Key Features

Mechanoreceptors | Pressure, Touch, Hair cells (hearing/balance); Pacinian corpuscles (deep
Stretch, Sound, pressure/vibration); Meissner's corpuscles (light touch); Muscle
Gravity spindles (muscle stretch).
Chemoreceptors Specific Chemicals Taste buds (gustation); Olfactory receptors (smell); Carotid/aortic
bodies (blood pH/O-).
Photoreceptors Light Rods (dim light, monochromatic) and Cones (bright light, color) in
the retina.
Thermoreceptors | Temperature Free nerve endings; TRP family ion channels (e.g., TRPV1 for
Changes heat/capsaicin).
Nociceptors Pain (Tissue Free nerve endings responding to extreme heat/pressure or chemicals
Damage) from damage.
Electroreceptors Electrical Fields Found in some fish (sharks) and the platypus for detecting prey.
Magnetoreceptors | Magnetic Fields Used for navigation in birds, sea turtles, some insects.
MNervous System
Peripheral
Nerve —= Synapses Central nervous system
impulses nervous
: (2.:;! system l_l_‘ includes
changes in incluge ~ nvolve e |
l 1 includes Sensory Mator
Electrical pathways pathways
Membrane potential
Chemical Brain Spinal voluntary
have | I cord
T 1 1
due to altered by release aregs functions Somatic )
i ¢ } involuntary
4ot . e Hindbrain
Na' /K Gated ion ch I Neurotransmitters
dated 1on channels
pump I Reflexes Autonomic
1 | example —s  Midbrain I
types ¥ .
K" leakage Voltage- Acetylcholine Conveys includes
channels gated s Forebrain s Sympathetic
I
lead to
Ligand- Postsynaptic Thalamus & Parasympathetic
gated Action neuron hypothalamus
1 potentials
produce 1 i i
travel down integrates L, Cerebrum Motor Cranial
nerves
Graded \ E |
potentials Presynaptic I
axon EPSPs IPSPs functions Sensory involvedin
Depolarization 1 l e
Associative Senses
Summation Depolarize  Hyperpolarize

Hyperpolarization
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Advanced Concepts

e Neuroplasticity: The CNS's ability to reorganize its structure, function, and connections in

response to experience, learning, or injury.

¢ Long-Term Potentiation (LTP): A long-lasting increase in synaptic strength following high-
frequency stimulation; a cellular model for learning and memory (involves hippocampal

glutamate receptors, Ca2+ influx).

e Neurogenesis: The formation of new neurons; occurs in adult hippocampus and lateral

ventricles, contrary to old dogma.

¢ Biological Rhythms: Regulated by internal clocks (e.g., Suprachiasmatic Nucleus (SCN) in )
hypothalamus for circadian rhythms) and hormones (e.g., melatonin from pineal gland). (IS
[
M . Sensorly processes Mervous System uses Sensory Z
information receptors ()
| -
K ) S
Thermoreceptors types o
processed | :
in steps sense l 1 l 7
Temperature 4J
Mechanoreceptors Chemoreceptors Photoreceptors g
P Stimulation | | Ql
N sefise sense sense include
lociceptors
R - Touch & Skin == Taste =—a 'Lasdw m
I pressure uds Rods (¢~)
Transduction sense " Light | :
. .‘J Muscle sense 7]
Pain |—= Proprioception —= length & ¥ | Low light o
tension AN mare ~
- complex
P Transmission Blood | el
Electroreceptors — pressure — Baroreceptors < - Cones
weet alty Vision {%
A Interpretation | Sound/ 5 Bitt | Color 7))
P sense — e — QOuter ear 2 =l uses -
Electrical J l } (¢)
R currents Umami Eyes ' E
~ —= Vibration Middle ear Cornea
A I, Olfactory 4
= Smell — .
Magnetoreceptors —= Balance Inner ear neurons contain Pupil
T | / | ™
sense :
. Labyrinth & genes Lens
Magnetic semicircular Cochlea involved
I fields canals in 4
} Retina
O Evolution
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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

D) Midbrain

Answer: Medulla oblongata

14. Parkinson's disease is primarily associated
with the degeneration of neurons that produce
which neurotransmitter?

A) Acetylcholine

B) Serotonin

C) Dopamine

D) Norepinephrine

Answer: Dopamine

15. The process by which a neuron adds together
postsynaptic potentials from multiple synapses is
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Chapter 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. :
[ ]
M Endocrine System m
Origins of
[< Hormones Body's Peripheral ather g‘
I control center endocrine glands hormanes o
types | | | —
includes : include include "
| Posterior ) Ovaries & =
T Thyroid testes (¢”)
I 1
P Lipophilic Hydrophilic produces prod;;ces ‘!r 0 p]
, produce >
include in - | »
R include ¥ 2l . Thyroxine and Pineal l, 72}
l Peptides & triledothyronine gland Sex g
acton e
E o proteins — Anterior pituitary <——— a! steroids E
eroids oduces
effects 1o | — Adrenal pr
effects are ! produces I
P are minsiacid Peptide hormones produces Melatonin
acton derivatives ¥ _
A - Protein hormones Cat;lacsi;:rlggg;nes — Atrium
Long-term — Short-term
produces
Glycopratein L Pancreas .
R Membrane hormones L Skin Atrial
Intracellular receptors | natriuretic
A receptors Hypothalamus produces produces  Peplide
affrect Tyrosine | acton + *
T } kinase produces Insulin and Vitamin D
Releasing glucagon
Gene_ ) hormones
expression G protein—
I coupled
Inhibiting
O hermones
N Hormones:
A hormone is an organic chemical messenger secreted in minute quantities by endocrine tissues. It is
S transported via body fluids to specific target cells, where it regulates the rate of pre-existing biochemical
processes without initiating new reactions.

Key Characteristics

o High Potency: Effective at extremely low concentrations (e.g., 10712 M).

e Specificity: Acts only on target cells with complementary receptors (Lock-and-Key Model).
¢ Regulatory Role: Can stimulate or inhibit physiological processes.
o Integrated Action: Hormones often work in synergistic or antagonistic pairs (e.g., Insulin and

Glucagon) to fine-tune responses.
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Chemical Classification of Hormones
Chemical Class Solubility

Proteins/Polypeptides Water-soluble

Examples

Insulin, Glucagon, Growth

Key Features &
Secretion Sites
Most common type.

rine, Norepinephrine
(water-soluble). Thyroid
Hormones: T3, T4 (lipid-
soluble).

(Hydrophilic) Hormone (GH), ADH Stored in vesicles. Bind
to cell surface receptors.
Amino Acid Derivatives | Variable Catecholamines: Epineph | Derived from

tyrosine/tryptophan.
Secreted by adrenal
medulla (catecholamines)
and thyroid.

Steroids Lipid-soluble Cortisol, Aldosterone, Derived from cholesterol.
(Hydrophobic) Estrogen, Testosterone, Synthesized on demand.
Progesterone Bind to intracellular
receptors. Secreted by
adrenal cortex and gonads.
Fatty Acid Derivatives Lipid-soluble Prostaglandins, Act as local hormones
Leukotrienes (paracrine/autocrine).

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.
¢ 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) —
activates Protein Kinase A —
phosphorylates cellular proteins
— rapid physiological response.

e Other Second Messengers: cGMP, Ca?*,

Inositol Trisphosphate (IP3),
Diacylglycerol (DAG).
e Speed: Rapid response (seconds to
minutes).
2. Mechanism for Lipid-Soluble Hormones
(Steroids, Thyroid Hormones)
¢ Receptor Location: Intracellular
receptors in cytoplasm or nucleus.
¢ Signal Transduction: Hormone diffuses

(a) Water-soluble hormone;
receptor in plasma
membrane

. SECRETORY

!‘/CE EEL

99\
0 G_Water-

[0} soluble
hormone
(<4

Blood g .09

vessel Jd \

Receptor prutein\@

TARGET
GEN

Cytoplasmic 9

response Geie
P regulation

NUCLEUS

(b) Lipid-soluble hormone;
receptor in nucleus or
cytoplasm

SECRETORY

Q@ p/ CELL

A

hormone

Blood D
vessel 7 \

Transport

protein @

TARGET
SER

Receptor
protein (in
nucleus or
cytoplasm)

Cytoplasmic Il

response Gene

across plasma membrane — binds to receptor — forms hormone -receptor complex — complex

binds to Hormone Response Elements (HREs) on DNA — regulates gene transcription —

new protein synthesis — slow, long-lasting response (hours to days).
e Note: Some steroids also exhibit rapid nongenomic effects via membrane-associated receptors.
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Viajor Endocrine Glands and Their Hormones
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Endocrine Gland
and Hormone

Hypothalamus

Releasing hormones Adenchypophysis

Inhibiting hormones

Adenohypophysis

Neurohypophysis (posterior-pituitary gland)

Antidiuretic hormone (ADH) Kidneys
Also called vasopressin
Oxytocin (OT) Uterus

Mammary glands

Adenohypophysis (anterior-pituitary gland)

Adrenocorticotropic hormone (ACTH) Adrenal cortex

Melanocyte-stimulating hormone (MSH)  Skin

Growth hormone (GH) Many organs

Prolactin (PRL)

Mammary glands

Thyroid-stimulating hormone (TSH) Thyroid gland

Luteinizing hormone (LH) Gonads
Follicle-stimulating hormone (FSH) Gonads
Thyroid Gland

Thyroid hormones (thyroxine and Most cells
triiodothyronine)

Calcitonin Bone

Target Tissue

Principal Actions

Activate release of adenchypophyseal hormones

Inhibit release of adenohypophyseal hormones

Conserves water by stimulating its reabsorption from urine

Stimulates contraction

Stimulates milk ejection

Stimulates secretion of adrenal cortical hormones such as
cortisol

Stimulates color change in reptiles and amphibians; various
functions in mammals

Stimulates growth by promoting bone growth, protein
synthesis, and fat breakdown

Stimulates milk production

Stimulates thyroxine secretion

Stimulates ovulation and corpus luteum formation in females;

stimulates secretion of testosterone in males

Stimulates spermatogenesis in males; stimulates
development of ovarian follicles in females

Stimulate metabolic rate; essential to normal growth and
development

Inhibits loss of calcium from bone

MK PREPARATIONS: Let’s Make It Happen
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Chemical Nature

Peptides

Peptides (except prolactin-
inhibiting factor, which
is dopamine)

Peptide (9 amino acids)

Peptide (9 amino acids)

Peptide (39 amino acids)

Peptide (two forms; 13 and 22
amino acids)

Protein

Protein

Glycoprotein

Glycoprotein

Glycoprotein

Amino acid derivative (iodinated)

Peptide (32 amino acids)
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Parathyroid hormone (PTH) Bone, kidneys, Raises blood calcium level by stimulating bone breakdown; Peptide (34 amino acids)
digestive tract stimulates calcium reabsorption in kidneys; activates
vitamin D
Adrenal Medulla
Epinephrine (adrenaline) and Smooth muscle, Initiate stress responses; raise heart rate, blood pressure, Amino acid derivatives
norepinephrine (noradrenaline) cardiac muscle, metabolic rate; dilate blood vessels; mobilize fat; raise blood
blood vessels glucose level
Adrenal Cortex
Glucocorticoids (e.g., cortisol) Many organs Adaptation to long-term stress; raise blood glucose level; Steroid N
mobilize fat I
[ ]
M Mineralocorticoids (e.g., aldosterone) Kidney tubules = / "’J Maintain proper balance of Na* and K* in blood Steroid m
/] =
| Q‘
K Pancreas ()]
Insulin Liver, skeletal Lowers blood glucose level; stimulates glycogen, fat, protein  Peptide {51 amino acids) <!
muscles, adipose s synthesis :.
tissue ‘ :
Glucagon Liver, adipose tissue Raises blood glucose level; stimulates breakdown of glycogen ~ Peptide {29 amino acids) o
P in liver m
7/}
Ovary -
Estradiol General @ Stimulates development of female secondary Steroid o
E {§L 9 sex characteristics E
s el
- S
P Female reproductive Stimulates growth of sex organs at puberty and monthly
structures preparation of uterus for pregnancy
A Progesterone Uterus Completes preparation for pregnancy Steroid
Mammary glands \,3 \ Stimulates development
! - II
Testis
T Testosterone Many organs Stimulates development of secondary sex characteristics in Steroid
males and growth spurt at puberty
Male reproductive | Stimulates development of sex organs; stimulates
O structures | spermatogenesis
N Pineal Gland
Melatonin Gonads, brain, Regulates biological rhythms Amino acid derivative
pigment cells

Hypothalamus: The Master Integrator
e Location: Forebrain, below the thalamus.
¢ Role: Primary link between the nervous and endocrine systems. Contains neurosecretory cells.
¢ Functions:
1. Produces Releasing and Inhibiting Hormones that regulate the anterior pituitary via
the hypothalamo-hypophyseal portal system.
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2. Synthesizes ADH (Vasopressin) and Oxytocin, which are stored/released from the
posterior pituitary.
Hypothalamic Hormone

‘ Abbreviation Effect on Anterior Pituitary

Thyrotropin-Releasing Hormone | TRH Stimulates TSH release
Corticotropin-Releasing CRH Stimulates ACTH release
Hormone
Gonadotropin-Releasing GnRH Stimulates FSH & LH release
Hormone
Growth Hormone-Releasing GHRH Stimulates GH release
Hormone

M Somatostatin (GHIH) SS Inhibits GH (and TSH) release
Prolactin-Inhibiting PIH Inhibits PRL release

K Hormone (Dopamine)

Pituitary Gland (Hypophysis)
e Location: Sella turcica of sphenoid bone, connected to hypothalamus via infundibulum.
A. Anterior Pituitary (Adenohypophysis)

P e Origin: Epithelial (from Rathke's pouch).
e Function: "Master gland"; secretes tropic hormones under hypothalamic control.
R Hormone Chemical Primary Functions Key Disorders
Nature
Growth Hormone Protein Liver, bones, Stimulates body growth Hypersecretion:

E (GH/Somatotropin general tissues (via IGFs), protein Gigantism
) synthesis, fat metabolism. (children),

P Acromegaly

(adults). Hyposec

A retion: Pituitary

Dwarfism.

R Thyroid- Glycoprotein Thyroid gland Stimulates synthesis & Linked to
Stimulating release of T3/T4. hyper/hypothyroid
Hormone (TSH) ism.

A Adrenocorticotropi | Polypeptide Adrenal cortex Stimulates glucocorticoid Linked to
¢ Hormone (cortisol) release. Cushing's &

T (ACTH) Addison's disease.
Follicle- Glycoprotein Gonads F: Ovarian follicle Infertility,

I Stimulating growth. M: Spermatogenes | menstrual
Hormone (FSH) is. disorders.

O Luteinizing Glycoprotein Gonads F: Triggers ovulation & Reproductive
Hormone (LH) corpus luteum dysfunction.

N formation. M: Testosterone

production (ICSH).
Prolactin (PRL) Protein Mammary glands | Stimulates milk production | Galactorrhea,

S (lactation). infertility.
Melanocyte- Polypeptide Melanocytes Stimulates melanin -

Stimulating synthesis. Role in
Hormone (MSH)* appetite/metabolism in
mammals.

*MSH is secreted by the intermediate lobe (vestigial in humans) or anterior pituitary cells.
B. Posterior Pituitary (Neurohypophysis)
e Origin: Neural (extension of hypothalamus).
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¢ Function: Stores and releases hypothalamic hormones.
Hormone Primary Functions

Antidiuretic Hormone

Increases water reabsorption in

Regulation & Disorders
Stimulus: High blood osmolarity,

(ADH/Vasopressin) kidneys; vasoconstriction at high low blood
doses. volume. Disorder: Diabetes
Insipidus (hyposecretion — dilute
urine, thirst).
Oxytocin Stimulates uterine contractions Stimulus: Cervical stretching,

during childbirth; triggers milk
ejection ("let-down").

suckling. Operates via positive
feedback during labor.

Production and release of anterior pituitary
hormones. The release of hormones synthesized in the anterior pituitary
gland is controlled by hypothalamic releasing and inhibiting hormones.
The hypothalamic hormones are secreted by neurosecretory cells and
enter a capillary network within the hypothalamus. These capillaries drain
into portal vessels that connect with a second capillary network in the
anterior pituitary.

Hypothalamic <
releasing and
inhibiting
hormones

Posterior pituitary

y = ' Neurosecretory cells
e 0 / of the hypothalamus

? Endocrine cells of
‘l/ the anterior pituitary

Anterior pituitary hormones

Adrenal
cortex

Testes or
ovaries

Tropic effects only

Thyroid Gland
e Location: Anterior neck, below larynx.
e Hormones & Functions:
1. Thyroxine (T4) & Triiodothyronine (Ts):
= Synthesis: Requires iodine and tyrosine.

Mammary
glands

Nontropic effects only

Melanocytes Liver, bones,
other tissues

Tropic and nontropic
effects

= Functions: Increase Basal Metabolic Rate (BMR), promote normal growth and
development (critical for CNS), regulate protein/fat/carb metabolism.

2. Calcitonin:
= Source: Parafollicular (C) cells.

= Function: Lowers blood Ca?* by inhibiting osteoclast activity (bone resorption).

Disorder Cause

Hypothyroidism Low T3/T4

Key Symptoms

Cretinism (infants: stunted growth,
mental
retardation). Myxedema (adults:
fatigue, weight gain, cold
intolerance). Goiter (gland
enlargement, often due to iodine
deficiency).
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High BMR, weight loss,
Hyperthyroidism (Graves' Disease) High T3/T4 (autoimmune) tachycardia, heat intolerance,
exophthalmos, goiter.

Parathyroid Glands
e Location: Four small glands embedded on posterior thyroid surface.
e Hormone: Parathyroid Hormone (PTH).
¢ Function: Raises blood Ca*" by: 1) Stimulating osteoclasts (bone resorption), 2) Increasing renal
Ca?" reabsorption, 3) Activating Vitamin D to enhance intestinal Ca?* absorption.
e Disorders: Hypoparathyroidism — hypocalcemia — muscular
tetany. Hyperparathyroidism — hypercalcemia — bone demineralization, kidney stones.
Calcium Homeostasis: Integrated Hormonal Control

Adrenal Glands
Paired glands atop kidneys with two distinct regions.
A. Adrenal Cortex (Steroid Hormones)

N

=

M Hormone Source Effect on Blood Ca** Primary Mechanism g
Parathyroid Hormone Parathyroid Glands Increases Stimulates bone ()

K (PTH) resorption; increases renal )
reabsorption; activates Vit. e

D -

. i @

Calcitonin Thyroid (C-cells) Decreases Inhibits osteoclast =]

activity; promotes bone o

formation. 0 p)

Calcitriol (Active Vit. D) Skin/Liver/Kidneys Increases Increases intestinal <
absorption of Ca?". a

=

Zone Hormone Class Key Hormone Primary Functions
Zona Glomerulosa Mineralocorticoids Aldosterone Regulates Na*/K* balance
& blood pressure.

Increases Na' reabsorption
and K* excretion in
kidneys.

Zona Fasciculata Glucocorticoids Cortisol Stress response. Increases
blood glucose

via gluconeogenesis; anti-
inflammatory;
immunosuppressive.

Zona Reticularis Gonadocorticoids DHEA Weak androgens;
(Androgens) precursors to sex
hormones; contribute to
libido.

e Disorders:
o Cushing's Syndrome: Cortisol excess — central obesity, moon face, hyperglycemia,
muscle wasting.
o Addison's Disease: Cortisol & aldosterone deficiency — weight loss, hypoglycemia,
hypotension, hyperpigmentation.
B. Adrenal Medulla (Neuroendocrine Tissue)
¢ Origin: Neural crest.
¢ Hormones: Epinephrine (80%) and Norepinephrine (20%) (Catecholamines).
¢ Function: Mediates "fight-or-flight" response. Effects: increased heart rate, blood pressure,
bronchodilation, glycogenolysis. Directly stimulated by sympathetic nervous system.

nZOm—~=-pXpdmRId

Pancreas (Islets of Langerhans)
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Mlixed gland with endocrine cell clusters.
Cell Type Hormone Secreted Primary Action on Mechanism

Blood Glucose
Beta (B) Cells Insulin Lowers Increases cellular glucose
uptake (GLUT4), promotes
glycogenesis, inhibits

gluconeogenesis.

Alpha (o) Cells Glucagon Raises Stimulates glycogenolysis
& gluconeogenesis in liver.

Delta (5) Cells Somatostatin Paracrine Inhibitor Locally inhibits secretion
of insulin and glucagon.

F (or PP) Cells Pancreatic Polypeptide - Inhibits somatostatin

secretion, gallbladder
contraction, and pancreatic
exocrine secretion.

~ L

e Diabetes Mellitus:
o Type 1: Autoimmune destruction of B-cells — absolute insulin deficiency.
o Type 2: Insulin resistance in target tissues, often linked to obesity.

Insulin

Body cells take up glucose.

‘); )
=% Beta cells in pancreas Liver takes up
release insulin into the blood. glucose and
stores it as
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glycogen.
1
£ TSTIMULUS: blood
glucose level rises. .
HOmeOStaSIS Blood glucose
(glucose levels 90mg/100mL) level declines.
Set Point

STIMULUS: blood
glucose level falls.

Blood glucose
level rises.

Liver breaks
down glycogen
and releases
glucose.

Alpha cells in pancreas
release glucagon.

Gonads: Sex Steroids
o Testes (Leydig Cells): Secrete testosterone (spermatogenesis, male secondary sex
characteristics, anabolic effects). Also produce Inhibin (inhibits FSH).
e Ovaries (Follicles & Corpus Luteum): Secrete estrogens (female characteristics, menstrual
cycle) and progesterone (maintains endometrium, pregnancy). Also
produce Inhibin and Relaxin.
Other Endocrine Tissues & Hormones
¢ Pineal Gland: Secretes Melatonin regulating circadian rhythms (high at night). Derived from
primitive photoreceptive structure.
e Thymus: Secretes Thymosins and Thymopoietin for T-lymphocyte maturation (prominent in
childhood).
e Heart (Atria): Secretes Atrial Natriuretic Peptide (ANP) — lowers blood pressure by
promoting Na*/water excretion (antagonizes aldosterone).

nZOm—~=-pXpdmRId
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e Kidneys: Secrete Erythropoietin (EPO) (stimulates RBC production), Renin (activates RAASY;
and Calcitriol.

e Adipose Tissue: Secretes Leptin (suppresses appetite), Adiponectin (increases insulin
sensitivity), Resistin (promotes insulin resistance).

¢ Gastrointestinal Tract: Secretes Gastrin (stimulates gastric acid), Secretin (stimulates
pancreatic bicarbonate), Cholecystokinin (CCK) (stimulates enzyme release & gallbladder
contraction).

e Skeletal Muscle: Secretes Myokines (e.g., Irisin during exercise, induces "browning" of fat).

o Examples:
1. Childbirth (Oxytocin): Cervical stretch — Oxytocin — Contractions — More stretch —
More oxytocin until delivery.
2. LH Surge: High estrogen from mature follicle — stimulates LH surge — triggers
ovulation.

CRHrelease 7= ====== === == == -~
E! = CRH release starts a
//“ hormone cascade
W that triggers the
adrenal glands to
release glucocorticoid
into blood

Feedback Control of Hormone Secretion )

Negative Feedback =
e Mechanism: The output of a system counteracts the initial change, stabilizing conditions. Most N

common in homeostasis. 2

o Examples: =

K 1. Blood Glucose: High glucose — Insulin — Glucose uptake — Glucose lowers — Insulin g"

inhibited. o

2. Thyroid Axis: Low T3/T4 — TRH/TSH — T3/T4 rises — TRH/TSH inhibited. :.

3. Cortisol Axis: Low cortisol - CRH/ACTH — Cortisol rises — CRH/ACTH inhibited. =

Positive Feedback g%

e Mechanism: The output amplifies the initial stimulus, driving a process to completion. Less 0 )

common. <

17,

-

=

pmm———

= Glucocorticoid_
— 4 release

Hypothalamus releases Blood concentraticn
corticotropin-releasing of glucocorticoids
hormone (CRH) increases

o

\

e Hormone e c ti 3 =
release orrection He @

O
o Imbalance o Negative L Gilucocorticoid
g feedback = © levels in the
e blood increase
S ¥ 4 X
:

Blood

|~ Hypothalamus

—l
[
Lo | glucocorticoid
\. sensor
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H s

~
féf—; Glucocorticoids
©
Hypothalamus perceives Hypothalamus perceives
low blood concentrations of normal concentration of
glucocorticoids via sensors glucocorticoid and stops
in the blood vessels releasing CRH
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Types of Chemical Messengers
pe Source Transport Target Example \

Hormones Endocrine Blood/body fluids Distant target cells Insulin, Thyroxine
glands/cells
Neurotransmitters Neurons Synaptic cleft Adjacent Acetylcholine,
postsynaptic cell Norepinephrine
Neuropeptides/Neuroh | Neurosecretory Blood/body fluids | Distant target cells Oxytocin, ADH,
ormones cells PTTH
Paracrine Agents Various cells Diffusion Nearby cells Prostaglandins,
Histamine
Autocrine Agents Cells Diffusion Same cell Some cytokines,
growth factors
M Pheromones Individuals Environment Conspecifics Sex attractants,
K alarm substances

Thyroid gland
e Thyroid hormone (T3 and Ty):
Stimulates and maintains
metabolic processes

* Calcitonin: Lowers blood
calcium level

Pineal gland
* Melatonin: Participates in regulation
of biclogical rhythms

Hypothalamus

Hormones released from

posterior pituitary (see below)
*Releasing and inhibiting hormones:
Regulate anterior pituitary

Pituitary gland

Posterior pituitary

» Oxytocin: Stimulates contraction of
uterus and mammary gland cells;
modulates behavior

= Vasopressin, also called antidiuretic
hormone (ADH): Promotes retention of
water by kidneys; modulates behavior

Anterior pituitary

s Follicle-stimulating hormone (FSH) and
luteinizing hormone (LH): Stimulate
gonads (ovaries or testes)

s Thyroid-stimulating hormone (TSH):
Stimulates thyroid gland

» Adrenocorticotropic hormone (ACTH):
Stimulates adrenal cortex

e Profactin: Stimulates mammary gland
growth and milk synthesis in mammals
s Growth hormone (GH): Stimulates
growth and metabolic functions

s Melanocyte-stimulating hormone (MSH):
Affects color of melanocytes, a type of

Parathyroid glands
s Parathyroid hormone (PTH):
Raises blood calcium level
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Adrenal glands (atop kidneys)

Adrenal medulla
¢ Epinephrine and norepinephrine: Raise
blood glucose level; increase metabolic

activity; constrict or dilate blood vessels

Adrenal cortex

* Glucocorticoids: Raise blood

glucose level; contral inflammation

» Mineralocorticoids: Promote reabsorption
of Na* and excretion of K* in kidneys

Ovaries (in females)
s £strogens*; Stimulate uterine lining growth;
promote development and maintenance of
female secondary sex characteristics

s Progesterone*: Promotes uterine lining growth

Testes (in males)

* Androgens*: Support sperm skin cell
formation; promote development /
and maintenance of male Pancreas

secondary sex characteristics ¢ Insufin: Lowers blood glucose level

* Glucagon: Raises blood glucose level
*Found in bath males and females,
but with a major role in one sex

Invertebrate Endocrine Systems:

e Cnidarians & Platyhelminthes: Here, the endocrine and nervous systems are almost one and the
same. The same peptides used for nerve cell communication also act as hormones to coordinate
activities across the whole body, like timing reproduction in a hydra or regulating regeneration in
a planarian.

e Molluscs: The ganglia (clusters of nerve cells) serve as the primary endocrine centers. A famous
example is the Optic Gland in octopuses (cephalopods). When stimulated (often by
environmental cues), it secretes hormones that trigger sexual maturation, after which the animal
stops feeding and dies—a dramatic hormonal life cycle.

e Annelids: Their segmented bodies have a segmented neuroendocrine system. Each segment's
ganglia can release hormones, regulating local processes like regeneration or coordinating
reproduction across the worm.
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Arthropod Molting & Metamorphosis:
This is a classic hormonal cascade:
1. The Signal: The brain (or specific neurosecretory cells) senses it's time to molt (due to growth,
time, environment) and releases PTTH.
2. The Molt Trigger: PTTH targets the Prothoracic Gland (insects) or Y-organ (crustaceans),
stimulating them to produce Ecdysone. This hormone is the master switch that initiates the
complex process of molting (apolysis—separation of the old cuticle—and synthesis of a new

one).

3. The Identity Controller: Juvenile Hormone (JH) is the key to what you molt into.
o High JH: The body remains in a juvenile state. A caterpillar molts into a bigger

caterpillar.

o Low/Zero JH: Ecdysone now triggers metamorphosis. A caterpillar molts into a pupa,
and later, an adult moth.
o This explains why applying JH mimics to later-stage larvae can disrupt development,
creating giant larvae or abnormal intermediates.
4. Finishing the Job: Bursicon is released after the molt to harden and tan the new, soft cuticle.
5. Crustacean Special Note: In crustaceans like crabs, the X-organ/Sinus Gland complex acts as a
brake. It secretes MIH, which inhibits the Y-organ. When MIH secretion drops (e.g., after limb
loss or favorable seasons), the Y-organ is released from inhibition, ecdysone is produced, and

molting begins.

Absence of
appropriate internal
and external stimuli

X-organ:
Directed by CNS
to produce MIH

Axonal transport
of MIH

Sinus gland:
Stores and

releases MIH

Increased MIH in
hemolymph

Y-organ:
Remains inactive so
it does not produce
or secrete ecdysone

J

Molting is:
Inhibited

Presence of
appropriate internal
and external stimuli

i

X-organ:
Directed by CNS to
stop producing MIH

v

Sinus Gland:
Does not receive or
release MIH

Decreased MIH
hemolymph

Y-organ:
Is activated so it
produces and
secretes ecdysone

J

Molting is:
Initiated

Stimuli promoting
larval molts

Stimuli promoting
pupal development
and molting to adult

Neurosecretory cells
in CNS:
Produce and
transport PTTH

promoted

Corpora allata:
Production and Pro
secretion of JH

Corpora allata:

secretion of JH

duction and

inhibited

Corpora cardiaca:
Release of PTTH

!

Prothoracic glands:
Production and
secretion of ecdysone

Molting Initiated,
cell differentiation
suppressed

v

Result:
Growth of larvae

Vertebrate Comparative Endocrinology: Evolution and Adaptation
e Evolution & Exaptation: This is a crucial concept. Hormones often evolve new functions while

retaining old ones.

Melting suppressed,
cell differentiated
initiated

v

Result:
Pupation and
transformation

o Example - Prolactin: In fish, it's primarily for osmoregulation. In amphibians, it may
work with thyroid hormones. In birds, it induces "crop milk." In mammals, its namesake
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function is lactation, but it also has hundreds of other roles. The hormone molecule is
ancient, but its functions have been co-opted (exapted) for new purposes in different
lineages.
Thyroid Gland Evolution: The endostyle in invertebrate chordates (like lancelets) is a ciliated
groove in the pharynx that secretes mucus to trap food. It also concentrates iodine. In larval
lampreys (jawless fish) and during frog metamorphosis, the endostyle transforms into the thyroid
gland. This is a direct evolutionary link, where a feeding structure was exapted into a hormone-
producing gland.

Adrenal Tissue:
Your table shows a clear evolutionary trend from separate tissues to integrated glands.

Primitive State (Sharks): The two tissues are completely separate organs. The chromaffin tissue
(makes adrenaline/noradrenaline) is near the kidneys, and the steroidogenic tissue (makes
corticosteroids like cortisol) is elsewhere.

Transition (Fish to Amphibians): The two cell types begin to intermingle or become adjacent.
Advanced State (Mammals): Full integration into a single gland (adrenal), with the chromaffin
tissue enveloped as the medulla and the steroidogenic tissue surrounding it as the cortex. This
allows for complex interplay between the fast-acting "fight-or-flight" catecholamines and the
longer-term stress corticosteroids.

Specialized Functions

Amphibian Metamorphosis: This is a thyroid hormone-dominated process. Thyroxine (T4) and
its more active form Triiodothyronine (T3) surge at precise times. They trigger the complete
remodeling of the organism: resorption of the tail, growth of limbs, development of lungs, and
restructuring of the digestive tract from herbivorous to carnivorous.

Bird Specializations:

o Prolactin & Crop Milk: In pigeons and doves, prolactin causes the lining of the crop (a
throat pouch) to slough off and form a nutritious "milk" to feed squabs.

o Bursa of Fabricius: A unique lymphoid organ near the cloaca. It secretes the
hormone bursin, which is essential for the differentiation of B-lymphocytes (hence "B"
cells). This is a critical part of the adaptive immune system in birds.

Fish Specializations:

o Prolactin as a Freshwater Hormone: Freshwater is hypotonic; fish constantly gain
water and lose salts. Prolactin reduces water permeability of the gills and skin and
promotes salt retention, acting as a "freshwater-adapting" hormone.

o Urophysis: Often called the "caudal neurosecretory system." It's a neurohemal organ in
the tail, analogous to the pituitary in the head. It secretes peptides like urotensin that help
regulate osmoregulation, blood pressure, and swimming movements.

Practice MCQs
1. Which of the following is NOT a characteristic 3. Which hormone is synthesized in the
of hormones? hypothalamus but stored and released from the
A) High potency at low concentrations posterior pituitary?
B) Initiation of new metabolic reactions A) Growth Hormone
C) Specificity for target cells B) Prolactin
D) Regulation of existing processes C) Oxytocin
Answer: Initiation of new metabolic reactions D) Adrenocorticotropic Hormone
2. The "master integrator" linking the nervous Answer: Oxytocin
and endocrine systems is the: 4. Insulin and glucagon are secreted by which
A) Pituitary gland endocrine structure?
B) Hypothalamus A) Adrenal cortex
C) Adrenal medulla B) Thyroid gland
D) Pineal gland C) Islets of Langerhans

Answer: Hypothalamus
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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: Iodine

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

B) Beta cells

C) Delta cells

D) F cells

Answer: Alpha cells

15. Cretinism is a result of hypothyroidism
during:

A) Adulthood

B) Childhood

C) Puberty

D) Pregnancy

Answer: Childhood

16. The hormone aldosterone primarily functions
to regulate:

A) Blood glucose

B) Blood calcium

C) Sodium and potassium balance

D) Metabolic rate

Answer: Sodium and potassium balance

17. Which of the following is an example of a
positive feedback mechanism?

A) Insulin release in response to high blood glucose
B) Oxytocin release during childbirth

C) TSH release when T3/T4 levels drop

D) Glucagon release when blood glucose is low
Answer: Oxytocin release during childbirth
18. Hormones that cannot cross the plasma
membrane typically act via:

A) Intracellular receptors

B) Gene transcription

C) Second messenger systems

D) Direct DNA binding

Answer: Second messenger systems

19. Which gland atrophies after puberty and is
involved in T-lymphocyte maturation?

A) Thymus

B) Thyroid

C) Parathyroid

D) Pineal

Answer: Thymus

20. Diabetes insipidus is caused by a deficiency of:
A) Insulin

B) Glucagon

C) Antidiuretic Hormone
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D) Aldosterone

Answer: Antidiuretic Hormone

21. Which hormone is antagonistic to insulin?
A) Cortisol

B) Glucagon

C) Somatostatin

D) Prolactin

Answer: Glucagon

22. The primary source of estrogen in females is
the:

A) Anterior pituitary

B) Corpus luteum

C) Developing ovarian follicles

D) Adrenal cortex

Answer: Developing ovarian follicles

23. Acromegaly in adults is caused by
hypersecretion of:

A) Thyroid hormone

B) Growth Hormone

C) Cortisol

D) Prolactin

Answer: Growth Hormone

24. Which hormone stimulates the production of
red blood cells?

A) Renin

B) Erythropoietin

C) Thrombopoietin

D) Calcitriol

Answer: Erythropoietin

25. The hormone gastrin is secreted by the
stomach and functions to:

A) Neutralize stomach acid

B) Stimulate gastric acid secretion

C) Inhibit gastric motility

D) Stimulate bicarbonate release

Answer: Stimulate gastric acid secretion
26. Which of the following is a local hormone
(paracrine agent)?

A) Insulin

B) Thyroxine

C) Prostaglandin

D) Epinephrine

Answer: Prostaglandin

27. The hypothalamic hormone that inhibits
prolactin release is:

A) TRH

B) GnRH

C) Dopamine (PIH)

D) GHRH

Answer: Dopamine (PIH)

28. Cushing's syndrome is characterized by
hypersecretion of:

A) Aldosterone

B) Cortisol

C) Epinephrine

D) Thyroxine

Answer: Cortisol

29. In males, Interstitial Cell Stimulating
Hormone (ICSH) is another name for:

A) FSH

B) LH

C) Testosterone

D) Inhibin

Answer: LH

30. The hormone responsible for the development
of male secondary sexual characteristics is:

A) Estrogen

B) Progesterone

C) Testosterone

D) Prolactin

Answer: Testosterone

31. Which hormone is critical for maintaining the
endometrium during pregnancy?

A) Estrogen

B) Progesterone

C) Oxytocin

D) Relaxin

Answer: Progesterone

32. The "second messenger' commonly associated
with G-protein coupled receptors is:

A) ATP

B) Cyclic AMP

C) mRNA

D) Cholesterol

Answer: Cyclic AMP

33. Addison's disease results from hyposecretion of

hormones from the:

A) Adrenal medulla

B) Adrenal cortex

C) Thyroid gland

D) Parathyroid glands

Answer: Adrenal cortex

34. Which hormone is secreted in response to high
blood calcium levels?

A) Parathyroid Hormone

B) Calcitonin

C) Calcitriol

D) Aldosterone

Answer: Calcitonin

35. The hormone that stimulates milk production
is:

A) Oxytocin

B) Prolactin

C) Estrogen

D) Progesterone

Answer: Prolactin
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Chapter 25

Innate immunity

recognizes

Molecular
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|

can be
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Responses

include
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Phagocytic
cells

1
include

Macrophages

Neutrophils

Natural
killer cells

Inflammatory
response

—— e—

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.

— Adaptive Immunity

Complement
system

Secondary lymphoid
organs
I

include

Lymph nodes
Spleen

MALT

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.

Immune System

Humoral immunity &

Autoimmunity — includes —

I Antibody production
Antigens 1 8 Autoimmune |
. IgM disease
1 Immunoglobins ——— I
recognized by | types loss of
¥ contain IgE ¥
Constant .
Lymphocytes " Immunological
region tolerance
invalved in 1gG
Variable excess
B cells region
IgD ; Allergies =
Antigen- 1
Tcels —— binding site -— trigger
invalved in g relegse of
Cell-mediated . *
| immunity Histamine
Primary lymphoid ~ '@cognizes “Altered-self”
organs MHC cells
| proteins
include
Bone marrow reco?r nize
Thymus Class | e Cy‘tg‘;(lhlilc T
Class Il
ass Delayed-type

hypersensitivity

oy

Helper T cells =—secrete = Cytokines

Antigen-presenting

bind to —
cells

produce = Memory cells
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e Molecular Mimicry: Pathogen antigens resemble self-antigens, potentially triggering

autoimmunity.
Cancer and Immunity (Immune Surveillance)

e Cytotoxic T cells and NK cells constantly scan for and eliminate cancerous cells displaying
abnormal surface proteins.

e Cancer Immunotherapy: Enhances the body's immune attack on cancer (e.g., Checkpoint
inhibitor drugs, CAR-T cell therapy).

e Vaccines for Virus-Induced Cancers: HPV vaccine prevents cervical cancer; Hepatitis B

vaccine prevents liver cancer. &)
INNATE vs. ADAPTIVE IMMUNITY Ell
Feature Innate Immunity Adaptive Immunity ‘ -
M Response Time Immediate (minutes/hours) Slower (days for primary response) E
K Specificity Non-specific; recognizes PAMPs Highly specific for unique epitopes E
Memory No immunological memory Long-term memory present g
Key Barriers, phagocytes, NK cells, complement, Lymphocytes (B & T cells), antibodies ¢~
Components cytokines 0 p)
P Diversity Limited, germline encoded Vast, generated by somatic {5
recombination -
R Found in All multicellular organisms Jawed vertebrates only g
E
Practice MCQs
P 1. Which of the following is NOT a component of 5. The ciliary escalator mechanism is associated
the body's first line of defense? with which part of the body?
A A) Skin A) Skin
B) Stomach acid B) Stomach
C) Macrophages C) Respiratory tract
R D) Mucous membranes D) Kidney
Answer: Macrophages Answer: Respiratory tract
A 2. The slightly acidic pH of human skin primarily 6. Which cell is a phagocyte that is typically the
functions to: first to arrive at a site of infection?
T A) Promote sebum production A) Macrophage
B) Inhibit pathogen growth B) Neutrophil
C) Increase sweat secretion C) Dendritic cell
I D) Enhance keratinization D) Natural Killer cell
Answer: Inhibit pathogen growth Answer: Neutrophil
O 3. Sebaceous glands contribute to skin defense by 7. Antigen-presenting cells (APCs) include all
secreting sebum containing: EXCEPT:
A) Lysozyme A) Macrophages
N B) Hydrochloric acid B) Neutrophils
C) Antimicrobial fatty acids C) Dendritic cells
S D) Histamine D) B cells
Answer: Antimicrobial fatty acids Answer: Neutrophils
4. Lysozyme, an enzyme that breaks down 8. Natural Killer (NK) cells primarily destroy
bacterial cell walls, is found in: target cells by releasing:
A) Sebum A) Histamine and heparin
B) Sweat and tears B) Perforins and granzymes
C) Gastric juice C) Interferons and interleukins
D) Complement proteins D) Antibodies and complement
Answer: Sweat and tears Answer: Perforins and granzymes
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Chapter 26

Reproduction and Development
Embryology

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

~ L

Reproductive System

.
-
P Reproductive Vertebrate fertilization Male reproductive Female reproductive Contraception o
strategies & development system system & infertility c
o 1 1 | =]
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P meiosis @
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— production
- E_:te_ £ Spermatids ,l, (¢~)
» fertilization
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| I Owarian Uterine implantation c
changing OCCUrs in Sperm cycle cylcle t
sax Fishes 2
R L Follicular Menstruation — Male infertility E
Sequential Accessory sex phase 8
Amphibians —— organs 1 } ('D
couses :
A 1 : )
- include . Proliferation B ntner -
ernal QAR
L P Prostate }
Sex fertilization gland l
I | determination | Secration 5 iabili
1 OCCUrE in Luteal perm viability
Panis
controlled by Reptiles phase ‘
I Menstruation Sperm motility
T afl
SmpSEiE Birds . Hormonal
control
Reproductive
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N T ¥ ¥ Hormone
Monotremes LH elloniag Uterus Vagina freatment
tubes g
Marsupials Assistive
S Testosterone T — reproductive
Placental — ] technology
FSH
Estrogen
LH
Progesterona
Prolactin
Oxytocin

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 Page 1 0f 41



L MK PREPARATIONS) .-

~ L

nZO—~—-p» AP UMmMmAT

Chordates Vertebrates
Zygote
¥ Brain,
Pharynx spinal cord,
Blastula spinal nerves
Lining of
respiratory +
tract Dorsal Neural
Endoderm <——— Gastrula ——— Ectoderm —0 ——» —_—
l nerve cord crest
Lining of —l | ;
digestive Epidermis, skin, hair, Gill arches,
tract Major epithelium, inner sensory ganglia,
glands ear, lens of eye Schwann cells,
Vs N adrenal medulla
Pancreas Liver
Mesoderm Notochord

| > Circulatory Heart

Outer covering  —————— Integuments 4—|

of internal system
organs » RN
Blood Vessels
Lining of
thoracic and
abdominal Gonads Somites Skeleton
cavities |
,l Striated
i muscles
Kidney Dermis

Induction: The Dialogue Between Tissues
e Definition: The process by which one group of cells (inducer) influences the developmental fate
of adjacent cells (responder)
o 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. Inmstructive: 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.
2. Law of Developmental Divergence: Embryos of different species increasingly diverge during
development; early stages are more similar.
o Example: Early fish, reptile, bird, and human embryos are remarkably similar; differences
emerge progressively.
3. Law Against Recapitulation: An embryo does NOT pass through adult stages of its ancestors
(contradicts Haeckel's Biogenetic Law).
o Critical Evidence: No mammalian embryo has functional gills like adult fish; rather, all
have pharyngeal arches that develop differently.
4. Law of Embryonic Similarity: The early embryo of a "higher" animal resembles the early
embryo (not adult) of a "lower" animal.
o Modern Concept. Phylotypic stage - a conserved embryonic stage when embryos within
a phylum look most similar (e.g., pharyngula stage in vertebrates).
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I. HOLOBLASTIC (COMPLETE CLEAVAGE)

A. Isolecithal
(Sparce, evenly disreibuted yolk)

1. Radial
Echinoderms, amphicxus

2. Spiral
Annalds, molluscs,
flatwams

3. Bilateral
Tunicates

4. Rotational
Mammals, nenntades

B. Mesolecithal

(Moderate vegaal yoik disposition)
Radial —t
Amplilitians

II. MEROBLASTIC INCOMPLETE CLEAVAGE)

A. Telolectthal
(Dense yolk throughont mont of cell)

1. Bilateral
Cephalapod moluses

yuwwdopAd( pue uondnpoadday ‘97

2. Discoidal
Fish, reptiles, birds

B. Centrolecithal
(Yolk in cenier of' egg)

Superfical
Most insects

Molecular Regulators of Cleavage:

¢ 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
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
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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 oo

Prostate gland
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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Luteal Phase | The ruptured follicle collapses and LH maintains the corpus luteum. It

(15-28) transforms into the corpus secretes progesterone and some estradiol. If no pregnancy, it
luteum ("yellow body"), a temporary degenerates into a corpus albicans ("white body") after ~10
endocrine gland. days.

Rib —+
Y

" (fallopian)

tube

Gland

Lactiferous duct

Lactiferous sinus

~ L

Bladder

Ducts.

The mammary gland.

A xl—Mons pubis
7 o1

Clitoris
Urethral opening
Vaginal opening Labia

Labium minora
Labium majora

Perineum
——Anus

Sagittal section

The female reproductive organs.

The Menstrual (Uterine) Cycle

Phase (Days) Endometrial Condition Hormonal Driver
Menstrual Phase | Sloughing of the Stratum Sharp decline in estradiol and progesterone from
(1-5) Functionalis. Spiral arteries constrict, the regressing corpus luteum.

causing ischemia and tissue necrosis. Blood,
tissue fluid, and cellular debris are
discharged (menses).
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Proliferative Rapid regeneration and growth of the Estradiol from the developing ovarian follicles.
(Follicular) functionalis. Endometrial glands elongate;
Phase (6-14) spiral arteries grow. The endometrium

thickens from ~1 to 3-5 mm.

Secretory Endometrium becomes secretory and Progesterone (and estradiol) from the corpus
(Luteal) Phase highly vascularized (up to 6 mm). Glands luteum.
(15-28) become tortuous and secrete glycogen-rich

fluid. Spiral arteries become highly coiled.
This creates a hospitable environment
for implantation.

nZOm—~=-pXpdmRId

Hormonal Regulation: The Integrated HPG Axis
1. Early Follicular Phase: Low ovarian hormones — negative feedback on pituitary is lifted —
FSH rises — stimulates follicle growth.
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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

~ L

corpus
albicans

\

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.

Major Differences Between Spermatogenesis and Qogenesis
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age 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.

== o N
= i o (( ~
Y, =y || - ST , \\
\ P il Y 4 N { - ! ) 6. Additional sperm
o - = L\ B c can no longer penetrate
1. Sperm penetrates 2. Some of the zona "X 3.Sperm and egg " 4. The sperm nucleus \ the zona pellucida.
between granulosa pellucida is degraded plasma membranes dissociates and
cells. by acrosomal enzymes. r enters cytoplasm.

"

5. Cortical granules a2 0 9.9
release enzymes that ’ Wiy

Cortical
Zona granules
pellucida

; 39 ) harden zona pellucida
\ J Plasma

C \{\ 2\ membrane
) = Grﬁnuiosa 7. Sperm and egg
- )__,. _,) cells pronuclei are
y enclosed in a
nuclear envelope.

Stage 3: Species-Specific Binding
e Purpose: To ensure only conspecific sperm can fertilize the egg, a key mechanism
of reproductive isolation.
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.

and strip it of sperm
receptors. Hyalin
attracts water by osmosis.
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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.

Membrane Germ

Layer
Origin

Primary Function in
Birds/Reptiles

Function in Mammals

—— Chorion

Mammalian Placenta and Development
Placental mammals retain the extraembryonic membranes but modify their functions for internal

development.

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
& its blood vessels become umbilical circulation. Waste is handled by the
Mesoderm | part of the chorionic placenta.
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.
Chick Embryo Mammal Embryo

Chorion

Amnion

Yolk sac

—— Umbilical
blood vessels

Villus of chorion
frondosum

Maternal blood

¢ 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.

¢ Placental Function: Facilitates nutrient/waste exchange and gas exchange. It evades maternal
immune rejection via specialized proteins.

¢ Developmental Periods:

Germinal Period (First 2 weeks): Cleavage, implantation, resistant to teratogens.
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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

D) FOXL2

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 (AIS) results
from a mutation in the:

A) SRY gene

B) Androgen receptor gene

C) Sa-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)

MK PREPARATIONS: Let’s Make It Happen

+92 333 2605045, +92 342 4470091

Page 39 of 41

N
2
A
€
=
-~
=
=¥
=
(e}
-
i @
Q
=]
<V
=]
=¥
S
(¢”)
<
()
J—
=
=
=
o
=
-




L MK PREPARATIONS) .-

Chapter: 27

Cell Biology

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

M as an integrated system, and groups of cells form tissues, organs, and organisms, demonstrating biological
complexity. (\®]
K SEmE Plasma membrane *
material ™ haye have™ | O
TAlicells
& ™ ‘,have h-'._ﬁ!c.lve — —
ytoplasm ibosomes
Cilia and
P flagella : z
Archaea l, } 5.
. 5 e E)drace[lular_. T Plant cell wall
R Prokaryotic calls Eukaryotic cells UL i include ant cell walls g
Bacteria contain Animal UQ
have no have have a L_» extracellular {<
I , \ / l \ matrix
Mucleus Organelles
P have Cytoskelaton ——I
surrounded by I types
A including Al ¥ ¥
Nuclear Actin Intermediate Mcrotubulos
envelopa filaments filaments
I{ 1 1 1 ' 1
Cell walls Flagella Mitochondria Chloroplast = Endomembrane system
A | | I maa‘el of
function allow function function l I | 1
T Maintain  Protection =~ Movement Cellular Photosynthesis End?plasrnic P Golgi | Lysosomes | Vesicles Central
shape respiration reticulum | I | vacuole
I
I function  function function  function
Sort & ' l Storage &
O package Digestion Transport water
protein balance
N Rough ER Smooth ER ——|
S function function
Protein Lipid Calcium
synthesis synthesis storage
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.
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Animal Cell (cutaway view of generalized cell)

Nuclear envelope: double 7
ENDOPLASMIC RETICULUM (ER): network membrane enclosing the
of membranous sacs and tubes; active in nucleus; perforated by
membrane synthesis and other synthetic pores; continuous with ER
Flagellum: motility and metabolic processes; has rough
structure present in (ribosome-studded) and smooth regions Nucleolus: nonmembranous
some animal cells, structure involved in production
composed of a cluster of Rough ER Smooth ER | of ribosomes; a nucleus has NUCLEUS
microtubules within an - ; / one or more nucleoli
U \ / Chromatin: material consisting
in:
membrane ll of DNA and proteins; visible in
a dividing cell as individual
condensed chromosomes

Centrosome: region
where the cell’s
microtubules are
initiated; contains a /
pair of centrioles /

A
CYTOSKELETOMN:

reinforces cell’s shape;

functions in cell movement;

components are made of

protein. Includes: )
|’ Microfilaments |

Intermediate|» y
filaments [ 1

~ L

Plasma membrane:
membrane
enclosing the cell

Id [1°D °L¢

Ribosomes (small brown
dots): complexes that
make proteins; free in
cytosol or bound to
rough ER or nuclear
envelope

Microtubules

Microvilli: =
membrane =
projections that 7
increase the cell’s
surface area Golgi apparatus: organelle active
in synthesis, modification, sorting,
and secretion of cell products

Peroxisome: organelle with
various specialized metabolic
functions; produces hydrogen
peroxide as a by-product and
then converts it to water

Lysosome: digestive
organelle where
macromolecules are
hydrolyzed

Mitochondrion: organelle where
cellular respiration occurs and
most ATP is generated

Prokaryotic vs. Eukaryeotic Cells

nZO—~—=p»pRXpPpoumE

Feature Prokaryotic Cell Eukaryotic Cell (Protists, Fungi, Plants,
(Bacteria/Archaea) Animals)
Absent. DNA in a nucleoid region Present. DNA enclosed within a double-
Nucleus
(not membrane-bound). membrane nuclear envelope.
Membrane- . . . .
Bound Absent. (e.g., No mitochondria, ER, | Present. Extensive compartmentalization (e.g., ER,
Organelles Golgi). Golgi, lysosomes, peroxisomes).
Cell Size Generally small (0.5 — 5.0 um). Generally larger (10 — 100 um).
Pl.’lmmve' Contains hf)mologs of Present. Complex, dynamic network of
actin (MreB) and tubulin (FtsZ) for . . . .
Cytoskeleton o, microtubules, microfilaments, and intermediate
shape and division, but not a
filaments.
complex network.
. - n —— -
Ribosomes 708 (50S + 308 subunits). 80S in cytosol (60S + 40S). 70S in mitochondria &
chloroplasts.
Cell Division Binary Fission. Sln?ple‘ division Mitosis (for growth/repalr) or Meiosis (for gamete
after DNA replication. formation).
DNA Form Single, circular chromosome. May Multiple, linear chromosomes complexed
have small circular plasmids. with histone proteins to form chromatin.
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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.

e 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).

intermembrane

inner membrane

stroma lamellae

thylakoid

space

stroma

outer membrane

granum

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

Major Processes

Glycolysis (cytosol), Krebs cycle, ETC, Oxidative

Light Reactions, Calvin Cycle

Phosphorylation (Carbon Fixation)
Internal Cristae (infoldings of inner membrane) Thylakoids (organized into grana)
Membranes g Y & &
Main Product ATP, CO., H.0 Glucose, Oz, ATP (for plant cell use)
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).
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a-tubulin and a B-tubulin

Property Microtubules (Tubulin Polymers) Micrefllaments (Actin Fllaments) Intermediate Fllaments

Structure Hollow tubes Twao intertwined strands of actin Fibrous proteins colled into cables
Dlameter 25 nmwith 15-nm lumen 7nm 8-12 nm

Proteln subunits Tubulin, a dimer consisting of an Actin One of several different proteins

(including keratins)

Maln functions

Maintenance of cell shape; cell
motility; chromosome movements in
cell division; organelle movements

Maintenance of cell shape; changes
in cell shape; muscle contraction;
cytoplasmic streaming (plant cells);
cell motility; cell division (animal cells)

Maintenance of cell shape;
anchorage of nucleus and certain
other organelles; formation of
nuclear lamina

Fluorescence
miaographs of
fibroblasts.
Connective tissue cells
called fibroblasts are a
favorite cell type for cell
biology studies because
they spread out flat and
their internal structures
are easy o see. In each
fibroblast shown here,
the structure of interest
has been tagged with
fluorescent molecules.
In the third micrograph,
the DNA in the nucleus
has also been tagged
(orange}.

1] B “Tubulin dimer

o N S N S s S
Microfilament

Actin subunit

5 R
Intermediate filament

Keratin proteins

Fibrous subunit (keratins
coiled together)

LA

Centrosome & Centrioles:
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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» Xp>vmRI o

Daughter
centriole \

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

Animal vs. Plant Cell

Feature Animal Cell Plant Cell

Cell Wall Absent Present (Cellulose)

Plastids Absent Present (Chloroplasts, etc.)

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)
Structure Description Function

Plasma membrane

Nucleus

Chromosomes

Nucleolus

Ribosomes

Endoplasmic

reticulum (ER)

Golgi apparatus

Lysosomes

L
gk

Phospholipid bilayer with embedded proteins

Structure (usually spherical) that contains chromosomes

and is surrounded by double membrane

Long threads of DNA that form a complex with protein

Site of genes for rRNA synthesis

Small, complex assemblies of protein and RNA, often

bound to ER

Network of internal membranes

Stacks of flattened vesicles

Vesicles derived from Golgi apparatus that contain hydrolytic
digestive enzymes
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Regulates what passes into and out of cell; cell-to-cell
recognition; connection and adhesion; cell communication

Instructions for protein synthesis and cell reproduction;
contains genetic information

Contain hereditary information used to direct
synthesis of proteins

Synthesis of rRNA and ribosome assembly

Sites of protein synthesis

Intracellular compartment forms transport vesicles;
participates in lipid synthesis and synthesis
of membrane or secreted proteins

Packages proteins for export from cell; forms
secretory vesicles

Digest worn-out organelles and cell debris; digest material
taken up by endocytosis
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aster centromere

chromosome

nuclear membrane

nucleolus

Prior to mitosis, each chromosome  In early prophase the centrioles, In late prophase the centriolesand ~ The doubled chromosomes—
makes an exact duplicate of itself.  which have divided, form asters asters are at opposite poles. The their centromeres attached to the
The chromosomes then thicken and move apart. The nuclear nucleolus and nuclear membrane spindle fibres—line up at mid-cell
and coil. membrane begins to disintegrate.  have almost completely disappeared. in metaphase.

In early anaphase the centromeres In late anaphase the chromosomes  The cell membrane completes At mitosis completion, there are

split. Half the chromosomes move  have almost reached their respective constriction in telophase. Nuclear  two cells with the same structures

to one pole, half to the other pole. poles. The cell membrane beginsto  membranes form around the and number of chromosomes
pinch at the centre. separated chromosomes. as the parent cell.

Meiosis: Reduction Division
Unique Features of Meiosis
e Two divisions (Meiosis I & II) with one DNA replication
¢ Genetic variation via:
1. Crossing Over (Prophase I)
2. Independent Assortment (Metaphase I)
3. Random Fertilization
Meiosis I: Reductional Division
Prophase I Sub-stages:

Leptotene = Chromosome condensation, axial elements form = Chromosomes become visible

Zygotene Synapsis begins, synaptonemal complex forms Homologous pairing

Pachytene Synapsis complete, crossing over occurs Genetic recombination

Diplotene | SC dissolves, chiasmata visible, chromosomes Dictyotene arrest in human
separate oocytes

Diakinesis = Maximum condensation, NE breakdown Transition to metaphase

Metaphase I: Bivalents align randomly — Independent Assortment
Anaphase I: Homologs separate, sister chromatids remain together
Telophase I: Haploid cells with duplicated chromosomes form
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Sexual
reproduction

Life cycles

Meiosis

’7|_ Meiosis | —|

I_ Mei0|sis Il —|

. separation h consists consists separation
requires of is of of of
| l | | is like l
Germ-line form o Homologous . Prophase |l Sister
cells , chromosomes Reductive Prophase > chromatids
1 are |
oie ¥ undergo Mitosis
Haploid — 5 | Metaphase | Metaphase Il
Diploid BULEPES
combine l
by
2n Fertilization 1n > Crossing-over Anaphase | Anaphase Il
produces Random
’ Telophase | Telophase || = Cytokinesis —— 4 haploid cells
l alignment
Zygote
1
is Cytokinesis
\
Diploid
2 cells

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 um

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
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Chapter 28

L.
2.

3.

4.
5.

6.

Two Complementary Sides of Metabolism
Aspect Catabolism Anabolism (Biosynthesis) \

Core Concept

Biochemistry

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
Cellular Basis: All biochemical processes occur within or are mediated by cells.
Hierarchy of Structure: Atoms — Small Molecules — Monomers — Polymers —

Supramolecular Complexes — Organelles — Cells.

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.

Metabolism: Living organisms transform energy and matter through a vast network of chemical

reactions (pathways).

Homeostasis: Biochemical systems are tightly regulated to maintain a stable internal

environment despite external changes.

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

2. 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.

Breakdown pathways.

Build-up pathways.

(forming NADH).

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

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

Carbon Flow

Complex molecules (carbs, fats) —
Smaller, simpler molecules (CO-,

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

lactate, ethanol). polysaccharides).

Primary Goal 1. Generate usable energy (ATP, 1. Synthesize cellular components for growth
reducing power). and repair.
2. Create precursor metabolites for 2. Store energy for later use.
biosynthesis.

Examples Glycolysis, Krebs (TCA) Cycle, B- Protein synthesis, Glycogenesis, DNA
Oxidation of fats, Cellular Replication, Gluconeogenesis.
Respiration.

Key Metabolic Concepts

Metabolic Pathway: A series of linked, enzyme-catalyzed reactions where the product of one

reaction becomes the substrate for the next.

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.

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

1|76

N
*
=)
i @
=)
)
-
o
=
;.
-
-
<




L MK PREPARATIONS) .-

¢ Redox Coenzymes: Key electron carriers.
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).
3. 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.
e 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.
¢ 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.
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e Interpreting AG:
o 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.
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 in Biochemistry

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 (H20) 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 (d") on the hydrogens.

Hydrogen Bonds: The 6" hydrogen of one water molecule is strongly attracted to the 3~ 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.
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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.

e 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.

e 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.

o 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.

e 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).

e 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.

e 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

e Cohesion: Hydrogen bonding between water molecules creates high cohesive forces.

e Adhesion: Water's polarity allows it to adhere to other polar surfaces (e.g., plant cell walls).

e 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".

e The Foundation of pH: The concentration of H* (protons) defines the acidity or basicity of a
solution. The pH scale is central to biochemistry.

e 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:
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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.

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. S
High Heat of H-bonding must be broken Effective evaporative cooling o)
M Vaporization (sweating). *
Cohesion/Adhesion H-bonding Capillary action in plants; surface =
K tension. o o
Participates in Reactions | Polar, can be split Reactant in hydrolysis; product g
in dehydration synthesis. —n
Density of Ice < Liquid H-bonds form a crystalline Ice floats, insulating aquatic life below. ]
lattice E
The Importance of Carbon in Biochemistry: The Element of Life 73
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, e

in essence, the chemistry of carbon compounds.
1. Core Reasons for Carbon's Central Role
Tetravalency (4 Covalent A carbon atom can form four stable covalent bonds simultaneously. This
Bonds) 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 (), 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).

Ability to Form Long Carbon atoms bond together to form stable, extended chains (linear or
Chains & Rings branched) and cyclic/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).
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3. Role of Carbon in the Four Major Classes of Biomolecules
Biomolecule Carbon's Role Key Examples
Class

o Stereoisomers (Enantiomers): Mirror-image molecules crucial in biology. Life almost
exclusively uses L-amino acids and D-sugars, demonstrating carbon-based molecular

chirality.

Functional Groups: Specific, reactive clusters of atoms (often involving carbon bonded to O, N,
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).

O O O O

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

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

o Sulfhydryl (-SH): Thiols, cysteine (forms disulfide bonds in proteins).

1. Forms the sugar backbone. Carbon | Glucose (CsH1206): Primary energy molecule.
Carbohydrates | atoms in chains or rings bonded to - | Cellulose: Structural polymer in plants (-
OH groups. Provide energy glucose chains).
(fuel), structural support, and
cellular recognition.
2. Lipids Forms the hydrocarbon Fatty Acids: Long C-H chains (e.g., palmitic
chains (fatty acids) and steroid ring | 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 groups
Every amino acid has a central a- attached to the a-carbon.
carbon bonded to an amino group, a | Polypeptide Chain: A polymer of amino acids
carboxyl group, and a variable side linked by peptide (C-N) bonds.
chain (R group). Carbon diversity in
R groups dictates protein function.
4. Nucleic Acids | Forms the pentose DNA Nucleotides: Deoxyribose (C5 sugar) +
sugar (ribose/deoxyribose) and base (A,T,G,C).
the nitrogenous bases (purines, ATP: The primary "energy currency" of the cell
pyrimidines) in nucleotides. The is a carbon-based nucleotide.
genetic code is stored in sequences
of carbon-based nucleotides.

4. Carbon in Metabolism and the Energy Cycle
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=0O

bonds in COz), releasing energy captured as ATP.

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 COz to the atmosphere. This biogeochemical cycle is powered by carbon's chemistry.
Summary Table: The Centrality of Carbon in Biochemistry
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Aspect Explanation Biological Implication
Structural Forms stable chains & rings. Creates diverse skeletons for all biomolecules.
Backbone
Functional Diversity | Binds to key biogenic elements | Enables creation of functional groups that
(H,O,N,P,S). define reactivity.
Isomerism & Tetrahedral geometry allows 3D | Basis for molecular specificity (e.g., enzyme-
Chirality variation. substrate, receptor-ligand).
Energy Transactions | Stable C-C/C-H bonds store Carbon compounds are the universal fuel and
energy; oxidation releases it. energy currency of life.
Information Storage | Forms stable, sequenceable Genetic information (DNA/RNA) is stored in
M polymers (nucleotides). carbon-based code.
K BIOLOGICAL MOLECULES
Carbohydrates

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.

Biochemical Centrality:

e Energy Currency: Glucose is the universal fuel of life. Its controlled oxidation via metabolic
pathways (Glycolysis, Krebs Cycle, Oxidative Phosphorylation) provides ATP, the cell's primary
energy currency.

e Metabolic Intermediates: Phosphorylated sugar intermediates (e.g., Glucose-6-P, Fructose-1,6-
BP) are pivotal nodes connecting pathways like glycolysis, gluconeogenesis, pentose phosphate
pathway, and glycogenesis.

¢ Reducing Power: The pentose phosphate pathway generates NADPH, essential for reductive
biosynthesis (e.g., fatty acid synthesis) and antioxidant defense.

e Carbon Skeletons: Provide the carbon backbones for the synthesis of amino acids, nucleotides,
and other non-carbohydrate molecules.

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:2 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).

e Gluconeogenesis: The 11-step pathway (largely a reversal of glycolysis with three bypass
reactions) that synthesizes glucose from non-carbohydrate precursors:

o Lactate (via the Cori cycle).

o Glucogenic amino acids (e.g., alanine).

o Glycerol (from triglyceride breakdown).

o Propionyl-CoA (from odd-chain fatty acids).

e 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:
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o Glycolysis: The 10-step cytosolic pathway converting glucose to pyruvate, yielding 2
ATP and 2 NADH per glucose.

o Glycogenolysis: Breakdown of glycogen to glucose-1-phosphate by glycogen
phosphorylase and debranching enzyme.

o Pentose Phosphate Pathway (PPP): Oxidative branch produces NADPH; non-oxidative
branch generates ribose-5-phosphate for nucleotides.

3. Properties
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. e-anomer has the -OH group trans to the CH.OH group (axial in
glucose). p-anomer has it cis (equatorial in glucose). Interconversion in solution
is mutarotation.

e 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:

o 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.

e Derivatization:

o Phosphate Esters: Crucial for metabolism (e.g., glucose-6-phosphate) as they trap
sugars inside cells and activate them for enzymatic reactions.

o Amino Sugars: -OH replaced by an amino group (e.g., Glucosamine, Galactosamine).
Often acetylated (e.g., N-Acetylglucosamine, NAG).

o Sugar Acids: Oxidation of aldehyde (to aldonic acid like gluconate) or primary alcohol
(to uronic acid like glucuronate for detoxification).

o Sugar Alcohols: Reduction of carbonyl group (e.g., sorbitol from glucose, implicated in
diabetic complications).

o Deoxy Sugars: Loss of an -OH (e.g., 2-deoxyribose in DNA).

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).

e Functional Groups: They are polyhydroxy aldehydes (aldoses) or polyhydroxy
ketones (ketoses).
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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)
M 4 Tetrose Erythrose, Threose (intermediates in PPP)

5 Pentose Ribose (RNA), 2-Deoxyribose (DNA), Ribulose, Xylulose (PPP)
K 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
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P 1. Aldoses: Contain an aldehyde group (-CHO) at carbon 1 (C-1).
o General formula: H-(CHOH),-CHO
R o Examples: Glyceraldehyde, Ribose, Glucose, Galactose.
CHO
HCOH Aldotriose
CH,OH (3C)
/7D-Glyceraldehyde j‘
CHO CHO
|
A HCOH HOGH Aldotetroses
HCOH HCOH (4C)
CH,0H CHzOH
R D—EWTP‘II‘OSQ D-Threose
/ | \4 e \,
A CHO cHO CHO CHO
HCOH HOCH HCOH HOCH
| | | Aldopentoses
HCOH HEOH HOCH HOCH (5€)
I HCOH HCOH HEOH HCOH
CH,0H H,OH CHo0H CH,0H
I D-Ribose D-Arabinose D-Xylose D-LYXOSG
/ \ { \ / \ f \
/ \ / \ / \ / \
¥ an ¥ ¥ > 4 ¥ ¥
O CHO cHO GHO CHo CHO CHO CHO gHO
HCOH  HOGH HCOH  HOGH HCOH  HOGH HCOH  HOGH )
HCOH HCOH  HOCH HOCH HCOH HCOH  HOGH HOGH  hexoses
N HCOH HCOH  HCOH HEOH HOGH HOCH  HOCH HOGH (6C)
HGOH HCOH  HCOH HCOH HGCOH HCOH  HGOH HGOH
S CHOH  CHOH CH,OH  CHyOH CH,0H CH,OH  CHyOH  CH,0H
D-Allose D-Altrose  D-Glucose D-Mannose D-Gulose D-ldose D-Galactose D-Talose

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.
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C|)H20H

(‘DHQOH C=0

(|3H20H (|3H2OH C‘):O HOCH

(|3:O Cl):O HO(‘DH H(|30H

(‘:HQOH HO(|3H H(llOH H(‘)OH HCOH

(‘DZO HCOH H(|DOH HC‘)OH H(|JOH
CH,0OH CH,0OH CH,OH CH,OH CH,OH

Dihydroxyacetone D-Xylulose D-Ribulose D-Fructose D-Sedoheptulose

C. By Stereochemical Configuration (D vs. L Isomers)
This refers to the configuration around the highest-numbered chiral (asymmetric) carbon (the
penultimate carbon).
e D-Sugar: The -OH group on the highest- H—C=0 H—C=0
numbered chiral carbon is on the RIGHT in the H—(‘:—OH HO—(lj—H

standard Fischer projection. Virtually all CH,OH (l}HZOH

naturally occurring monosaccharides are in D-Glyceraldehyde L-Glyceraldehyde
the D-configuration.

e L-Sugar: The -OH group on the highest- H—C=0 H—C—0
numbered chiral carbon is on the LEFT. \ |

e D and L forms are enantiomers (non- H—G—OH HO—(—H
superimposable mirror images). They have HO—C—H H—C—OH
identical chemical properties but differ in their H—C—OH HO—C—H
interaction with plane-polarized light and H—C—OH HO*CID*H
biological systems. CH,0OH CHoOH

D-Glucose L-Glucose

Structure & Isomerism
A. Stereoisomerism and Chirality
e Chiral Carbon: A carbon atom attached to four different substituents.
e Number of Stereoisomers: For a sugar with n chiral centers, the maximum number of
stereoisomers is 2n.
o Epimers: A special type of diastereomers that differ in configuration at only one specific chiral
center.
o Example: D-Glucose and D-Mannose are C-2 epimers. D-Glucose and D-Galactose
are C-4 epimers.
B. Cyclization (Ring Formation)
In aqueous solution, pentoses and hexoses predominantly exist as cyclic hemiacetals (aldoses)
or hemiketals (ketoses).
e Mechanism: The carbonyl group (C=0) reacts with a hydroxyl group (-OH) on the same
molecule.
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¢ Ring Types:

—0Q o
o Pyranose: A stable 6-membered f,?" \ 7 \
ring resembling pyran (formed by /f’ \:j\ //
reaction with C-5 OH). Most stable
Pyran Furan

form for hexoses like glucose.

o Furanose: A 5S-membered ¢H,OH EHEOH
ring resembling furan (formed by H A, Ok H= _}H/ O~ H
reaction with C-4 OH). Common for OH H OH H
pentoses (ribose) and ketohexoses HO OH H OH
(fructose). H OH H OH
o-D-Glucopyranose o-D-Glucofuranose

C. Anomers & the Anomeric Carbon
¢ Anomeric Carbon: The new chiral center created during cyclization. It is the original carbonyl
carbon (C-1 in aldoses, C-2 in ketoses). It is the most chemically reactive carbon in the ring.
e Anomers: Stercoisomers that differ only in the configuration at the anomeric carbon (a vs. B).
o a-anomer: The -OH group attached to the anomeric carbon is trans to the CH.OH group
(axial in D-glucose pyranose).
o p-anomer: The -OH group is cis to the CH2OH group (equatorial in D-glucose
pyranose).
e Mutarotation: The spontaneous interconversion between o and [ anomers in aqueous solution,
via the open-chain form, until an equilibrium mixture is reached.

H_1 OH 1 HO 1 _H
(|3 H—C=0 (F
H—C—OH H-C—OH H—G—OH
(® HO—G-H O HO—G—H HO-C-H O
H—G—OH H-C—OH H-G—OH
H—(|257 H—C-OH H—(fﬁ
CHoOH &H,0H CH,OH
o-D-Glucose D-Glucose B-D-Glucose
(+112.2°) (aldehyde form) (+18.77)
CH,0OH CH,OH
O 0]
H H H H H OH
(B)
HONGH 1 /on HONGT B/
H OH H OH H OH
o-D-Glucopyranose D-Glucose B-D-Glucopyranose

(aldehyde form, acyclic)

D. Conformational Structures
e Pyranose Rings: Adopt chair conformations (!Cs 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.
Important Monosaccharides & Derivatives
A. Key Parent Monosaccharides
1. D-Glucose (Dextrose):
o Type: Aldohexose. The most abundant monosaccharide.
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o Role: Central energy source; transported in blood; monomer of starch, glycogen,
cellulose.
2. D-Fructose (Levulose):
o Type: Ketohexose. The sweetest sugar.
o Role: Found in fruits, honey; component of sucrose; metabolized in liver.
3. D-Galactose:
o Type: Aldohexose (C-4 epimer of glucose).
o Role: Component of lactose (milk sugar); important in glycolipids and glycoproteins.
4. D-Mannose:
o Type: Aldohexose (C-2 epimer of glucose).
o Role: Important in N-linked glycoprotein synthesis (precursor of mannosyl residues).
5. D-Ribose & 2-Deoxy-D-Ribose:
o Type: Aldopentoses.
o Role: Backbone of RNA (ribose) and DNA (deoxyribose). Deoxyribose lacks an oxygen
at C-2.
B. Biologically Critical Derivatives
e Sugar Phosphates: Essential intermediates in metabolism (e.g., Glucose-6-
phosphate, Fructose-1,6-bisphosphate). The phosphate group traps the sugar inside cells and
activates it for enzymatic reactions.
e Amino Sugars: A hydroxyl group is replaced by an amino group.
o D-Glucosamine & D-Galactosamine: Components of glycosaminoglycans (GAGs),
chitin.
o N-Acetylglucosamine (NAG) & N-Acetylgalactosamine (GalNAc): Acetylated forms;
key components of chitin, peptidoglycan, and many glycoproteins.
e Sugar Acids:
o Uronic Acids: Formed by oxidation of the primary alcohol (-CH-OH) to a carboxyl

group (-COOH). Glucuronic acid is used in detoxification and is a component of GAGs.

o Aldonic Acids: Formed by oxidation of the aldehyde to a carboxyl group (e.g., gluconic
acid).
e Deoxy Sugars: Lack an oxygen atom (e.g., 2-deoxyribose in DNA, L-fucose (6-deoxy-L-
galactose) in blood group antigens).
¢ Sugar Alcohols (Alditols): The carbonyl group is reduced to a hydroxyl group
(e.g., Sorbitol from glucose, Glycerol from glyceraldehyde).
e Sugar Esters: Besides phosphates, sulfate esters are common in GAGs like chondroitin sulfate.

H—(|J=O
H—C— OH OH
HO g 2H GHeOH
H—C—OH H=Q—OH
CH>0H
H_?_OH Glycerol
COOH
D-Glucuronic acid
CH,0OH
HOCH, O~ OH H SN
b w ]
e\t HONPH  H/on
OH H H NH,
D-2-Deoxyribose D-Glucosamine N-Acetylneuraminic acid
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Physical & Chemical Properties
Physical Properties

e State: Colorless, crystalline solids.

e Solubility: Highly soluble in water due to extensive hydrogen bonding via -OH groups.

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 H—C=0 D
. . . | + HN-NH—C,H, o
M are reducing sugars because their anomeric carbon H—C—OH .
is free (in equilibrium with the open—chalq aldehyde al e Phenylhydrazine v
K or ketone form). They can reduce agents like: : 4 bt
o Fehling's/Benedict's Reagent (Cu** — Cu", l =
; : P H—C=N—NH—C¢H o
forming a brick-red precipitate). I —
o Tollens' Reagent (Ag" — Ag° silver mirror). H_(FT;_OH o
2. KEsterification: -OH groups can form esters with Glucohydrazone E
acids (e.g., phosphate, sulfate, acetate). —HN—NH—CgHs N
3. Glycoside Formation: The anomeric -OH reacts -
with an alcohol or amine of another molecule, H—C=N—NH—CgHs {2'
forming a glycosidic bond and releasing water. This G=N-NH—CeHs
is the fundamental reaction for forming disaccharides Glucosarone

and polysaccharides.
4. Oxidation & Reduction: As described in derivatives (to acids or alcohols).
5. Osazone Formation: Reaction with excess phenylhydrazine forms crystalline osazones,
historically used for identification.
Biological Significance & Functions
e Energy Production: Glucose is the primary substrate for glycolysis and cellular respiration.
o Biosynthetic Precursors:
o Ribose-5-phosphate (PPP) — nucleotides.
o Dihydroxyacetone phosphate — glycerol backbone of lipids.
o Various intermediates — certain amino acids.
e Polymer Building Blocks:
o Glucose — Starch, Glycogen, Cellulose.
o N-Acetylglucosamine — Chitin, Peptidoglycan.
o Galactose, Mannose, Fucose, Sialic Acid — Glycoproteins and Glycolipids.
e Cellular Communication: Modified monosaccharides on cell surface glycoconjugates act as
recognition markers (e.g., ABO blood group determinants).

Summary Table: Key Monosaccharides at a Glance
Name Type Significant Isomerism Primary Biological Role

nZQO—~=p» xXppomRI

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;
SUCTose) 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.
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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
I1. 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.

e General Reaction:

Monosaccharide-OH + HO-Monosaccharide — Disaccharide + H.O

e Molecular Formula: Typically Ci2H2201: (for two hexoses minus one water).

e Biochemical Role: Serve as transport sugars in organisms (e.g., sucrose in plants), as digestible
energy sources (e.g., lactose in milk), and as intermediate products in the breakdown of storage
polysaccharides (e.g., maltose from starch).

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.

o Type of Linkage: It is an acetal or ketal linkage, making it stable in alkaline conditions but
susceptible to acid hydrolysis and specific enzymatic cleavage.

e Nomenclature: The bond is named systematically:

1. Indicate the configuration of the anomeric carbon involved (a or f3).

2. Specity the numbers of the two linking carbons.

3. Name the two monosaccharide residues.

o Example: a-D-Glucopyranosyl-(1—4)-D-glucopyranose (Maltose).

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:

o Feature: One anomeric carbon is involved in the glycosidic bond; the other
remains free and can interconvert between o and  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 (the classic example), Trehalose.
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3. Major Disaccharides: Structure, Source, and
Metabolism
1. Sucrose (Table Sugar)

e Structure: a-D-Glucopyranosyl-(1—2)-p-D- o
fructofuranoside.
(Glucose (al—2p) Fructose) HGMCOS%H
e Components: Glucose + Fructose. Maltose
e Glycosidic Bond: Involves C-1 of glucose (a) (a-D-glucosyl (1 - 4)a-D-glucase)
and C-2 of fructose (). This unique 1—2
linkage uses both anomeric carbons, making CH,0H l&g
M sucrose non-reducing. H A H HOH,C O~ H .
¢ Source: Extracted from sugarcane and sugar 1 :

K beets. Primary transport sugar in higher HON D © ")/ cron E
plants, moving from leaves (site of H OH OH H o
photosynthesis) to other tissues via the phloem. GUOOSS  roea  TTUCtOSS g

¢ Digestion & Metabolism: Hydrolyzed in the (a-D-glucosyl (1 —s 2) B-D-fructose) o
small intestine by the enzyme sucrase- E
isomaltase (located on the brush border) into 0
glucose and fructose, which are then absorbed. CH,OH CH,OH Zi

e Properties: Very soluble, crystalline, and Ho /] © {2'
intensely sweet. OH H/ ~o__ K

2. Lactose (Milk Sugar) H H

e Structure: f-D-Galactopyranosyl-(1—4)-D- H  OH H OH
glucopyranose. Galactose Lactose Glucose
(Galactose (f1—4) Glucose) (p-D-galactosyl (1 — 4) B-D-glucose)

e Components: Galactose + Glucose.
¢ Glycosidic Bond: f(1—4) linkage. The anomeric carbon of glucose is free, making lactose
a reducing sugar.
Source: The principal carbohydrate in the milk of all mammals (~5% in human milk, ~4% in
cow's milk).
¢ Digestion & Metabolism: Hydrolyzed by the enzyme lactase (B-galactosidase) on the intestinal
brush border into galactose and glucose. Lactose intolerance results from lactase deficiency,
leading to undigested lactose fermentation by gut bacteria (causing gas, bloating, diarrhea).
e Properties: Less sweet than sucrose. Exists in a and § anomeric forms (mutarotation).
3. Maltose (Malt Sugar)
e Structure: a-D-Glucopyranosyl-(1—4)-D-glucopyranose.
(Glucose (a1—4) Glucose)
e Components: Two a-D-Glucose units.
¢ Glycosidic Bond: o(1—4) linkage. The second glucose has a free anomeric carbon, making it
a reducing sugar.
e Source: Not abundant in nature. It is the major product of enzymatic hydrolysis of starch (by a-
amylase and amyloglucosidase). Found in germinating grains (malt) and as an intermediate in
human starch digestion.

e Digestion & Metabolism: Hydrolyzed by the brush border enzyme maltase (a-glucosidase) into

two glucose molecules.
o Significance: It is the repeating disaccharide unit in the linear chains of starch
(amylose) and glycogen.

4. Cellobiose

nZO—~—-p» Xp>ovmRI o
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e Structure: p-D-Glucopyranosyl-(1—4)-D-glucopyranose.
(Glucose (p1—4) Glucose)

e Components: Two B-D-Glucose units.

e Glycosidic Bond: f(1—4) linkage. It is a reducing sugar.

e Source: The repeating disaccharide unit of cellulose. Produced by enzymatic or chemical
hydrolysis of cellulose (by cellulase).

e Digestion & Metabolism: Humans lack the enzyme cellulase, so we cannot digest cellulose or
cellobiose. It serves as dietary fiber. Ruminants and termites host cellulase-producing microbes in
their guts.

o Significance: Highlights how a difference in glycosidic bond stereochemistry (o vs. ) leads to
vastly different polymer properties (digestible starch vs. indigestible cellulose).

4. Other Biologically Important Disaccharides
e Trehalose:
o Structure: a-D-Glucopyranosyl-(1—1)-a-D-glucopyranoside. A non-reducing
sugar (both anomeric carbons linked).
o Role: Major blood sugar in insects; a stress-protectant and storage sugar in fungi, yeast,
and some plants. Highly stable and protects proteins from denaturation.

e Lactulose:

o Structure: Galactose (B1—4) Fructose.

o Role: Synthetic disaccharide not hydrolyzed by human enzymes. Used clinically as
a laxative and in the treatment of hepatic encephalopathy (gut bacteria ferment it,
acidifying the colon).

e Isomaltose:

o Structure: Glucose (a1—6) Glucose.
o Role: Found at the branch points of glycogen and amylopectin. Released by the action
of debranching enzyme.
5. Physical & Chemical Properties
A. Physical Properties
¢ Solubility: Generally highly soluble in water due to multiple hydroxyl groups.
Crystallinity: Most form well-defined crystals (e.g., table sugar).
Sweetness: Relative sweetness varies: Fructose > Sucrose > Glucose > Galactose > Maltose >
Lactose.
e Optical Activity: All are optically active. The specific rotation ([a]D) is a characteristic property.
o Sucrose: +66.5°
o Lactose: +52.5° (equilibrium mixture)
o Maltose: +136° (a-anomer)
B. Chemical Properties

1. Hydrolysis: The glycosidic bond can be cleaved by:

o Acid: Warm dilute mineral acids (e.g., HCI) hydrolyze disaccharides to their component
monosaccharides.
o Specific Enzymes: Sucrase, Lactase, Maltase, etc.

2. Reducing Power: As detailed above, depends on a free anomeric carbon.

3. Osazone Formation: Reducing disaccharides form characteristic crystalline osazones with
phenylhydrazine, which have specific crystal shapes and precipitation times useful for
identification (historically).

o Maltose: Sunflower-shaped crystals.
o Lactose: Powder-puff or hedgehog-shaped crystals.
6. Biological & Clinical Significance

MK PREPARATIONS: Let’s Make It Happen
+92 333 2605045, +92 342 4470091 16 | 76

N
*
=)
i @
=)
)
-
o
=
;.
-
-
<




L MK PREPARATIONS) .-

e Nutrition & Digestion: Major dietary carbohydrates. Deficiencies in digestive enzymes (e.g.,
lactase) have significant clinical consequences (lactose intolerance, sucrase-isomaltase
deficiency).

e Metabolic Disorders:

o Galactosemia: A genetic disorder where enzymes to metabolize galactose (from lactose)
are deficient, leading to toxic accumulation.

o Hereditary Fructose Intolerance: Deficiency in aldolase B, preventing fructose (from
sucrose) metabolism.

¢ Industrial Importance: Sucrose is a major commodity and a precursor for industrial

fermentation (e.g., ethanol production). Lactulose is a pharmaceutical agent. l&g
M Summary Table: Key Disaccharides .
Disaccharide Monosaccharide Glycosidic  Reducing? Major Source / Digestive o)
Components Bond Role Enzyme o
Sucrose Glucose + Fructose | a(1—2p) No Table sugar; Sucrase g
Transport in plants —
Lactose Galactose + Glucose | p(1—4) Yes Milk sugar Lactase (¢~}
Maltose Glucose + Glucose | a(1—4) Yes Starch digestion; Maltase E
Germinating grains N
Cellobiose Glucose + Glucose | p(1—4) Yes Cellulose hydrolysis | (Cellulase - =
(not digestible by absent) qz
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: (CsH1005), 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

nZQO—~=p» xXppomRI
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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. lodine 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).
Major Homopolysaccharides
A. Storage Homopolysaccharides
1. Starch (Plant Storage)
e Source: Energy reserve in plants (grains, tubers, legumes).
e Monomer: a-D-Glucose.
¢ Components: A mixture of two polymers:
o Amylose (20-30%): Linear chain of glucose units linked by a(1—4) glycosidic bonds.
Adopts a left-handed helical conformation (6 residues/turn). Forms a deep blue complex
with iodine.
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o Amylopectin (70-80%): Highly branched. Main chain has a(1—4) linkages,
with a(1—6) linkages at branch points every 24-30 residues. Gives a purple-violet color
with iodine.
e Digestion: Hydrolyzed by a-amylase (salivary, pancreatic) and o-glucosidases (maltase,
isomaltase) in the small intestine.

CH,OH CH,OH

o] o]
A G W H

OH H O OH H O—
H OH H OH (\® )
D-Glucosa D-Glucose 8 w

M a-Amylose L]
CH,0H CH,OH w
l( H O H O H i~
H 1 { =
—o—N\oH u,1—0—NoH H e
Branch +— (1-+6) Branch r
H OH H OH w
C‘J
GH,OH 8CH, GH,OH E
o] o] 0. i o
H H H H H H H H H 7}
Mainchain Lo N\ OH H o OH H ) OH H o— =
-
H  OH H  OH H  OH <
Amylopectin

3. Glycogen (Animal Storage)Source: Stored in cytoplasmic
granules in liver (regulates blood glucose) and muscle (local
energy source).

e Monomer: o-D-Glucose.
e Structure: Similar to amylopectin but much more extensively
branched. a(1—6) branches occur every 8-12 glucose residues. ‘
This creates a tree-like, spherical molecule with numerous non- 4
reducing ends for rapid enzymatic degradation. By
e Properties: Soluble in water. Gives a reddish-brown ;
color with iodine. ® R
e Metabolism: Synthesized by glycogen synthase and branching S o, @
enzyme. Degraded by glycogen NN N
phosphorylase and debranching enzyme.
B. Structural Homopolysaccharides
1. Cellulose (Plant Cell Wall)

nZQO—~=p» xXppomRI

e Source: The most abundant organic polymer on CH,OH CH,0H
Earth. Primary component of plant cell walls. H 0 H o

e  Monomer: B-D-Glucose. H o kK 1 o

e Structure: Linear, unbranched chains of glucose N M Hm
linked by p(1—4) glycosidic bonds. The - B OH H H
configuration forces the chain into an extended, B-D-Glucose B-D-Glucose "

straight conformation. Adjacent chains align and form extensive intermolecular and
intramolecular hydrogen bonds, creating microfibrils of exceptional tensile strength.

e Digestion: Humans lack cellulase. Acts as dietary fiber, promoting gut health. Degraded
by cellulase produced by some microbes (e.g., in ruminant guts).
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2. Chitin (Exoskeletal Material)

e Source: Exoskeletons of arthropods (insects, crustaceans) and cell walls of fungi.

e Monomer: N-Acetyl-p-D-Glucosamine (NAG).

e Structure: Linear polymer of NAG units linked by f(1—4) glycosidic bonds. Structurally
analogous to cellulose, but the C-2 hydroxyl is replaced by an acetylated amino group. Chains
form tightly H-bonded sheets that stack.

e Properties: Tough, insoluble, and resistant to degradation.
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Major Heteropolysaccharides
A. Glycosaminoglycans (GAGs) or Mucopolysaccharides
¢ General Structure: Linear, unbranched heteropolysaccharides composed of repeating
disaccharide units: [Hexuronic Acid + Hexosamine].
¢ Key Features:
o Highly negatively charged due to sulfate esters and carboxylate groups.
o Extended, hydrated conformation that occupies large volumes.
o Functions: Hydration, lubrication, shock absorption, and molecular sieving in the
extracellular matrix (ECM).
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D-Glucuronic acid ~ N-Acetylglucosamine D-Glucuronate-2-sulfate  N-Sulfoglucosamine D-Galactose N-Acetylglucosamine
Hyaluronic acid 6-sulfate &-sulfate
Heparin Keratan sulfate
I coo- - CHoOH |
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o KH -0 H Mo H
1 — COo0~ — H I~
QH BAT TN ~KOH HJ, 0K, H/ 00
- H o HNe /M
L HoOH H  NH-CO-CHq ]| H OH H NH-CO-CH,
D-Glucurenic acid N-Acetylgalactosamine L-Iduronic acid N-Acetylgalactosamine
4-sulfate 4-sulfate

Chondroitin 4-sulfate Dermatan sulfate

Sulfated?

Repeating Disaccharide

Primary Location & Function

Unit
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Hyaluronan/Hyaluronic
Acid

D-glucosamine [B(1—3) &
B1—4)]

D-Glucuronate + N-Acetyl- No

Synovial fluid (lubricant),
vitreous humor, ECM (space
filler).

glucosamine-6-sulfate

Chondroitin Sulfate D-Glucuronate + N-Acetyl- Yes Cartilage, tendons, ligaments
D-galactosamine-4/6-sulfate (compression resistance).

Heparin L-Iduronate-2-sulfate + D- Highly Mast cells (natural anticoagulant
Glucosamine-6-sulfate - activates antithrombin).

Keratan Sulfate D-Galactose + N-Acetyl-D- Yes Cornea, cartilage, bone.
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B. Proteoglycans
e Structure: A core protein with one or more covalently attached GAG chains.
e Organization: Many proteoglycans associate with a long hyaluronan chain via linker proteins to
form massive, hydrated aggregates.
¢ Function: Major components of the ECM; act as biological sieves, regulate cell behavior, and
provide mechanical support (e.g., Aggrecan in cartilage).
C. Peptidoglycan (Murein)
e Source: The rigid component of bacterial cell walls (both Gram+ and Gram-).
e Structure: A heteropolymer with a peptide cross-linked carbohydrate backbone.
o Sugar Backbone: Alternating N-Acetylglucosamine (NAG) and N-Acetylmuramic
Acid (NAM) linked by p(1—4) glycosidic bonds.
o Tetrapeptide Chain: Attached to the lactyl group of each NAM residue. Contains both
D- and L-amino acids.
o Cross-Links: Tetrapeptide chains from adjacent strands are covalently linked (often via a
pentaglycine bridge in Staphylococcus), forming a massive, net-like sacculus.
¢ Clinical Significance: Target of:
o Penicillin: Inhibits the transpeptidase enzyme that forms the cross-links.
o - Lysozyme: Hydrolyzes the p(1—4) glycosidic bond between NAG and NAM.
D. Agar & Agarose
e Source: Extracted from red algae (seaweed).
e Structure: Heteropolysaccharides of galactose and modified galactose.
o Use: Agar is used as a culture medium for microbes. Agarose forms gels used in gel
electrophoresis (DNA separation).
Biological Significance & Clinical Correlations
¢ Energy Homeostasis: Glycogen metabolism is tightly regulated by hormones (insulin, glucagon,
epinephrine). Defects cause glycogen storage diseases (e.g., von Gierke's disease - Type I).
e Diet & Nutrition: Starch is a major calorie source. Cellulose is insoluble fiber. Pectins
(heteropolysaccharides) are soluble fiber.
e Connective Tissue Disorders: Defects in GAG degradation lead
to mucopolysaccharidoses (e.g., Hurler syndrome) due to lysosomal enzyme deficiencies.
e Bacterial Infections: The uniqueness of peptidoglycan makes it an excellent antibiotic target
(penicillins, cephalosporins, vancomycin).
¢ Biotechnology & Industry:
o Cellulose: Paper, textiles, biofuels.
o Chitosan (deacetylated chitin): Water purification, wound dressings.
o Agarose: Molecular biology.
o Hyaluronan: Viscosupplementation in arthritis, cosmetics.
Summary Table: Key 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—6) Purple
branches (amylopectin)

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

(Animal) linear; reserve (liver, | branched;

a(1—6) muscle) soluble;
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branches iodine:
(frequent) reddish-brown
Cellulose Structural B-D-Glucose B(1—4) Mechanical Linear, H-
(Plant) strength (cell | bonded
walls) microfibrils;
indigestible
Chitin Structural N-Acetyl-B-D- | B(1—4) Exoskeletons, | Analogous to
(Animal/Fungal) | Glucosamine fungal cell cellulose but
walls with NAG;
very tough
Peptidoglycan | Structural NAG & N- B(1—4) Bacterial cell | Peptide-
(Bacterial) Acetylmuramic wall rigidity crosslinked
Acid (NAM) mesh; target
of antibiotics
Hyaluronic GAG (ECM) D-Glucuronate | f(1—3) & | Lubrication, Unsulfated;
Acid + N-Acetyl-D- | B(1—4) hydration, forms highly
glucosamine space-filling viscous
solutions
Heparin GAG (Mast L-Iduronate-2- | a(1—4) & | Anticoagulant | Most
Cells) sulfate + D- others negatively
Glucosamine-6- charged
sulfate biological
molecule
LIPIDS

Lipids are a heterogeneous group of organic compounds that are:
¢ 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)

Hormone Precursors: Steroid hormones, prostaglandins
Vitamin Carriers: Fat-soluble vitamins (A, D, E, K)

Electron Carriers: Coenzyme Q in ETC
. Enzyme Cofactors: Vitamin K in blood clotting
eneral Characteristics

N oL AW

C.

o o Q

Signaling Molecules: Eicosanoids, phosphatidylinositol derivatives

e Varied melting points: Depending on chain length and saturation

2. SOURCES OF LIPIDS
A. Dietary Sources

MK PREPARATIONS: Let’s Make It Happen
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Insulation and Protection: Thermal insulation (subcutaneous fat), organ cushioning

Amphipathic nature: Most biological lipids have both hydrophobic and hydrophilic regions
Diverse structures: Range from simple hydrocarbon chains to complex ring systems
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1. Animal Sources:
o Fats: Butter, lard, tallow, cream, egg yolk, meat fat
o Phospholipids: Egg yolk, liver, brain
o Cholesterol: Organ meats, egg yolk, dairy products
o Waxes: Beeswax, lanolin (wool wax)
2. Plant Sources:
o Oils: Olive oil, coconut oil, peanut oil, sunflower oil, corn oil
o Phospholipids: Soybeans, peanuts
o Waxes: Carnauba wax (palm leaves), jojoba oil (actually a liquid wax)
o Sterols: Phytosterols in plant oils
M 3. Microbial Sources:
o Single cell oils from algae, fungi, bacteria
o Polyunsaturated fatty acids from microorganisms
B. Endogenous Synthesis
1. De novo synthesis: Liver, adipose tissue, intestines
2. Interconversion: Modification of dietary lipids
3. Specialized synthesis: Brain (sphingolipids), adrenals (steroids), gonads (steroid hormones)
C. Commercial/Industrial Sources
1. Vegetable oils: Hydrogenated to produce margarine, shortening
2. Marine oils: Fish oil (omega-3 fatty acids)
3. Tall oil: Byproduct of paper industry (resin acids, fatty acids)
3. 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
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
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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
6. Acid Number:
o mg KOH required to neutralize free fatty acids in 1g fat
o Increases with rancidity
7. Acrolein Test:
o Glycerol-containing lipids heated with KHSOs — Acrolein (pungent odor)
8. Color Reactions:
o Liebermann-Burchard: Cholesterol — green color
o Salkowski reaction: Cholesterol in chloroform + conc. H2SO4 — red color
o - Sudan dyes: Stain lipids red (histological stain)
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, CsHzO3)
e Ester linkage: Three fatty acids attached via ester bonds
e General structure:
CH.-O-CO-R!
|
CH-O-CO-R?
|
CH.-O-CO-R?
Where R!, R2, 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:
o Tristearin: 3 stearic acids (C18:0)
o Tripalmitin: 3 palmitic acids (C16:0)
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o Triolein: 3 oleic acids (C18:1)
e Rare in nature: Most natural fats are mixed
b) Mixed Triglycerides
e Two or three different fatty acids
o Examples:
o Palmito-oleo-stearin: Palmitic + oleic + stearic acids
o 1-Palmito-2,3-diolein: Palmitic at position 1, oleic at positions 2,3
¢ Positional specificity: Different fatty acids often occupy specific positions
2. Based on Physical State at Room Temperature
a) Fats
e Solid or semi-solid at room temperature (20-25°C)
o High proportion of saturated fatty acids
¢ Animal origin (mostly): Lard, tallow, butter
¢ Plant exceptions: Cocoa butter, coconut oil (saturated plant fats)
b) Oils
e Liquid at room temperature
e High proportion of unsaturated fatty acids
e Plant origin (mostly): Olive oil, sunflower oil, corn oil
¢ Animal exceptions: Fish oils (liquid due to high PUFA content)
C. Nomenclature and Naming
1. Systematic Naming
e Named as derivatives of glycerol
o Example: 1-Palmitoyl-2-oleoyl-3-stearoyl-sn-glycerol
e sn-system: Stereospecific numbering (carbon 1 above, carbon 3 below plane)
2. Common Names
e Often based on source: Olive oil, lard, tallow
e  Or dominant fatty acid: Tristearin, triolein
D. Physical Properties of Triacylglycerols
1. Melting Point
e Depends on:
o Chain length of fatty acids (1 length = 1 m.p.)
o Degree of saturation (] saturation = { m.p.)
o Cis/trans configuration (cis = | m.p.)
e Range: -20°C (fish oils) to 70°C (fully saturated animal fats)
2. Solubility
e Insoluble in water (hydrophobic)
¢ Soluble in organic solvents: Ether, chloroform, benzene, acetone
e Limited solubility in alcohols (varies with chain length)
3. Density
e 0.8-0.9 g/mL (lighter than water, float on water)
4. Optical Activity
e Glycerol is achiral, but asymmetric substitution creates chiral centers
e sn-glycerol-3-phosphate is chiral reference standard
5. Polymorphism
e  Multiple crystalline forms: o, f', B forms
¢ Important in: Chocolate manufacturing, margarine production
e p-form: Most stable, highest melting point
E. Chemical Properties
1. Hydrolysis
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a) Acid Hydrolysis
text
Triglyceride + 3H>O — Glycerol + 3 Fatty acids
e C(Catalyzed by: H* (acid), heat
e Reversible reaction
b) Alkaline Hydrolysis (Saponification)
text
Triglyceride + 3NaOH — Glycerol + 3 Sodium soaps
e Soap: Sodium or potassium salt of fatty acid
e Irreversible
e Saponification value: mg KOH required to saponify 1g fat
o Higher value = shorter average chain length
¢) Enzymatic Hydrolysis
e Lipases: Hydrolyze ester bonds
e Specificity:
o Pancreatic lipase: Prefers positions 1 and 3
o Hormone-sensitive lipase: Adipose tissue mobilization
o - Lipoprotein lipase: Blood triglyceride hydrolysis
2. Hydrogenation
e Addition of H: to double bonds
e Converts: Unsaturated — Saturated fatty acids
e Industrial use: Liquid oils — Solid fats (margarine production)
o Side effect: May create frans fatty acids (partial hydrogenation)
3. Halogenation
e Addition of halogens (I, Brz) to double bonds
o lodine value: g > absorbed by 100g fat
o Measures degree of unsaturation
o Higher value = more unsaturated
4. Rancidity
a) Hydrolytic Rancidity
e Cause: Lipase action — Free fatty acids
e Accelerated by: Moisture, heat, microbial lipases
e Common in: Butter, coconut oil
e Detection: Acid value increases
b) Oxidative Rancidity (Auto-oxidation)
o Three stages:
1. Initiation: RH — Re + He (requires catalyst)
2. Propagation: Re + O — ROO* — ROOH + Re
3. Termination: R* + R — R-R
e Accelerated by: Light, heat, metals (Fe, Cu), enzymes (lipoxygenases)
e Products: Aldehydes, ketones, hydrocarbons (off-flavors)
e Prevention: Antioxidants (vitamin E, BHT, BHA), refrigeration, nitrogen packaging
5. Acrolein Formation
e Glycerol-containing lipids heated with KHSO4
e Dehydration product: Acrolein (CH>=CH-CHO)
o Test for glycerol: Pungent, irritating odor
F. Biological Functions of Triacylglycerols
1. Energy Storage
e Most efficient energy reserve: 9 kcal/g vs. 4 kcal/g for carbs/proteins
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Concentrated storage: Anhydrous (vs. glycogen which is hydrated)
Adipocytes: Specialized for TAG storage

White adipose tissue: Energy store, insulation

Brown adipose tissue: Thermogenesis (uncoupling protein)

2. Insulation and Protection

Subcutaneous fat: Thermal insulation
Visceral fat: Organ protection/cushioning
Marine mammals: Blubber for buoyancy and insulation

3. Metabolic Water Source

p-oxidation yields metabolic water: Important for desert animals
Example: Camel's hump fat — energy + water

4. Precursor for Other Lipids

Fatty acids can be converted to phospholipids, cholesterol esters

G. Metabolism of Triacylglycerols
1. Digestion and Absorption

Mouth: Lingual lipase (minor)
Stomach: Gastric lipase (10-30% hydrolysis)
Small intestine:
o Pancreatic lipase (main enzyme) — 2-MAG + 2 FFA
o Bile salts: Emulsification
o Colipase: Anchors lipase to lipid droplet
o Micelle formation: Absorption of hydrolyzed products
Enterocytes: Re-esterification — Chylomicrons — Lymph
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2. Biosynthesis (Lipogenesis)
e Location: Cytosol of liver, adipose tissue, lactating mammary glands
e Precursors: Glucose (via acetyl-CoA), dietary fatty acids
o Key steps:
1. Glycerol-3-phosphate formation
2. Sequential acylation (by acyl transferases)
3. Phosphatidic acid as intermediate
4. Dephosphorylation — Diacylglycerol
5. Final acylation — Triacylglycerol
3. Mobilization (Lipolysis)
e Stimulated by: Glucagon, epinephrine, cortisol, growth hormone
Inhibited by: Insulin
Enzyme: Hormone-sensitive lipase (activated by phosphorylation)
Products: Glycerol + Free fatty acids
Glycerol fate: Liver — gluconeogenesis or glycolysis
FFA fate: B-oxidation in tissues
H. Natural Sources and Distribution

nZQO—~=p» xXppomRI

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 (0-3) Liquid, highly unsaturated Supplements, margarine
2. Plant Oils

Source Major Fatty Acids Characteristics Uses
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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

3. Cocoa Butter (Unique Plant Fat)
e Solid at room temperature despite plant origin
e Fatty acids: C18:0 (35%), C18:1 (35%), C16:0 (25%)
e Polymorphism: Critical for chocolate texture
e  Melts at body temperature (37°C)
I11. 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
e Even-numbered: C14-C36
¢ 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)
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
E. Classification and Examples
1. Animal Waxes
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Source Major Components Uses/Properties
Beeswax Honeybee (Apis Palmitate of myricyl alcohol Honeycomb, candles,
mellifera) (C30), cerotic acid cosmetics, polish
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Spermaceti | Sperm whale head | Cetyl palmitate (C16 alcohol + | Candles, lubricants, cosmetics
C16 acid) (historically)

Lanolin Sheep wool wax Esters of sterols (cholesterol) + | Wool grease, cosmetics,
fatty acids ointments

Chinese Insect (Ceroplastes) | Ceryl cerotate (C26 alcohol + Polishes, candles

wax C26 acid)

Shellac wax | Lac insect Complex mixture Polish, confectionery glaze

2. Plant Waxes
Wax Source Major Components Uses/Properties
Carnauba Palm leaves Esters of C24-C34 acids + Hardest natural wax, car
(Copernicia) C30-C34 alcohols polish, cosmetics

Candelilla Euphorbia shrubs | Hydrocarbons (C29-C33) + Chewing gum, cosmetics,
esters varnishes

Bayberry Shrub berries Myricyl palmitate Candles (colonial America)

Sugarcane Cane surface Esters, alcohols, aldehydes Polishes, coatings

Jojoba oil Simmondsia seeds | Liquid wax esters (C20-C22) Cosmetics, lubricants (actually

liquid wax)
3. Mineral Waxes (Fossil

Paraffin Petroleum Mixture of hydrocarbons (C20- Candles, packaging,

wax C40) cosmetics

Montan wax | Lignite/coal Complex mixture Polishes, electrical insulation

Ozokerite Mineral Natural fossil wax Similar to paraffin

deposits

4. Synthetic Waxes

Polyethylene wax

Composition

Polymerized ethylene

Properties
Hard, high melting

Paper coating, crayons

Fischer-Tropsch

CO + H: synthesis

Similar to paraffin

Candles, coatings

F. Chemical Properties
1. Hydrolysis: Slow, requires strong alkali and heat
2. Saponification: Similar to fats but slower
3. Stability: More resistant to rancidity than fats
4. Inertness: Chemically unreactive under normal conditions
G. Industrial and Commercial Uses
1. Polishes: Floor, furniture, car, shoe polishes

00N LR W

H. Analytical Tests for Waxes
1. Melting point: Higher than fats (typically >60°C)
2. Saponification value: Lower than fats (waxes have longer chains)
3. Acid value: Usually low (few free fatty acids)
4. lodine value: Very low (mostly saturated)
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Cosmetics: Lipsticks, creams, lotions (emollient, thickener)
Candles: Primary material for candle making

Coatings: Paper, fruit (apples, citrus), cheese, candy
Pharmaceuticals: Ointment bases, tablet coatings
Modeling: Lost-wax casting (sculpture, jewelry)
Electrical: Insulation, impregnation

Textiles: Waterproofing, sizing

. Food: Glazing, anti-sticking (baking)
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5. Ester value: Saponification value - acid value
IV. COMPARISON: FATS/OILS vs. WAXES
\ Fats and Oils (Triacylglycerols) Waxes

Property
Chemical structure

Glycerol + 3 fatty acids

Long-chain alcohol + fatty acid

Alcohol component

Glycerol (Cs, trihydroxy)

Long-chain mono/dihydric
alcohol (C16-C30)

Melting point Variable (-20 to 70°C) High (60-100°C)
Consistency Soft/greasy to hard Hard, non-greasy, pliable
Energy storage Primary function in animals Secondary function
Water repellency Moderate Excellent
Saponification Easier, complete Difficult, requires harsh
conditions
Biological role Energy reserve, insulation Protection, waterproofing,
structure
Examples Butter, lard, olive oil Beeswax, carnauba, lanolin
Hydrolysis products Glycerol + fatty acids Long-chain alcohol + fatty acid
SUMMARY TABLE: SIMPLE LIPIDS
Feature Triacylglycerols (Fats/Oils) \ Waxes
Definition Esters of glycerol with 3 fatty acids | Esters of long-chain alcohols with fatty
acids
Alcohol Glycerol (CsHsO3) Long-chain alcohol (C16-C30)
Fatty acids C4-C24, saturated/unsaturated C14-C36, mostly saturated
State at RT Solid (fats) or liquid (oils) Solid, hard
Biological role Energy storage, insulation, Waterproofing, protection, structure
protection
Energy content 9 keal/g ~9 keal/g (but not typically

metabolized)

Digestibility Readily digested by lipases Generally indigestible by humans
Saponification Easy, forms soap + glycerol Difficult, forms soap + alcohol
Examples Butter, lard, olive oil, coconut oil Beeswax, carnauba, lanolin, spermaceti
B. CLASSIFICATION OF FATTY ACIDS
1. BY CHAIN LENGTH
Type Carbon Characteristics Examples Sources
Atoms
Short-Chain 2-6 Volatile, water-soluble, Acetic (C2), Butyric Butter, dairy, colon
(SCFA) rapid absorption (C4), Caproic (C6) fermentation
Medium- 8-14 Partially water-soluble, | Caprylic (C8), Capric | Coconut oil, palm
Chain portal vein transport (C10), Lauric (C12) kernel oil
(MCFA)
Long-Chain 16-20 Most common, require Palmitic (C16), Stearic | Most plant/animal
(LCFA) chylomicron transport (C18), Oleic (C18:1) fats
Very Long- >20 Often in specialized Behenic (C22), Brain lipids,
Chain tissues Lignoceric (C24), sphingolipids
(VLCFA) Nervonic (C24:1)

2. BY DEGREE OF SATURATION
a) Saturated Fatty Acids (SFAs)

e Structure: No

double bonds, maximum hydrogens
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e Properties:
o Higher melting points (solid at room temp)
o More stable to oxidation
o Pack tightly in solid state
e Major SFAs:
Name Carbon:DB Systematic Formula m.p. Major Sources
Name (°C)

Lauric 12:0 Dodecanoic CiH2:COOH | 44 Coconut oil (45%), palm
kernel oil
Myristic | 14:0 Tetradecanoic CisH»7COOH | 58 Nutmeg, butter, coconut oil
M Palmitic 16:0 Hexadecanoic C1sHs1COOH | 63 Palm oil (44%), animal fats,
dairy
K Stearic 18:0 Octadecanoic C7H3sCOOH | 70 Animal fats, cocoa butter,
shea butter
Arachidic | 20:0 Eicosanoic CH3COOH | 77 Peanut oil, fish oils

b) Monounsaturated Fatty Acids (MUFASs)
e Structure: One double bond, usually cis configuration
e Properties:
o Lower melting points than SFAs
o More fluid at room temperature
o Moderate oxidative stability
o Major MUFAs:
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Carbon:DB A- . Major Sources
position
Palmitoleic | 16:1 -7 N 0-1 Macadamia oil, fish oils
Oleic 18:1 ®-9 N° 13-16 Olive oil (55-83%), canola oil,
almonds
Erucic 22:1 ®-9 A" 33-34 Rapeseed oil, mustard oil
Nervonic 24:1 ®-9 A 42-43 Brain sphingolipids

¢) Polyunsaturated Fatty Acids (PUFAs)
e Structure: >2 double bonds, usually methylene-interrupted
e Properties:
o Low melting points (liquid at room temp)
o Highly susceptible to oxidation
o Cis configuration creates kinks
o Major PUFAs:

nZO—~—-p» Xp>ovmRI o

Carbon:DB Double Bond Major Sources
Positions

Linoleic (LA) 18:2 -6 N2 Sunflower, safflower,
corn oils

o-Linolenic (ALA) 18:3 ®-3 A® 1215 Flaxseed, chia, walnuts

v-Linolenic (GLA) 18:3 -6 AS2 12 Evening primrose, borage
oil

Arachidonic (AA) 20:4 -6 A3 81114 Meat, eggs, organ meats

Eicosapentaenoic 20:5 ®-3 A3 81114 17 Fatty fish, algae

(EPA)

Docosahexaenoic 22:6 ®-3 A#7,10 13 16 19 Fish oils, brain tissue

(DHA)
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3. BY ESSENTIALITY
a) Essential Fatty Acids (EFAs)
¢ Cannot be synthesized by humans
e Must be obtained from diet
o Two families:
1. -3 Family
2. ®-6 Family
b) Non-Essential Fatty Acids
e Can be synthesized endogenously
¢ Includes: Most SFAs, MUFAs (except conditionally essential in some cases)
4. BY GEOMETRIC ISOMERISM
a) Cis Fatty Acids
¢ Hydrogen atoms on same side of double bond
e Creates kink/bend in chain (30° bend per cis double bond)
e Natural configuration in most unsaturated fatty acids
e Lower melting points
e Example: Cis-9-octadecenoic acid (oleic acid)
b) Trans Fatty Acids
¢ Hydrogen atoms on opposite sides
e Straighter chain (similar to saturated)
e Sources:
o Industrial hydrogenation (partial hydrogenation of oils)
o Rumen bacteria (dairy, meat products)
e Health concerns: 1 LDL, | HDL, 1 cardiovascular risk
e Example: Elaidic acid (frans isomer of oleic acid)
5. BY CHAIN BRANCHING
a) Straight-Chain (Normal)
e  Most common type
o Example: Palmitic acid
b) Branched-Chain
e Iso-branched: Methyl group at penultimate carbon
o Example: Isopalmitic acid
¢ Anteiso-branched: Methyl group at antepenultimate carbon
e Sources: Bacterial lipids, wool wax, some fish oils
6. SPECIAL TYPES OF FATTY ACIDS
a) Cyclic Fatty Acids
¢ Contain carbocyclic rings
e Examples: Chaulmoogric acid (cyclopentene), hydrocarpic acid
¢ Sources: Chaulmoogra oil (traditional leprosy treatment)
b) Hydroxy Fatty Acids
e Contain hydroxyl groups
o Examples:
o Ricinoleic acid (12-hydroxy-9-cis-octadecenoic) - castor oil
o Cerebronic acid (2-hydroxy lignoceric acid) - brain lipids
¢) Epoxy Fatty Acids
¢ Contain epoxy groups
o Example: Vernolic acid (epoxy oleic acid) - vernonia oil
d) Acetylenic Fatty Acids
¢ Contain triple bonds
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e Example: Tariric acid (6-octadecynoic acid) - seed oils

Common vs. Systematic Names
Common Systematic Name Shorthand Structure Summary
Name

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°,"> or -6 | Dienoic, methylene-
interrupted
a-Linolenic all-cis-9,12,15- C18:3 A°,'2,'5 or - | Trienoic, ®-3
M Octadecatrienoic 3
Arachidonic all-cis-5,8,11,14- C20:4 A5 31 1 or Tetraenoic, eicosanoid
K Eicosatetraenoic ®-6 precursor

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 P-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
3. Signaling Molecules Precursors
e Eicosanoids: Derived from 20-carbon PUFAs
¢ Second messengers: Diacylglycerol (DAG)
¢ 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
F. ESSENTIAL FATTY ACID DEFICIENCY
1. Symptoms
e Scaly dermatitis
Hair loss
Poor wound healing
Growth retardation (in children)
Increased susceptibility to infection
e Neurological abnormalities
2. Biochemical Changes
e 120:3 ©-9/20:4 -6 ratio (triene/tetracne ratio >0.4 indicates deficiency)
e Altered eicosanoid profile
B. COMPLEX LIPIDS
Contain additional groups besides fatty acids and alcohol
1. Phospholipids
Contain phosphoric acid and often nitrogenous base
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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)
o

i
0 GHO—CR

!

’ I

: O CHO-CR
Ry—C—O—CH O . Ry—C—0—CH

|

i

o | T +,CHs
CHy—O—P—0- CHy—0—P—0—CH,y—CHp—N_CH
:I:'_ :lj:- Choline CHs (\®)
(1) Phosphatidic acid i (2) Lecithin {phosphatidylcholine) 0
. . ' . . [ ]
M o Phosphatidylethanolamine (Cephalin): Ethanolamine as alcohol
= Brain and nerve tissue w
K o Phosphatidylserine: Serine as alcohol 5'
= Important in apoptosis, blood clotting o
0 (¢”]
P 0  CH,—0—C-R, E
o R,—C—0—CH 0O ;.
o u:lez—o—y:—R, CHTO?,'.:::- =y
I z Ry=C—0—CH 0 {2
CHz—0——0—CH,~CHy—NH, on
o~ Ethanolamine myc-Inositol
(3) Cephalin (phosphatidylethanolamine) (4) Phosphatidylinositol
P o CHQ—O—E%—R1 ¢ GHoO-CHSESH
szltlzfoftl:H 0 Rz*C*O*ﬁIH (H]
Cl:HQ—:::—||3‘—(::-—E:H3—CH—C:00- CHy—O——0~CH,y—CHy—NH,
A :Ii" |~IJH5 (o Ethanolamine
Serine
(5) Phosphatidylserine (6) Plasmalogen (phosphatidalethanolamine)
R o Phosphatidylinesitol: Inositol as alcohol
= Cell signaling (IPs, DAG pathway)
A o Cardiolipin: Two phosphatidylglycerols
= Inner mitochondrial membrane
o Plasmalogens: Vinyl ether at C1
T =  Brain, heart, muscle
(|:|) \I::_
I O GHy—O—C—Ry CHy—O-B——0—CHy O
Ry—C—0—CH O HE—OH OO0 HE—0—C—Ry
O CHz_(:]_'I:_:::_CHz Rs—C—0O—CH-
Phosphatidyiél\,rcerol
N (7) Cardiolipin (diphosphatidylglycerol)

Ceramide
Sphingosine

CHy—(CHa)1~CH=CH—CH-CH-NH—C—R

e
(0]
b o
R0 . CHs
E:]_CHQ_C:HQ_N:CHS
Choline CHy

(8) Sphingomyelin
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b) Sphingophospholipids
e Sphingosine + fatty acid + phosphate + choline
e Sphingomyelin: Major component of myelin sheath
2. Glycolipids (Glycosphingolipids)
¢ Contain carbohydrate + sphingosine + fatty acid
e No phosphate group
o Types:
o Cerebrosides: Galactose/glucose + ceramide
= Galactocerebroside (brain), glucocerebroside (other tissues)
o Gangliosides: Oligosaccharide + N-acetylneuraminic acid (sialic acid)
=  Cell surface receptors, neural tissue
o Globosides: Multiple sugars (ceramide oligosaccharides)
o Sulfolipids: Sulfated glycolipids (e.g., sulfatides in brain)
3. Lipoproteins
e Lipid + protein complexes
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P e Function: Transport hydrophobic lipids in aqueous blood

e Classification by density:

Diameter Protein  Main Lipids Function
R (nm) %
E Chylomicrons | <0.95 75-1200 1-2% Dietary TAG Transport dictary fat
(85%)
P VLDL 0.95-1.006 | 30-80 5-10% Endogenous TAG | Transport hepatic TAG
(55%)
IDL 1.006- 25-35 15-20% | TAG, cholesterol | VLDL remnant
1.019
A LDL 1.019- 18-25 20-25% | Cholesterol (50%) | "Bad cholesterol" -
R 1.063 delivers cholesterol
HDL 1.063- 5-12 45-55% | Protein, "Good cholesterol" -

A 1.210 phospholipids reverse transport

C. DERIVED LIPIDS

Hydrolysis products of simple and complex lipids
T 1. Fatty Acids

General Structure: R-COOH (long hydrocarbon chain)
I Classification:

a) By Chain Length:
O e Short-chain: 2-6 carbons (volatile, water-soluble)

e Medium-chain: 8-14 carbons
N ¢ Long-chain: 16-20 carbons (most common)
e Very long-chain: >20 carbons

S b) By Saturation:

e Saturated: No double bonds (e.g., palmitic C16:0, stearic C18:0)

e Monounsaturated: One double bond (e.g., oleic C18:1, ®-9)

e Polyunsaturated: Multiple double bonds (e.g., linoleic C18:2, ®-6; a-linolenic C18:3, ®-3)
¢) Essential Fatty Acids:

e Cannot be synthesized, must be dietary

e Linoleic acid (®-6): Precursor to arachidonic acid

e o-Linolenic acid (®-3): Precursor to EPA and DHA
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e Functions: Membrane fluidity, eicosanoid synthesis
d) Naming Systems:
¢ Asystem: Count from carboxyl end (biochemical)
e /n system: Count from methyl end (nutritional)
2. 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 5 B
o - Emulsify dietary fats I A
4. Vitamin D: Calcitriol (active form) ™
3. Alcohols

e Glycerol: Backbone of glycerolipids
¢ Sphingosine: Backbone of sphingolipids
e Sterol alcohols: Cholesterol, phytosterols

T
e Fatty alcohols: Component of waxes L
4. Hydrocarbons HO™
e Carotenoids: Tetraterpenes (p-carotene,
lycopene)
¢ Squalene: Cholesterol precursor
e Natural rubber: Polyisoprene
D. MISCELLANEOUS LIPIDS
1. Terpenes (
e Isoprene (CsHs) units HO™ ™
e Monoterpenes (Cio): Essential oils (menthol,
limonene)
e Sesquiterpenes (Cis): Abscisic acid
e Diterpenes (Cx): Phytol (chlorophyll), gibberellins
e Triterpenes (Cso): Squalene
o Tetraterpenes (Cs): Carotenoids

o Polyterpenes: Rubber
2. Eicosanoids
e 20-carbon derivatives of arachidonic acid
Prostaglandins: Inflammation, pain, fever, uterine contraction
e Thromboxanes: Platelet aggregation, vasoconstriction
e Leukotrienes: Allergy, inflammation, asthma
¢ Lipoxins: Anti-inflammatory, resolution of inflammation
3. Lipid Vitamins
e Vitamin A: Retinoids (vision, growth)
e Vitamin D: Calciferols (calcium metabolism)
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e Vitamin E: Tocopherols (antioxidant)

¢ Vitamin K: Quinones (blood clotting)
4. Lipopolysaccharides

e Bacterial endotoxins (Gram-negative)

e Lipid A + core polysaccharide + O-antigen
LIPID CLASSIFICATION OVERVIEW

Category Subcategory Components Examples \ Functions
SIMPLE Neutral lipids | Glycerol + 3FA Triacylglycerols Energy storage
Waxes Long-chain alcohol + | Beeswax, lanolin Protection, )
FA waterproofing 0
M COMPLEX | Phospholipids | Alcohol + FA + P + N- | Phosphatidylcholine | Membrane structure *
base =
K Glycolipids Sphingosine + FA + Cerebrosides Cell recognition 5-
sugar
Lipoproteins | Lipids + proteins HDL, LDL Lipid transport g
DERIVED | Fatty acids Hydrocarbon + COOH | Palmitate, oleate Energy, precursors ]
Steroids Steroid nucleus Cholesterol, Membrane, signaling E
hormones 7
Alcohols Hydroxyl groups Glycerol, cholesterol | Lipid backbones ;"
MISC Terpenes Isoprene units Carotenoids, rubber | Pigments, hormones e
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.

e 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").
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4. Hydrogen Atom (H): A single hydrogen atom bonded to the alpha carbon.

e

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.

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.
4. Essential and Non-Essential Amino Acids
This classification is based on the human body's ability to synthesize them.
e [Essential (Indispensable) Amino Acids (9):

o

Generalized Structure:
H
|

HoN*t — Co — COO-

|
R

Definition: Amino acids that cannot be synthesized by the human body (or are
synthesized at a rate insufficient to meet physiological needs) and therefore must be
obtained from the diet.

List: Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Threonine, Try
ptophan, Valine. (Mnemonic: PVT TIM Hall)

Significance: A deficiency in any one essential amino acid halts protein synthesis and
leads to a negative nitrogen balance. "Complete" dietary proteins (e.g., meat, eggs, soy)
contain all essential amino acids in adequate proportions.
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¢ Non-Essential (Dispensable) Amino Acids (11):

o

Definition: Amino acids that can be synthesized by the human body from metabolic
intermediates (like pyruvate, oxaloacetate) or from other amino acids, so they are not
required in the diet.

List: Alanine, Arginine, Asparagine, Aspartate, Cysteine, Glutamate, Glutamine,
Glycine, Proline, Serine, Tyrosine.

Note: The asterisk (*) denotes conditionally essential amino acids. These are normally
non-essential but become essential under specific physiological conditions (e.g., severe
illness, metabolic stress in premature infants, liver disease) where the body's synthesis
pathways cannot meet the increased demand. For example, arginine synthesis may be
insufficient during rapid growth or recovery from trauma.

5. Classification of Amino Acids Based on Structure
Amino acids are classified primarily by the chemical properties of their side chains (R-groups). This
structural classification is fundamental to understanding protein folding, function, and interactions.
A. Nonpolar (Hydrophobic) Amino Acids
Side chains are hydrocarbon chains or aromatic rings that avoid water. They cluster inside proteins to
stabilize the core.

e Aliphatic:

o

O O O O

Glycine (Gly, G): Simplest. R = H. Small and flexible, fits into tight spaces.
Alanine (Ala, A): R = -CHs. Small and inert.

Valine (Val, V): R = branched isopropyl group. Bulky.

Leucine (Leu, L): R = branched isobutyl group. Bulky.

Isoleucine (Ile, I): R = sec-butyl group. Bulkier with a chiral B-carbon.
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o Methionine (Met, M): R = -(CH:)-S-CHs. Contains sulfur but is nonpolar. Often initiates
protein synthesis.

e Aromatic: Planar ring structures that absorb UV light (A_max ~280 nm).

o Phenylalanine (Phe, F): R = benzyl group. Very hydrophobic.

o Tryptophan (Trp, W): R = indole group. Bulky, slightly polar due to nitrogen, but
overall hydrophobic.

e Imino Acid:

o Proline (Pro, P): Side chain loops back to covalently bond with the backbone nitrogen,
forming a pyrrolidine ring. This makes the backbone rigid and introduces "kinks" in
protein chains.

B. Polar, Uncharged (Hydrophilic) Amino Acids
Side chains contain functional groups that can form hydrogen bonds with water. They are typically found
on protein surfaces.

e With -OH group:

o Serine (Ser, S): R = -CH2-OH. Can be a site for phosphorylation.

o Threonine (Thr, T): R = -CH(OH)-CHs. Has a chiral B-carbon.

o Tyrosine (Tyr, Y): R = aromatic -CHz-phenol. Polar due to -OH, can be phosphorylated.

e  With Amide group:

o Asparagine (Asn, N): R = -CH>-CONHa.

o Glutamine (Gln, Q): R = -(CH:).-CONH..

e  With Sulthydryl group:

o Cysteine (Cys, C): R = -CHz-SH. The thiol group is reactive. Two cysteines can form
a disulfide bond (-S-S-), a crucial covalent bond for protein stability.

C. Positively Charged (Basic) Amino Acids
Side chains are proton acceptors and carry a positive charge at physiological pH (~7.4). Important for
ionic bonds and binding to DNA/RNA.

e Lysine (Lys, K): R = -(CH:z)+-NHs". Long, flexible chain with a terminal amino group.

e Arginine (Arg, R): R = -(CH:);-NH-C(NHz)>" (guanidinium group). The charge is delocalized,
making it strongly basic.

o Histidine (His, H): R = imidazole ring. Has a pKa (~6.0) close to physiological pH, so it can
exist in both protonated (+) and deprotonated (neutral) forms. Acts as a key proton donor/acceptor
in enzyme active sites.

D. Negatively Charged (Acidic) Amino Acids
Side chains are proton donors and carry a negative charge at physiological pH.
e Aspartic Acid (Asp, D): R = -CH>-COOH (carboxylate: -COO").
¢  Glutamic Acid (Glu, E): R = -(CH2).-COOH (carboxylate: -COO").
Special Structural Sub-classifications

e Sulfur-containing: Cysteine and Methionine.

e Aromatic: Phenylalanine, Tyrosine, Tryptophan (and Histidine, though its imidazole ring is
not purely aromatic in all contexts).

e Branched-Chain Amino Acids (BCAAs): Valine, Leucine, Isoleucine. Metabolized in muscle.

e Acidic and their Amides: Aspartic Acid — Asparagine; Glutamic Acid — Glutamine.

o Essential vs. Non-essential: Classified based on whether the human body can synthesize
them. Essential (must be obtained from diet): Phe, Val, Thr, Trp, Ile, Met, Leu, Lys, His.
(Mnemonic: PVT TIM HALL).

Summary Table
Class Amino Acids (3-letter, 1-letter) ‘ Key Structural Feature
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Nonpolar Aliphatic Gly (G), Ala (A), Val (V), Leu Alkyl/ branched chains
(L), Nle (I), Met (M)
Nonpolar Aromatic Phe (F), Trp (W) Benzene/Indole rings
Special Conformation Pro (P) Cyclic (imino acid)
Polar Uncharged Ser (S), Thr (T), Asn (N), Gln -OH, -CONH: groups
(Q), Tyr (Y)
Polar, Special Function Cys (C) -SH (forms disulfide bonds)
Positively Charged Lys (K), Arg (R), His (H) -NHs*, Guanidinium, Imidazole
Negatively Charged Asp (D), Glu (E) -COO™

6. 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 (NHz) 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
+ | _ + | _
HayN— (|3—CDD + H3F-J—{|3—COG
Ry R
Amino acid 1 Amino acid 2
—¥H-0
H
+ | | _
H3N—{|3—C O—N H—(_l‘,— COO
Ry Rz
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).
¢ Directionality: The chain has direction. One end has a free amino group (called the N-
terminus). The other end has a free carboxyl group (called the C-terminus). Proteins are
synthesized and read from the N-terminus to the C-terminus.
¢ Key Chemical Properties of the Peptide Bond:
o Itis a covalent, strong bond.
o It has partial double-bond character due to resonance, making it rigid and planar. The
six atoms involved (Ca-C-O-N-H-Ca) all lie in the same plane.
o This rigidity restricts rotation around the peptide bond itself, but rotation is still possible
around the bonds involving the Ca atom (N-Ca and Ca-C bonds). These are the phi
(®) and psi (P) torsion angles, which determine the polypeptide's three-dimensional
folding.
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7. Levels of Protein Structure
Protein structure is hierarchical, organized into four levels of increasing complexity.
A. Primary Structure

e 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).

=
/_,—-
HgC\ /CH;} | H:ac\ /CH;;
|z . || |~
H.N—C—C” HN—C—C EE— HQN—{l: C—NH—C—C\
OH J OH
K '/ H H H o
— +
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 (B-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.
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= Can be parallel (adjacent strands run in the
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same N—C direction)
or antiparallel (adjacent strands run in

opposite directions). Antiparallel sheets are

generally more stable.

= Side chains alternate pointing above and
below the plane of the sheet.

3. Beta Turns (B-turns) and Loops:

= Tight, 180° reverse turns that allow the
polypeptide chain to change direction.

= Often connect successive strands of -
sheets.

‘-g&——HBond
o between chains

N-Terminal —_'}
C-terminal

T
N-Terminal ——— % C-terminal

C-Terminal $——— N-terminal

= Loops are less regular, often flexible regions on the protein surface.
C. Tertiary Structure
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.
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,
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ionic bonds, van der Waals). Sometimes also covalent disulfide bonds between subunits.

o 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.

e 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.
o 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.

o 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.

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.
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=  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.
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.
Other Crucial Protein Functions (Implied by the outline's focus):
e 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).
e 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.
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= 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 + [l
M cofactor) is the holoenzyme. The protein component alone, which is inactive, is fw
the apoenzyme.
K Example: DNA Polymerase III (bacterial) E
e Apoenzyme: Multiple polypeptide subunits =)
e Cofactor: Mg?" ions <)
e Holoenzyme: Complete complex capable of DNA synthesis C:D-
Feature Apoenzyme Holoenzyme \ E.
Composition Protein part only Protein + cofactor Z,A
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
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).

2. 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):
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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 (Daniel Koshland, 1958):

o Concept: This is the currently accepted Lock-and-Key
model. The active site is not a rigid Substrate fits perfectly into the active site.
structure. Upon initial, weak binding of substme"?

the substrate, the enzyme undergoes T "
a conformational change (a change in E"Wmﬂ‘w U
shape). This change induces a tighter fit
around the substrate, like a handshake or

a glove molding around a hand. This Induced-Fit

induced fit: Active site conforms to its substrate’s shape.
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.
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.

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.

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.

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.

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.

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

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.

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

= 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.
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.

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).

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

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).

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).
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Classification of Enzymes

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).

Typical Naming: Dehydrogenases (remove hydrogens), Reductases, Oxidases (use Oz as electron
acceptor), Peroxidases (use H20:), Oxygenases (incorporate oxygen into a substrate).

General Equation: AH,+B—A+BH; (where AH: is the electron donor).

Key Cofactors: NAD', NADP*, FAD, FMN, metal ions (Fe, Cu).

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.

Typical Naming: Transaminase (transfer amino group), Kinase (transfers phosphate from
ATP), Methyltransferase.

General Equation: AX+B—A+BX

Examples:
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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 a-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.
Typical Naming: Often ends in -ase preceded by the substrate
(e.g., Protease, Lipase, Nuclease, Phosphatase).
General Equation: A-B+H,O—A—-H+B—OH
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

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.

Key Feature: They work in reverse as well, catalyzing the addition of groups to double bonds.
Typical Naming: Decarboxylase (removes CO2), 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).

Examples:
o Pyruvate Decarboxylase (EC 4.1.1.1): Removes CO: from pyruvate to form
acetaldehyde.
o Fumarase (EC 4.2.1.2): Hydration of fumarate to malate (adds H20 across a double
bond).

EC 5: Isomerases

Reaction Catalyzed: Catalyze intramolecular rearrangements; they change the structure of a
molecule by moving functional groups within the molecule to form an isomer.
Types: Racemases or Epimerases (change optical isomer), Cis-trans Isomerases, Intramolecular
Transferases (mutases).
General Equation: A—A' (isomer)
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)

MK PREPARATIONS: Let’s Make It Happen

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
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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

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

number.

EC Class Name Type of Reaction Catalyzed =~ Example (EC Number)

Class

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).

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

Definition of Nucleic Acids
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)
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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.

3. A Nitrogenous Base: A nitrogen-containing molecule N
attached to the 1' carbon of the sugar. There are two

Ho
o a0
categories of bases: L“N — H:NJQ\ |
|
H H

e}

. . Sy N
o Purines (double-ring structures): Adenine b
(A) and G“anil'le (G) (@ aminopme) (zamino & oxyprine)
o Pyrimidines (single-ring structures): Cytosine hike
(C), Thymine (T) (found only in DNA), and Uracil N‘ﬁ
(U) (found only in RNA). P~
Formation of a Nucleic Acid Strand: Nucleotides link together b
via phosphodiester bonds, which form between the phosphate group oy Lo ) ine)
of one nucleotide and the 3' carbon of the sugar of the next nucleotide. o 0
This creates a repeating sugar-phosphate backbone with the HN | £ HN |
nitrogenous bases extending as side groups. The sequence of these OJ\N CJ\_N
bases along the strand encodes genetic information. | &
Thymine (T) Uracil (U)
(2.4-dioxy-5 methylpyrimidine) (2,4-dioxypyrimidine)
0
L
uN~ > -CHa
‘_f Thymine

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
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The famous double helix model was elucidated by
James Watson and Francis Crick in 1953, based on the i

X-ray crystallography work of Rosalind Franklin. This .-w—;i)_r-.—
model describes DNA's stable, three-dimensional shape L
and has several key features: HEY 0L Adenine
1. Two Strands: DNA consists Ky \H\ » N
M of two polynucleotide strands. AN/ H @0
2. Anti-parallel Orientation: The two strands run _W_H
K in opposite directions. One strand runs in the 5' 4 o E
— 3' direction (from its phosphate end to its HE® O Guanine o
sugar hydroxyl end), while the complementary h } <)
strand runs 3' — 5'. H H =
3. Sugar-Phosphate Backbone: The backbones of N e
P the two strands coil around the outside of the 3:::_______ Phosphodiester E,
molecule. . . H 5J//& Thymine > 2}
R 4. Bases Inward: The nitrogenous bases point Hon i
inward, toward the central axis of the helix, like HNZ H <
E the rungs of a twisted ladder. 9 H
5. Helical Twist: The two strands twist around =0
P each other to form a right-handed spiral, ;gn ’
completing one turn approximately every 10
base pairs.
A e Base Pairing (Complementary Base Pairing)
The two strands of the helix are held together by specific hydrogen
R bonds between the inward-facing bases. This follows a strict rule @ P
known as Chargaff's rules: [Ty
A o Adenine (A) always pairs with Thymine e T ""N/’t\>
(T) via two hydrogen bonds. Thymine k\ur "G
T o Guanine (G) always pairs with Cytosine haene cn
(C) via three hydrogen bonds. "
I This specific A-T / G-C pairing is called complementary base pairing. ® F//’\ITH] ey
It means the sequence of one strand automatically dictates the sequence of TD/N\TJ-'--.H__N, L
the other. For example, if one strand reads 5'-ATGCC-3', the onan Oy /;j P
O complementary strand must read 3'-TACGG-5'. Oyosine N No\lzm
Guanine
N Consequences of Base Pairing:
o Stability: The three hydrogen bonds in G-C pairs make regions of DNA with high G-C
S content slightly more stable than regions with high A-T content.

o Replication: Complementarity allows DNA to be replicated accurately; each strand
serves as a template for the synthesis of a new complementary strand.
o Information Storage: Genetic information is stored in the sequence of bases, not in their
chemical identity. Any sequence is possible within the pairing rules.
The DNA Double Helix (Watson-Crick Model, 1953)
Informed by Rosalind Franklin's X-ray diffraction data and Chargaff's rules.
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.

52|76
MK PREPARATIONS: Let’s Make It Happen |

+92 333 2605045, +92 342 4470091



L MK PREPARATIONS) .-

~ L

nZO—~—=>»Xp»vmRI o

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

¢ 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.

¢ 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.
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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

e 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.

Types of DNA: A Comparative Table

~ L

N
&
=,
i @
=
<
=
e
=
;o
N
-
<

Category of Type Key Characteristics | Primary Role/Notes
Based on B-DNA The classic, right- Predominant form under physiological
Structural handed double helix. | conditions. Standard model for genetic
Conformation ~10 base pairs per storage and function.

turn. Hydrated,
biologically most
common form.
A-DNA Shorter, wider right- | Found in DNA-RNA hybrids and some
handed helix. ~11 protein-DNA complexes. More compact
base pairs per turn. than B-DNA.

Forms under

dehydrating
conditions.

Z-DNA Left-handed double Associated with gene regulation,
helix with a zigzag especially near promoter regions.
backbone. ~12 base Induced by negative supercoiling.

nZO—~—=>»Xp»vmRI o

pairs per turn. Forms
in sequences with

alternating
purines/pyrimidines
(e.g., GCGCGO).
Based on Coding DNA Sequences of genes Makes up a small percentage of the
Functional Role that are transcribed genome (~1-2% in humans). Directly
into mRNA and determines an organism's traits via

ultimately translated | proteins.
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into amino acid
sequences (proteins).

Non-Coding Sequences that are Comprises the vast majority of

DNA not translated into cukaryotic genomes. Includes regulatory
proteins. Includes a sequences, introns, and repetitive DNA.
variety of functional
and non-functional
elements.

Regulatory A subset of non- Acts as binding sites for transcription

DNA coding DNA that factors and other proteins to turn genes
controls gene on/off.
expression (e.g.,
promoters, enhancers,
silencers).

Based on Sequence | Unique Sequences that appear | Forms the basis of genetic individuality

& Location in
Genome

(Single-Copy)
DNA

only once or a few
times in the genome.
Includes most
protein-coding genes.

and codes for most functional products.

Repetitive Sequences repeated Involved in chromosome structure,
DNA hundreds to millions | evolution, and some diseases.
of times throughout
the genome. Two
main classes:
* Tandem Short sequences Satellite DNA: Found at centromeres &
Repeats repeated head-to-tail | telomeres

in clusters (e.g.,
satellite, minisatellite,
microsatellite DNA).

(structural). Microsatellites: Used in
DNA fingerprinting.

* Interspersed

Repeated sequences

Makes up a large fraction of mammalian

Repeats scattered across the genomes (~45% in humans). Can
genome, derived from | influence gene expression and genome
transposable elements | evolution.

(e.g., SINEs like Alu,
LINEs).
Based on Cellular | Nuclear DNA DNA enclosed within | Contains the vast majority of an
Location (nDNA) the cell nucleus. organism's genetic material. Inherited
Organized into linear | from both parents (biparental
chromosomes and inheritance).
complexed with
histones into
chromatin.
Mitochondrial | Small, circular DNA | Codes for tRNAs, rRNAs, and proteins
DNA (mtDNA) | molecule found in essential for oxidative phosphorylation.

mitochondria. Lacks
histones and introns.

Has a higher mutation rate than nDNA.
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Maternally inherited
in most species.
Chloroplast Circular DNA found | Codes for proteins and RNAs involved
DNA (cpDNA) | in chloroplasts of in photosynthesis. Also maternally
plant cells and other | inherited in many plants.
photosynthetic
eukaryotes.
Based on Physical | Linear DNA DNA molecules with | Ends are protected by telomeres, which
State two distinct ends. prevent degradation and fusion.
Characteristic of
cukaryotic nuclear
chromosomes.
Circular DNA | DNA molecules that | Found in prokaryotic chromosomes,
form a closed loop plasmids, mitochondria, and
with no free ends. chloroplasts. Supercoiling is common.
Single- DNA consisting of a | Temporary state during DNA
Stranded DNA | single polynucleotide | replication (on the lagging strand
(ssDNA) chain. Not a stable template) and recombination. Also the
storage form. genetic material of some viruses (e.g.,
parvoviruses).
Special / Triplex DNA Triple-stranded May play a role in gene regulation
Alternative (H-DNA) structure that can (transcription repression) and
Structures form in sequences recombination.
with mirror symmetry
(polypurine-
polypyrimidine
tracts).
G-Quadruplex | Four-stranded Implicated in the regulation of
DNA structure formed in replication, transcription, and telomere
guanine-rich maintenance. A target for potential
sequences (e.g., cancer therapeutics.
telomeres, gene
promoters). Stabilized
by Hoogsteen
hydrogen bonding.
Catenated Two or more circular | A topological state that must be resolved
DNA DNA molecules that | by topoisomerases after DNA
are interlinked like replication in circular genomes.
rings in a chain.
Extrachromosomal | Plasmid DNA | Small, circular, Often carry genes conferring selective
DNA extrachromosomal advantages (e.g., antibiotic resistance).
DNA molecules Key tools in genetic engineering and

found in bacteria,
archaea, and some
eukaryotes (e.g.,
yeast).

biotechnology.
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Viral DNA The genetic material | Exists independently of the host
of DNA viruses. Can | chromosome during viral replication.
be single or double- Can integrate into the host genome (e.g.,
stranded, linear or retroviruses via a DNA intermediate).
circular.

Ribonucleic Acid (RNA) g
M I. Fundamental Structure of RNA .
A. Chemical Composition
K RNA is a ribonucleic acid polymer with four key differences from DNA: E
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 g_.
pairs with adenine. o
2. Strandedness: Primarily single-stranded, but folds into complex 3D shapes via intramolecular E
base pairing. =
3. Overall Stability: Less chemically stable than DNA due to the 2'-OH group, which makes it Z,A
more susceptible to hydrolysis. This suits its role as a transient information carrier. -
B. Levels of Structural Organization <
Primary The linear sequence of nucleotides Contains the information (genetic code in mRNA,
Structure linked by 3'—5' phosphodiester anticodon in tRNA, structural motifs in rRNA).
bonds. The sequence is written
5'—3".
Secondary Local folding into double-stranded Provides stability, creates recognition sites for
Structure regions via intra-strand base proteins/other RNAs, and is the foundation for
pairing (A=U, G=C). Common tertiary folding.

motifs: Stem-loops (hairpins),
internal loops, bulges,

pseudoknots.
Tertiary The overall three-dimensional shape | Creates unique surfaces and clefts that determine
Structure formed by long-range interactions the RNA's specific biological function, including
between secondary structure catalytic sites in ribozymes.

elements. Stabilized by:
* 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
I1. 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.

nZO—~—=>»Xp»vmRI o
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o Functions: Protects from degradation, aids nuclear export, and is recognized by the
ribosome for translation initiation.
2. 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.
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.
e 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.
Detailed Structure & Ribosomal Subunits:
Ribosomal rRNA rRNA
Subunit Components Components

Key Structural & Functional Roles

(Prokaryotes - E.

(Eukaryotes -

coli) Humans)
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 center is
5S rRNA (120 nt) | 5.8S rRNA (156 a ribozyme composed of 23S/28S rRNA).
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nt) * Contains the exit tunnel for the nascent
5S rRNA (121 nt) | polypeptide.

Key Features:

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).
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O III. Other Crucial Functional RNAs
N 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
S 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.
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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. N
M IncRNA Long Non- >200 nt; diverse structures. Multifunctional fw
coding RNA regulators. Involved in X-
K chromosome inactivation, genomic E
imprinting, chromatin remodeling, =)
and transcriptional regulation. e
Catalytic - Varied (e.g., Group I/II RNA molecules with enzymatic ED-
RNAs introns, RNase P, activity. They catalyze site-specific E
(Ribozymes) Hammerhead ribozyme). RNA cleavage, splicing, or peptide =
bond formation (rRNA). Y
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,
double-stranded pattern with bases
stacked interiorly. Crucial,

nZO—~—=>»Xp»vmRI o

unacknowledged data.
James Watson & 1953 Proposed the double helix model in
Francis Crick their paper "Molecular Structure of

Nucleic Acids," correctly explaining
base pairing (A-T, G-C) and the
mechanism for replication.

RNA Multiple Late Initially distinguished from DNA by its
researchers (following 1800s/Early | sugar (ribose) and presence in
Miescher) 1900s cytoplasm. Its diverse roles were
elucidated much later in the 20th
century.
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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- | 1833 Isolated diastase (amylase) from malt,
Francois Persoz 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 & William Prout Early 1800s | Classified food components into
Membranes 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 Karl Lohmann 1929 Discovered Adenosine triphosphate
Currency) (ATP) in muscle extracts.
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).

Cellular Respiration
Cellular respiration is the enzyme-catalyzed catabolic process by which cells oxidize organic
molecules (primarily glucose) to carbon dioxide (CO:) and water (Hz20), capturing the released energy
in the form of adenosine triphosphate (ATP). It is the central energy-harvesting pathway, connecting the
metabolism of carbohydrates, lipids, and proteins. Nearly all (both autotrophs and heterotrophs)
perform cellular respiration to generate ATP for cellular work.
Overall Chemical Equation (Aerobic)

Ce¢H1,04 + 60, = 6CO, + 6H,0 + Energy (ATP + heat)
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In this exergonic reaction, glucose is oxidized and oxygen is reduced. The standard free-energy

change (AG) is approximately -686 kcal/mol, though under cellular conditions it can be as high as -720
kcal/mol. The primary goal is not heat production (as in combustion) but the stepwise, efficient capture of
energy into ATP's high-energy phosphate bonds.

Cellular Respiration
CgHyp0g +60,— 6CO, + 6H,0 + energy (heat and ATF)

Glucose  — enters — Glycolysis
Fermentation —te= =2  mm ruvate
absent 77 |
0z
present

co, Oxidation
of pyruvate

|

Fatty acids = B-oxidation » Acetyl-CoA

co, Citric acid
cycle

Fundamental Principles:

Chemiosmosis =

Oxidation-Reduction (Redox) in Metabolism
e Oxidation: The loss of electrons. In biological systems, this often occurs as dehydrogenation—
the removal of a hydrogen atom (1 ¢~ + 1 H").
e Reduction: The gain of electrons, often involving the gain of hydrogen.
e These reactions are always coupled. The molecule that loses electrons (gets oxidized) is
the reducing agent; the molecule that gains electrons (gets reduced) is the oxidizing agent.

Role of Electron Carriers

chain

creates

—

Proton
gradient

|
energy
for

ATP
synthase

NAD' and duced - NADH and
> FAD  [fOvcE FADH,
oxidation
reactions oxidized

1 0,
Electron transport C
| H,0

== form of =+ Potential energy

= catalyzes = ADP + P—ATP

Oxidative
phosphorylation

Cells use diffusible coenzymes to shuttle high-energy electrons from oxidized substrates to other

pathways.

¢ Nicotinamide Adenine Dinucleotide (NAD"):
o Accepts 2 electrons and 1 proton (H*) to form NADH. The second H" is released into

the solution.

o Serves as the primary mobile electron carrier, delivering electrons from dehydrogenase
enzymes to the Electron Transport Chain (ETC).
¢ Flavin Adenine Dinucleotide (FAD):
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o A prosthetic group bound
to flavoproteins (e.g., succinate

i < noifoubst
H 4 HA—D T S HE4H—O— T
| ||| romebio > |
7 7 >

dehydrogenase). o #—0 T 0
o Accepts 2 electrons and 2 protons to K (N K (O
form FADH.. A HO HO T s HO HO i
o Feeds electrons into the ETC at a J': Y o—1=o j: | ”\>_H o—t=0
lower energy level than NADH, R R o 0 N PO
resulting in less ATP production. : L i )

e Other Carriers in the ETC: Include FMN
(Flavin Mononucleotide), Ubiquinone
(Coenzyme Q), Cytochromes (cyt b, ¢, a, as), and Iron-Sulfur (Fe-S) proteins. All undergo
reversible redox reactions.

ATP as the Universal Energy Currency

e ATP stores energy in
its phosphoanhydride
bonds (between the phosphate
groups).

e Hydrolysis of ATP to ADP + Pi
releases about 7.3 kcal/mol under
standard conditions, which can be
coupled to drive endergonic cellular
work (biosynthesis, transport,
mechanical movement).

e The ultimate objective of respiration
is the continuous regeneration of
ATP from ADP and inorganic

HO  HO
sshimenitosin to ot beoubsf :HUA/

HO  HO
sbimenitosin to miot baxibixO *UA/

~ L

An overview of

. N Glycolysis
aerobic respiration.

Glucose
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phosphate (Pi).
Stages and Cellular Locations of Aerobic
Respiration
Respiration occurs in four sequential stages:
Location Main Inputs (Per Main Outputs ATP Production
(Eukaryote) Glucose) (Per Glucose) Mechanism
2 Pyruvate, 2
+ s .
1. Glycolysis Cytosol oS, 2 D | NADH, 2ATp | Substrate-Level
(net), 2 H,O phory
2. Pyruvate Mitochondrial 2 Pyruvate, 2 2 Acetyl-CoA, 2
Oxidation Matrix CoA, 2 NAD* CO:, 2 NADH None (Redox only)
3. Citric Acid . . 2 Acetyl-CoA, 6 4 CO2, 6 NADH,
Cycle ﬁggf}?"“dnal NAD*,2FAD,2 | 2 FADH., 2 ATP ls,‘lil;:“’lj‘(fi];:gs;
(Krebs/TCA) ADP + 2 P (or GTP) phory
c o L. Inner 10 NADH, 2 . Ocxidative
4. Oxidative . Mitochondrial FADH:, O., ADP H0, NAD', FAD, Phosphorylation (Che
Phosphorylation . ~26-28 ATP . .
Membrane + Pi miosmosis)

e Prokaryotes:

General Features

All stages occur in the cytosol, with the ETC embedded in the plasma membrane.
Stage 1: Glycolysis (The Splitting of Sugar)

e Auniversal, 10-step enzymatic pathway occurring in the cytosol.
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e Anaerobic; does not require O.. Common to aerobic respiration, anaerobic respiration, and
fermentation.
e Converts one 6-C glucose into two 3-C pyruvate molecules.
e Divided into two phases: Energy Investment (5 steps, consumes 2 ATP) and Energy Payoff (5
steps, produces 4 ATP and 2 NADH).
Stepwise Reactions and Key Enzymes
Energy Investment Phase
1. Hexokinase: Phosphorylates glucose using ATP — Glucose-6-phosphate (G6P). Traps glucose
in cell.
2. Phosphoglucose Isomerase: [somerizes GOP — Fructose-6-phosphate (F6P).
3. Phosphofructokinase-1 (PFK-1): Phosphorylates F6P using ATP — Fructose-1,6-bisphosphate
(F1,6BP). Major regulatory, irreversible step.
4. Aldolase: Cleaves F1,6BP into two 3-C sugars: Glyceraldehyde-3-phosphate
(G3P) and Dihydroxyacetone phosphate (DHAP).
5. Triose Phosphate Isomerase: Rapidly converts DHAP — G3P. Now 2 molecules of G3P
proceed.
Energy Payoff Phase (Per G3P, so doubled per glucose)
6. Glyceraldehyde-3-phosphate Dehydrogenase: Oxidizes G3P (removes 2 ¢” + 1 HY), reduces NAD*
— NADH. Adds inorganic phosphate (Pi) — 1,3-Bisphosphoglycerate (1,3-BPG). 4 high-energy acy!-
phosphate compound.
7. Phosphoglycerate Kinase: Substrate-level phosphorylation. Transfers phosphate from 1,3-BPG to
ADP — ATP + 3-Phosphoglycerate (3-PG).
8. Phosphoglycerate Mutase: Shifts phosphate group — 2-Phosphoglycerate (2-PG).
9. Enolase: Dehydrates 2-PG — Phosphoenolpyruvate (PEP). Creates a very high-energy phosphate
bond.
10. Pyruvate Kinase: Substrate-level phosphorylation. Transfers phosphate from PEP to ADP — ATP
+ Pyruvate.
Net Yield and Efficiency
e Inputs: Glucose + 2 NAD*+2 ADP + 2 Pi
e  OQOutputs: 2 Pyruvate + 2 NADH + 2 ATP (net) + 2 H.0
e Energy Efficiency: ~30-40% of energy released at this stage is captured in ATP.
Evolutionary Significance
Glycolysis is ancient, cytosolic, and oxygen-independent, evidence that it evolved in early prokaryotes
before the accumulation of atmospheric Os.
Fate of Pyruvate and NAD* Regeneration
The limited pool of NAD" must be regenerated from NADH for glycolysis to continue. The pathway
depends on oxygen availability.
e Aerobic Conditions (O: present): Pyruvate enters mitochondria. NADH is oxidized by the ETC,
regenerating NAD*.
e Anaerobic Conditions (O: absent): Two alternative pathways regenerate NAD*:
1. Fermentation: An organic molecule (c.g., pyruvate or its derivative) is reduced by
NADH. No ETC involved.
2. Anaerobic Respiration: Pyruvate is fully oxidized using an ETC with an inorganic final
electron acceptor other than O: (e.g., NOs~, SO.*).
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; Glycolysis = ATP

1. Phospherylation of glucose
by ATP.

2-3. Rearrangement, followed
by a second ATP
phosphorylation

4-5. The 6-carbon molecule is
split into two 3-carbon
molecules—one G3P,
another that is converted
into G3P in another reaction.

6. Oxidation followed by
phosphorylation produces
two NADH molecules and
two molecules of BPG, each
with one high-energy
phosphate bond.

=~

Removal of high-energy
phosphate by two ADP
molecules produces two
ATP molecules and leaves
two 3PG molecules.

8-9. Removal of water yields
two PEP molecules, each
with a high-energy
phosphate bond.

10. Removal of high-energy
phosphate by two ADP
molecules produces two
ATP molecules and two
pyruvate molecules.

The glycolytic
pathway. The first five reactions
convert a molecule of glucose into
two molecules of G3P. The second
five reactions convert G3P into
pyruvate.

Glycolysis: The Reactions

Glucose

p
ATP
Hexokinase
ADP

Glucose 6-phosphate

e Phosphoglucose
isomerase

Fructose 6-phosphate
ATP 2
Phosphofructokinase
ADP

Fructose 1,6-bisphosphate

Aldolase 4 tr’\
lsomerase

—-—

fin—

Dihydroxyacetone
phosphate

Glyceraldehyde 3-
phosphate (G3P)

NAD* D P P, -\ C NAD*
NADH Glyceraldehyde NADH

3-phosphate
dehydrogenase

1.3-Bisphosphoglycerate 1,3-Bisphosphaoglycerate
(BPG) (BPG)

ADP — @ ADP
Phosphoglycerate E wid
~/ kinase ATP

3-Phosphoglycerate 3-Phosphoglycerate
(3PG)Y (3PG)

®

Phospheglyceromutase

2-Phosphoglycerate 2-Phosphoglycerate
(2PG) (2PG)

H;0 4/ @

Enclase

\'* H;0

Phosphoenolpyruvate  Phosphoenolpyruvate
(PEP) (PEP)

ADP —— 0 |, —ADP

ruvate kinase
ap <] P N atp

Pyruvate Pyruvate
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Stage 2: Oxidation of Pyruvate to Acetyl-CoA

Location and Enzyme Complex

In eukaryotes, this occurs in the mitochondrial matrix, catalyzed by the massive pyruvate
dehydrogenase multienzyme complex.

Three-Step Reaction (Per Pyruvate) Pyruvate Oxidation: The Reaction
1. Decarboxylation: Removal of one carbon 0"
as COsx. Pyruvate ‘E é=o
2. Oxidation: The remaining 2-C acetyl group is E. é=0
oxidized; electrons reduce NAD" — NADH. L clrn
3. Formation of Acetyl-CoA: The acetyl group 0, ’
is attached to coenzyme A (CoA) via a high- NADT TN
energy thioester bond. [ NADH |+ <
Overall Reaction and Significance -~ CoA g §—CoA
Pyruvate + CoA + NAD™* g clr=o
— Acetyl-CoA + CO, + NADH =
Per Glucose: 2 Acetyl-CoA, 2 CO2, 2 NADH. Acetyl Coenzyme A g

Acetyl-CoA is a central metabolic hub, connecting

carbohydrate, fat, and protein catabolism.

Stage 3: The Citric Acid Cycle (Krebs Cycle/TCA Cycle)

Occurs in the mitochondrial matrix. Completes the oxidation of acetyl groups from Acetyl-CoA to CO-,
generating reduced electron carriers (NADH, FADH:) and a small amount of ATP.

Eight-Step Cycle (Per Acetyl-CoA) - Key Reactions

1.

2.
3.

7.
8.

Condensation (Citrate Synthase): Acetyl-CoA + Oxaloacetate (4C) — Citrate

(6C). Irreversible, highly regulated step.

& 3. Isomerization (Aconitase): Citrate — cis-Aconitate — Isocitrate.

First Oxidative Decarboxylation (Isocitrate Dehydrogenase): Isocitrate — a-Ketoglutarate
(5C) + CO: + NADH.

Second Oxidative Decarboxylation (o-Ketoglutarate Dehydrogenase Complex): o-
Ketoglutarate — Succinyl-CoA (4C) + CO: + NADH.

Substrate-Level Phosphorylation (Succinyl-CoA Synthetase): Succinyl-CoA — Succinate +
GTP (or ATP). GTP is readily converted to ATP.

Oxidation (Succinate Dehydrogenase): Succinate — Fumarate + FADH.:. This enzyme is part
of the inner membrane/ETC Complex II.

Hydration (Fumarase): Fumarate + H.O — Malate.

Oxidation (Malate Dehydrogenase): Malate — Oxaloacetate - NADH. Regenerates the cycle's
starting molecule.

Net Yield Per Glucose (Two Turns of Cycle)

6 NADH, 2 FADH:, 2 ATP (or GTP), 4 CO..
Total Carbon Output: All 6 original carbons from glucose are released as 6 CO: (2 from
pyruvate oxidation, 4 from the citric acid cycle).
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4 CH: group to oxaloacetate,
. = -
. Acetyl Co producing citrate.

@ The substrate
is oxidized,
reducing NAD* to
NADH and -
regenerating D r ———
oxaloacetate.
|

@ @ Acetyl CoA (from

_ oxidation of pyruvate}

Stage ":70* adds its two-carbon acetyl
A

coo™

L
HC—CO0™
HO—CH
L‘L
Isocitrate

@ Addition of | V—naD
a water
molecule LA P
rearranges
bonds in the 0
substrate. . -

© Coais displaced by a
phosphate group, which is
transferred to GDP, forming GTP,
a molecule with functions

FAD —~
O 1Two
hydrogens are Py
transferred to Succinyl
FAD, forming Grp GoP CoAy
FADH; and
oxidizing ADP
succinate.
similar to ATP. GTP can also be

used, as shown, to generate ATP.

Oxidative Phosphorylation (ETC & Chemiosmosis)
The Electron Transport Chain (ETC): Structure and Function

a-Ketoglutarate

PREPARATIONS). =

ECitrate is
converted to
its isomer,
isocitrate, by
removal of
one water
molecule and
addition of
another.

© isocitrate
is oxidized,
reducing
NAD* to
MNADH. Then
the resulting
compound
loses a CO,
molecule.

O Another CO,
is lost, and the
resulting
compound is
oxidized,
reducing NAD*
to NADH.

The remain-
ing molecule is
then attached
to coenzyme A
by an unstable
bond.

A series of protein complexes (I-I'V) and mobile carriers embedded in the inner mitochondrial

membrane (cristae).

Electron

Function

Input
I NADH Dehydrogenase NADH Yes Accepts ¢ from NADH, passes to
UQ, pumps H".
I Succinate FADH: (via No Accepts e~ from FADHo-, passes to
Dehydrogenase succinate) UQ. Part of TCA cycle.
- Mobile Lipid-soluble shuttles e™ from [ &
- Ubiquinone (UQ/ CoQ) Carrier - II to III.
Accepts ¢~ from UQHz, passes to
I Cytochrome bc; Complex | UQH: Yes Cytochrome *c*, pumps H-.
Mobile Peripheral protein shuttles e~ from
- * * -
Cytochrome *c Carrier I to I'V.
v Cytochrome *c* Oxidase | Cyt *c* Yes Accepts ?ﬁ’ reduces O: to He0,
pumps H*.

Final Reaction at Complex IV:

4H* + 4e~ + 0, - 2H,0
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The electron transport chain and
’W‘ chemiosmosis. a. High-energy electrons harvested from
1 catabolized molecules are transported by mobile electron carriers
(ubiquinone, marked Q, and cytochrome ¢, marked C) between three

!?yruvate Oxidation | complexes of membrane proteins. These three complexes use portions

7 0\ of the electrons’ energy to pump protons out of the matrix and into

l_ the intermembrane space. The electrons are finally used to reduce

%;{r;ﬁzx oxygen, forming water. b. This creates a concentration gradient of
/ { Acid \.II! ATP protons across the inner membrane. This electrochemical gradient is a

‘Qg\"dz// form of potential energy that can be used by ATP synthase. This
—~— t enzyme couples the reentry of protons to the phosphorylation of ADP
‘ Electron Transport Chain to form ATP.
Chemiosmosis
2
Mitochondrial matrix < RTH
Cytochrome
NADH dehydrogenase bcy complex oxidase complex
NADH+H*  NAD* 2H* . 'h0, JLO®

mitochondrial
membrane

Ht H+

Intermembrane space
d. The electron transport chain b. Chemiosmosis
Chemiosmosis and ATP Synthase

1. Proton Gradient Formation: As clectrons flow exergonically through Complexes I, 111, and IV,
they provide energy to pump protons (H*) from the matrix to the intermembrane space. This
creates an electrochemical gradient or proton-motive force (ApH + AY).

2. ATP Synthase - The Rotary Motor: This enzyme complex (FoF1 ATPase) uses the gradient's
potential energy.

o Fo: Transmembrane H" channel. The flow of H" down their gradient causes a rotor to
spin.

o Fu: Catalytic head in the matrix. The mechanical rotation induces conformational changes

that catalyze ATP synthesis from ADP + Pi (binding change mechanism).

o Approximately 4 H* are required to synthesize and export 1 ATP.
Experimental Evidence: Landmark experiments with artificial vesicles
containing bacteriorhodopsin (light-driven H* pump) and ATP synthase confirmed that a proton
gradient alone is sufficient to drive ATP synthesis, validating the chemiosmotic hypothesis.
Theoretical ATP Yield and Efficiency (Updated Calculation)
Modern biochemistry uses updated P/O ratios: ~2.5 ATP/NADH and ~1.5 ATP/FADH-, accounting for
proton pumping stoichiometry and transport costs.
ATP Accounting per Glucose in Eukaryotes

Source Yield (Per ATP Calculation (Modern)
Glucose)
Glycolysis 2 ATP 2 ATP

(Substrate-Level)

Glycolysis (NADH) | 2 NADH

ATP (if shuttled via glycerol-3-phosphate)

2.5 x 2 =5 ATP (if shuttled via malate-aspartate) or 1.5x2 =3
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Pyruvate Oxidation | 2 NADH 2.5x2=5ATP
Citric Acid Cycle
(SLP) 2 ATP (GTP) 2 ATP
Citric Acid Cycle _
(NADH) 6 NADH 2.5x6=15ATP .
Citric Acid Cycle _
M (FADH) 2 FADH: 1.5x2=3ATP .OO
TOTAL (Range) ~30-32 ATP oo
K Overall Efficiency i 0
e Complete oxidation of 1 mol glucose releases ~686 kcal. =
e Stored in ATP: 30-32 mol ATP x 7.3 kcal/mol = 219-234 kcal. g..
o Efficiency = 34%. The remaining energy is released as heat, which is vital for endotherm o
thermoregulation (e.g., mammals, birds). E
i @
\ / 7!
VP
Glycolysis - 1{179"_;}1 :
NADH ————————— Glucose Ay Q<

Pl

Pyruvate
Oxidation

Acetyl-CoA

nZO—~-Hp»pRPpoUmET

Regulation of Aerobic Respiration
Control occurs via feedback inhibition at key irreversible steps, responding to the cell's energy charge
([ATP]/[ADP]) and metabolite levels.

Pathway Key Regulatory Enzyme Inhibitors (High Activators (Low

Energy) Energy)
Glycolysis f)h"sl’h"f"““"k‘“ase'l (PFK- | AP, Citrate AMP, ADP, F2,6BP
Page 69|76
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Pyruvate Pyruvate Dehydrogenase ATP, NADH, Acetyl- .
Oxidation Complex CoA AMP, NAD?, CoA
Citric Acid Citrate Synthase, Isocitrate ATP, NADH ADP, Ca?
Cycle DH
Fatty Acid Metabolism Control: High ATP/citrate :
promotes fatty acid synthesis and inhibits B-oxidation. e
1 Glucose ADP
Low energy signals promote fat breakdown. |
Anaerobic Pathways Fructose 6.phosphate Activates

A. Anaerobic Respiration
e Definition: Uses an ETC with a final inorganic

~ L

|
/—| | Phosphofructokinase H

N
&
=,
i @
=
<
=
e
=
;o
N
-
<

electron acceptor other than O: (e.g., NOs~,

SO427; CO2, Fe3+)- Inhibits Fructose 1,6-bisphosphate Inhibits
¢ Organisms: Many prokaryotes in anoxic _1

environments (sediments, guts). Pynvae
e Yield: Less ATP than aerobic respiration (smaller |

free energy drop), but significantly more than

. Pyruvate Oxidation
fermentation.

e Examples: Denitrification (NOs~ — Nz), Sulfate
reduction (SO+>~ — HS), Methanogenesis (CO2 — ATP
CH.).

B. Fermentation

e Definition: Glycolysis + reduction of an organic
molecule to regenerate NAD*. No ETC or

chemiosmosis.

Purpose: Allows continuous ATP production via

glycolysis under anaerobic conditions. _
 ATPYield: Only 2 ATP per glucose (from \_| ecten Transport Chain
glyCOlySiS). Chemiosmosis
Major Types of Fermentation

1
| Pyruvate de hydrcgenase|
Acetyl-CoA
1

Inhibits

3 Citrate

Citric
Acid Cycle
& -' NADH

nZO—~—=>»Xp»vmRI o

Organisms Pathway (After End Products Application
Glycolysis) (Per Glucose)
1. Pyruvate —
Acetaldehyde + Brewing,
Alcohol Yeast, some CO2 2 Ethanol + 2 CO: | winemaking,
Fermentation bacteria 2. Acetaldehyde + | +2 ATP baking (CO:
NADH — Ethanol causes rise).
+ NAD*
Yogurt/cheese
production. In
muscles: rapid
Lactic Acid Animal muscle Pyruvate + NADH ATP during .
Fermentation cells, some — Lactate + 2 Lactate + 2 ATP | intense exercise
bacteria/fungi NAD* (lactate later
oxidized in
heart/liver
via Cori cycle).

Energy-Yielding Pathways
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Aerobic

Feature Respiration Anaerobic Respiration Fermentation
. . 2
Final e~ Acceptor | O: Z?:;gamc (NO-', SO, Organic (Pyruvate derivative)
gll;c & . Yes Yes No N
emiosmosis >
M ATP/Glucose 30-32 Moderate, but >2 2 ‘
(approx.) o
CO:z, Reduced Organic A
K End Products €O, H0 inorganics (IS, No. CH) | acids/alcohols (Lactate, Ethanol) o
Efficiency High (~34%) Moderate Very Low g_.
ga:)abolismcof Pl;'olteins and Fats Aeonal Fa o
. Protein Catabolism
P 1. Hydrolysis: Proteins — Amino acids. G"Ese i E.
2. Deamination: Removal of amino group . G H—C—OH Z,A
R (NHs/NH.4"), which is excreted ) L CH; =
as urea (mammals), uric > : — 2 Ethanol <
E acid (birds/reptiles), or ammonia (aquatic ZATP o
organisms). L <
P 3. Carbon Skeletons Enter Pathways: K [ 2NADH |
Converted to intermediates of glycolysis or c|" ? FII
A the citric acid cycle. (f N - ) - c=0
o Examples: Alanine — Pyruvate; =0 \ / (€0 (Im_‘
R Glutamate — a-Ketoglutarate; éH_‘ 2 Pyruvate —e= 2 Acetaldehyde
Aspartate — Oxaloacetate.
B. Fat (Lipid) Catabolism
A 1. Hydrolysis: Triglycerides — Glycerol + 3 Lactic Acid Fermentation in Muscle Cells
Fatty Acids. pre— o
T 2. Glycerol Pathway: Phosphorylated — Mo |
Glyceraldehyde-3-phosphate — 2ADP L =t
I enters glycolysis. > Y H—C—OH
3. Fatty Acid Oxidation (B-Oxidation): A c i
L . . 2ATP 3
O Occurs in mitochondrial matrix. ‘I:_’ an 2 Lactate
o Cycles repeatedly cleave 2-C acetyl v <
units from the fatty acid chain, each - s
N forming 1 Acetyl-CoA. leo M 2 NADH |
o Per Cycle: 1 FADH: + 1 NADH are | NSY
S also produced. ° YV
o Acetyl-CoA enters the citric acid Cip 2l

cycle.
Energy Yield Comparison
e Fats are energy-dense: ~9 kcal/g vs. ~4 kcal/g for carbohydrates.
e A 6-C fatty acid yields more ATP than a 6-C glucose due to its highly reduced state (many C-H
bonds). For example, palmitic acid (16C) yields ~106 ATP.

Metabolic Integration and Biosynthesis
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Amphibolic Nature of Pathways
Glycolysis and the citric acid cycle are catabolic funnels but also provide precursors (intermediates)
for anabolism (biosynthesis).
e Examples: Acetyl-CoA — Fatty acids/sterols; a-Ketoglutarate, Oxaloacetate — Amino acids;
Glucose-6-phosphate — Nucleotides.
¢ Gluconeogenesis: The synthesis of glucose from non-carbohydrate precursors (e.g., pyruvate,
lactate, amino acids). It uses most glycolytic enzymes in reverse, with three key bypass steps.
Feedback Regulation ensures balance. When ATP is abundant, catabolism slows and intermediates are
diverted to biosynthesis.
Evolutionary Aspects of Metabolism
A plausible sequence based on geochemical evidence:
1. Early Heterotrophy: Abiotic organic molecules degraded for energy, glycolysis evolved in
anoxic conditions.
2. Anoxygenic Photosynthesis: Used H2S or other donors, generating S°, not Oa.
3. Oxygenic Photosynthesis (Cyanobacteria): Used H:0, releasing O: into the atmosphere (~2.7
BYA). This was a major transition.
4. Aerobic Respiration Evolved: Used the newly available, powerful oxidant (O2), enabling much
higher ATP yields and supporting complex, multicellular life.
5. Endosymbiotic Origin of Mitochondria: Likely evolved from aerobic alpha-proteobacteria,
explaining the homology of ETC components and chemiosmosis.

Practice MCQs
1. What is the branch of biology that deals C) Surface tension
with the study of biological molecules and D) Capillary action
their reactions? Answer: Cohesion
A) Physiology 5. When water molecules stick to other
B) Biochemistry surfaces, it is called:
C) Molecular biology A) Cohesion
D) Genetics B) Adhesion
Answer: Biochemistry C) Surface tension
2. Water is an excellent solvent for polar D) Capillary action
substances because of its: Answer: Adhesion
A) High specific heat 6. Ice floats on water because:
B) Cohesion A) Ice is denser than water
C) Polarity B) Ice is less dense than water
D) Hydrogen bonding C) Ice has a higher specific heat
Answer: Polarity D) Ice has a lower heat of vaporization
3. The property of water that allows it to Answer: Ice is less dense than water
resist changes in temperature is due to its: 7. Hydrophobic exclusion refers to:
A) High specific heat capacity A) The attraction between water and nonpolar
B) High heat of vaporization molecules
C) Cohesion B) The repulsion between water and nonpolar
D) Adhesion molecules
Answer: High specific heat capacity C) The ionization of water
4. When water molecules stick to each other, D) The formation of hydrogen bonds
it is called: Answer: The repulsion between water and
A) Cohesion nonpolar molecules

B) Adhesion
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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) lonic 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:

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) (CH;0),

D) (C:Hs0),

Answer: (CHz20),
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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

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
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D) B-fructose units

Answer: p-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

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
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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
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Chapter 29

Molecular Biology

Nucleic Acids: Fundamental Units of Heredity
¢ Nucleic acids are linear, unbranched polymers of nucleotides that serve as the primary
information-carrying molecules in all living organisms and viruses.
e They constitute the chemical basis of heredity and direct cellular metabolism.
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. l\\s
K Landmark Experiments Proving DNA as Genetic Material o
Experiment Scientists Key Method & Conclusion g
(Year) Organism/System  Findings
Transformation Frederick Griffith Streptococcus Heat-killed S + live | A "transforming a
(1928) pneumoniae strains R — mice died; principle" transferr 9%
P (S-virulent, R- live S recovered. ed genetic traits. g
avirulent) o
R Identification of Oswald Avery, Colin | S. pneumoniae Purified DNA is the &
Transforming MacLeod, Maclyn components; only transforming =
E Principle (1944) McCarty DNA fraction substance and w
caused hereditary —
transformation; material in bacteria. a
P DNase destroyed =
activity. e
A Hershey-Chase Alfred Hershey, Bacteriophage T2 Radioactive DNA, not protein, <
(1952) Martha Chase & E. coli labeling: 32P is the genetic
(DNA) entered material that enters
R bacteria; 3°S host cells.
(protein) remained
A outside.
Chargaff's Rules Erwin Chargaff Multiple species Chemical analysis | A=T, G=C;
T (1949) of DNA base (A+G)=(T+C); base
composition. ratios are species-
specific.
I X-ray Diffraction | Rosalind Franklin, DNA fibers Produced "Photo Provided critical
(1950-53) Maurice Wilkins 51": helical data for double helix
O structure, 2 nm model.
diameter, 3.4 nm
repeat, 0.34 nm
N between bases.
Double Helix James Watson, N/A Combined Proposed
S 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 G-
molecular model. 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)

e RNA replication in RNA viruses

e Catalytic RNA (ribozymes) showing RNA — function directly
CHEMICAL ARCHITECTURE OF NUCLEOTIDES AND NUCLEIC ACIDS
Nucleotide Components
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ach nucleotide contains three components:

Component DNA RNA Key Differences
Pentose Sugar B-D-2'-Deoxyribose B-D-Ribose RNA has 2'-OH (more
reactive, susceptible to
hydrolysis).
Phosphate Group 1-3 phosphates at 5'C Same Energy stored in
phosphoanhydride bonds
(e.g., ATP).
Nitrogenous Bases Purines: Adenine (A), | Same
Guanine (G)
Pyrimidines: Cytosine | Cytosine (C), Uracil Thymine (5-
(C), Thymine (T) (L) methyluracil) in
DNA; Uracil in RNA.

Nucleoside = Base + Sugar (e.g., Adenosine, Deoxyguanosine)
Polynucleotide Formation
e Phosphodiester Bond: Links 3'-OH of one sugar to 5'-phosphate of the next.
¢ Backbone: Alternating sugar-phosphate with 5'—3' directionality.
e Primary Structure: Linear sequence of bases (5'—3").
DEOXYRIBONUCLEIC ACID (DNA): STRUCTURE AND CONFORMATIONS
Watson-Crick (B-DNA) Double Helix
¢ Antiparallel strands winding right-handed around a common axis.
e Hydrogen bonding: A=T (2 H-bonds), G=C (3 H-bonds).
e Structural features:
o Major groove: Wider, proteins bind here for sequence recognition.
o Minor groove: Narrower.
o Helical parameters: ~10 bp/turn, 3.4 nm pitch, 2 nm diameter.
DNA Supercoiling and Topoisomerases
e Negative supercoiling: Underwound DNA in cells; facilitates strand separation.
e Topoisomerases:
o Type I: Break one strand, relieve supercoiling (e.g., Topo I).
o Type II: Break both strands, pass another segment through (e.g., DNA gyrase in bacteria,
Topo II in eukaryotes).
o Clinical relevance: Target for antibiotics (quinolones) and chemotherapy (etoposide,
doxorubicin).
Higher-Order DNA Packaging: Chromatin
Hierarchical Organization:
1. Nucleosome: ~146 bp DNA + histone octamer (H2A, H2B, H3, H4%2) + linker DNA.
2. 30-nm fiber: Nucleosomes coil with H1 histone (solenoid model).
3. Radial loop domains: Attached to nuclear matrix/scaffold.
4. Metaphase chromosome: Maximum condensation.

Transcriptional Replication Example

Activity Timing
Euchromatin Less condensed Active Early S-phase Housekeeping genes
Constitutive Always condensed Silent Late S-phase Centromeres,
Heterochromatin telomeres
Facultative Condensed in Conditionally silent | Variable Inactive X-
Heterochromatin specific cells/times chromosome (Barr

body)
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Specialized DNA Structures
e Telomeres: TTAGGG repeats in vertebrates + shelterin complex.
o Function: Prevent end-to-end fusion, solve end-replication problem.
o Telomerase: Ribonucleoprotein (TERT + RNA template); active in germ cells, stem
cells, cancer cells.
e Centromeres: CENP-A (centromere-specific histone H3 variant) + repetitive DNA (alpha-

M satellite).
¢ Mitochondrial DNA D )
(mtDNA): T:‘:‘:225‘.:‘.‘:‘5::'3:3;:{:12?“‘“ o
K o Circular, dsDNA, stcture of DRA "\ .
maternal o p /f] I (I \ z
inheritance. =V T UHUH fu I “L’ l I L’ A A =
o High mutation rate @ WA (T
(lack of histones, a )
less efficient A (| - S E
repair). NN, T:f;m::::?;::::?;i:;z ‘ &
o Used in forensics, @ e, which the DMA wraps 165 times. p—
phylogenetics, o crpied it P ea— —
population eight histone molecules & chromatasome consists =1
genetics (c.g., ® ' e i =3
human evolutionary T Sondugne ‘ —_— — <
i g — = 03
studies). 300 M om == et S
e Chloroplast DNA : " - ——
(cpDNA): Circular, found A »__é oot
in plants/algae. BB |s0m
DNA Denaturation & S :
Renaturation =g
e Denaturation ——

1400 nm

(melting): Strand separation
by heat, pH extremes,
chemicals.
o Melting temperature (Tm): Dependent on G-C content (higher G-C = higher Tm).
¢ Renaturation (annealing/ hybridization): Complementary strands reassociate.
o Applications: Southern blot, PCR, DNA microarray, FISH.
RIBONUCLEIC ACID (RNA): STRUCTURE, DIVERSITY AND FUNCTIONS
General Features
e Typically single-stranded, but forms complex secondary/tertiary structures (stem-loops,
hairpins, pseudoknots).
¢ Contains ribose sugar with 2'-OH (makes RNA more chemically reactive).
e Base pairing: A-U, G-C; also non-canonical pairs (e.g., G-U wobble).

Major Classes of RNA
RNA Type Size/Structure Function Key Features

0 o)

The 300-nm fibers are Tight ceiling of the 250-nm

compressed and folded to fiber produces the chromatid
produce a 250-nm-wide fiber. of a chromesome,

nZ QO —~=2» XM

mRNA Variable; monocistronic Carries genetic code from | Eukaryotic pre-mRNA
(eukaryotes) or DNA to ribosome. processing: 5' cap, 3'
polycistronic poly-A tail, splicing.
(prokaryotes)
tRNA 73-93 nt; cloverleaf 2D — | Adapter in translation; Anticodon pairs with
L-shaped 3D brings correct amino acid. | codon; 3'-CCA for amino
acid attachment.
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rRNA Largest RNA component | Catalytic & structural Peptidyl transferase
core of ribosome. activity resides in
23S/28S rRNA
(ribozyme).

CHROMOSOMES: STRUCTURE, CLASSIFICATION AND FUNCTION
Historical Background and Composition

¢ Walther Flemming (1882): First described chromatin in salamander cells.

e Heinrich Waldeyer (1888): Coined term "chromosome."

e Composition: DNA (30-40%), histones (30-40%), non-histone proteins (20-30%), RNA (<10%).
General Morphology of Metaphase Chromosome

e Sister chromatids: Two identical copies held at centromere.

~ L

N
=
¢ Centromere (primary constriction): Kinetochore assembly site. g
¢ Chromosome arms: p (short) and q (long) arms. o
e Secondary constriction: Often associated with NOR (nucleolar organizer region). e
e Satellite: Terminal segment beyond secondary constriction. g
e Telomeres: Terminal TTAGGG repeats + shelterin complex. o
Chromosome Classification E
Based on Centromere Position: ot
Type Centromere Arm Ratio Anaphase Examples in Humans =
Shape o
Metacentric Median 1:1 V-shaped Chromosomes 1, 3, 16, 19, 20 a
Submetacentric | Off-center ~1:1.5t0 1:2.5 L-shaped Chromosomes 2, 4, 5, 6-12, ()
17,18, X '
Acrocentric Near end p arm very short with J-shaped Chromosomes 13, 14, 15, 21, <
satellite 22
Telocentric Terminal Only one arm (p arm I-shaped Not in humans; common in
absent) mice

TYPES OF CHROMOSOMES

(In Relation to the Centromere Location)

Salaliite

parm

Centromere Cenlromere

gqam Chromosome arm

nZ QO —~=2» XM

Metacentric Sub-metacentric Acrocentric Telocentric

Based on Function:
e Autosomes: 22 pairs in humans; govern somatic traits.
e Sex Chromosomes (Allosomes): XX (female), XY (male).
o Y chromosome: Contains SRY (testis-determining factor); largely heterochromatic.
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o X-inactivation: Random inactivation of one X in female somatic cells — Barr body.
Regulated by XIC (X-inactivation center) and XIST IncRNA.
Based on Centromere Number:
e Monocentric: One centromere (standard).
e Dicentric/Polycentric: Unstable; can lead to breakage-fusion-bridge cycles.
e Acentric: No centromere; lost during division.
e Holocentric: Entire chromosome acts as centromere (e.g., C. elegans, Lepidoptera).

Specialized Chromosome Types
Type Where Found Key Features Biological Significance

Salivary glands of Diptera
(e.g., Drosophila)

Polytene Chromosomes

Endoreduplication —
1000s of aligned
chromatids;

distinct bands (genes)

y active).

and puffs (transcriptionall

Used for gene mapping,
study of chromatin
structure.

Mitochondrial Mitochondria Circular (usually), Maternal inheritance;
Chromosome multiple copies per used in DNA
organelle; high mutation barcoding (COI gene).
rate.
Chromosomal Abnormalities and Clinical Relevance
Category Type Mechanism | Example Disorder Key Features
Numerical Aneuploidy | Nondisjunctio | Trisomy 21 (Down Intellectual disability,
n during Syndrome) characteristic facies, heart
meiosis defects.
45, X (Turner Syndrome) Short stature, webbed neck,
ovarian dysgenesis.
47, XXY (Klinefelter Tall, gynecomastia, small
Syndrome) testes, infertility.

Polyploidy Failure of Triploidy (3n) Common in plants; rare in
cytokinesis or animals (some fish,
fertilization amphibians).
error

Structural Deletion Chromosome Cri-du-chat syndrome (5p High-pitched cry, intellectual
breakage with | deletion) disability.
loss

Duplication Unequal Charcot-Marie-Tooth Peripheral neuropathy.
crossing over disease type 1A (PMP22

dup)

Inversion Two breaks, Pericentric (includes May suppress recombination;
segment centromere); Paracentric often asymptomatic carriers.
reverses (does not)

Translocatio | Exchange Robertsonian (acrocentric | Common cause of familial

n between non- | fusion) Down syndrome (t(14;21)).
homologs

Reciprocal (balanced Philadelphia chromosome
exchange) t(9;22) in CML (BCR-ABL
fusion).

DNA REPLICATION IN PROKARYOTES

DNA replication is the semi-conservative, enzyme-catalyzed process by which a cell's entire genome

is duplicated prior to cell division. It involves the unwinding of the double helix and the synthesis of two

new complementary strands, using each original (parental) strand as a template. The result is the
production of two identical DNA molecules from one original molecule.
Basic Features of DNA Replication
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Semi-conservative Nature

e Concept: Each of the two resulting DNA molecules consists of one old (parental) strand and
one newly synthesized strand. The parental duplex is not preserved intact.

e Molecular Consequence: This mechanism provides a built-in template for proofreading and
repair, as the parental strand serves as a reference to correct errors in the new strand.

o Contrast with Other Models (Disproven):

o Conservative: Would result in one original double helix and one completely new double
helix.
o Dispersive: Would result in hybrid molecules where each strand is a patchwork of old
and new DNA segments.
Bidirectional Replication

e Process: Replication begins at a specific point, the origin (ori), and proceeds in both
directions along the DNA molecule.

e Visualization: This creates a replication bubble with two replication forks moving in opposite
directions.

e Advantage: Significantly reduces the total time required to replicate a long chromosome, as it
is copied from an internal point outward in both directions.

Template-Directed Synthesis

e Core Principle: The sequence of nucleotides in the new strand is dictated by complementary
base-pairing rules with the template strand.

o Adenine (A) pairs with Thymine (T) (via 2 hydrogen bonds).
o Guanine (G) pairs with Cytosine (C) (via 3 hydrogen bonds).

e Result: This complementary pairing is the chemical basis for the high fidelity of replication,

ensuring that the sequence information is copied accurately.
5’ — 3' Direction of DNA Synthesis

¢ Fundamental Biochemical Rule: DNA polymerases can only add new nucleotides to the 3'-
hydroxyl (-OH) end of a growing DNA strand. Therefore, chain growth is always 5’ — 3' (the
new strand is elongated in the direction from its 5’ phosphate to its 3’ hydroxyl).

e Chemical Reason: The reaction is a nucleophilic attack where the 3'-OH group of the last
nucleotide attacks the alpha-phosphate of the incoming deoxyribonucleoside triphosphate
(dANTP). This releases pyrophosphate (PPi) and forms a phosphodiester bond. This mechanism is
energetically favorable and allows for proofreading.

¢ Consequence for the Double Helix: Because the two template strands are antiparallel (one runs
5'—3’, the other 3'—5'), and synthesis must be 5'—3’, the two new strands are synthesized by
different mechanisms:

o Leading Strand: Synthesized continuously toward the replication fork on the 3'—5’
template.
o Lagging Strand: Synthesized discontinuously in short fragments (Okazaki fragments)
away from the fork on the 5'—3' template. These fragments are later joined.
Replication Origin and Replication Fork
This section details the specific starting points of replication and the dynamic structures that form as the
process proceeds.
Origin of Replication (Ori)

e Definition: A specific, defined DNA sequence where replication is initiated. It is recognized and
bound by initiator proteins that begin the process of unwinding the double helix.

¢ Key Function: Serves as the assembly site for the replication machinery (replisome).

Prokaryotes (e.g., E. coli):
e Single Origin: OriC (~245 base pairs in E. coli).
e Sequence Features:
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9-mer Repeats (DnaA boxes): Four copies of a 9-nucleotide consensus sequence (5'-
TTATCCACA-3"). These are the binding sites for the key initiator protein DnaA.

2. 13-mer AT-Rich Repeats: Three tandem repeats of a 13-nucleotide, adenine-thymine
(AT)-rich sequence. The abundance of A-T pairs (which have only two hydrogen bonds
vs. three in G-C pairs) makes this region easier to unwind, facilitating the initial melting
of the DNA strands.

e Process: DnaA proteins bind to the 9-mer repeats, oligomerize, and cause the DNA to wrap
around them. This stress leads to the denaturation (melting) of the adjacent AT-rich 13-mer
repeats, forming the initial open complex.

Eukaryotes:

e  Multiple Origins: Necessary due to vastly larger, linear chromosomes packaged into chromatin.
For example, a human chromosome may have thousands of origins.

¢ Definition: Called Autonomously Replicating Sequences (ARS) in yeast. In higher eukaryotes,
origins are less sequence-specific and are influenced by chromatin structure and epigenetic
marks.

e Licensing: Origins are "licensed" in late mitosis/G1 phase by the assembly of a Pre-Replication
Complex (Pre-RC), ensuring each origin fires only once per cell cycle. The complex includes:

o ORC (Origin Recognition Complex): Binds the origin.

o Cdcé6 and Cdtl: Loading factors.

o MCM Helicase Complex: [oaded onto DNA as an inactive double hexamer.

e Activation: In S-phase, specific kinases (S-CDK and DDK) activate the MCM helicase,
triggering bidirectional replication from each licensed origin.

Replication Bubble (Replication Eye)

e Definition: The region of unwound, single-stranded DNA that forms when the double helix
opens up at the origin and replication proceeds in both directions.

e Structure: It appears as a "bubble" within the linear or circular DNA molecule where the two
parental strands have separated. A bubble contains two replication forks moving in opposite
directions.

¢ Dynamic Growth: As replication proceeds, the bubble expands in size until it eventually meets
another bubble or reaches the end of the chromosome.

Replication Fork

o Definition: The actual Y-shaped, dynamic site of DNA synthesis at each end of a replication
bubble. It is the point where the parental double helix is being unwound and the new daughter
strands are being synthesized.

¢ Key Characteristics:

o It is a highly asymmetric structure due to the antiparallel nature of DNA and the 5'—3’
synthesis rule.

o It is the location of a massive, coordinated protein machine called the replisome.

Prokaryotic vs. Eukaryotic Replication
Feature Prokaryotes Eukaryotes ‘

Chromosome number Usually single circular Multiple linear

Origins of replication Single (oriC) Multiple (thousands)
Replication forks Two per chromosome Multiple per chromosome
Replication rate ~1000 nt/sec 50-100 nt/sec

Okazaki fragment size 1000-2000 nt 100-200 nt

Telomeres Absent (circular DNA) Present (linear DNA)
Replication timing Continuous during rapid growth S-phase of cell cycle
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Nucleosomes Absent Present (histones)

Replication machinery Simpler, fewer subunits Complex, multiple subunits

Enzymes and Proteins Involved in DNA Replication

This section details the molecular machines that carry out replication. They work in a highly coordinated
complex called the replisome.

DNA Helicase

e Function: The molecular "motor" that unwinds the parental double helix ahead of the
replication fork. It breaks the hydrogen bonds between complementary bases.

e Mechanism: It is a ring-shaped hexamer that encircles one strand of the DNA. It moves in a
specific direction along that strand, using energy from ATP hydrolysis to translocate and separate
the strands.

¢ Key Example (E. coli): DnaB helicase. It loads onto the lagging strand template and moves 5’
— 3’ along that strand, thereby prying the strands apart in the direction of fork movement.

Single-Strand Binding Proteins (SSBs)

¢ Function: Bind cooperatively and transiently to the exposed single-stranded DNA (ssDNA)
created by helicase.

e Critical Roles:

1. Prevent Re-annealing: Keep the template strands separated.

2. Protect DNA: Shield the chemically reactive ssDNA from nucleases that could degrade
it.

3. Prevent Hairpins: Inhibit the formation of secondary structures (e.g., hairpin loops)
within the ssDNA, which would hinder polymerase action.

e Note: They do not catalyze a chemical reaction. They bind and release dynamically as the
polymerase moves through.

DNA Gyrase / Topoisomerase I1

e Function: Solves the "topological problem" of replication. As the helicase unwinds the DNA, it
creates positive supercoils (overwinding) ahead of the fork. If not relieved, this torsional stress
would halt unwinding.

e Mechanism: It is a type II topoisomerase. It creates a double-strand break in the DNA helix
ahead of the fork, passes another segment of the duplex through the break, and then reseals the
break. This introduces negative supercoils, neutralizing the positive stress.

¢ Key Example (Prokaryotes): DNA Gyrase is a specific topoisomerase II that introduces
negative supercoils. It is a major target for antibiotics like ciprofloxacin and novobiocin.

Primase

¢ Function: Synthesizes the short RNA primer that is required to initiate DNA synthesis.

¢  Why RNA? DNA polymerases cannot start synthesis de novo; they can only add nucleotides to
an existing 3'-OH group. Primase, an RNA polymerase, can initiate new strands. The RNA
primer (typically 10-12 nucleotides long) provides the crucial free 3'-OH end.

e Association: Often forms a complex called the primosome with helicase. In eukaryotes, primase
is tightly associated with DNA Pol .

DNA Polymerases

These are the enzymes that catalyze the formation of phosphodiester bonds, adding nucleotides to the
growing chain. They have multiple functional domains.

General Properties:

e 5" — 3' Polymerase Activity: Adds dNTPs to the 3'-OH end.

¢ 3’ — 5' Exonuclease Activity (Proofreading): Checks the last added nucleotide. If mismatched,
it removes it, ensuring high fidelity. (Not all polymerases have this).

e Processivity: The number of nucleotides added before the enzyme dissociates. Increased by the
sliding clamp.
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Polymerase Primary Function in Replication Key Features
DNA Pol I Gap filling & Primer Removal. Replaces RNA | Has 5’ — 3’ exonuclease activity to
primers with DNA on the lagging strand. remove the RNA primer ahead of it

while synthesizing DNA behind it
(nick translation). Also has

proofreading.
DNA Pol 11 DNA Repair. Involved in SOS response and Not a primary replicative enzyme.
transl lesion synthesis (replicating past damage). | Backup/repair role.
DNA Pol IIT Main Replication Enzyme. Synthesizes both the | A complex multi-subunit enzyme.
Holoenzyme leading and lagging strands with high speed and The core enzyme (a, €, 0
processivity. subunits) does synthesis &

proofreading. The B sliding
clamp confers processivity. The y-
clamp loader loads the clamp.

Eukaryotic Major Polymerases:

Polymerase | Primary Function in Replication Key Features
Pol a (alpha) | Initiation. Acts as part of the Pol a-Primase Has primase activity and limited
complex. Synthesizes a short RNA-DNA polymerase activity. Lacks proofreading.
hybrid primer (~20-30 nt total). Hands off to the main polymerases.
Pol o (delta) Main Lagging Strand Synthesis. Also High processivity with PCNA. Has strong
involved in DNA repair and proofreading. 3'—5' proofreading exonuclease.
Pol ¢ Main Leading Strand Synthesis. Also has High processivity with PCNA. Has
(epsilon) roles in repair. proofreading activity. More processive than
Pol .
Pol B (beta) Base Excision Repair (BER). Not involved in | Repair-specific.
bulk replication.
Pol y Replicates Mitochondrial DNA. Located in mitochondria. Has proofreading.
(gamma)

Template Strand New Strand Template Strand New Strand

Sugar—
phosphate
backbone

Pyrophosphate

Sliding Clamp (B-clamp / PCNA)
¢ Function: A ring-shaped protein complex that encircles double-stranded DNA and tethers the
DNA polymerase to its template. This dramatically increases the processivity of the polymerase
(from adding tens to adding thousands of nucleotides without falling off).
e Structure & Loading:
o Prokaryotes: f-clamp, a homodimer forming a ring. Loaded onto primer-template
junctions by the y-complex clamp loader (uses ATP).
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o Eukaryotes: PCNA (Proliferating Cell Nuclear Antigen), a homotrimer forming a
ring. Loaded by the RFC (Replication Factor C) clamp loader.

e "Toolbelt" Model: The clamp acts as a platform, holding not just polymerase but also other
enzymes (like ligase, nucleases) needed for efficient replication and repair.

DNA Ligase

¢ Function: Catalyzes the formation of a phosphodiester bond to seal nicks in the DNA
backbone. This is essential for joining Okazaki fragments on the lagging strand and completing
DNA repair.

e Mechanism: It requires a nick with a 3’-OH and a 5'-phosphate on adjacent nucleotides. It
uses energy from ATP (eukaryotes/archaca) or NAD* (prokaryotes) to activate the 5’-phosphate,
forming a covalent enzyme-AMP intermediate, before catalyzing the bond formation.

e Specificity: It joins DNA strands; it cannot join DNA to RNA. Therefore, all RNA primers must
be removed and replaced with DNA before ligase can act.

Mechanism of DNA Replication

This section details the step-by-step sequence of events, divided into three main phases.

(a) Initiation: Setting the Stage for Synthesis

The goal of initiation is to assemble the replication machinery and create the first primer for DNA
polymerase.

1. Binding of Initiator Proteins:

¢ Prokaryotes (OriC): Multiple copies of the DnaA protein bind to the 9-mer DnaA-box repeats
within OriC. The DNA wraps around the DnaA complex, causing torsional strain.

¢ Eukaryotes (ARS/Multiple Origins): The Origin Recognition Complex (ORC) binds to the
origin throughout the cell cycle. In late M/G1 phase, licensing factors Cdc6 and Cdtl are
recruited, which load the MCM helicase complex (a double hexamer) onto the DNA, forming
the Pre-Replication Complex (Pre-RC). This "licenses" the origin for a single firing.

2. Unwinding of DNA:

e Prokaryotes: The strain from DnaA binding destabilizes the adjacent AT-rich 13-mer repeats,
causing local DNA melting and forming an initial open complex. The DnaC protein (a helicase
loader) then delivers the DnaB helicase to the open region.

o Eukaryotes: At the start of S-phase, kinases (S-CDK and DDK) phosphorylate components of
the Pre-RC. This triggers the activation of the MCM helicase and the recruitment of additional
proteins (Cdc4S and GINS), forming the active CMG helicase complex (Cdc45-MCM-GINS).
The DNA is unwound.

3. Formation of the RNA Primer:

e Primase (DnaG in E. coli; part of Pol a-primase in eukaryotes) binds to the helicase at the fork.

¢ Using the single-stranded DNA as a template, primase synthesizes a short (10-12 nt in prok., 8-10
nt RNA + ~20 nt DNA in euk.) RNA primer. This primer provides the essential free 3'-OH
group from which DNA polymerase can extend.

(b) Elongation: The Act of Synthesis

This is the core phase where the DNA strands are copied by the replisome, a highly coordinated molecular
machine.

1. Leading Strand Synthesis:

¢ Continuous Process: On the template strand oriented 3'—5' toward the moving fork, synthesis
can proceed continuously.

e Mechanism: Once the initial RNA primer is laid down, DNA polymerase III (prok.) or Pol ¢
(euk.) binds with the help of its clamp loader, which loads the sliding clamp (f-
clamp/PCNA) onto the primer-template junction. The polymerase-clamp complex then
synthesizes DNA in the 5'—3’ direction, keeping pace with the unwinding fork in one long,
uninterrupted stretch.

2. Lagging Strand Synthesis & Okazaki Fragments:

MK PREPARATIONS: Let’s Make It Happen
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e Discontinuous Process: On the template strand oriented 5'—3' away from the fork, synthesis
must occur discontinuously.

e Okazaki Fragments: Short, newly synthesized DNA fragments (typically 1000-2000
nucleotides in prokaryotes, 100-200 nucleotides in eukaryotes).

e Mechanism (The Lagging Strand Loop):

1. Priming: Primase synthesizes a new RNA primer on the exposed lagging strand
template.

2. Polymerase Loading: The clamp loader places a new sliding clamp onto this
primer. DNA Pol III (prok.) or Pol o (euk.) binds and begins synthesis away from the
fork until it reaches the 5’ end of the previous Okazaki fragment.

3. Loop Formation: The lagging strand template is pulled through the polymerase in
a loop, allowing the same dimeric replisome complex to synthesize both strands
simultaneously while moving in the direction of the fork.

4. Fragment Release: When synthesis of one fragment is complete, the polymerase
releases, and the loop opens, readying the template for the next priming event.

3. Proofreading Activity (3’ — 5’ Exonuclease):

¢ Real-Time Error Correction: The main replicative DNA polymerases (Pol 111, Pol 8, Pol €) have
a built-in 3'—5’ exonuclease domain.

e Process: When a polymerase incorporates a mismatched nucleotide, the incorrect base pairing
causes a slight distortion in the DNA geometry, slowing synthesis. The polymerase backs up, and
the exonuclease domain hydrolytically removes the mispaired nucleotide from the 3’ end. It
then resumes synthesis. This increases replication fidelity by 100 to 1000-fold.

(¢) Termination:
The process of separating the two newly synthesized DNA molecules and completing the lagging strand.
1. Removal of RNA Primers:

e Prokaryotes: DNA Polymerase I uses its 5'—3’ exonuclease activity to remove the RNA
primers of Okazaki fragments ahead of itself, while simultaneously using its polymerase activity
to replace the RNA with DNA behind it. This is called nick translation.

¢ Eukaryotes: The RNAse H1 enzyme degrades most of the RNA primer. The final ribonucleotide
is removed by FEN1 (Flap Endonuclease 1). Pol 6 then fills the resulting single-nucleotide gap.

2. Filling of Gaps & Ligation of Fragments:

e After primer removal, a single-strand nick (a gap with adjacent 3'-OH and 5’-
phosphate) remains between the Okazaki fragments.

e DNA ligase seals this nick by catalyzing the formation of a phosphodiester bond, using ATP
(eukaryotes) or NAD* (prokaryotes) as an energy source. The lagging strand is now a continuous
DNA strand.

3. Termination Sites (Prokaryotes - Tus-Ter System):

e Problem: In circular bacterial chromosomes, the two replication forks meet at a terminus region
opposite the origin.

¢ Solution: The terminus contains specific Ter sequences (termination sites) that are bound by Tus
(Terminus Utilization Substance) proteins.

e The Tus-Ter complex acts as a polar contra-helicase. It allows a replication fork to pass if it
approaches from one direction but blocks progression of a fork approaching from the opposite
direction. This ensures the forks meet within the terminus region.

¢ Final Steps: Once replication is complete, the two newly synthesized circular chromosomes are
often interlinked as catenanes. Topoisomerase IV (a type Il topoisomerase) decatenates
(separates) them.

Eukaryotic Termination:

¢ No Specific Terminus Sequence: Replication forks from adjacent origins simply meet. The

convergence is resolved by enzymes that can merge the two forks.
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Special Problem - Telomeres: The ends of linear chromosomes (telomeres) are replicated by the
specialized enzyme telomerase to prevent shortening, a process distinct from standard

termination.

Prokaryotes (e.g., E. coli)

Eukaryotes (e.g., Humans)

~ L

Genome . . Multiple, linear chromosomes packaged
Single, circular chromosome. . .
Structure into chromatin.
Origin of . - . Multiple origins (thousands to tens of
Replication Single origin (OriC). thousands).
Replication Two bidirectional forks from one Multiple bidirectional forks from many
Forks origin. origins, forming replicons.
Repll;:?;mn Very fast (~1000 nucleotides/sec). Slower (~100 nucleotides/sec).
Primary .
Replicative DNA Polymerase III holoenzyme. DNA Polymerase.fi (lagging strand)
and € (leading strand).
Polymerase
Single, large complex. Dimeric .
. . More complex and less understood. Lik
Replisome Pol 111 synthesizes both strands . .
.. . . . involves separate but coordinated
Organization simultaneously via a looping
. polymerases for each strand.
lagging strand.
‘s . Proliferating Cell Nuclear Antigen
Sliding Clamp B2 clamp (homodimer). (PCNA) (homotrimer).
Clamp Loader vy complex. Replication Factor C (RFC) complex.

End-Replication

Not applicable (circular

Present due to linear chromosomes.

Problem chromosome).
Solution to End N/A Telomeres & Telomerase. Telomerase adds
Problem i repeats to the 3' overhang in specific cells.
Major challenge. Histones are
Chromatin . disassembled ahea}d of the fork. and
Handling Not applicable (no nucleosomes). reassembled behind it, 1nv01v1pg
chaperones (FACT, CAF-1) and histone
recycling.
Cell Cycle Replication initiation is the key Tlght.l Y 1ntegrat.ed mnto 'cell cycle phases.
Coordination regulated event for cell division R e cicd in Gl and fired
’ throughout S-phase in a regulated order.
Primary M . Origip Recogl}ition Complex
Regulatory Dnaz'& 'p'roteln b1.nds. OriC to (ORC) 'bln(;ls origins to license them.
Protein initiate replication. Activation involves CDKs and DDK

kinases.
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TRANSCRIPTION: DNA-DIRECTED RNA SYNTHESIS
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Transcription is the enzyme-catalyzed process by which the nucleotide sequence of a gene on the DNA
template strand is copied into a complementary RNA molecule (mRNA, tRNA, rRNA, or other non-
coding RNA). It is the first step of gene expression, where specific genetic information is selected and
made accessible for translation or functional use.

Central Dogma of Molecular Biology

The fundamental principle describing the flow of genetic information:

DNA — RNA — Protein

e Transcription accomplishes the DNA — RNA step.

¢ Translation (protein synthesis) accomplishes the RNA — Protein step.

e Important Notes: The dogma is unidirectional under normal cellular conditions (information
does not flow from protein back to RNA or DNA). Exceptions exist (e.g., reverse transcription in
retroviruses: RNA — DNA).

Role of Transcription in Gene Expression

e Primary Control Point: Transcription is the most critical and highly regulated stage in
determining when, where, and how much of a gene product is made. Regulation occurs through
transcription factors, promoters, and enhancers.

e Selective Activation: In any given cell, only a specific subset of genes is transcribed, defining the
cell's identity and function (e.g., insulin is transcribed in pancreatic f-cells but not in neurons).

o Amplification: A single gene can be transcribed repeatedly, producing many RNA copies, which
allows for efficient protein synthesis.

2. Basic Features of Transcription
Template Strand vs. Coding Strand (Sense/Antisense Strands)

e Template Strand (Antisense Strand): The DNA strand that is read by RNA polymerase during
transcription. Its sequence is complementary to the RNA product. It runs 3’ — 5.

e Coding Strand (Sense Strand): The DNA strand that is NOT transcribed. Its sequence
is identical to the RNA product (except with T instead of U). It runs 5’ — 3. By convention,
gene sequences are written as the coding strand sequence.

Coding strand (+) 5 ( ATGGCATGCAATY Ca ) Sense

[[TTTITTTT1 [
Template strand (-) 3" ( TACCGTACGTTA,\C

Transcription l
Translation l

Protein N C - terminus
RNA Synthesis in the 5’ — 3’ Direction

e RNA polymerase can only add ribonucleotides to the 3'-OH end of a growing RNA chain.
Therefore, synthesis proceeds 5’ — 3'.

e Mechanism: The incoming ribonucleoside triphosphate (rNTP) is paired with the template
DNA. The polymerase catalyzes a nucleophilic attack where the 3'-OH of the last RNA
nucleotide attacks the a-phosphate of the incoming rNTP. This releases pyrophosphate (PPi) and
forms a phosphodiester bond.

e The RNA transcript is thus antiparallel to the DNA template strand.

Complementary Base Pairing (A-U, G-C)

e RNA synthesis follows strict Watson-Crick base pairing rules, but with uracil (U) replacing

thymine (T) when pairing with adenine.
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Type

O O O O

3. Types of RNA

Adenine (A) in DNA pairs with Uracil (U) in RNA.

Thymine (T) in DNA pairs with Adenine (A) in RNA.
Guanine (G) in DNA pairs with Cytosine (C) in RNA.
Cytosine (C) in DNA pairs with Guanine (G) in RNA.

e This complementarity ensures the RNA is a faithful, sequence-specific copy of the gene's
information.

No Primer Required

e Key Difference from DNA Replication: RNA polymerases can initiate transcription de
novo—they do not require a pre-existing primer with a free 3'-OH group.

e Consequence: Transcription initiation is simpler and more direct than replication initiation. The
polymerase itself, along with general transcription factors, is sufficient to position the first two
rNTPs and catalyze the formation of the first phosphodiester bond.

¢ The First Bond: The initial INTP (which will become the 5’ end of the RNA) retains
its triphosphate group (ppp). This leaves a distinctive 5’ triphosphate terminus on the primary
RNA transcript.

Full

Name

Primary Function

Key Features

mRNA Messenger | Carries genetic code from | Eukaryotic mRNA has 5' cap and 3' poly-A tail for
RNA DNA to ribosome stability/translation. Contains codons.
for protein synthesis.
tRNA Transfer Adaptor molecule that Cloverleaf structure. Has anticodon (binds mRNA
RNA brings specific amino acids | codon) and amino acid attachment site (3' CCA).
to the ribosome during
translation.
rRNA Ribosomal | Catalytic and structural Most abundant RNA. Forms ribozymes (catalytic
RNA core of the ribosome. RNA) in ribosome (e.g., peptidyl transferase activity).
Facilitates protein
synthesis.
Other Gene regulation & RNA snRNA: Splicing in
Non- processing. spliceosome. miRNA/siRNA: Gene silencing via
Coding RNA interference (RNA1). IncRNA: Long, regulatory
RNAs RNAs.

4. Enzyme Involved: RNA Polymerase
Properties of RNA Polymerase
e Core Enzyme: Multisubunit complex. In prokaryotes, the core is a2pp'®. In eukaryotes, multiple
polymerases (Pol I, I, III) exist.
e No Primer Required: Can initiate RNA synthesis de novo.
o Template-Directed: Synthesizes RNA complementary to the DNA template strand.
e Direction: Synthesizes 5’ — 3'.
e Processivity: Less processive than DNA polymerase; synthesizes a single RNA molecule and

then dissociates.

e Proofreading: Has limited intrinsic proofreading ability (much lower fidelity than DNA
replication; ~10 error rate is acceptable because many RNA copies are made and they are

transient).
Difference Between RNA Polymerase and DNA Polymerase
Feature RNA Polymerase DNA Polymerase
Product Single-stranded RNA Double-stranded DNA

Primer Required?

No (initiates de novo)

Yes (requires RNA/DNA primer with 3'-
OH)
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Template Uses one strand of DNA as template Uses both strands as templates (for
leading/lagging)

Nucleotides Uses riboNTPs (ATP, UTP, GTP, CTP) Uses deoxyriboNTPs (dATP, dTTP,
dGTP, dCTP)

Base Pairing A-U, G-C A-T, G-C

Proofreading Limited/weak (error rate ~107%) High-fidelity with 3'—5' exonuclease
(error rate ~1077)

Processivity Less processive; dissociates after gene Highly processive; remains bound for
entire genome copy

Main Function Gene expression (makes transcripts) Genome duplication (makes permanent
copy)

5. Transcription Unit
A segment of DNA that is transcribed into a single RNA molecule, defined by three key regions:
1. Promoter
o Location: Upstream (5') of the transcription start site (TSS).
o Function: The binding site for RNA polymerase and regulatory proteins.
Determines where transcription begins and how efficient it is.
o Key Sequences:
= Prokaryotes: -10 box (Pribnow box: TATAAT) and -35 box (TTGACA).
Recognized by bacterial ¢ factor.
= Eukaryotes: Core promoter elements like TATA box (bound by TBP), Inr
(Initiator), and DPE (Downstream Promoter Element). Recognized
by general transcription factors (GTFs).
2. Structural Gene
o Location: From the Transcription Start Site (TSS, +1) to the Termination Sequence.
o Function: The actual DNA sequence that is transcribed into RNA.
o Components: In eukaryotes, includes:
= Exons: Coding sequences (retained in mature mRNA).
= Introns: Non-coding intervening sequences (removed by splicing).
3. Terminator
o Location: Downstream (3') of the structural gene.
o Function: Signals the end of transcription, causing RNA polymerase to release the
DNA template and the newly made RNA transcript.
o Types:
= Prokaryotes: Rho-dependent (requires Rho protein) and Rho-
independent (intrinsic terminator with a GC-rich hairpin followed by a poly-U
tract).
= Eukaryotes: Cleavage and polyadenylation signal (AAUAAA) leads to
transcript cleavage and addition of the poly-A tail; polymerase eventually

dissociates.
Gene
f ‘ 1
Promoter RNA-coding sequence Terminator

S A
L t

+1 ‘

=== 3 Nontemplate strand
DNA |

5’ Template strand

Transcription Transcription
initiation site termination site
-« e
Upstream Downstream
of gene of gene

6. Mechanism of Transcription
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A. Initiation: Setting Up for RNA Synthesis

The goal is to assemble a functional transcription complex at the correct promoter and create the first
phosphodiester bond.

1. Recognition of Promoter

e Prokaryotes: The sigma (o) factor subunit of RNA polymerase recognizes and binds specific
promoter sequences (-10 Pribnow box & -35 box). This forms the RNA Polymerase
Holoenzyme (core enzyme + ¢ factor), which can locate promoters.

¢ Eukaryotes: General Transcription Factors (GTFs) bind first, not the polymerase itself. Key
steps:

o TFIID binds the TATA box via its TBP (TATA-Binding Protein) subunit.
o Other GTFs (TFIIA, TFIIB, TFIIF, TFIIE, TFIIH) assemble in a specific order.
o This creates a platform that accurately positions RNA Polymerase II at the Transcription
Start Site (TSS).
2. Binding of RNA Polymerase

e Prokaryotes: The holoenzyme binds loosely to the promoter, forming a closed complex (DNA is
still double-stranded). It then undergoes isomerization to an open complex, where ~13-14 base
pairs around the TSS are melted (strands separated), forming the transcription bubble.

e Eukaryotes: RNA Pol Il is recruited by the assembled GTFs to the promoter, forming the Pre-
Initiation Complex (PIC). TFIIH, a helicase and kinase, then uses ATP to melt the
DNA and phosphorylate the C-terminal domain (CTD) of RNA Pol II.

3. Formation of Transcription Initiation Complex

e  With the DNA unwound, the first two rNTPs enter the active site of RNA polymerase.

e The polymerase catalyzes the formation of the first phosphodiester bond between them. This
is abortive initiation—the polymerase synthesizes very short (2-9 nt) RNAs and releases them
multiple times before successfully "escaping" the promoter.

e Promoter Clearance/Escape: Once a short RNA (~10 nucleotides) is synthesized, the
polymerase undergoes a conformational change. In prokaryotes, the ¢ factor often dissociates. In
eukaryotes, most GTFs are released, and the phosphorylated CTD recruits RNA processing
factors. The polymerase now transitions to the stable elongation complex.

B. Elongation: Processive RNA Synthesis
The polymerase moves along the DNA, elongating the RNA chain.
1. Addition of Ribonucleotides

e RNA polymerase adds rNTPs to the 3’-OH end of the growing RNA chain in the 5'—3’
direction, following complementary base pairing (A-U, G-C).

e The incoming rNTP is selected based on its complementarity to the DNA template strand.

2. Movement of RNA Polymerase Along DNA

e The polymerase translocates downstream by one base pair for each nucleotide added.

e The transcription bubble (~12-14 bp of unwound DNA) moves with the polymerase. Ahead of
the bubble, the DNA is unwound; behind it, the DNA template and the newly synthesized RNA
strand re-anneal, displacing the RNA.
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e Supercoiling: Positive supercoils ahead of
the bubble and negative supercoils behind
are resolved by topoisomerases.

3. Formation of RNA Transcript Start site

e The RNA-DNA hybrid within the bubble
is ~8 bp long.

e The nascent RNA exits the polymerase
through a dedicated exit channel.

¢ In eukaryotes, co-transcriptional
processing begins immediately: the 5’ end
is capped, and splicing factors associate
with the phosphorylated CTD tail of the
polymerase.

C. Termination: Ending Transcription

The process stops, and the RNA transcript and
polymerase are released.

1. Termination in Prokaryotes

¢ Rho-Independent Termination
(Intrinsic):

o The RNA transcript forms a stable GC-rich hairpin (stem-loop) structure.

o This is followed by a stretch of ~6-8 Uracil (U) residues in the RNA (from an A-rich
template).

o The hairpin causes polymerase to pause, and the weak A-U base pairs between the RNA
poly-U tail and DNA poly-A template lead to spontaneous dissociation of the RNA and
polymerase.

¢ Rho-Dependent Termination:

o Rho protein, an ATP-dependent helicase, binds to specific Rho-utilization (rut) sites on
the nascent RNA.

o Rho translocates along the RNA, catches up to the paused polymerase, and uses helicase
activity to unwind the RNA-DNA hybrid, releasing the transcript.

2. Termination in Eukaryotes (RNA Polymerase II)

o Polyadenylation Signal-Dependent:

1. The transcript is cleaved ~10-35 nucleotides downstream of a polyadenylation signal
(AAUAAA).

2. The cleavage generates a new 3’ end to which a poly-A tail is added by poly-A
polymerase.

3. The polymerase continues transcription for a short distance, but two mechanisms lead to
its termination:

= Torpedo Model: A 5'—3’ exonuclease (Xrn2/Ratl) degrades the downstream
RNA transcript, catches up to the polymerase, and dislodges it.

= Allosteric Model: The cleavage event triggers a conformational change in the
elongation complex, causing it to dissociate.

e RNA Polymerases I and III have distinct, simpler termination signals.

7. Transcription in Prokaryotes
Prokaryotic transcription is streamlined and efficient, relying on a single multi-subunit polymerase with
accessory factors.

RNA
polymerase

Upstream
mR]NA \ 4
5 L \"g\ Transcription bubble
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Single RNA Polymerase
e Enzyme: A single RNA polymerase (RNAP) is responsible for transcribing all genes (mRNA,
tRNA, rRNA).
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e Core Enzyme: Consists of a:pp'®. This core has catalytic activity but cannot initiate

transcription accurately on its own.
o P subunit: Contains the active site for RNA synthesis (forms phosphodiester bonds).
o P’ subunit: Binds the DNA template.
o o subunits: Scaffold for assembly and regulatory protein interactions.
o  subunit: Stabilizes the complex.
Sigma (o) Factor

¢ Function: A dissociable protein subunit required for accurate promoter recognition and
initiation. It converts the core enzyme into the RNA polymerase holoenzyme (a:fp'wo).

¢ Role:

1. Promoter Binding: ¢ factor recognizes and binds to specific consensus sequences in the
promoter (-10 and -35 boxes).

2. Melting DNA: Helps in the isomerization from the closed to the open complex.

3. Release: Often dissociates after promoter clearance (~10 nt synthesized), leaving the core
enzyme to carry out elongation.

e Specificity: Different o factors exist (67 is the primary/housekeeping factor). Alternative o
factors (e.g., 62 for heat shock genes) allow the cell to globally change gene expression in
response to environmental stress.

Promoter Sequences
The DNA "address" that directs RNAP to the correct start site. Two key conserved regions in E. coli:

Element Consensus Location Function
Sequence

-35 Region TTGACA 35 bp upstream of | Primary recognition site for o factor.
TSS

-10 Pribnow TATAAT 10 bp upstream of | AT-rich, facilitates DNA melting to form the

Box TSS transcription bubble.

Spacer ~17 bp Between -35 and - Precise spacing is critical for proper o factor
10 orientation.

Termination Mechanisms
¢ Rho-Independent (Intrinsic) Termination:

o Signal: A GC-rich inverted repeat followed by a poly-A tract in the template DNA.

o Mechanism: The transcribed RNA folds into a stable stem-loop (hairpin) structure.
This causes RNAP to pause. The downstream poly-U RNA:poly-A DNA hybrid is weak,
leading to spontaneous dissociation of the RNA and release of polymerase.

¢ Rho-Dependent Termination:

o Signal: Rho-utilization (rut) sites on the RNA (C-rich, G-poor sequences).

o Mechanism: The Rho protein (ATP-dependent RNA helicase) binds to the rut site on
the nascent RNA, translocates along it, catches up to the paused polymerase, and unwinds
the RNA-DNA hybrid, releasing the transcript and terminating transcription.

8. Transcription in Eukaryotes

Eukaryotic transcription is compartmentalized and highly regulated, involving multiple specialized
polymerases and complex assembly.

Three Nuclear RNA Polymerases

Each polymerase transcribes a specific class of genes and has a unique promoter type.

Polymerase Location Primary Promoter Type Sensitivity
Transcripts

RNA Polymerase | Nucleolus rRNA (288, 188, Upstream Control Element | Insensitive to a-

1 (Pol I) 5.85) (UCE) & Core Promoter amanitin

RNA Polymerase | Nucleoplasm | mRNA, snRNA, TATA box, Inr, DPE Highly sensitive to

II (Pol II) miRNA, IncRNA a-amanitin
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RNA Polymerase | Nucleoplasm | tRNA, 5S rRNA, Internal (Box A & Box Moderately
III (Pol IIT) other small RNAs B) or Upstream sensitive to o-
amanitin

Special Note on Pol II: Contains a unique C-Terminal Domain (CTD) on its largest subunit, consisting
of heptad repeats (Tyr-Ser-Pro-Thr-Ser-Pro-Ser). Phosphorylation of the CTD is the master regulator of
the transcription cycle and serves as a docking platform for RNA processing enzymes.

General Transcription Factors (GTFs) for RNA Polymerase 11

GTFs are essential proteins required for accurate initiation at Pol II promoters. They assemble in a
defined order.

M
GTF | Key Component Primary Function lé
K TFIID | TBP (TATA-Binding Protein) & First to bind. TBP recognizes and binds the TATA box, *
13+ TAFs (TBP-Associated Factors) | bending DNA ~80°. TAFs recognize other promoter elements z
(Inr, DPE).
TFIIA | - Stabilizes TBP-DNA binding; anti-repressor. a
TFIIB | - Binds TBP; helps recruit Pol II-TFIIF; determines TSS. 9%
TFIIF | - Escorts Pol II to the complex; helps in promoter melting. g
TFIIE | - Recruits and regulates TFITH. —
TFIIH | Helicase (XPB, XPD) & Kinase Critical multi-function GTF. Uses ATP to melt DNA at the &
(CDK7) promoter. Phosphorylates the Pol II CTD to trigger promoter =
clearance and transition to elongation. Also involved in DNA w
repair. 5'
Assembly Order (Simplified): —~
1. TFIID binds promoter (TBP binds TATA). 0%
2. TFIIA & TFIIB bind. e

3. Pol II-TFIIF complex is recruited.

4. TFIIE and then TFIIH bind, forming the Pre-Initiation Complex (PIC).

5. TFIIH melts DNA and phosphorylates Pol II CTD — initiation.

TATA Box

e Consensus: TATAAA (or variants), located ~25-30 bp upstream of the TSS.

e Function: A core promoter element that provides a precise binding site for TBP. The binding of
TBP causes a sharp kink in the DNA, which helps unwind the helix and orient the GTFs and
polymerase.

e Not Universal: Found in many, but not all, Pol II promoters. "TATA-less" promoters often use
other elements (Inr, DPE) and rely more heavily on TAFs within TFIID for recognition.

9. Post-Transcriptional Modifications (Eukaryotes)

These are crucial processing steps that occur co-transcriptionally (during transcription) to convert the
primary transcript (pre-mRNA) into a mature, functional mRNA ready for export and translation. They
do not occur in prokaryotes (except some processing of rRNA/tRNA).

5" Cap Formation

e What: Addition of a modified guanine nucleotide to the very 5’ end of the RNA.

e Process:

1. Shortly after transcription initiation (after ~20-30 nucleotides), the 5’ triphosphate is
cleaved.

2. Guanylyl transferase adds a GTP in a reverse linkage (5’ to 5’ triphosphate bridge).

3. The guanine is methylated at the N7 position (forming 7-methylguanosine, m’G).
Additional methylations may occur on the first one or two ribose sugars of the original
RNA.

¢ Functions:

o Protection: Shields the 5’ end from 5'—3' exonucleases.

o Translation Initiation: Recognized by the cap-binding complex (CBC) and later
by elF4E, essential for ribosome loading.
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o Nuclear Export: Identifies the RNA as a — —
proper mRNA for export through nuclear g1 =5 . wj:\\ Exon 2
P S;ﬂu A 7._\‘  —
pores. . 3 =Yy Branch puintA/‘_’ 2l g
o Splicing: Enhances efficiency of the first
lntron removal 1. snRNA forms base-pairs with 5° end of intron, and at branch site.
3’ Poly-A Tail }
e  What: Addition of ~50-250 adenine
nucleotides to the 3’ end. Lo AT } _
. ) h { 5 | Spliceosome
e Process: e A
1. The RNA is cleaved ~10-35 nucleotides 5 \ 4\ P
downstream of a polyadenylation signal 2. snRNPs associate with other factors to form spliceosome.
(AAUAAA) in the RNA. I
2. Poly-A polymerase (PAP) adds the poly- 7
A tail without a template. 7= o
e Functions: o) s \)
o Stability: The tail protects the 3" end = \-’l "
from 3'—5' exonucleases. Tail length
correlates with mRNA lifespan. i larot Tha® et o s oc e o e
o Translation: Bound by Poly-A Binding |
Proteins (PABPs), which interact with
translation initiation factors to circularize )\L ‘J-\

the mRNA, boosting translation

Rk Excised b
efficiency. Exon 1 Exon 2 M .

o Nuclear Export: Proper polyadenylation 5 Malure mRNA 3
iS a Signal for eXport 4, Exons are joined; splicecsome disassembles.

U1
N
=

RNA Splicing (Introns & Exons)

What: Precise removal of introns (non-coding intervening sequences) and joining
of exons (coding sequences) in the primary transcript.
Mechanism: Catalyzed by the spliceosome, a massive ribonucleoprotein complex composed
of snRNPs ("snurps," e.g., U1, U2, U4, U5, U6) and proteins.
Key Sequences: Introns have conserved sequences at their boundaries:
o 5'Splice Site: GU
o 3'Splice Site: AG
o Branch Point: An adenine (A) residue ~20-50 nucleotides upstream of the 3’ splice site.
Two-Step Transesterification:
1. The 2'-OH of the branch point A attacks the 5’ splice site, cutting it and forming
a lariat structure.
2. The newly freed 3'-OH of the 5’ exon attacks the 3’ splice site, joining the exons and
releasing the intron lariat (later degraded).
Importance: Enables alternative splicing, where different combinations of exons are joined,
allowing one gene to produce multiple protein variants (isoforms), vastly increasing
proteomic diversity.

10. Regulation of Transcription
Operon Model (Lac Operon)

Concept (Prokaryotes): An operon is a cluster of functionally related genes under the control of

a single promoter, transcribed into a polycistronic mRNA. It allows coordinated regulation.
Lac Operon (Inducible System): Controls genes for lactose metabolism.
o Genes: lacZ (B-galactosidase), lacY (permease), lacA (transacetylase).
o Regulatory Elements:
= Promoter (P): Binding site for RNA polymerase.
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= Operator (O): Binding site for the repressor protein.
» lacl Gene: Encodes the Lac repressor (constitutively expressed).
o Mechanism:
= No Lactose: Repressor binds the operator, blocks transcription.
= Lactose Present: The inducer allolactose binds the repressor, causing a
conformational change that prevents it from binding the operator.
Transcription proceeds.

o Additional Layer (Catabolite Repression): When glucose (preferred carbon source) is
low, cAMP levels are high. cAMP binds CAP (Catabolite Activator Protein), which
binds upstream of the promoter and strongly activates transcription (only if repressor is
also inactivated).

Enhancers and Silencers

o Definition: Distal regulatory DNA sequences (can be thousands of base pairs away from the
promoter) that dramatically increase (enhancers) or decrease (silencers) transcription rates.

¢ Key Properties:

o Orientation & Distance Independent: They function in either orientation (forward or
backward) and over long distances.

o Tissue/Cell-Type Specific: Bound by specific activator or repressor proteins that define
when/where a gene is expressed.

e Mechanism (Enhancer Loop Model): Proteins bound to the enhancer interact with proteins at
the promoter via DNA looping, bringing the enhancer close to the promoter. This recruits
chromatin remodelers, histone modifiers, and the transcriptional machinery to activate
transcription.

Transcription Factors

e Definition: Proteins that bind to specific DNA sequences (cis-regulatory elements) and regulate
transcription.

e Two Main Classes:

1. General Transcription Factors (GTFs): Required for basal transcription by Pol II at
all promoters (e.g., TFIID, TFIIB). Assemble the pre-initiation complex.

2. Sequence-Specific Transcription Factors:

= Activators: Bind to enhancers. They have:
= DNA-binding domain (e.g., zinc finger, helix-loop-helix, leucine
zipper).
= Activation domain that recruits co-activators (e.g., histone
acetyltransferases - HATs, Mediator complex).
= Repressors: Bind to silencers (or sometimes promoters). They inhibit
transcription by:
= Blocking activator binding.
= Recruiting co-repressors (e.g., histone deacetylases - HDACs, chromatin
condensers).
= Directly interfering with the PIC assembly.

e Role: They are the final executors of regulatory signals (hormones, development, stress),

integrating cellular information to precisely control when, where, and how much a gene is

transcribed.
11. Differences Between Prokaryotic and Eukaryotic Transcription
Feature Prokaryotic Transcription Eukaryotic Transcription
Site of Cytoplasm (no nuclear membrane). Nucleus. Transcription and translation
Transcription Transcription and translation are spatially and temporally separated.
are coupled (occur simultaneously). mRNA must be processed and exported to
cytoplasm.
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RNA Processing Minimal. Primary transcripts are Extensive and essential. Pre-mRNA
often functional immediately. Some undergoes: 5' capping, 3' polyadenylation,
rRNA/tRNA processing occurs, but no 5' | and splicing (intron removal). These are
cap, no poly-A tail, and no splicing of required for stability, export, and translation.
mRNA.
Number of RNA | Single RNA polymerase transcribes all Three main nuclear RNA polymerases:
Polymerases genes (MRNA, tRNA, rRNA). * Pol I: rRNA
* Pol II: mRNA & snRNA
M * Pol III: tRNA & 5S rRNA
(+ organelle-specific polymerases) (\®)
Promoter Simple, conserved sequences: -10 Complex and diverse. Core elements include \&
K Structure (Pribnow) box and -35 box. Recognized TATA box, Inr, DPE. Recognized by a suite N
directly by ¢ factor of RNA polymerase. of General Transcription Factors g
(GTFs) that must assemble before polymerase o
binds. o~
P Initiation RNA polymerase holoenzyme (core + ¢ Requires the ordered assembly of GTFs g
Complex factor) binds directly to promoter. (TFIID, TFIIB, etc.) to form the Pre- e
Initiation Complex (PIC) before recruiting v
R RNA Pol II. &
Termination Two well-defined mechanisms: For Pol II: Linked to RNA cleavage and
E 1. Rho-independent (hairpin + poly-U) polyadenylation (AAUAAA signal). No E
2. Rho-dependent (Rho protein helicase) | precise, universal sequence-based terminators =)
like in prokaryotes. o~
P Regulation Primarily via operons (coordinately Highly complex. Involves distant U%
regulated gene clusters) and enhancers/silencers, chromatin remodeling, [
A simple activator/repressor histone modification, and a vast array
proteins binding near the promoter. of specific transcription factors.
R Chromatin DNA is naked (no histones). Access to DNA is packed into chromatin (wrapped
Context promoter is generally unhindered. around histones). Access to promoters
requires chromatin remodeling and histone
A modification to make DNA accessible.
Speed Faster initiation and elongation (~40-80 Slower (~20-30 nt/sec) due to chromatin
T nt/sec). barriers and complex assembly.
I i Polymerase o
" "7 movement
<7 RNAPOLYMERASE
O Rewinding . Unwinding
of DNA
3 s
N P4 :
S . Nucleotide being added

>
\

ANA-DNA
hybrid region

to the 3" end of the RNA

¥y
NTPs

TRANSLATION: PROTEIN SYNTHESIS

1. Introduction

Definition of Translation

Translation is the biological process in which the sequence of codons in a messenger RNA (mRNA)
molecule is decoded to specify the sequence of amino acids in a polypeptide chain (protein). It is
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¢ second stage of gene expression, following transcription, where the genetic information encoded in
nucleic acids is converted into the functional molecules of life.
Role of Translation in Gene Expression

e Execution Phase: Translation is the executive step where the genetic blueprint (mRNA) is used
to synthesize the actual functional products—proteins.

¢ Regulation Point: While transcription is the primary control point, translation is also highly

regulated, allowing cells to rapidly fine-tune protein production in response to immediate needs
(e.g., stress, signals) without altering mRNA levels.

Protein Homeostasis: Controls the quantity, location, and timing of protein synthesis, which is
critical for all cellular processes, from metabolism and structure to signaling and defense.
Central Dogma of Molecular Biology

Translation is the final step in the core flow of genetic information:

DNA — (Transcription) — RNA — (Translation) — Protein

e DNA stores the genetic information.

e Transcription copies this information into a mobile RNA format (mRNA).

e Translation interprets the RNA code to assemble a specific protein. This flow
is unidirectional under normal cellular conditions.

2. Basic Features of Translation
Occurs on Ribosomes

¢ Ribosomes are the universal molecular machines (ribonucleoprotein complexes) that catalyze
protein synthesis.

e They have two subunits: a large subunit and a small subunit, which assemble on the mRNA. In
eukaryotes, assembly is finalized in the cytoplasm.

e Ribosomes have three key sites for tRNA binding:

o Asite (Aminoacyl): Binds the incoming aminoacyl-tRNA carrying the next amino acid.
o Psite (Peptidyl): Holds the tRNA linked to the growing polypeptide chain.
o E site (Exit): Holds the deacylated tRNA before it leaves the ribosome.

mRNA Read in 5’ — 3’ Direction

e The ribosome moves along the mRNA from the 5' end to the 3’ end, sequentially reading each
codon.

e This directional movement ensures the genetic code is read in the correct reading frame, which
is set by the start codon (AUG).

Protein Synthesized from N-Terminal to C-Terminal

e Protein synthesis begins at the amino (N) terminus and proceeds toward the carboxyl (C)
terminus.

e Mechanistically: The first amino acid (methionine, formylmethionine in prokaryotes) is added.
Each subsequent amino acid is attached to the C-terminus of the growing chain via a peptide
bond.

Genetic Code
The set of rules by which the sequence of nucleotides in mRNA is converted into the sequence of amino
acids in a protein.
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Property Description Implication
Triplet Three nucleotides (a codon) specify one With 4 nucleotides (A,U,G,C),
amino acid. there are 4° = 64 possible codons.
Non-overlapping Codons are read in discrete, consecutive The reading frame is critical; a
groups of three. Each nucleotide is part of | frameshift mutation alters all
only one codon. downstream codons.
Degenerate/Redundant Most amino acids (all except Met and Trp) | Mutations in the third base of a
are specified by more than one codon often do not change the
codon (synonymous codons). amino acid (silent mutation),
buffering against harmful changes.
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Universal The same genetic code is used by virtually | Evidence for common ancestry;
all organisms (with minor variations in allows for genetic
mitochondria and some protists). engineering (e.g., human genes

expressed in bacteria).

Commaless No gaps or "commas" between codons. The ribosome reads the mRNA

continuously.

Has Start & Stop Signals | AUG (codes for Met) = Start Defines the beginning and end of
codon (initiation signal). the protein-coding sequence.
UAA, UAG, UGA = Stop
codons (termination signals; do not code
for an amino acid).

3. Genetic Code
Codon and Anticodon

e Codon: A sequence of three nucleotides on the mRNA that specifies a particular amino acid or
a stop signal.

e Anticodon: A sequence of three complementary nucleotides on the tRNA that base-pairs with
the mRNA codon during translation. It ensures the correct amino acid is inserted.

¢ Pairing: They bind in an antiparallel fashion (e.g., mRNA codon 5'-AUG-3' pairs with tRNA
anticodon 3'-UAC-5").

Start Codon (AUG)

e Sequence: AUG (codes for methionine).

¢ Function: Signals the beginning of translation. It sets the reading frame.

e Variations:

o Prokaryotes: A modified methionine, N-formylmethionine (fMet), is used as the first
amino acid.
o Eukaryotes: Standard methionine (Met) is the first amino acid.

e Context: In eukaryotes, the surrounding nucleotide sequence (Kozak sequence) helps identify the

correct AUG start codon.
Stop Codons (Nonsense Codons)

e Sequences: UAA (Ochre), UAG (Amber), UGA (Opal).

¢ Function: Signal the termination of translation. They do not code for an amino acid.

e Mechanism: No tRNA has an anticodon complementary to these codons. Instead, they are
recognized by release factors (RFs), which trigger the release of the completed polypeptide
chain from the ribosome.

Wobble Hypothesis

e Concept: Proposed by Francis Crick to explain how one tRNA can recognize more than one
codon (explaining codon degeneracy).

e Mechanism: The first base of the anticodon (position 1, reading 5'—3' on the tRNA) can
form non-standard base pairs with the third base of the codon (position 3, reading 5'—3' on
the mRNA). This flexibility is called wobble.

o Key Wobble Pairing Rules:

o G (in anticodon) can pair with U or C (in codon).
o U (in anticodon) can pair with A or G.
o I (Inosine, a modified base in anticodon) can pair with U, C, or A.

e Consequence: Reduces the number of tRNAs needed; a cell may have only ~40 different tRNAs
to read all 61 sense codons.

4. Types of RNA Involved

mRNA | Template. Carries the genetic code from DNA in the form of a sequence of codons.

tRNA | Adapter Molecule. Bridges the gap between the language of nucleic acids and proteins. Each
tRNA carries a specific amino acid and has an anticodon complementary to an mRNA codon.
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rRNA | Structural & Catalytic Role. Forms the core of the ribosome (makes up ~60% of its mass).
Catalyzes the formation of peptide bonds (ribozyme activity).
5. Ribosome Structure
Composition and Sizing
e Ribosomes are composed of rRNA and proteins. Their size is measured in Svedberg units (S),
which indicate sedimentation rate (not additive due to shape).
¢ Prokaryotic Ribosome: 70S. Composed of:
o Large subunit (50S): Contains 23S rRNA (catalytic), 5S rRNA, and ~33 proteins.
o Small subunit (30S): Contains 16S rRNA (decoding center) and ~21 proteins.
¢ Eukaryotic Ribosome: 80S. Composed of:
o Large subunit (60S): Contains 28S rRNA, 5.8S rRNA, 5S rRNA, and ~49 proteins.
o Small subunit (40S): Contains 18S rRNA and ~33 proteins.
Ribosomal Sites (on the Large Subunit Interface)
e A Site (Aminoacyl): Binds the incoming aminoacyl-tRNA carrying the next amino acid to be
added to the chain.
o P Site (Peptidyl): Holds the tRNA that is linked to the growing polypeptide chain (the peptidyl-
tRNA).
e E Site (Exit): Holds the deacylated tRNA (empty tRNA) after it has donated its amino acid, just
before it exits the ribosome.
Flow: tRNA enters at the A site — moves to the P site after peptide bond formation — exits from the E
site. The mRNA moves through the ribosome, and the polypeptide chain exits through a tunnel in the
large subunit.
6. Activation of Amino Acids
This is the first, energy-requiring step of translation, which ensures the correct pairing of amino acids
with their corresponding tRNAs. It occurs in the cytoplasm.
Aminoacyl-tRNA Synthetase
¢ Function: Enzymes that catalyze the attachment of a specific amino acid to its corresponding
tRNA. This creates an aminoacyl-tRNA (or "charged" tRNA).
e Key Property:

o High Specificity: Each of the 20 amino acids has at least one specific aminoacyl-tRNA
synthetase. They must recognize both the correct amino acid and the correct tRNA (via
the anticodon and other structural features).

o Proofreading: Many have an editing (proofreading) site to hydrolyze incorrectly
attached amino acids (e.g., removing valine mistakenly attached to an isoleucine tRNA),
ensuring high fidelity.

Formation of Aminoacyl-tRNA (Charging Reaction)
e The reaction occurs in two steps, both catalyzed by the synthetase:

1. Amino Acid Activation: The amino acid reacts with ATP to form aminoacyl-

AMP (adenosine monophosphate) + PPi (pyrophosphate). The amino acid is now in a
high-energy state.
Amino acid + ATP — Aminoacyl-AMP + PPi
2. Transfer to tRNA: The aminoacyl group is transferred from AMP to the 3'-
OH (adenosine) of the tRNA's acceptor stem, forming aminoacyl-tRNA and releasing
AMP.
Aminoacyl-AMP + tRNA — Aminoacyl-tRNA + AMP
e Net Reaction: Amino acid + tRNA + ATP — Aminoacyl-tRNA + AMP + PPi
ATP Requirement
e Two high-energy phosphate bonds are consumed (one from ATP — AMP + PPi). The
subsequent hydrolysis of PPi to 2 Pi by pyrophosphatase drives the reaction forward, making it
essentially irreversible.
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e This energy is "banked" in the high-energy ester bond of the aminoacyl-tRNA, which will late
be used to drive peptide bond formation on the ribosome.
7. Mechanism of Translation
A. Initiation: Assembling the Ribosome on the mRNA
The goal is to correctly position the initiator tRNA in the P site of a ribosome assembled on the start
codon.
1. Binding of Small Ribosomal Subunit to mRNA:

e Prokaryotes: The Shine-Dalgarno sequence on the mRNA (complementary to the 16S rRNA in
the small subunit) aligns the ribosome with the start codon (AUG).

¢ Eukaryotes: The small subunit with initiation factors binds the 5’ cap and scans downstream
until it finds the first AUG in a favorable context (Kozak sequence).

2. Initiator tRNA:

¢ Prokaryotes: fMet-tRNA™et (carrying N-formylmethionine).

¢ Eukaryotes: Met-tRNA™¢t (carrying methionine).
3. Initiation Factors (IFs / elFs): Proteins required for assembly.

o Prokaryotes (IFs): IF3 prevents premature large subunit binding. IF2 (GTPase) binds the
initiator tRNA. IF1 blocks the A site.

¢ Eukaryotes (elFs): More complex. eIF4F binds the 5’ cap. elF2 (GTPase) brings the initiator
tRNA. elFS5 triggers GTP hydrolysis.

4. Formation of Initiation Complex:

e Prokaryotes: 30S subunit + IFs + mRNA + fMet-tRNA — 308 initiation complex. GTP
hydrolysis on IF2 releases IFs and allows the 50S subunit to join, forming the 70S initiation
complex.

e Eukaryotes: 40S subunit + elFs + Met-tRNA scans mRNA — finds AUG — GTP hydrolysis —
60S subunit joins, forming the 80S initiation complex. Initiator tRNA is positioned in the P site.

~ L

tRNAin

Large P site

subunit

Initiation ¢ 3

Initiation
factor

N =+~Small
5,_1_&}’ subunit
7

— ] —

= x /',
SO

Initiation complex Complete ribosome

Initiation of translation. In prokaryotes, initiation factors play key roles in positioning the small ribosomal subunit, the
initiator tRNA™®!, and the mRNA. When the tRNA™2! is positioned over the first AUG codon of the mRNA, the large ribosomal subunit binds,
forming the E, P, and A sites where successive tRNA molecules bind to the ribosomes, and polypeptide synthesis begins. Ribosomal subunits are
shown as a cutaway sectioned through the middle.

B. Elongation: The Cycle of Amino Acid Addition
A repetitive cycle with three core steps, adding one amino acid per cycle.
1. Entry of Aminoacyl-tRNA into A Site (Decoding):
e The correct aminoacyl-tRNA is delivered to the A site as a complex with EF-Tu (prokaryotes)
or eEF1la (eukaryotes) bound to GTP.
¢ Proofreading: If codon-anticodon pairing is correct, GTP is hydrolyzed, EF-Tu changes
conformation and dissociates, leaving the tRNA in the A site. If incorrect, the tRNA is rejected
before GTP hydrolysis.
2. Peptide Bond Formation (Peptidyl Transferase Activity):
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e Catalyzed by the peptidyl transferase center of the 23S/28S rRNA (a ribozyme).

e The amino group of the amino acid in the A-site tRNA attacks the carbonyl carbon of the
amino acid linked to the tRNA in the P site.

e This forms a peptide bond and transfers the growing polypeptide chain from the P-site tRNA to
the A-site tRNA.

3. Translocation of Ribosome:

e Catalyzed by EF-G (prokaryotes) or eEF2 (eukaryotes) using GTP hydrolysis.

e The ribosome moves exactly one codon (3 nucleotides) toward the 3’ end of the mRNA.

e This movement simultaneously:

M o
o Shifts the peptidyl-tRNA from the A site to the P site. \&
K o Shifts the deacylated tRNA from the P site to the E site (from which it exits). ¢

o Empties the A site for the next incoming aminoacyl-tRNA. z

Elongation Factors: ()

e EF-Tu/eEF1a: Delivers aminoacyl-tRNA to A site. (T

e EF-Ts/eEF1Py: Recycles EF-Tu by exchanging its GDP for GTP. o

o EF-G/eEF2: Catalyzes translocation. E

Amino end ﬁ

NH3*_Amino (N terminus)

i NHy+ o
i @

=

—

=

=]

<

Polypeptide N bond Amino
chain N acid 2

——
Peptide
bond
formation

I acid 7

CO0-
1
Carboxyl end
(C terminus)

Peptide bond formation. Peptide bonds are formed between a “new” charged tRNA in the A site and the growing chain
attached to the tRINA in the P site. The bond forms between the amino group of the new amino acid and the carboxyl group of the growing chain.
This breaks the bond between the growing chain and its tRNA, transferring it to the A site as the new amino acid remains attached to its tRNA.

C. Termination: Releasing the Finished Protein
1. Recognition of Stop Codon:
e  When a stop codon (UAA, UAG, UGA) enters the A site, it is not recognized by any tRNA.
2. Release Factors (RFs):
e Prokaryotes:
o RF1 recognizes UAA/UAG.
o RF2 recognizes UAA/UGA.
o RF3is a GTPase that stimulates RF1/RF2 release.
o FEukaryotes:
o eRF1 recognizes all three stop codons.
o eRF3is a GTPase that assists.
3. Release of Polypeptide Chain:

nZO—~—-p» Xp>vmRI o
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e The release factor binds the stop codon in the A site.

e It induces the peptidyl transferase center to hydrolyze the bond linking the polypeptide to the
tRNA in the P site.

e The completed polypeptide is released.

¢ Ribosome Recycling: The ribosome dissociates into its subunits, aided by RRF (Ribosome
Recycling Factor) and EF-G in prokaryotes (similar factors in eukaryotes), ready for a new
round of translation.

8. Translation in Prokaryotes
Shine-Dalgarno Sequence

e  What: A purine-rich consensus sequence (AGGAGG) located ~10 nucleotides upstream of the
start codon (AUG) on prokaryotic mRNA.

e Function: Base-pairs complementarily with the 3’ end of the 16S rRNA in the small
ribosomal subunit. This alignment positions the ribosome directly at the correct start codon,
ensuring the correct reading frame for translation.

Coupled Transcription and Translation

e Process: Because there is no nuclear envelope, translation of an mRNA can begin before
transcription of that mRNA is even complete.

e Visualization: Multiple ribosomes (a polysome) can be seen translating an mRNA while RNA
polymerase is still synthesizing its 3’ end.

e Advantage: Allows for extremely rapid gene expression in response to environmental changes.

fMet as Initiator Amino Acid

e  What: The initiator tRNA is charged with a modified methionine: N-formylmethionine (fMet).

e Modification: A formyl group is

added to the amino group of a .
methionine, making it distinct from
internal methionines. Polypeptide A

e Purpose: This formylation chain releases s A
helps special initiation 30000 """“—-! . Dissodiation

factors (like IF2) recognize the
initiator tRNA, and may protect the
protein's N-terminus. It is
often later removed from the
mature protein.

9. Translation in Eukaryotes

5’ Cap Recognition

e Mechanism: The elF4F
complex (consisting of eIF4E,
elF4G, and elF4A) binds to the 7-
methylguanosine cap at the 5" end
of mRNA.

e Function: This binding recruits
the small ribosomal subunit and
associated factors. It is essential for
the initiation of nearly all

Sectioned
ribosome

cukaryotic mRNA translation and

promotes mRNA stability. Termination of protein synthesis. There is
Kozak Sequence no tRNA with an anticodon complementary to any of the three
termination signal codons. When a ribosome encounters a termination

e  What: A consensus sequence

R codon, it stops translocating. A specific protein release factor
surroundlng the start facilitates the release of the polypeptide chain by breaking the
codon: ACCAUGG. The most Tttt s e e
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important nucleotides are the purine (A or G) at position -3 and the G at position +4 (relative to
the A of AUG at +1).

¢ Function: Increases the efficiency of translation initiation by enhancing the recognition of
the correct AUG as the start site, especially important in mRNAs with multiple AUGs.

Separate Transcription and Translation

¢ Compartmentalization: Transcription occurs in the nucleus, while translation occurs in
the cytoplasm.

e Implication: Eukaryotic mRNA must undergo complete processing (capping, splicing,
polyadenylation) and be exported through nuclear pores before translation can begin. This
introduces a time delay and allows for additional regulatory checkpoints.

Role of elFs (Eukaryotic Initiation Factors)
e These are numerous proteins required for the complex initiation process. Key examples:
o elF2: Delivers the initiator Met-tRNA to the small subunit. Phosphorylation of eIF2 is a
major regulatory mechanism that globally inhibits translation under stress.
o elIF4E: The cap-binding protein (part of eIF4F). Its activity is a frequent target for
regulation.
o elIF5: Promotes GTP hydrolysis by elF2, leading to factor release and subunit joining.
o elF6: Binds to the large subunit, preventing premature association with the small subunit
in the cytoplasm.
10. Post-Translational Modifications (PTMs)
These are covalent modifications that occur after the polypeptide chain is synthesized, crucial for protein
function, localization, stability, and activity.
Folding (Chaperone Proteins)

e Problem: Newly synthesized polypeptides emerge from the ribosome as an unstructured chain
and must fold into a precise 3D shape.

e Solution: Molecular chaperones (e.g., Hsp70, chaperonins like GroEL/GroES) bind to
hydrophobic regions of the unfolded chain, preventing aggregation and providing a protected
environment to facilitate correct folding.

Cleavage of Signal Peptides

e What: Many proteins destined for secretion or specific organelles (ER, mitochondria) have an N-
terminal signal peptide (15-30 hydrophobic amino acids).

e Process: As translation begins, the signal peptide is recognized by the Signal Recognition
Particle (SRP), which directs the ribosome to the ER membrane. The peptide is then cleaved
off by a signal peptidase in the ER lumen.

Chemical Modifications

e Phosphorylation: Addition of a phosphate group (PO4*") to serine, threonine, or tyrosine
residues. A major mechanism for regulating protein activity (turning enzymes on/off), often
mediated by kinases and phosphatases.

¢ Glycosylation: Addition of carbohydrate chains to asparagine (N-linked) or serine/threonine (O-
linked). Critical for protein stability, targeting, and cell-cell recognition (e.g., in cell surface
receptors).

e Methylation: Addition of a methyl group (—CH3) to lysine or arginine residues, common
in histone proteins to regulate chromatin structure and gene expression.
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tRNA carrying A
first amino acid Large | Ribosomal
el =" subunits
UAC
Anticodon
= INITIATION )
5’ 3 \
r—; RNA — @ During initiation, the components w
AUG m UAG of the translational apparatus come £}
Start codon Stop codon together with an mRNA, and a tRNA ' @ During elongation,
carrying the first amino acid (AA,) 1 amino acids are brought to
binds to the start codon (AUG). the mRNA by tRNAs and

are added, one by one, to a
growing polypeptide chain.

Recycling of
translational
components

~ L

Release
factor

a"’
"‘
-
/ 4" [ TERMINATION
© During termination, a stop codon
fHEann 3/ in the mRNA is recognized by a
protein release factor, and the

“SUAG— translational apparatus comes apart,
Stop codon releasing a completed polypeptide.

Completed
polypeptide

© 2012 Pearson Educatian, Inc.

11. Regulation of Translation
Control at Initiation Stage

e This is the most common point of translational regulation.

o elF2 Phosphorylation: Under stress (e.g., viral infection, nutrient starvation), kinases
phosphorylate elF2. Phosphorylated elF2 cannot be recycled, sequestering it and globally
shutting down translation initiation.

o elF4E Availability: elF4E (the cap-binding protein) is often bound and inhibited by 4E-BPs.
Growth signals trigger phosphorylation of 4E-BPs, releasing e[F4E to stimulate translation of
growth-promoting mRNAsS.
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MUTATIONS
Basis of Classification | Types Description & Examples
Scale Point (Micro-lesion) Single base
change: Substitution (Transition: A—G,
CoT; Transversion:
purine—pyrimidine). Indel (insertion/deleti
on).

Chromosomal (Macro-lesion) Structural (deletion, duplication, inversion,
translocation) or numerical (aneuploidy,
polyploidy).

Cell Type Germline Heritable; evolutionary relevance.
Somatic Not inherited; cause cancer, mosaicism.
Direction Forward Wild-type — mutant.
Reverse (Reversion) True reversion or suppressor mutation.
Effect on Protein Silent Same amino acid (e.g., CUA — CUG, both
Leu).

Missense Different amino

acid: Conservative (similar properties, e.g.,
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Asp—Glu) or Non-conservative (different,

e.g., Gly—Trp).

Nonsense Creates premature stop codon; often
triggers NMD.

Frameshift Indel not a multiple of 3; alters reading
frame.

Phenotypic Effect

Loss-of-function (LOF)

Reduced/abolished activity; usually
recessive.

Gain-of-function (GOF)

New/enhanced activity; often dominant
(e.g., oncogenes).

Conditional

Expressed only under specific conditions
(e.g., temperature-sensitive).

Polymerase Chain Reaction
(PCR)

MOLECULAR TECHNIQUES IN RESEARCH
Technique

Principle

Amplifies specific DNA sequences
using primers, Taq polymerase,
thermal cycling.

Application in Zoology

Species identification, population
genetics, ancient DNA analysis.

Gel Electrophoresis

Separates nucleic acids by size in
agarose/polyacrylamide matrix.

Analysis of PCR products, restriction
fragments.

DNA Sequencing

Sanger: Chain termination with
ddNTPs. NGS: Massively parallel
sequencing (Illumina, Nanopore).

Whole genome sequencing,
phylogenomics, SNP discovery.

Hybridization Techniques

Southern blot (DNA), Northern
blot (RNA), FISH (chromosomal
localization).

Gene mapping, chromosomal
abnormalities, gene expression.

Recombinant DNA Technology

Restriction enzymes, ligation,
cloning vectors (plasmids, BACs,
YAC:s).

Gene cloning, transgenic animal
production.

CRISPR-Cas9

RNA-guided DNA endonuclease for
targeted genome editing.

Gene knockout/knockin in model
organisms, functional genomics.

RNA-seq

NGS of cDNA from RNA
population.

Transcriptome analysis, differential
gene expression, non-coding RNA
discovery.
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Gene expression

Central dogma Transcription RNA.
DNA—RNA-Protein pIoCessing
usles Lrequires—y; occu.irs in
{ RNA
Genetic code polymerase EERFEEs
steps
steps
Universal includes A also
includes
. Initiation Promoter
consists of
5’ cap Pre-mRNA | can result
" splicing in
uses
s | 1 Initiation
|_ and | Alternati
Transcription requi €rnative
quires L,
64 codons == Degenerate T splicing
| 3’ poly-A
Specific tail Spliceosome
Elongation === 53’ 1 Elongation

code for l
AminG Termination
e Start Stop
AUG

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 1

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

snRNPs

k removes == Introns

l— joins —» Exons

Practice MCQs
D) Uracil
Answer: Thymine

|

Termination

Translation — requires

Ribosome

Anticodon

f

contains
|
Charged
tRNA

Peptidyl
transferase

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

A) “C and *H
B) 2P and S
C) *N and N
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D) '*0 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) H1

B) H2A

C)H3

D) H4

Answer: H1

12. Transcription in eukaryotes is carried out by
which RNA polymerase for mRNA?

A) RNA polymerase |

B) RNA polymerase 11

C) RNA polymerase III

D) RNA polymerase IV

Answer: RNA polymerase 11

13. Which of the following mutations changes a
codon to a stop codon?

A) Missense

B) Nonsense

C) Silent

D) Frameshift

Answer: Nonsense

14. The "beads-on-a-string" structure of
chromatin refers to:

A) Nucleosomes

B) Solenoid fibers

C) Radial loop domains

D) Heterochromatin

Answer: Nucleosomes

15. Which chemical bond links nucleotides in a
DNA strand?

A) Hydrogen bond

B) Glycosidic bond

C) Phosphodiester bond

D) Peptide bond

Answer: Phosphodiester bond

16. In which phase of the cell cycle does DNA
replication occur?

A) G1 phase

B) S phase

C) G2 phase

D) M phase

Answer: S phase

17. Which of the following is a characteristic of
euchromatin?

A) Highly condensed

B) Transcriptionally inactive

C) Gene-rich and active

D) Late replicating

Answer: Gene-rich and active

18. The enzyme that adds telomeric repeats to
chromosome ends is:

A) DNA polymerase

B) Telomerase

C) Reverse transcriptase

D) Ligase

Answer: Telomerase

19. Which of the following is a stop codon?

A) AUG

B) UAG

C) UAC

D) GUA

Answer: UAG

20. Griffith's transformation experiment used
which bacterium?

A) Escherichia coli

B) Streptococcus pneumoniae

C) Bacillus subtilis

D) Salmonella typhimurium

Answer: Streptococcus pneumoniae

21. Which type of chromosome has a centromere
at the very end?

A) Metacentric

B) Submetacentric

C) Acrocentric

D) Telocentric

Answer: Telocentric

22. The process of removing introns and joining
exons is called:

A) Capping

B) Polyadenylation

C) Splicing

D) Transcription

Answer: Splicing

23. Which DNA polymerase has 5'—3'
exonuclease activity and removes RNA primers?
A) DNA polymerase 1

B) DNA polymerase II

C) DNA polymerase 111

D) DNA polymerase &

Answer: DNA polymerase I

24. Chargaff's rule states that in DNA:
A)A=Gand T=C

B)A=Tand G=C
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C)A=Cand G=T

D)A+T=G+C

Answer: A=Tand G=C

25. Which type of mutation results from the
insertion or deletion of nucleotides not in
multiples of three?

A) Missense

B) Nonsense

C) Silent

D) Frameshift

Answer: Frameshift

26. The RNA component of the ribosome is called:

A) mRNA

B) tRNA

C) IRNA

D) snRNA

Answer: rRNA

27. Which syndrome results from the karyotype
47, XXY?

A) Down syndrome

B) Turner syndrome

C) Klinefelter syndrome

D) Cri-du-chat syndrome

Answer: Klinefelter syndrome

28. The major groove of DNA is important
because:

A) It is narrower than the minor groove

B) Proteins can recognize base sequences there
C) It contains the sugar-phosphate backbone
D) It is involved in DNA replication only
Answer: Proteins can recognize base sequences
there

29. Which enzyme is responsible for joining
Okazaki fragments?

A) DNA polymerase I

B) DNA polymerase II1

C) Ligase

D) Primase

Answer: Ligase

30. In the lac operon, the lac repressor protein
binds to the:

A) Promoter

B) Operator

C) Structural genes

D) Inducer

Answer: Operator

31. Which of the following is a pyrimidine base?
A) Adenine

B) Guanine

C) Cytosine

D) Hypoxanthine

Answer: Cytosine

32. The process of copying DNA into RNA is
called:

A) Replication

B) Transcription

C) Translation

D) Reverse transcription

Answer: Transcription

33. Which type of RNA is involved in RNA
interference (RNAi)?

A) miRNA

B) tRNA

C) rRNA

D) snRNA

Answer: miRNA

34. A chromosome with the centromere slightly
off-center is called:

A) Metacentric

B) Submetacentric

C) Acrocentric

D) Telocentric

Answer: Submetacentric

35. Which of the following is NOT a component of
a nucleotide?

A) Pentose sugar

B) Phosphate group

C) Nitrogenous base

D) Amino acid

Answer: Amino acid
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Chapter 30

Genetics

¢ 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
speciation.

¢ Since genes control heredity and variation, genetics is fundamentally the study of genes.

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).

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.

Law of Segregation (Principle of Segregation) — Alleles separate during gamete

formation. (Mendel's pea plant experiments.)

Law of Independent Assortment — Genes for different traits assort independently during gamete

formation.

P generation — Parental generation.

F.1 generation — First filial generation.

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.

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.)

e Codominance — Both alleles are fully expressed in the heterozygote. (Example: AB blood type;
speckled chicken feathers.)

e  Multiple alleles — More than two alleles exist for a gene in a population. (Example: ABO blood
group alleles: I, I?, i.)

e Pleiotropy — One gene affects multiple traits. (Example: Sickle cell allele affects hemoglobin, red
blood cell shape, and causes anemia.)
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4{ Form Antigen A

Gene | :

4{ Form Antigen B

on Chromosome 9

4‘ Form No Antigen
g 5
)

ABO Blood Group System .

Blood Type Antigen on RBC Antibody in Plasma @
M IAIA, TAi A antigen Anti-B =]
B IBIB, IBi B antigen Anti-A g
AB IAIB A & B antigens None '(-'5'
K (0] il None Anti-A & Anti-B 17,

e C(Clinical Relevance:
o Universal Donor: Type O

negative (lacks A, B, and Rh D
antigens). e
o Universal Recipient: Type AB

positive (lacks anti-A, anti-B

Group A Group B Group AB Group O

antibodies). a L a0 A e SISV
. . Antibodies ) S W S Ay e
¢ Bombay Phenotype (Epistasis in plasma Ay o e A
Example): Individuals homozygous Anti-B Anti-A None Anti-A and Anti-B
recessive for the H gene (44) cannot Antigens in ’ ’ 1
red blood
produce the H substance (precursor for cell Aantigen | B antigen Aand B None

antigens

A/B antigens). They phenotypically appear
as type O even with A & B alleles, and have anti-H antibodies in plasma.
Erythroblastosis Fetalis

o Genetics: Primarily controlled by the D antigen (Rh factor). D allele (dominant)
produces the antigen; *d* allele (recessive) does not. Gene: D on chromosome 1.

o Rh+: DD or Dd.

o Rh-:dd.

¢ Erythroblastosis Fetalis (Hemolytic Disease of the Newborn - HDN):
o Cause: Maternal-fetal Rh incompatibility (Rh- mother with Rh+ fetus).
o Mechanism (Antigen-Antibody Reaction):
= First Rht fetus: Fetal RBCs enter maternal circulation during delivery,
sensitizing mother to produce anti-Rh IgG antibodies.
»  Subsequent Rh+ pregnancy: Maternal antibodies cross placenta, destroying fetal
RBCs.

o Consequences: Severe hemolytic anemia, jaundice, kernicterus (brain damage from
bilirubin), edema, hydrops fetalis, possible heart failure or death.

o Prevention: Administer Rh immunoglobulin (RhoGAM) to Rh- mother at 28 weeks
gestation and within 72 hours after delivery of an Rh+ baby. Clears fetal cells before
maternal sensitization.

o Treatment (for affected newborn): Phototherapy for jaundice, exchange
transfusion with Rh- blood.

Other Examples of Multiple Alleles
1. Rabbit Coat Color (C gene):
o Alleles: C (full color) > ¢ (chinchilla) > ¢" (Himalayan) > *c* (albino).
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= Interpretation: Both functional gene products are needed for pigmentation.

CP Cp cP cp

\ X cp | GCPP | CCPo | CoPP | Cepp
’\ v\ Purple | Purple | Purple | Purple
White varlety #1 White varlety #2 u
(CCpp) (cePP)
C CCPp | CCpp | CcPp | Cecpp e
Fy generation ___ P Purple | White | Purple [ White °
Lol
i j CcPP | CcPp | ccPP | ccPp D
cP ) ’ (¢")
Purple | Purple | White | White
M All purple :
(CcPp) & CcPp | Cepp | ccPp | copp g
Purple | White | White | White e @
[< Self-fertilization ()
17,]

9C P_:3C_pp:3ccP_:1cepp

purple white

¢ Duplicate Dominant Epistasis (15:1 Ratio): A dominant allele at either locus is sufficient to
produce the phenotype. The phenotype only appears if both loci are homozygous recessive.
o Example: Seed capsule shape in shepherd's purse.
= Gene A or B: A or B_ = Triangular capsule.
= Double recessive: aabb = Ovoid capsule.

iTriang ular Ovoid ?

I AA BB X aa bb

Gametes AB ab

E iTriang ular Triangular i

1 AaBb X AaBb

Male gametes
AB Ab aB ab

AB Y‘MBB Y}ME}J Y}ﬂ&BB YA&B{J

45 | Wineo | Wonoo | Woazs | Waaoo
Female
gametes

ab ?}.ass V‘iaﬁb ?&a&ﬁ Vaasb
ab YAaBb YAebb Yaa&b @aabb

{b) Summary: 15/16 triangular, 1/16 ovoid
2. Complementary Gene Action
A subset of epistasis where two genes work together to produce a single trait. The classic 9:7 ratio is a
prime example (as in sweet peas above).
3. Suppression
A specific type of interaction where one gene (suppressor gene) reverses the effect of a mutation at
another locus, often restoring the wild-type phenotype.
o Example: In Drosophila, a mutation causing abnormal bristles can be suppressed by a mutation
in a second, unrelated gene, leading to normal-looking flies.
4. Modifier Genes
Genes that alter the expression or severity of a phenotype caused by a major gene, but do not determine
the trait's presence/absence.

nZO—~—-p» Xp>ovmRI o
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Inheritance
Mendelllan Methods Extension to
genetics Mendel
I | |
types cn‘I crosses include include
| |
Monohybrid ) Dihybrid Punnett Environmental Phenotypic
Dominant — —_— o
Cross J: cross square factors variation
i Recessive CEIES M A Ul |, Quantitative Continuous
genotypes traits variation
3:1 ratio 9:3:31 ratlo Multiplication
rule ; 1gene
demonstrates demonstrates —» Probability g e many traits
|—»Segregation-of— Alleles Adrdu:l;on
| Independent due Random lieasliis
are either assortment to alignment == Dominance
,}_I_‘ Codominance
Homozygous Heterozygous
Gene N
interactions ERlbias
Practice MCQs
1. What is the basic unit of heredity that 4. The complete set of all alleles present in
codes for a functional product like a all individuals of a breeding population at
protein? a given time is the:
A) Allele A) Genome
B) Locus B) Karyotype
C) Gene C) Gene pool

D) Chromosome
Answer: Gene
2. The specific physical location of a gene on 5.
a chromosome is called its:
A) Allele
B) Genome
C) Locus
D) Phenotype
Answer: Locus
3. Alternative forms of the same gene that 6.
occupy corresponding loci on homologous
chromosomes are known as:
A) Genotypes
B) Phenotypes
C) Alleles
D) Linkage groups
Answer: Alleles

MK PREPARATIONS: Let’s Make It Happen
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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
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Chapter 31

Biotechnology

Biotechnology is a multidisciplinary field that utilizes biological systems, living organisms, or derivatives
thereof to develop or modify products and processes for specific uses.

It merges principles from biology, chemistry, genetics, molecular biology, engineering, and computer
science to innovate in areas ranging from healthcare to environmental management.

Traditional vs. Modern Biotechnology

The 1973 discovery of recombinant DNA technology (Cohen & Boyer) marked the shift from traditional

to modern biotechnology.

Early Uses of Biotechnology

e ~10,000 BCE: Selective breeding of plants and animals for desirable traits.

e ~6000 BCE: Fermentation for beer (Sumerians, Babylonians), wine (ancient Egypt, China), and

leavened bread (using yeast).

e ~500 BCE: Use of moldy soybean curd (antibiotic-like) in ancient China.

1860s: Louis Pasteur’s germ theory and fermentation studies laid scientific foundations.

1917: Karl Ereky coined the term “biotechnology” (German: Biotechnologie), referring to using

living organisms to produce products.

Development of Recombinant DNA Technology

e 1953: Watson & Crick discover DNA double helix structure.

o 1970s:

o 1970: Discovery of restriction enzymes (Arber, Smith, Nathans).

o 1972: Paul Berg creates first recombinant DN'A molecule (SV40 virus + lambda phage).

o 1973: Herbert Boyer & Stanley Cohen successfully clone recombinant DNA into E.
coli—birth of genetic engineering.

e 1976: First biotech company, Genentech, founded; produced human insulin using rDNA by

1978.

Milestones in Biotechnology

e 1980: U.S. Supreme Court allows patenting of GM organisms (Diamond v. Chakrabarty).

1982: First GM product approved—human insulin (Humulin®) from Genentech/Eli Lilly.

1983: PCR technique invented by Kary Mullis (Nobel Prize 1993).

198S5: First transgenic plant (tobacco) developed.

1990: Launch of the Human Genome Project (completed 2003).

1994: First GM food, Flavr Savr tomato, approved for sale.

1997: First mammal cloned from adult somatic cell—Dolly the sheep.

2000s: Rise of omics (genomics, proteomics), stem cell research, and biofuels.

2012: CRISPR-Cas9 gene editing demonstrated (Doudna & Charpentier, Nobel 2020).

2020s: mRNA vaccine technology (COVID-19), synthetic biology advances, Al integration in

biotech.

Branches of Biotechnology
MK PREPARATIONS: Let’s Make It Happen
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M Traditional Biotechnology Modern Biotechnology a
K Time Period Ancient to early 20th century Late 20th century — present N
Basis Empirical knowledge, natural processes Understanding of molecular biology and genetics w
Techniques Fermentation, selective breeding, Genetic engineering, recombinant DNA, cell 5'
hybridization culture, CRISPR, omics -
Precision & Low; relies on natural variation High; specific genetic modifications g
Control —x
Examples Beer, bread, cheese making; animal Insulin from GM bacteria, Bt cotton, gene therapy, =
domestication; crop rotation mRNA vaccines o
Scale & Speed Slow, often small-scale Rapid, scalable, industrially applicable 5
e
e
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DNA segment The polymerase chain reaction.

to be amplified The polymerase chain reaction (PCR) allows a single DNA

— —

E 5% 3 efodnsnmer sequence to be amplified for analysis. The process involves
/" B'W 5 Biviiisiviiviviyie using short primers for DNA synthesis that flank the region

! ﬂ I rRRARARAnnaan to be amplified and (I} repeated rounds of denaturation,

(S _ (2) annealing of primers, and (3) synthesis of DNA. The

of template DNA. The reaction is performed in a thermocycler

—
machine enzyme used for synthesis is a thermostable DNA polymerase
| that can work at the high temperatures needed for denaturation
= L machine that can be programmed to change temperatures

e —

1. Sample is first heated
to denature DNA.

quickly and accurately. The annealing temperature used

W
-

depends on the length and base composition of the primers.

~ L

Details of the synthesis process have been simplified here to
illustrate the amplification process. Newly synthesized strands
DNA is denatured

are shown in light blue with primers in green. If there was one
into single strands = =

i @
DNA molecule to start, then at the end of cycle one there would (s
5fm 3 2. DNA is cooled to a be two molecules, at the end of cycle two, four molecules, and at g
lower temperature the end of cycle three, eight molecules.
to allow annealing r
of primers.
> AMANNARANAT 5 =
\ 5’ 3 . o
3. DNA is heated to c
72°C, the optimal m
Primers anneal to DNA temperature for Tag Q<

DNA polymerase to
W extend primers. End of cycle 2
i - il nnonnan . Four copies
5
L
5T 3 5° 3 3 L
— —

Tag DNA polymerase

> TTE g
! ||||m Il .

End of cycle 1 End of cycle 3
Two copies Eight copies

5 Y
MR , —
3 5

e Purpose: To synthesize a new DNA strand complementary to the template.

e Process: The temperature is raised to the optimal working temperature for Taq DNA
polymerase. Starting from the 3' end of each primer, the enzyme adds dNTPs and synthesizes a
new DNA strand in the 5'—3' direction, extending across the target region.

e At the end of the first cycle, two new double-stranded DNA molecules are created from the
original one.

Exponential Amplification: In subsequent cycles, both the original template and the newly synthesized
strands serve as templates.

e After I cycle: 2 copies

e After 2 cycles: 4 copies

e After *n* cycles: 2<sup>n</sup> copies (e.g., after 30 cycles: 2<sup>30</sup> = 1.07 billion
copies).

Enzyme: Taq DNA Polymerase

e Source: Isolated from the thermophilic bacterium Thermus aquaticus, which lives in hot springs.

e Critical Property: Thermostability. It survives the high denaturation temperatures (~95°C) of
each cycle without being permanently denatured. This eliminated the need to add fresh enzyme
after every cycle, automating PCR.

nZO—~—-p» Xp>vmRI o
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Cosmetics Hyaluronic Plant oils for cosmetics Collagen from
acid production Aloe vera with enhanced transgenic sources
compounds
DNA technology includes Biotechnology includes » Applications
|
involves
4 I\ 4 A\
Recombinant Polymerase ___ Genetic Transgenic Environmental Medical Agricultural
DNA chain variation organisms applications ™ applications applications
I reaction I
for types  created and include include include include
" ¥ analyzed by *_I_*
Molecular ici
o PCR and ) ) Protein Herblude
cloning —l RT-PCR |, DNA Transgenic = Transgenic L Biofuels drugs resistance
techniques I fingerprinting animals plants
used used for | Iljlsed
Restriction ¥ in vitro remove Hydrocarbon = L, Figy resistance
il mutagenesis genes removal
endonucleases Quantifying g
DNA or RNA Knockout
| I RNA mice Wastewater [ Gene chips
Gel and interference | treatment
electrophoresis ¥ .
essential = Immunocassays
| DNA. Genome genes »
sequencing editing .COI'IC.|IIIO.I'm|
cDNA e I inactivation s Vaccines
and
| ¥ add genes
o Diagnostic I(:;E(I;m Gene
DNA libraries -— Kits therapy

B) Chemistry 1980
C) Physics 1975
D) Peace 1978

Practice MCQs

1. Which Nobel Prize was awarded for the
discovery of restriction enzymes?
A) Physiology or Medicine 1978

D) Werner Arber
Answer: Paul Berg

4. Which of the following produces "sticky ends"

when cutting DNA?
A) Smal
B) EcoRI

Answer: Physiology or Medicine 1978

2. Which enzyme is known as molecular "scissors"
in recombinant DNA technology?

A) Ligase

B) Polymerase

C) Restriction endonuclease

D) Reverse transcriptase

Answer: Restriction endonuclease

3. The first recombinant DNA molecule was
created by inserting viral DNA into bacterial DNA
by:

A) Herbert Boyer

B) Stanley Cohen

C) Paul Berg

C) Both A and B

D) None of the above

Answer: EcoRI

5. The enzyme used to join DNA fragments by
forming phosphodiester bonds is:

A) DNA polymerase

B) Restriction enzyme

C) DNA ligase

D) Reverse transcriptase

Answer: DNA ligase

6. Which technique separates DNA fragments
based on size using an electric field?

A) Chromatography

B) Centrifugation

C) Gel electrophoresis
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Chapter: 32

Ecology

e 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.
e Environment: All abiotic (non-living: climate, soil, water) and biotic (living: plants, animals,
microbes) factors influencing an organism.
o Biosphere: Thin, life-supporting layer of Earth where all ecosystems exist.
Levels of Ecological Organization
1. Organism: Individual living entity.
2. Population: Group of interbreeding individuals of the same species in a specific area.
3. Community: Assemblage of different populations living and interacting in a defined area.
4. Ecosystem: Community + physical environment, interacting through nutrient cycling and energy
flow.
Biome: Large geographical region with distinct climate and characteristic community.
6. Biosphere: All ecosystems collectively.
Key Ecological Concepts
o 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.
e 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.
e Parasitism: Tapeworms in mammals.
Commensalism: Barnacles on whales.

ECOSYSTEM STRUCTURE

A. Abiotic Components

e 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
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Lightning
Atmospheric

nitorgen (N}

emissions
from

Rain industrial

combustion

E and gasoline
engines

= ~ deadanimals T Fertilizer/ ©
and plants =
l Fossil fuels E;
Nitrogen g
o fixing bacteria p . o
Nitrogen ; s itr ) 3

g in rootnedules @gﬁ ﬁ nitrites (N03 )

fixing bacteria

5 0 Decomposers
in soil

[bacteria and fungi) Nitrification
nitrites (NO2-)

ammonification
l Nitrification
ammonia (NH,)

Phosphorus Cycle

Major Reservoirs: Sedimentary rocks (apatite — primary source), soil (bound to Fe, Al, Ca
ions), ocean sediments, living biomass.

Core Processes: Geological uplift & weathering (slow, limiting step), mineralization (by
decomposers), plant uptake, immobilization (into microbial biomass), sedimentation, and no
gaseous loss phase.

Key Compounds: Orthophosphate (H.PO./HPO+* — plant available), organic phosphates (in
DNA, ATP, phospholipids), and insoluble mineral phosphates.

Human Impact: Mined for fertilizers (guano, rock phosphate); runoff causes cultural
eutrophication (P is typical limiting factor in freshwater); detergent phosphates banned in
many regions.

Ecological Role: Component of ATP (energy currency), nucleic acids, phospholipid bilayers,
and bones/teeth (apatite).

MCQ Points: Cycle is slowest and mostly sedimentary; Mycorrhizal fungi massively increase
plant P uptake; P availability is pH-dependent (max at pH 6.5); N:P Redfield Ratio in oceans is
16:1.

Water (Hydrological) Cycle

Major Reservoirs: Oceans (97.5% of total, saline), Icecaps/Glaciers (1.74%, 68.7% of
freshwater), Groundwater (0.76%, 30.1% of freshwater), Lakes/Rivers (0.01%), Atmosphere
(0.001%).

Core Processes: Evapotranspiration (combined evaporation + plant

transpiration), condensation (cloud

formation), precipitation, infiltration/percolation (recharges groundwater), surface/sub-
surface runoff, and storage (in ice, aquifers).

Key Pathways: Green water flow (soil moisture for plants), Blue water flow (rivers, lakes,
aquifers).

Human Impact: Aquifer overdraft (e.g., Ogallala, India's Punjab); river fragmentation by
dams; thermal pollution alters evaporation; deforestation reduces infiltration, increases flood
risk.
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e Ib — Wilderness Area: For wilderness protection.

e II - National Park: For ecosystem protection and recreation.

e III — Natural Monument or Feature: For specific natural features.

e IV — Habitat/Species Management Area (Wildlife Sanctuary): For active species management.
e V- Protected Landscape/Seascape: Where people and nature interact harmoniously.

e VI - Protected Area with Sustainable Use of Natural Resources: For conservation and

sustainable use.
3. Other Key Protected Area Designations

e Biosphere Reserves (UNESCO's MAB Programme): These are not strict protected areas
but "learning places for sustainable development." They have three interlinked zones:
1. Core Area: Legally protected ecosystem (like a national park).
2. Buffer Zone: Surrounds the core, used for low-impact activities (eco-tourism, research).
3. Transition Zone: Outer area where sustainable communities, agriculture, and settlements
work in harmony with conservation goals.
o Goal: To reconcile conservation with sustainable human use.
o Tiger Reserves, Elephant Reserves, etc.: Country-specific designations (common in India) that
provide the highest level of species-focused protection and management.

Challenges Facing Protected Areas:

¢ Paper Parks: Protected in name only, lacking effective management or enforcement.

o Insufficient Coverage: Many critical ecosystems and species ranges are not covered.

e Isolation & Fragmentation: Many parks are becoming isolated "islands" in a sea of human
development, hindering migration and gene flow.

¢ Climate Change: Shifts in species ranges may mean protected areas no longer contain the

species they were designed to protect.

e Human-Wildlife Conflict: At park boundaries, where animals damage crops or livestock.
¢ Funding and Political Will: Chronic underfunding and lack of political support.

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
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Chapter 33
Palaeontology

Palaeontology is the scientific study of ancient life preserved as fossils within the Earth's crust. It
integrates principles from zoology and geology to reconstruct the history of life, past environments,
evolutionary trends, and major events such as adaptive radiations and mass extinctions. It provides the most
direct evidence for organic evolution, biogeographic shifts, and long-term biodiversity changes.
Branches of Paleontology:
Paleontology is a highly diversified science with numerous specialized branches. This division allows for
focused research on specific types of fossils, processes, or applications. The branches are broadly
categorized based on the taxonomic group studied or the methodological and applied focus.
Branches of Palaeontology
Taxon-Based Branches
These branches are defined by the group of organisms being studied.
Paleozoology
The study of animal fossils. It is the largest branch of paleontology and is divided based on the presence
or absence of a vertebral column.

e Vertebrate Paleontology: Focuses on fossils of animals with backbones (Chordata:

Vertebrata).

o Scope: Includes fishes, amphibians, reptiles (including dinosaurs and pterosaurs), birds,
and mammals.

o Key Contributions: Provides evidence for major evolutionary transitions (e.g., fish to
tetrapod, dinosaur to bird, land mammal to whale). Crucial for understanding human
evolution.

o Methods: Often involves meticulous excavation, preparation, and reconstruction of
skeletons. Uses comparative anatomy extensively.

o Examples: Tyrannosaurus rex (theropod dinosaur), Mammuthus primigenius (woolly
mammoth), Archaeopteryx lithographica (transitional fossil).

e Invertebrate Paleontology: Focuses on fossils of animals without backbones. This
encompasses the vast majority of animal diversity, both extant and extinct.

o Scope: Includes arthropods (e.g., trilobites, crabs), mollusks (e.g., ammonites, clams,
snails), echinoderms (e.g., crinoids, sea urchins), brachiopods, corals, and many more.

o Key Contributions: Forms the backbone of biostratigraphy due to their abundance and
rapid evolution. Essential for reconstructing ancient marine environments.

o Examples: Trilobites (index fossils of the Paleozoic), Ammonites (index fossils of the
Mesozoic).
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Paleobotany
The study of plant fossils, including terrestrial and aquatic photosynthetic life.

e Scope: Encompasses fossil algae, fungi, bryophytes (mosses), pteridophytes (ferns),
gymnosperms (conifers, cycads), and angiosperms (flowering plants).

e Key Contributions: Documents the colonization of land by plants, the evolution of seeds and
flowers, and the co-evolution with pollinators. Provides critical data for paleoclimatology (via
leaf morphology and fossil wood rings) and paleoecology.

e Preservation: Plants are often preserved as impressions, compressions, carbonized films, or
permineralized wood (petrified).

e Sub-branches:

o Paleoalgology: Study of fossil algae.
o Palaeomycology: Study of fossil fungi.

P 1|34
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e Examples: Lepidodendron (Carboniferous scale tree), fossilized fern fronds, Amborella-like early
flowers.
Micropaleontology
The study of microscopic fossils, typically requiring a microscope for identification.
e Scope: Includes both protists and microscopic parts of larger organisms. Key groups:

o Foraminifera ("Forams"): Single-celled protists with calcareous shells. Extremely
important for Mesozoic-Cenozoic biostratigraphy and paleoclimate studies (via oxygen
isotope analysis).

o Radiolaria: Single-celled protists with siliceous shells. Important in deep-sea sediment
studies.

o Ostracods: Microscopic crustaceans with a bivalved shell.

o Conodonts: Microscopic tooth-like elements of an extinct chordate, crucial for Paleozoic
and early Mesozoic biostratigraphy.

o Diatoms: Photosynthetic algae with siliceous frustules.

¢ Key Contributions: Indispensable in hydrocarbon exploration (petroleum geology). Used for
dating and correlating drill cores from both oil wells and ocean drilling programs. Provides high-
resolution climate data.
Palynology (A Sub-Branch of Micropaleontology/Paleobotany)
The specialized study of organic-walled microfossils resistant to decay, known as palynomorphs.
e Scope: Includes pollen, spores, dinoflagellate cysts, and acritarchs.
¢ Key Contributions:

o Paleovegetation & Paleoclimate: Pollen and spore assemblages reveal past flora and
climate changes (e.g., glacial-interglacial cycles).

o Biostratigraphy: Especially in non-marine and marginal marine sequences where other
fossils are scarce.

o Forensic Science: Used in criminal investigations (forensic palynology).

o Archaeology: To study ancient agriculture and diets.

e Method: Involves chemical maceration of rocks/sediments to extract acid-resistant
palynomorphs.
Process-Based & Applied Branches
These branches focus on specific processes, applications, or systems rather than a specific taxon.
Taphonomy
The study of the processes that affect an organism from death to final discovery as a fossil. It bridges
biology and geology.
e Stages: Biosrtatinomy (processes between death and burial) and Diagenesis (processes after
burial).
e Focus: Decay, disarticulation, transport, burial, and chemical alteration. Understanding
taphonomy is crucial to interpret the completeness and fidelity of the fossil record.
¢ Key Concepts: Taphonomic bias (e.g., organisms with hard parts in low-energy environments
are overrepresented). Lagerstitten are sites of exceptional taphonomic preservation.
Paleoecology
The study of interactions between ancient organisms and their physical and biological
environments.
e Aims: To reconstruct past ecosystems, food webs, community structures, and niches.
e Methods: Uses evidence from functional morphology, fossil assemblages, trace fossils, and
geochemical proxies.
¢ Key Questions: What was the paleodiet (inferred from tooth wear, coprolites)? What were the
predator-prey relationships? How did ancient communities respond to climate change?
Biostratigraphy
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The applied branch of paleontology that uses fossils to correlate and date sedimentary rock layers.

e Principle: Based on the Principle of Fossil Succession.

e Tool: Index Fossils are the primary tool. An ideal index fossil is geographically widespread,
abundant, easy to identify, and existed for a short geological time span.

e Output: The creation of biostratigraphic zones (e.g., a Exus albus Assemblage Zone), which

are the fundamental units of stratigraphic correlation.
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Paleoanthropology

The interdisciplinary study of fossil hominins (human ancestors and relatives) and their cultural

artifacts.

¢ Scope: Located at the intersection of paleontology, archaeology, and anthropology. Focuses on
the evolution of the hominin lineage after its split from the chimpanzee lineage (~5-7 million

years ago).

o Key Fossils: Ardipithecus, Australopithecus (e.g., "Lucy"), Homo habilis, Homo erectus,
Neanderthals (Homo neanderthalensis).
e Methods: Includes excavation of fossils and stone tools, comparative skeletal anatomy, and
increasingly, paleogenomics (extraction of ancient DNA).

Paleoclimatology

The study of past climates, using fossils as proxies (indirect indicators).
e How Fossils are Used:
o Indicator Species: Presence of cold/warm-adapted species (e.g., crocodilian fossils

indicate a warm climate).

o Morphology: Leaf margin analysis (percentage of smooth vs. toothed margins correlates

with temperature).

o Geochemistry: Oxygen isotope ratios (6'*0) in foraminifera shells reflect past ocean
temperature and ice volume.

e Importance: Provides the long-term context for modern anthropogenic climate change.

Major Paleontological Branches

Primary Key Organisms/Tools Main Application
Focus
Vertebrate Fossil animals | Dinosaurs, mammals, birds, fish Evolutionary biology,
Paleontology with functional morphology
backbones
Invertebrate Fossil animals | Trilobites, mollusks, corals, Biostratigraphy,
Paleontology without brachiopods paleoenvironment
backbones reconstruction
Paleobotany Fossil plants Ancient trees, ferns, pollen, spores | Paleoclimate, terrestrial
ecosystem evolution
Micropaleontology | Microscopic Foraminifera, radiolaria, Petroleum geology, deep-sea
fossils conodonts core analysis, high-res
biostratigraphy
Palynology Organic- Pollen, spores, dinoflagellate cysts | Quaternary climate studies,
walled non-marine biostratigraphy
microfossils
Taphonomy Processes of All fossil types Interpreting the quality and
fossilization bias of the fossil record
Paleoecology Ancient Fossil assemblages, trace fossils Reconstructing past food
ecosystems & webs and habitats
interactions
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Biostratigraphy Using fossils | Index Fossils Correlating rock layers across
to date rocks regions (chronostratigraphy)

Paleoanthropology | Fossil Australopithecus, Homo species, | Understanding human origins
hominins & stone tools and evolution
their culture

Paleoclimatology Past climates | Fossils as climate proxies (e.g., Modeling climate systems,

foraminifera 4'20) contextualizing current
change

Relationship with Geology
Palaeontology is a cornerstone of historical geology. Geology is divided into physical
geology (geomorphology, geophysics, mineralogy) and historical geology (stratigraphy, palacontology,
geochronology). Fossils are indispensable for correlating rock strata, determining relative ages,
reconstructing paleoenvironments, and calibrating absolute dating methods, thereby bridging Earth’s
physical history with the history of life.
Importance of Palaeontology
Palaeontology holds profound theoretical and practical significance. Theoretically, it
documents macroevolutionary patterns (e.g., horse or elephant evolution), provides evidence for the
origin and extinction of major groups, and clarifies phylogenetic relationships through transitional
fossils. Practically, it is essential in biostratigraphy and economic geology, particularly in hydrocarbon
exploration. Furthermore, it provides critical data for understanding past climate changes, mass
extinction dynamics, and the context of the current Anthropocene biodiversity crisis.
Basic Geological Concepts
Shells (Spheres) of the Earth
The Earth comprises concentric layers or spheres relevant to fossil preservation.
The biosphere encompasses all living organisms and their interactions. The hydrosphere includes all
water bodies (oceans, lakes, groundwater), which are primary sites of sediment deposition.
The atmosphere, the gaseous envelope, influences climate and conditions for life. The lithosphere is the
rigid outer rocky shell (crust and upper mantle) that provides the matrix for fossil entombment.
Rocks and Their Types
Rocks are consolidated or unconsolidated aggregates of one or more minerals that form the solid crust
of the Earth. They may consist of a single mineral, as in rock salt, or several minerals, as in granite. For
Palaeontology, the most significant rocks are sedimentary rocks, but a comprehensive understanding
of igneous and metamorphic rocks is essential for reconstructing Earth's complete history and for
applying absolute dating techniques.
Igneous Rocks
Igneous rocks originate from the cooling, crystallization, and solidification of molten rock material,
known as magma (when underground) or lava (when erupted at the surface). This magma originates from
deep within the Earth's mantle or crust and its composition and cooling history determine the rock's final
texture and mineralogy.
¢ Formation Process: As magma cools, atoms arrange into orderly crystalline structures to form
minerals. The rate of cooling is the primary factor controlling crystal size.
e Textures and Types:
o Plutonic (Intrusive) Igneous Rocks: Form when magma cools slowly deep within the
Earth's crust. This slow cooling allows large, visible crystals to grow, resulting in
a coarse-grained texture (e.g., granite, diorite, gabbro).
o Volcanic (Extrusive) Igneous Rocks: Form when lava cools rapidly at the Earth's
surface. Rapid cooling prevents large crystals from forming, resulting in a fine-grained
or glassy texture (e.g., basalt, rhyolite, obsidian).

(I
e
=
<V
]
o
o
=
=
-
=
[
=
re
<

P 4| 34
MK PREPARATIONS: Let’s Make It Happen age 4]

+92 333 2605045, +92 342 4470091



L MK PREPARATIONS) .-

~ L

nZ QO —~=2» XM

Sedimentary Rocks

Sedimentary rocks are formed by the accumulation,
compaction, and lithification of sediments derived from
the weathering and erosion of pre-existing rocks, chemical
precipitation, or organic activity. Their formation under

Palaeontological Significance: While igneous rocks themselves are rarely fossiliferous (as the
high temperatures would destroy organic remains), they are critically important in two ways:

L.

Radiometric Dating: Igneous rocks contain minerals like zircon, biotite, and hornblende
that are ideal for radiometric dating (e.g., K-Ar, U-Pb methods). A date from an igneous
layer provides an absolute age for the sedimentary fossils layers above or below it.
Volcanic Ash Layers: Widespread volcanic ash falls (bentonite layers) can create
instant burial events, preserving exceptional fossils. They also serve as

perfect chronostratigraphic markers for correlating rock sequences across vast
distances.

Three Types of Rock
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relatively low temperatures and pressures makes them the Igneous
principal archive of the fossil record.
e Formation Process (Diagenesis): This
encompasses all physical, chemical, and biological
changes that affect sediments after deposition and
through lithification. Key processes
include compaction (from weight of overlying
layers), cementation (minerals like calcite or Metamorphic
silica precipitate in pore spaces, binding grains),
and recrystallization.
e C(lassification and Examples:
o Clastic (Detrital) Sedimentary Rocks:
Formed from the mechanical weathering
debris of other rocks. The particles are Sedimentary
transported, deposited, and lithified. They
are classified primarily by grain size:
=  Coarse-
grained: Conglomerate (rounded
gravel), Breccia (angular gravel).
= Medium-grained: Sandstone (sand-sized grains, often quartz).
» Fine-grained: Shale or Mudstone (silt and clay-sized particles; most common
fossil host due to fine grain size and often anoxic depositional environments).
o Chemical Sedimentary Rocks: Formed by the precipitation of minerals dissolved in
water, usually due to evaporation or changes in temperature/pressure.
= Carbonates: Limestone (primarily calcite, CaCOs), Dolostone (dolomite,
CaMg(COs)2).
= Evaporites: Rock Salt (halite), Gypsum.
o Organic (Biogenic) Sedimentary Rocks: Formed from the accumulation and

lithification of the remains of organisms.
» Bioclastic Limestone: Coquina (cemented shell fragments), Chalk (microscopic
coccolithophore plates).
= Carbon-rich: Coal (compressed plant matter).
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¢ Palaeontological Significance: Sedimentary rocks are the primary source of fossils. The
environment of deposition (fluvial, marine, lacustrine) recorded in the rock's features provides the
context for the fossils it contains, enabling paleoecological and paleoenvironmental
reconstruction.
Metamorphic Rocks
Metamorphic rocks are formed when pre-existing igneous, sedimentary, or other metamorphic
rocks are subjected to profound physical and chemical changes due to increased temperature, pressure,
and chemically active fluids within the Earth's crust, but without melting.
¢ Formation Process (Metamorphism): This process causes recrystallization of minerals in the
solid state, often forming new minerals stable under the new conditions. Original textures and
structures, including fossils, can be altered or destroyed.

~ L
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e Types of Metamorphism:

o

o

L.

2.

Rock Type

Contact (Thermal) Metamorphism: Occurs when rocks are heated by the intrusion of
hot magma. Changes are most pronounced at the contact zone, forming a metamorphic
aureole (e.g., limestone becomes marble).
Regional Metamorphism: Occurs over large areas associated with tectonic forces during
mountain building (erogeny). It involves both high temperature and directed pressure,
often producing foliated rocks where minerals align in parallel planes

(e.g., slate, schist, gneiss).
Dynamic (Cataclastic) Metamorphism: Occurs along fault zones where rocks are
crushed and pulverized by directed pressure.
o Palaeontological Significance: Metamorphism is generally destructive to fossils. However:
Low-Grade Metamorphism: In rocks like slate (low-grade metamorphism of shale),
some fossils, particularly impressions, can survive with distorted but recognizable forms.
Tectonic Context: The presence of metamorphic rocks helps palacontologists understand
the tectonic history of a region, explaining deformation patterns in fossil-bearing strata
and the burial/exhumation history of fossils.
Major Rock Types and Palaeontological Significance

Mode of

Origin

Key Characteristics &
Common Examples

Fossil Content & Palaeontological
Importance

Igneous Crystallization | Plutonic: Coarse-grained Extremely rare. Volcanic ash can
of magmajor (Granite, Diorite). Volcanic: preserve impressions. Crucial
lava. Fine-grained/glassy (Basalt, for radiometric dating of fossil-bearing
Rhyolite, Obsidian). sequences via interbedded layers or
cross-cutting relationships.
Sedimentary | Deposition, Clastic: Classified by grain Primary host for fossils. Grain size and
compaction, & | size (Conglomerate, composition indicate depositional
lithification of | Sandstone, Shale). Chemical: | environment (e.g., shale = quiet water).
sediments. Precipitated (Limestone, Essential
Rock Salt). Organic: From for biostratigraphy, paleoecology, and
remains (Coal, Chalk). reconstructing past climates.
Metamorphic | Transformation | Foliated: Mineral banding Typically destroyed. Rare, distorted
of pre-existing | (Slate, Schist, Gneiss). Non- | fossils may survive in low-grade rocks
rocks by heat, | foliated: No banding (Marble, | (e.g., slate). Indicates the tectonic and
pressure, & Quartzite). thermal history experienced by
fluids. fossiliferous regions after burial.

Fossils: Types and Formation
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A fossil is any preserved remains, impression, or trace of any once-living organism from a past
geological age, typically older than 10,000 years. The totality of fossils and their placement within the
Earth's crust is known as the fossil record. This record, while inherently incomplete due to the rarity of
fossilization, provides the foundational evidence for understanding the history of life, evolutionary
processes, and ancient ecosystems.

Fossils are broadly categorized into two main groups: body fossils, which preserve parts of the organism's
actual body, and trace fossils (ichnofossils), which preserve evidence of an organism's activity or
behavior.

Body Fossils: Unaltered Remains

Unaltered fossils are those in which the original organic or inorganic material of the organism
remains essentially unchanged since burial. They are preserved in chemical equilibrium with their
surrounding medium.

¢ Complete Unaltered Fossils: These involve the exceptional preservation of entire organisms,
often including soft tissues.

o Preservation Media and Examples:

= Refrigeration (Permafrost): In the permanently frozen ground (permafrost) of
Siberia and Alaska, complete carcasses of woolly mammoths, woolly
rhinoceros, and extinct bison have been found with skin, hair, muscles, and even
stomach contents preserved. This occurs due to rapid freezing and subsequent
continuous sub-zero temperatures that halt decay.

* Entombment in Amber: Insects, spiders, and small vertebrates can be trapped in
sticky tree resin, which hardens into amber. This medium perfectly preserves
microscopic details, including wings, hairs, and delicate anatomical structures, in
a three-dimensional state.

= Desiccation (Mummification): In arid environments like caves or deserts, rapid
drying can remove moisture before significant decay occurs, leading to the
preservation of skin, tendons, and other soft parts (e.g., mummified remains in
Egyptian tombs or desert caves).

= Immersion in Anoxic Water or Peat Bogs: Acidic, cold, and oxygen-poor
conditions in peat bogs can prevent bacterial decay, preserving soft tissues of
animals and humans for millennia (e.g., Tollund Man).

e Incomplete Unaltered Fossils: More common than complete preservation, these consist of
fragmentary hard parts like individual bones, teeth, shells, or pieces of wood that have undergone
little to no chemical alteration. They are frequently found in relatively young (Cenozoic)
sedimentary deposits like clays and sands where diagenetic conditions have been mild.

Body Fossils: Altered Remains

Altered fossils have undergone significant physical or chemical modification after burial, though they
retain enough structural information for identification. These processes often enhance the fossil's
durability.

e Permineralization (Petrification): This is the most common form of fossilization for bones and
wood. Groundwater rich in dissolved minerals (e.g., silica, calcite, pyrite) percolates through
porous tissues. The minerals precipitate out of solution, filling the microscopic pore spaces and
cellular structures. The original hard material (bone apatite, wood cellulose) remains but is now
infused with and strengthened by the new minerals. Petrified wood is a classic example where
the original organic material is still present but mineral-filled.

¢ Replacement (Mineralization): A more extreme process where the original hard material is
completely dissolved away by groundwater and is simultaneously or subsequently replaced
molecule-by-molecule by a new mineral. The result is a perfect, detailed mineral replica of the
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Trace Fossils (Ichnofossils)

original structure. Common replacement minerals include silica (forming agatized or opalized
fossils), pyrite ("fool's gold"), and calcite.
Carbonization (Distillation): Primarily affects organisms with a high organic carbon content,
such as plants, insects, and soft-bodied animals. After burial, heat and pressure drive off
volatile gases (hydrogen, oxygen, nitrogen), leaving behind a thin, delicate film of resistant
carbon that outlines the organism's form. This process preserves exquisite details of leaves,
feathers, and even jellyfish.
Moulds and Casts: This process involves the preservation of an organism's form rather than its
substance.
1. A shell or bone is buried and later dissolves, leaving a cavity in the rock—a mould.
An external mould preserves the outer surface details. An internal mould
(steinkern) forms when sediment fills the internal cavity (like a shell) before the shell
dissolves, preserving the shape of the interior.
2. If this mould later becomes filled with sediment or minerals, the infilling hardens into
a cast, a three-dimensional replica of the original organism.
Imprints: These are essentially two-dimensional compression fossils, a type of external mould.
Delicate structures like leaves, feathers, or skin impressions are pressed into soft sediment,
leaving a detailed impression that is later preserved.
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Trace fossils are geological records of biological activity. They provide direct evidence of an organism's
behavior in its environment.

Coprolites: Fossilized feces. Their shape, content (e.g., bone fragments, plant fibers, shells), and
chemical composition provide direct evidence of diet, digestive physiology, and trophic levels
within ancient ecosystems.

Tracks and Trails: Tracks are footprints left by walking, running, or resting animals. Trails are
continuous marks left by dragging or crawling (e.g., worm burrows, snail trails). Analysis of
trackways can reveal speed, gait, body weight, herd behavior, and whether an animal was bipedal
or quadrupedal.

Burrows and Borings: Structures excavated by organisms into sediment (burrows) or hard
substrates like wood or rock (borings). They indicate dwelling, feeding, or nesting behavior and
are used to infer the presence of soft-bodied animals that are rarely preserved as body fossils.
Gastroliths: Polished, rounded stones found within the body cavity of some fossil vertebrates
(e.g., dinosaurs, plesiosaurs). They were swallowed and retained in a muscular gizzard to help
mechanically grind food, indicating dietary habits.

Other Fundamental Fossil Concepts
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o Sub-fossils: Remains that are of geologically recent age (typically Holocene or late Pleistocene)
and have undergone very little diagenetic alteration. They often retain original organic
compounds like collagen or even DNA, bridging palaeontology with archacology and genetics.

o Autochthonous vs. Allochthonous Fossils: Autochthonous fossils are preserved in the same
location where the organism lived and died, forming a life assemblage that accurately
represents a paleocommunity. Allochthonous fossils have been transported by water, wind, or
other agents before burial, forming a death assemblage that may mix species from different
habitats and is often sorted by size or density.

e Living Fossil: A term for a modern species that bears a striking resemblance to fossil relatives
from much earlier geological periods and has undergone very slow rates of morphological
evolution (e.g., Limulus (horseshoe crab) from the Ordovician, Latimeria (coelacanth) from the
Devonian, Ginkgo biloba (tree) from the Permian).

e Index (Guide) Fossil: A fossil species used for biostratigraphic correlation. Ideal index fossils
have: 1) Rapid evolution (short species lifespan), 2) Wide geographic distribution,

3) Abundance, and 4) Easy identification.
Examples: Trilobites (Palacozoic), Ammonites (Mesozoic), and Foraminifera (various ages).

o Transitional Fossil: A fossil that exhibits a mosaic of anatomical features common to both an
ancestral group and its derived descendant group, providing tangible evidence for
macroevolutionary change. Prime examples are Archaeopteryx (feathered dinosaur with avian
and reptilian traits) and Tiktaalik (a lobe-finned fish with tetrapod-like wrist bones and neck).

Process of Fossilization (Taphonomy)
Taphonomy is the study of all processes affecting an organism from death to its discovery as a fossil. It is
a multi-stage, probabilistic sequence:
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1. Necrolysis (Death and Decay): Soft tissues decompose rapidly via bacterial activity, autolysis,
and scavenging. Hard parts (bones, shells) are more likely to survive this stage.

2. Biostratinomy (Pre-Burial Processes): Remains may be disarticulated, fragmented, abraded,
or transported by currents, wind, or scavengers. The degree of these effects is a key indicator of
the depositional environment's energy.

3. Burial: Rapid burial in sediment is critical to remove remains from destructive surface
processes. This can occur via events like floods, volcanic ash falls, or rapid underwater
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sedimentation.

4. Diagenesis (Post-Burial Changes): After burial, physical and chemical processes transform the
sediment into rock and the remains into a fossil. This includes compaction, cementation, and the
specific alteration processes like permineralization, replacement, or carbonization.

Conditions Favoring Fossilization
Fossilization is a rare event requiring a specific conjunction of biological and environmental factors.

Condition
Possession of Hard
Parts

Effect on Fossilization

Provides a durable structure that can
withstand initial decay and physical
stress.

Typical Environments & Examples
Organisms with shells, bones, teeth, or
woody tissue have a far higher preservation
potential.

life assemblages.

Rapid Burial Shields remains from prolonged River floodplains, delta fronts, turbidity
exposure to scavengers, weathering, | currents in deep seas, volcanic ash falls (e.g.,
and physical disintegration. Pompeii).

Anoxic (Oxygen- Drastically slows or halts aerobic Stagnant deep marine basins (e.g., Black

Poor) Conditions bacterial decay, allowing for the Sea), anoxic lake bottoms, peat swamps and
preservation of soft tissues. bogs.

Low-Energy Minimizes mechanical breakage, Lagoons, deep lakes, protected bays, distal

Depositional abrasion, and sorting of remains, continental shelves.

Setting preserving delicate structures and

Presence of

Facilitates permineralization and

Groundwater systems in porous sediments,

biomineralized tissues.

Mineralizing replacement processes, turning areas with volcanic activity releasing silica-
Fluids porous remains into durable stone. rich fluids.

Exceptional Unique combinations of the above Burgess Shale (Cambrian; anoxic
Preservation factors (especially anoxia and rapid | mud), Solnhofen Limestone (Jurassic;
(Lagerstitten) burial) that preserve non- hypersaline lagoon), La Brea Tar

Pits (Pleistocene; asphalt seep).

Geological Time Scale and Life's History
The Geological Time Scale (GTS) is the standardized chronological framework that divides Earth's
4.54-billion-year history into hierarchical units of time based on major geological and biological events.
Its primary divisions are Eons, Eras, Periods, and Epochs. Boundaries between these units are
frequently marked by global stratigraphic signature events, such as mass extinctions, rapid radiations,
or significant changes in the rock record, allowing for worldwide correlation.
Structure of the Geological Time Scale
e Eon: The largest subdivision of geologic time. There are four eons:
the Hadean, Archean, Proterozoic, and Phanerozoic. The first three are often collectively
referred to as the Precambrian.
e Era: A subdivision of an eon. The Phanerozoic Eon is divided into three eras:
the Palaeozoic, Mesozoic, and Cenozoic.
e Period: A subdivision of an era. Each era contains multiple periods (e.g., the Cretaceous Period
within the Mesozoic Era).
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e Epoch: A subdivision of a period. These represent the smallest divisions on the standard GTS

(e.g., the Pleistocene Epoch within the Quaternary Period).
Cryptozoic (Precambrian) Eon
Encompassing approximately 4 billion years (about 88% of Earth's history), this eon witnessed the
formation of the planet, the origin of life, and the slow, foundational evolution of biological complexity,
all before the advent of widespread hard-shelled organisms.

e Hadean Eon (4.6-4.0 Ga): "Hell-like" conditions following Earth's formation. No known rock
record; the crust was molten. The late heavy bombardment occurred. The chemical building
blocks of life likely formed.

e Archean Eon (4.0-2.5 Ga): The first stable continents and oceans formed. Life emerged, as
evidenced by isotopic signatures in ancient rocks. The biosphere consisted entirely
of prokaryotes (bacteria and archaea). Stromatolites, layered structures formed by
photosynthetic cyanobacterial mats, become common and represent the first large-scale evidence
of life, producing oxygen as a byproduct.

e Proterozoic Eon (2.5-0.541 Ga): The "ecarlier life" eon. Characterized by the Great
Oxygenation Event, which dramatically changed the atmosphere and oceans, triggering mass
extinctions of anaerobic life but enabling more complex, oxygen-based metabolisms.

o - Key Biological Milestones:

1. Origin of Eukaryotes: The first cells with nuclei and organelles appeared, likely
via endosymbiosis (~1.8 Ga).

2. Origin of Multicellularity: Simple multicellular algae and fungi evolved.

3. Ediacaran Period (635-541 Ma): The final period of the Proterozoic. It hosts
the Ediacaran Biota, the first globally distributed assemblage of complex, soft-
bodied, multicellular organisms (e.g., Dickinsonia, Spriggina). Their body plans
are enigmatic and largely unrelated to later Phanerozoic animals, representing a
failed evolutionary experiment or a prelude to the Cambrian Explosion.

Phanerozoic Eon (541 Ma — Present)

The "eon of visible life," marked by an abundant and diverse fossil record due to the evolution of
biomineralized skeletons (shells, bones). It documents the dramatic radiation and transformation of
animal and plant life. It is subdivided into three eras.

Phanerozoic Timeline of Vertebrate Evolution
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Period/Epoch Key Palaeontological & Vertebrate Events

Palaeozoic | Cambrian 541 —485 | Cambrian Explosion: Rapid diversification of most
major animal phyla. First chordates

appear: Pikaia (notochord) and vertebrate-

like Haikouichthys/Myllokunmingia. Predominantly
marine invertebrates (trilobites, brachiopods).
Ordovician 485 — 444 | Diversification of marine life. First

abundant vertebrates: jawless,

armored ostracoderms (e.g., heterostracans). First true
fish. Ends with Ordovician-Silurian mass extinction.
Silurian 444 — 419 | Colonization of land by plants and arthropods.
Diversification of jawless fishes. First jawed fishes
(acanthodians, early placoderms) and bony fishes
(osteichthyans) appear.
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Devonian

419 —-359

"Age of Fishes." Dominance of jawed fishes:
placoderms (e.g., Dunkleosteus), chondrichthyans
(sharks), and osteichthyans. Lobe-finned fishes
(sarcopterygians) flourish. First tetrapods evolve from
sarcopterygians in late Devonian (e.g., Tiktaalik [fish-
tetrapod transition], Ichthyostega). Ends with Late
Devonian mass extinction.

Carboniferous

359-299

Vast swampy forests (source of

coal). Amphibians diversify and dominate terrestrial
vertebrates. Evolution of the amniotic egg: The

first amniotes (early reptiles and synapsids) appear,
freed from aquatic reproduction. First winged insects.

Permian

299 - 252

Pangaea supercontinent forms. Reptiles

and synapsids (mammal-like reptiles, e.g., Dimetrodon)
diversify. Ends with the Permian-Triassic (P-Tr) mass
extinction, the largest in Earth's history (~90% marine
species lost).

Mesozoic

Triassic

252 —-201

Recovery from P-Tr

extinction. Dinosaurs and pterosaurs appear. First
true mammals evolve from cynodont synapsids as
small, nocturnal insectivores. First marine reptiles
(ichthyosaurs). Ends with Triassic-Jurassic mass
extinction.

Jurassic

201 - 145

Age of Dinosaurs in full swing: sauropods, stegosaurs,
theropods. Diversification of large marine reptiles
(plesiosaurs). Archaeopteryx appears, showcasing
dinosaur-bird transition. Mammals remain small and
diverse into several lineages (e.g., docodonts,
multituberculates).

Cretaceous

145 - 66

Dominance of advanced dinosaurs (tyrannosaurs,
hadrosaurs, ceratopsians). First flowering plants
(angiosperms). Modern bird groups emerge. Placental
and marsupial mammal lineages diverge. Ends with
the Cretaceous-Paleogene (K-Pg) mass

extinction from an asteroid impact, eliminating non-
avian dinosaurs, pterosaurs, and marine reptiles.

Cenozoic

Paleogene (Paleoce
ne, Eocene,
Oligocene)

66 —23

"Age of Mammals" begins. Mammals undergo

rapid adaptive radiation into niches vacated by
dinosaurs. Diversification of modern orders: primates,
rodents, carnivores, perissodactyls (horses), artiodactyls
(deer, camels), cetaceans (whales). Early birds also
diversify.

Neogene (Miocene,
Pliocene)

23-2.6

Modernization of terrestrial ecosystems; spread of
grasslands. Continued mammalian diversification and
specialization. Hominins (human lineage) diverge from
other apes in the late Miocene (~6-7

Ma). Australopithecus appears in the Pliocene, showing
bipedalism.
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Quaternary (Pleist | 2.6 — Pleistocene Ice Ages with repeated glaciations.

ocene, Holocene) present Evolution and global dispersal of genus Homo: H.
habilis, H. erectus, H. neanderthalensis. Anatomically
modern Homo sapiens emerge ~300,000 years ago,
with symbolic culture by ~70,000 years

ago. Pleistocene megafauna extinctions coincide with
human expansion and climate change. Holocene is the
current interglacial, marked by the rise of human
civilization and the Anthropocene impact.

Summary of Key Vertebrate Transitions in the Phanerozoic

1.

2.

3.

Origin of Vertebrates: Early chordates in the Cambrian laid the blueprint (notochord, segmented
muscles). True vertebrates (ostracoderms) proliferated in the Ordovician-Silurian.

Jaws and Paired Fins: The evolution of jaws (from gill arches) and paired fins in the Silurian-
Devonian was a major innovation, leading to active predation and controlled swimming.

Fish to Tetrapod: In the Late Devonian, lobe-finned fish evolved limbs and lungs, giving rise to
the first tetrapods capable of venturing onto land.

The Amniotic Egg: In the Carboniferous, the evolution of the amniotic egg with its protective
membranes allowed vertebrates (reptiles, synapsids) to reproduce away from water, enabling full
terrestrial colonization.

Mammals from Synapsids: Mammals arose from the synapsid lineage, with key traits
(endothermy, hair, mammary glands, differentiated teeth, a single jaw bone) evolving through the
Permian and Triassic.

Dinosaurs to Birds: A lineage of theropod dinosaurs evolved feathers, wings, and other
adaptations, giving rise to birds in the Jurassic.

Rise of Mammals and Hominins: After the K-Pg extinction, mammals radiated. Within
primates, the hominin lineage split, leading to bipedalism, encephalization, and eventually
modern humans in the late Cenozoic.

This scaled and detailed view of the Geological Time Scale illustrates the progressive complexity of
vertebrate life, from simple chordates in ancient seas to the dominant terrestrial, aerial, and intelligent
forms of the present day.

Evolutionary Histories of Key Lineages

Evolution of Mammalian Molars: The Tritubercular Theory

The evolution of complex, multi-cusped mammalian molars from the simple, conical teeth of reptiles is a
cornerstone of mammalian palaeontology. The most influential framework explaining this transition is
the Tritubercular (or Tribosphenic) Theory, first proposed by Edward Drinker Cope and later expanded
by Henry Fairfield Osborn. This theory provides a model for understanding the homology of cusps across
different mammalian groups and their functional adaptation to diverse diets.

Theoretical Foundation: From Reptilian Cone to Mammalian Molar

1.

Reptilian Ancestral Condition: The starting point is the simple, peg-like, homodont tooth of
early synapsid reptiles (e.g., pelycosaurs). These teeth were typically thecodont (set in sockets),
single-cusped, and used primarily for grasping.

The Triconodont Stage: According to the theory, the first step was the elongation of the single
cone and the addition of two smaller subsidiary cusps in a linear, anteroposterior row, forming

a triconodont pattern (e.g., the Jurassic mammal Triconodon). The three cusps were labeled

the protocone (central/main cusp), with a paracone in front and a metacone behind.

The Tribosphenic Revolution: The key evolutionary leap was the rotation and
rearrangement of these three linear cusps into a triangular configuration. This created

the tribosphenic molar, the fundamental, versatile blueprint from which all other placental and
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Upper Tribosphenic Molar: Forms a triangle with three main cusps.

The paracone (anterior) and metacone (posterior) form the two buccal (cheek-side)
corners. The protocone forms the single, inward-facing (lingual) corner. This triangular
basin is called the trigon.

Lower Tribosphenic Molar: The corresponding lower tooth has a matching triangular
cluster of cusps called the trigonid, consisting of

the protoconid (buccal), metaconid (lingual), and paraconid (anterior). Crucially, it also
evolved a new, posterior basin called the talonid (or "heel"), which opposes the
protocone of the upper molar.

Functional Significance: This occlusal relationship created a dual-function system. The
opposing crests of the trigon/trigonid provided shearing blades for slicing meat or
vegetation. Simultaneously, the protocone of the upper molar would fit into the talonid
basin of the lower molar, creating a crushing and grinding mortar-and-pestle
mechanism. This tribosphenic design is why early mammals could adopt omnivorous or
more varied diets.

Cusp Nomenclature and Homology
Understanding cusp names is essential for tracing evolutionary relationships. The suffix -cone denotes
cusps on upper molars, while -conid denotes cusps on lower molars.

Protocone/Protoconid: The primary, supposedly ancestral cusp.

Paracone/Paraconid: The anterior cusp ("para" = beside).

Metacone/Metaconid: The posterior cusp ("'meta" = after).

Hypocone/Hypoconid: A later-developing fourth cusp that appears on the lingual side of the

upper molar and the buccal side of the talonid, often transforming the tooth from triangular to
rectangular, increasing grinding area.
Adaptive Radiation of Molar Types
From the generalized tribosphenic pattern, mammalian molars underwent extensive specialization,
correlating directly with dietary niches.

Molar Type

Morphological Functional Dietary Niche  Classic Examples

Description Adaptation

Bunodont Low-crowned Crushing and Omnivory / Pigs, bears,
(brachyodont), with grinding of soft, | Frugivory primates
separate, rounded, dome- varied food. (including
like cusps. humans),

raccoons.

Selenodont Cusps elongated and fused | Efficient Herbivory Deer, cattle,
into crescent-shaped ridges | grinding and (Ruminants) antelope, giraffes
(lophs) that run shredding of (Artiodactyla).
longitudinally. fibrous plant

material. Rumen
fermentation
requires
extensive
mastication.

Lophodont Cusps fused into Grinding tough, | Herbivory Elephants
transverse, perpendicular siliceous plant (Non-ruminant) | (complex lamellar
ridges or lophs across the | matter. lophs), manatees,
tooth. some rodents.
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Hypsodont High-crowned teeth with | Provides a long- | Grazing / Horses, bison,
enamel extending deep lasting wear Abrasive Diets | capybaras,
below the gum line. Nota | surface to elephants
cusp pattern itself, but a counteract (hypsodont-
crown-height adaptation abrasion from lophodont).
often combined with gritty grasses
lophodont/selenodont (phytoliths) and
patterns. soil. Essential for

grazers.

Carnassial The last upper premolar Scissor-like Hypercarnivory | Cats, dogs,

(Secodont) (P4) and first lower molar | action for slicing weasels
(ml) are highly modified tendon and flesh. (Carnivora).
into blade-like shearing
teeth. Other molars may
be reduced.

Zalambdodont | Characterized by a Crushing hard- Insectivory / Moles, shrews,
prominent, V-shaped ridge | shelled Invertivory tenrecs,
(ectoloph) on the upper invertebrates. solenodons.
molars.

Evolutionary Sequence and Fossil Evidence
The fossil record documents this theoretical progression:
1. Late Triassic / Early Jurassic: Triconodonts exhibit the linear, three-cusped pattern.

2. Mid to Late Jurassic: Symmetrodonts show a symmetrically triangular arrangement of cusps, a

step towards the tribosphenic pattern.

3. Late Jurassic: Pantotheres (e.g., Dryolestes) display a clear, functional talonid basin on the

lower molars, a key tribosphenic innovation.

4. Early Cretaceous: The first true tribosphenic molars appear in early therians (ancestors of

marsupials and placentals). This design proved so successful it became foundational for later
mammalian radiation.

Critiques and Modern Refinements

While the Tritubercular Theory remains a valuable descriptive and heuristic model, modern evolutionary

developmental biology (evo-devo) and more complete fossil records have led to refinements:

e« Embryological Evidence: Studies of tooth development suggest cusps do not necessarily evolve
by the "addition" proposed by Cope-Osborn but through the differential folding of an enamel knot

signaling center. The order of cusp appearance in embryos (e.g., the paracone often develops
before the protocone) challenges which cusp is truly "primary."
e  Multiple Origins: The tribosphenic molar pattern may have evolved more than once

(convergently) in different mammalian lineages (e.g., in monotremes versus therians), suggesting

strong selective pressures for this efficient design.
e Genetic Basis: Genes like BMP4 and FGF§ are known to govern cusp patterning. Evolution

likely acted on these regulatory networks to shift cusp positions and create new morphologies,

rather than simply rotating pre-existing cusps.

In summary, the Tritubercular Theory provides a powerful historical and morphological framework for
understanding the diversification of mammalian dentition. It illustrates the principle

of adaptation from a generalized form (tribosphenic) to specialized forms (lophodont, selenodont,
carnassial), offering a clear link between form, function, and ecological niche in vertebrate evolution.
Evolution of Elephants (Proboscidea)
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The order Proboscidea, which includes modern elephants and their extinct relatives, represents one of the
most complete and well-documented evolutionary lineages in the mammalian fossil record. Evolution
within this group demonstrates clear macroevolutionary trends: a dramatic increase in body size, the
development and specialization of tusks (hypertrophied incisors), the elongation and muscular refinement
of the proboscis (trunk), and the increasing complexity of high-crowned, lamellated cheek teeth for
processing large quantities of fibrous vegetation. The main line of evolution progressed from small, semi-
aquatic ancestors in the Eocene to the giant, fully terrestrial elephants of today, with numerous side
branches exploring different ecological niches along the way.
Systematic Position and General Characteristics of Modern Elephants

e Classification: Class Mammalia — Subclass Theria — Infraclass Eutheria —

Order Proboscidea — Family Elephantidae.

e Defining Features:

o Proboscis: A long, muscular, and highly sensitive trunk formed by the fusion and
elongation of the nose and upper lip, used for manipulation, drinking, breathing, and
communication.

o Tusks: Upper second incisors that grow continuously throughout life, composed of
dentine (ivory) with a thin enamel cap at the tip (in youth).

o - Dentition: Highly specialized and reduced. No upper incisors except the tusks; no
canine teeth. Premolars are lost early in life. Only one large, horizontally progressing
molar is functional in each jaw quadrant at a time. As the front molar wears down, it is
pushed forward and replaced by the next molar erupting from behind.

o Skull: Massive but pneumatized (filled with air cells) to reduce weight. The skull is
shortened vertically but elongated horizontally to accommodate the large molars and the
base of the trunk. The nasal openings are high on the forehead.

Postcranial Skeleton: Columnar, graviportal limbs with vertically oriented long bones
and a unique "cushioned" foot structure (a gel-like pad behind the toes) to support
immense weight. The neck is short, but retains the typical seven cervical vertebrae.
Evolutionary Sequence

1. Moeritherium (Late Eocene, North Africa)

o Significance: Represents the earliest known and most primitive proboscidean, close to the group's
ancestry.

e Morphology: About the size of a large tapir or pig, with a long body, stout legs, and a presumably
semi-aquatic lifestyle.

e Cranial/Dental Features: No true trunk, but nostrils were retracted and the upper lip may have
been somewhat muscular and flexible. It possessed small, forward-projecting tusks in both the
upper and lower jaws. The molars were bunodont and bilophodont (having two transverse
ridges), indicating a browsing diet on soft aquatic and terrestrial plants.

e Habitat: Fossilized in freshwater deposits, suggesting it inhabited swampy, riverine
environments.

2. Phiomia (Late Eocene — Early Oligocene, Africa)

e Significance: Shows the early development of classic proboscidean traits.

e Morphology: Larger than Moeritherium, standing about 2.5 meters at the shoulder, with a body
plan more recognizable as elephant-like.

e Cranial/Dental Features: Possessed a short but definite trunk, evidenced by the higher
position of nasal openings on the skull. Both upper and lower jaws bore enlarged, outward-
curving tusks. The upper tusks were longer and pointed downwards, while the shorter lower tusks
projected forwards. Molars were more lophodont than in Moeritherium.

3. Gomphotherium and the Gomphotheres (Miocene — Pliocene, Worldwide)
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e Significance: A highly successful and diverse group of "shovel-tusked" elephants that achieved a
near-global distribution (except Australia). They represent a major radiation.

e Morphology: Varied in size, but generally large with long bodies and limbs.

e Cranial/Dental Features: Characterized by the classic "trilophodont' molar pattern, where the
first two molars (M1, M2) had three transverse ridges. They possessed both upper and lower
tusks. The upper tusks were long and curved downwards. The distinctive feature was the
clongated lower jaw, forming a "shovel" or "spatula" tipped with broad, lower tusks, likely used
for digging up aquatic vegetation or stripping bark. The trunk was well-developed.

4. Stegodon (Late Miocene — Late Pleistocene, Asia & Africa)

o Significance: An important side branch that evolved in parallel to the direct line to modern
clephants. It represents a trend toward increased molar complexity.

¢ Morphology: Very large, with extremely long, nearly straight tusks and a long, low skull.

¢ Cranial/Dental Features: The most distinctive feature is its molars. They exhibit an extreme
development of the lophodont pattern, with numerous (8-13) high, parallel, transverse enamel
ridges (lamellae) separated by deep valleys, a design convergent with true elephants. This
indicates a shift towards a more abrasive, grassy diet. The lower jaw was shortened, and lower
tusks were usually absent or very small.

5. Mammuthus (The Mammoths) (Pliocene — Holocene, Holarctic)

¢ Significance: The cold-adapted, iconic proboscideans of the Pleistocene ice ages.

e Morphology: Adapted to frigid steppe environments with a thick layer of subcutaneous fat, small
ears (to reduce heat loss), and a dense, woolly coat.

e Cranial/Dental Features: Possessed extremely long, curved tusks used for digging through
snow, fighting, and display. Their molars were the most specialized of any proboscidean: very
high-crowned (hypsodont) with an exceptionally high number of thin, closely packed enamel
lamellae (up to 30 in later species), perfectly adapted for grinding tough, silica-rich tundra
grasses. The skull was high-domed.
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6. Modern Elephants: Elephas and Loxodonta (Pleistocene — Recent)

e Significance: The sole surviving genera of the Proboscidea.

¢ Elephas maximus (Asian Elephant): Found in forest and grassland habitats of Asia. Key
features include a domed head with a twin-domed forehead, smaller ears, and a single "finger" at
the tip of the trunk. Tusks are often absent in females. Molar lamellae are broad and diamond-
shaped.

e Loxodonta africana & L. cyclotis (African Savannah & Forest Elephants): Inhabit sub-
Saharan Africa. Distinguished by a more sloping forehead, much larger ears, a two-fingered trunk
tip, and tusks present in both sexes. Molar lamellae are more lozenge-shaped and fewer in
number compared to similar-sized Asian elephant molars.

Other Notable Evolutionary Lineages
The proboscidean family tree was bushy, with several side branches:

e Deinotheriidae: A bizarre, long-lived side branch (Miocene — Pleistocene). They lacked upper
tusks but had distinctive downward-curving tusks in the lower jaw, possibly used for stripping
bark.

¢ Amebelodon & Platybelodon: "Shovel-tusker" gomphotheres with extraordinarily broad, flat
lower tusks forming a shovel-like structure, likely for digging in wet soils for roots and aquatic
plants.

e Stegolophodon: Considered an evolutionary link between Gomphotherium and Stegodon, with
intermediate molar morphology.

Proboscidean Evolution

Geological Time Key Morphological Diet & Habitat Implication
& Range Advancements

Moeritherium Late Eocene Primitive body; small tusks; | Semi-aquatic browser in
(Africa) bilophodont bunodont swamps.

molars.

Phiomia Late Eocene- Larger size; definite short Terrestrial browser in open
Oligocene trunk; prominent upper & forests.
(Africa) lower tusks.

Gomphotherium Miocene Trilophodont molars; Mixed feeder; used tusks to
(Worldwide) elongated mandible with dig for aquatic/semi-aquatic

shovel-tusks. vegetation.

Stegodon Pliocene- Highly lophodont, multi- Advanced browser/grazer in
Pleistocene plated molars; long, straight | open woodlands and
(Africa/Asia) tusks. grasslands.

Mammuthus Pliocene- Hypsodont molars with Grazer of cold steppe-tundra
Holocene numerous thin lamellae; long | grasslands.
(Holarctic) curved tusks; woolly coat.

Elephas/Loxodonta | Pleistocene- Complex lamellated molars; | Generalist herbivores in a
Recent high intelligence; range of forest, savanna, and
(Asia/Africa) sophisticated trunk. grassland habitats.

This evolutionary journey from a modest, swamp-dwelling herbivore to the megafaunal giants of the
Cenozoic highlights adaptive responses to changing climates and ecological opportunities, with dentition
and feeding apparatus being the primary drivers of their evolutionary story.

Evolution of Camels (Camelidae)

The camel family (Camelidae) presents a classic and well-documented example of evolutionary
adaptation to increasingly arid environments, coupled with a clear biogeographic narrative of origination,
dispersal, and extinction. Originating in North America, camelids evolved key traits for life in open, dry
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habitats—elongated limbs, a pacing gait, and efficient water conservation—before dispersing to Asia and
South America, ironically becoming extinct in their continent of origin.
Systematic Position and Defining Characteristics
e Classification: Class Mammalia — Subclass Theria — Infraclass Eutheria —
Order Artiodactyla (even-toed ungulates) — Suborder Tylopoda ("padded foot") —
Family Camelidae.
Key Anatomical Features:

o Limbs and Locomotion: Tylopods are defined by their digitigrade stance walking on
the third and fourth phalanges, which are covered by broad, elastic, leathery pads instead
of true hooves. This spreads their weight on soft or rocky terrain. The metacarpals and
metatarsals are fused into a single cannon bone, but the third and fourth digits remain
separate distally, each with a small nail. Their characteristic pacing gait (moving both
legs on one side simultaneously) increases efficiency for long-distance travel.

o Dentition: Exhibit a trend toward hypsodont (high-crowned) cheek teeth for abrasive
diets. Upper incisors are reduced; camels have a single, vestigial pair, while New World
camelids have none. Instead, they possess a tough, keratinized dental pad in the upper
jaw. Lower incisors are spatulate and procumbent. A pronounced diastema separates the
anterior cropping teeth from the cheek teeth.

o Digestive System: Advanced ruminants, but with a three-chambered stomach (omasum
is absent) and unique, oval red blood cells.

o Adaptations to Aridity: Old World camels (Camelus) store fat in their humps (not
water), have specialized kidneys for highly concentrated urine, can withstand significant
dehydration, and can tolerate wide fluctuations in body temperature to conserve water.

Evolutionary Sequence in North America
1. Protylopus (Late Eocene, ~40-35 mya)

o Significance: The earliest and most primitive known camelid, representing the starting point of
the lineage.

e Morphology: Very small, roughly the size of a rabbit or small dog (~1 ft tall at the shoulder). It
was lightly built.

e Key Anatomical Features:

o Limbs: Retained the primitive condition of four functional digits on each foot (Digits 2-
5), with no fusion of the metapodials. This indicates a more generalized, forest-dwelling
lifestyle.
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Evolutionary history of camel
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o Dentition: Full, primitive dental formula (3.1.4.3 / 3.1.4.3), lacking a diastema. The low-
crowned (brachyodont), bunodont molars indicate a browsing diet on soft, leafy
vegetation in forested or woodland habitats.

o Skull: Small, with no signs of specialized adaptations for grazing or extreme aridity.

2. Protomeryx (Oligocene, ~30-25 mya)

e Significance: Shows the initial steps toward the classic camelid body plan in response to cooling,
drying climates and the spread of more open grasslands.

e Morphology: Larger than Protylopus, approaching the size of a goat.

¢ Key Anatomical Features:

o Limbs: Digit reduction is evident. The lateral digits (2 and 5) are greatly reduced,
making the third and fourth digits the primary weight-bearing axis. This is the
beginning of the two-toed, paraxonic condition definitive of artiodactyls.

o Dentition: Dental formula begins to reduce. The first upper incisors are lost, marking the
start of the trend toward a cropping dental pad. The molars remain brachyodont but show
slightly higher crowns.

o Ecological Implication: These changes suggest adaptation to more open, mixed
woodland-grassland environments where longer limbs aided in predator avoidance and
dental changes allowed for a broader diet.

3. Procamelus and Pliauchenia (Miocene, ~20-10 mya)

e Significance: Represent the "mid-point" in camel evolution, displaying most of the key modern
features and achieving widespread success across North America. They were the direct ancestors
of the lineages that would later disperse.

e Morphology: Size of a large deer or small modern llama, with noticeably longer, slender limbs.

e Key Anatomical Features:

o Limbs: Full fusion of the metacarpals and metatarsals into a strong cannon bone.
The distal articulation of the cannon bone with the separate third and fourth digits creates
the classic camelid limb structure, optimized for efficient, long-distance running.

o Dentition: Further reduction of upper incisors; a clear diastema is present. The molars
have become distinctly hypsodont, with the development of selenodont crests (crescent-
shaped ridges) for shearing tough grasses. The cropping dental pad is well-established.
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o Skull: The orbit becomes completely enclosed by a post-orbital bar, providing
structural strength. The skull is more elongated.

o Ecological Implication: These are now fully adapted to life in open grasslands and arid
scrublands, capable of processing abrasive grasses and traveling efficiently across
plains.

The Great American Interchange and Divergence
During the late Miocene and Pliocene (7-3 mya), sea levels dropped, creating land bridges. Camelids
used these to disperse from their North American homeland:

Migration to Asia (via Beringia): Ancestors of the genus Camelus (the "camelini" tribe) crossed
into Asia. They continued to adapt to extreme aridity, evolving fat-storing humps, even more
efficient water conservation physiology, and the iconic one-humped (C. dromedarius) and two-
humped (C. bactrianus) forms.

Migration to South America (via the Isthmus of Panama): Ancestors of the Lamini tribe
crossed into South America during the Great American Interchange. In the absence of competing
ungulates, they diversified into the alpaca (Vicugna pacos), llama (Lama glama), guanaco
(Lama guanicoe), and vicuiia (Vicugna vicugna). Lacking humps, they adapted instead to high-
altitude hypoxia and cold in the Andes.

Extinction in North America: Following these dispersals, all camelids in North America became
extinct by the end of the Pleistocene (~10,000 years ago), likely due to a combination of climate
change and human hunting.

Camelid Evolution

Geological

Time &
Location

Key Anatomical
Innovations

Diet & Habitat
Implication

Protylopus Late Eocene Small size; 4-toed feet; full | Forest browser on soft
(North brachyodont dentition; no | leaves in closed habitats.
America) diastema.
Protomeryx Oligocene Larger; reduction to 2 main | Mixed feeder in open
(North toes; initial loss of upper woodlands and early
America) incisors. grasslands.
Procamelus/Pliauchenia | Miocene (North | Cannon bone formed; fully | Open country
America) hypsodont-selenodont grazer/browser in prairies
molars; distinct diastema and arid plains.
and dental pad; enclosed
orbit.
Camelus (Old World) Pliocene— Development of humps Specialist of extreme
Recent (fat storage); extreme deserts and arid steppes.
(Asia/Africa) physiological adaptations
for water conservation.
Lama/Vicugna (New Pliocene— No humps; adaptations for | High-altitude montane
World) Recent (South high-altitude (efficient O2 | specialists in puna and
America) transport, dense wool). paramo grasslands.

This evolutionary history illustrates a clear trajectory from a small, generalized forest herbivore to large,
highly specialized inhabitants of the world's most extreme arid and high-altitude landscapes. The camelid
story is uniquely poignant, showcasing a lineage that conquered two continents only to vanish completely

from its ancestral home.

Evolution of Primates and Hominins
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The primate order represents a lineage defined by adaptations for arboreal life and, later, for increased
neurological complexity. The subsequent evolution of the hominin tribe within the African ape family
documents the suite of changes—bipedalism, encephalization, technological innovation, and symbolic
thought—that led to modern humans. This transition is among the most significant and well-studied
narratives in evolutionary biology.
Defining Characteristics of Primates
Primates are a mammalian order characterized by a set of generalized traits that reflect their arboreal
ancestry and emphasis on visual predation and manual dexterity.

e Sensory Adaptations:

o Vision: Forward-facing eyes (orbits) with stereoscopic vision (overlapping visual
fields) providing precise depth perception, crucial for navigating a 3D arboreal
environment and judging distances when leaping. Most have post-orbital bars or
plates to protect the eyes. Haplorrhines (tarsiers, monkeys, apes) typically
possess trichromatic color vision.

o Reduced Olfaction: The sense of smell is reduced relative to other mammals, indicated
by a smaller snout (reduced rhinarium) and smaller olfactory bulbs in the brain.

¢ Locomotor and Manipulatory Adaptations:

o - Prehensile Hands and Feet: Opposable thumbs (and, in many, opposable big toes)
allow for a powerful precision grip. Digits typically bear flat nails instead of claws,
supporting sensitive tactile pads.

o Generalized Limb Structure: Retention of the clavicle (collarbone) and highly mobile
shoulder joints allow for a wide range of arm movement, essential for climbing and
brachiation.

e Neurological and Life History Traits:

o Large Brains: Relative to body size, primates have large brains, particularly an
expanded neocortex, associated with complex social behavior, learning, and problem-
solving.

o Extended Ontogeny: Long gestation periods, slow maturation, extended parental care,
and long lifespans facilitate complex learning and social transmission of behavior.

Primate Classification:
The primate order is divided into two main suborders:
e Suborder Strepsirrhini: The more primitive ("wet-nosed") primates, including lemurs, lorises,
and galagos. They retain a rhinarium, often have a toothcomb, and many are nocturnal.
e Suborder Haplorrhini: The "dry-nosed" primates, further divided into:
o Infraorder Tarsiiformes: Tarsiers.
o Infraorder Simiiformes (Anthropoids): Monkeys, apes, and humans.
= Parvorder Platyrrhini: New World Monkeys (broad, sideways-facing nostrils;
often prehensile tails; dental formula 2.1.3.3).
= Parvorder Catarrhini: Old World Monkeys, Apes, and Humans (downward-
facing nostrils; non-prehensile tails or tailless; dental formula 2.1.2.3).
The Hominin Lineage: From Miocene Apes to Homo sapiens
Hominins (the tribe Hominini) are defined as all species more closely related to modern humans than to
chimpanzees. Their evolution is characterized by obligate bipedalism, progressive encephalization,
and increasing cultural complexity.
1. Early Miocene Apes (The Foundation)
¢ Proconsul (Early Miocene, Africa): An early, generalized ape lacking a tail. It exhibited a mixture
of monkey-like and ape-like traits, likely moving quadrupedally in trees. It represents the basal
stock from which later apes and hominins evolved.
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e Dryopithecus (Middle-Late Miocene, Europe): A genus of great ape showing adaptations
for suspensory locomotion (long arms, mobile shoulders), a key step toward modern ape and
human anatomy. Likely close to the last common ancestor of the great ape family (including
humans).
2. Late Miocene — Possible Early Hominins (The Divergence)
¢ Sahelanthropus tchadensis (~7 mya, Chad): Potentially the oldest known hominin. Its foramen
magnum (the hole for the spinal cord) is positioned forward under the skull, suggesting a bipedal
posture, despite a small, chimp-sized brain and ape-like face.
¢ Orrorin tugenensis (~6 mya, Kenya) & Ardipithecus (~5.8-4.4 mya, Ethiopia): These genera
provide further evidence of early bipedalism combined with arboreal climbing adaptations
(e.g., Ardipithecus ramidus had an opposable big toe). They indicate the hominin lineage had split
from chimpanzees and was experimenting with terrestrial locomotion in wooded environments.
3. Australopithecus and Paranthropus (The Bipedal " Apes")
e Significance: The australopiths represent a diverse and successful adaptive radiation of early,
fully bipedal hominins in Africa, spanning from ~4.2 to ~1.9 mya.
¢ Morphology: They combine human-like postcranial anatomy (pelvis, femur, foot adapted for
upright walking) with ape-sized brains (~375-550 cc) and prognathic faces with large chewing
teeth (megadontia).
o Key Species:

o Australopithecus afarensis (~3.9-2.9 mya, e.g., "Lucy"): The quintessential gracile
australopith. Clear evidence for habitual bipedalism from the Laetoli footprints and limb
bones, yet retained adaptations for climbing.

o Australopithecus africanus (~3.0-2.1 mya): A later, more derived gracile form from
South Africa, with slightly larger brain and less primitive dentition, possibly ancestral
to Homo.

o Paranthropus (~2.7-1.2 mya, e.g., P. boisei, "Nutcracker Man"): A robust side branch
characterized by massive jaws, sagittal crests (for huge chewing muscles), and large,
flat molars. They were dietary specialists, likely feeding on tough, fibrous vegetation,
and eventually went extinct.

4. Genus Homo: The Toolmakers
e Homo habilis (~2.4-1.4 mya, East & South Africa):

o "The Handy Man." Retains some australopith-like body proportions but shows
a significant increase in brain size (~610-750 cc). The fossil hand bones suggest
a precision grip.

o Cultural Milestone: Associated with the Oldowan tool industry—simple, sharp flakes
and choppers. This marks the beginning of systematic stone tool manufacture, likely for
processing carcasses (meat and marrow).

e Homo erectus (~1.9 mya - ~110 kya, Africa & Eurasia):

o "The Pioneer." Represents a major adaptive shift. Possessed a larger brain (~900-1100
cc), a modern human-like body plan (tall, long legs) well-suited for endurance
walking/running, and reduced sexual dimorphism.

o Key Innovations: Mastered Acheulean technology (symmetrical, bifacial
handaxes). First hominin to disperse widely out of Africa, reaching as far as Indonesia
(Java Man) and China (Peking Man). Strong evidence for the controlled use of fire for
warmth, protection, and cooking.

5. The Archaic Homo Sapiens Complex
o Homo heidelbergensis (~700-200 kya, Africa, Europe, Asia):
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o Anpivotal species, likely ancestral to both Neanderthals in Eurasia and modern humans in
Africa. Had a larger brain (~1200 cc) and produced more refined Acheulean tools.
Exhibited early evidence of big-game hunting and possibly built simple shelters.

e  Homo neanderthalensis (~400-40 kya, Europe & Western Asia):

o Morphology: Cold-adapted hyper-specialists: stocky, muscular bodies, large noses (to
warm cold air), and distinctive cranial features (long, low skull, mid-facial projection,
occipital bun). Their brain size equaled or exceeded that of modern humans (~1400-
1600 cc).

o Culture: Sophisticated Mousterian tool technology, used ochre, practiced intentional
burial of the dead, and likely cared for the sick and elderly. Genetic evidence
confirms interbreeding with modern humans.

6. Anatomically Modern Humans (AMH)
e Homo sapiens (~300 kya — Present, Worldwide):

o Origin: Evolved in Africa from a H. heidelbergensis-like ancestor. The oldest fossils are
from sites like Jebel Irhoud (Morocco, ~300 kya) and Omo Kibish (Ethiopia, ~195 kya).

o Anatomy: Distinguished by a globular braincase, vertical forehead, reduced brow
ridges, a chin, and a gracile skeleton.

o  The "Human Revolution" (Upper Paleolithic): Around 70-50 kya, evidence
for behavioral modernity explodes: composite tools (e.g., spear-
throwers), representational and symbolic art (cave paintings, figurines like the Venus
of Willendorf), personal adornment (beads), elaborate burial rituals, and organized long-
distance trade networks. This complex culture, coupled with advanced cognitive and
linguistic abilities, enabled H. sapiens to rapidly colonize every continent and become the
sole surviving hominin.

Key Hominin Species
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Cranial

Capacity

Key Morphological
Features

Cultural & Behavioral
Milestones

Australopithecus | 3.9-2.9 | 375-550 | Bipedal pelvis & Possible use of unmodified
afarensis mya cc limbs; prognathic face; | stones/bones. Laetoli footprints
small brain; ape-like prove bipedalism.
shoulders for
climbing.
Paranthropus 23-1.2 | 500-550 | Extreme megadontia; | Likely used simple tools for
boisei mya cc massive jaws & foraging. Specialized herbivore,
sagittal crest; robust not in direct human lineage.
skull & postcrania.
Homo habilis 24-14 | 610—750 | More rounded brain Oldowan tool industry; maker of
mya cc case; less prognathic; | the first standardized stone tools;
hand bones capable of | likely a scavenger.
precision grip.
Homo erectus 1.9 mya— | 900 — Long, low skull with Acheulean handaxes; controlled
110 kya 1100 cc thick brow ridges; use of fire; first dispersal out of
modern body Africa.
proportions (tall, long-
legged).
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Homo 400—-40 | 1400 — Cold-adapted: stocky, | Mousterian tools (Levallois
neanderthalensis | kya 1600 cc large nose; long, low technique); ritual burial; use of
skull with occipital pigments; likely complex speech.
bun and mid-facial

projection.
Homo sapiens 300 kya— | ~1350 cc | Globular braincase; Upper Paleolithic Revolution:
(AMH) present avg. vertical forehead; symbolism, art, complex language,

chin; gracile skeleton. | rapid global migration, agriculture.

This trajectory from arboreal ape to global technological species underscores the interplay of biological
adaptation (bipedalism, brain evolution) and cultural accumulation, where each innovation created new
selective pressures that further shaped human evolution.

The human lineage 40cm
12 inches

) Homo erectus ’ ) Homo neanderthalensis
Australopithecus :

afarensis
e Homo habilis

Evolution of the Horse (Equidae)
The horse family (Equidae) within the order Perissodactyla (odd-toed ungulates) provides one of the
most complete and instructive fossil sequences in vertebrate paleontology. Its evolutionary history,
spanning over 55 million years, is characterized by clear, directional trends that
exemplify macroevolutionary change driven by environmental shifts—specifically, the transformation
of North American forests into vast grasslands during the Cenozoic. The lineage showcases a remarkable
correlation between anatomical form and ecological function.
Systematic Position and Major Evolutionary Trends
¢ Classification: Class Mammalia — Subclass Theria — Infraclass Eutheria —
Order Perissodactyla — Family Equidae.
¢ Defining Perissodactyl Traits: The limb axis passes through the third (middle) digit, which
bears the primary weight. Modern equids are monodactyl (single-toed), while early forms were
multi-toed.
e Major Morphological Trends:
1. Increase in Body Size: From fox-sized (~10 kg) to large, modern horse-sized (>500 kg).
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2. Reduction of Lateral Digits & Elongation of Limbs: From four-toed forefeet to a
single, robust digit encased in a hoof, increasing stride length and cursorial (running)
efficiency on hard, open ground.

3. Transformation of Dentition: From low-crowned (brachyodont), bumpy (bunodont)
molars for browsing soft leaves to extremely high-crowned (hypsodont), complexly
folded lophodont molars for grinding abrasive silica-rich grasses.

4. Elongation of the Skull and Face: To accommodate the deep, high-crowned cheek teeth
and provide leverage for powerful jaw muscles.

5. Increase in Brain Size and Complexity: Particularly in the cerebral cortex, associated
with heightened sensory perception and social behavior.

THE EVOLUTION OF HORSE
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Plichippus

Merychippus

Mesohippus

Eohippus

Evolutionary Sequence
1. Hyracotherium (formerly Eohippus) — "The Dawn Horse" (Early Eocene, ~55-45 mya)
e Habitat: Dense, humid forests and jungles of North America and Europe.
e Morphology:
o Size & Build: Very small (~25-50 cm at shoulder, ~10 kg); arched back; short, slender
limbs.
o Limbs: Forefeet had four functional toes (Digits 2-5), and hind feet had three (Digits
2-4). The toes ended in small pads and proto-hooves. Locomotion
was digitigrade to sub-plantigrade, suited for nimble movement through undergrowth.
o Dentition: Full primitive dental formula (3.1.4.3 / 3.1.4.3). Molars were low-crowned
(brachyodont) with simple, separated, rounded cusps (bunodont). This was ideal for
browsing on soft, leafy forest plants, fruits, and buds. No diastema (gap) between
front and cheek teeth.
o Skull: Short face, with eyes positioned mid-skull and a small brain case.
2. Mesohippus & Miohippus — "The Middle Horses'" (Oligocene, ~34-25 mya)
e Habitat: As forests began to give way to more open woodlands and scrublands.
e Morphology:
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o Size & Build: Larger (up to 60 cm at shoulder), with a straighter back and longer limbs.

o Limbs: All four feet were three-toed, with the central toe (Digit 3) noticeably larger and
bearing most of the weight. The lateral toes (Digits 2 & 4) were still functional but
reduced.

o Dentition: Molars became higher-crowned and the cusps began to connect, forming
low lophs (ridges), creating a more efficient grinding surface. A slight diastema began to
develop. This indicates a shift towards a mixed feeder diet, incorporating tougher
vegetation.

o Skull: Longer face; the eye socket moved posteriorly and became more enclosed.

3. Parahippus — ""The Transitional Horse" (Early Miocene, ~23-17 mya)

e Habitat: Spreading grasslands (savannas) of North America.

e Morphology:

o Size & Build: Size of a small pony.

o Limbs: Still three-toed, but the lateral toes barely touched the ground during normal
locomotion; the central toe carried virtually all the weight.

o Dentition: A critical innovator. Molars developed cementum, a bone-like substance that
filled the valleys between lophs, protecting the enamel folds from cracking. This marks
the beginning of true adaptations for an abrasive, gritty diet.

o Significance: Parahippus is considered the first horse to be a significant grazer,
exploiting the new grassland ecosystems.

4. Merychippus — "The Ruminating Horse" (Late Miocene, ~17-10 mya)

e Habitat: Widespread open grasslands.

e Morphology:

o Size & Build: Approaching the size of a modern pony, with very long, slender limbs built
for speed.

o Limbs: Still three-toed, but the lateral digits were now vestigial, positioned high on the
leg and non-functional.

o Dentition: The hallmark of Merychippus is the first appearance of fully hypsodont
(high-crowned) teeth. The molars were tall, with complex, folded enamel
patterns covered in cementum, creating an ideal, durable surface for lifelong grinding of
tough grasses. This was a revolutionary adaptation.

o Skull: Face elongated significantly; jaw muscles powerful. Brain was larger and more
complex.

5. Pliohippus — "The First Single-Toed Horse' (Late Miocene — Early Pliocene, ~10-5 mya)

e Habitat: Open plains.

e Morphology:

o Limbs: The critical innovation—true monodactyly. The lateral toes were completely
lost externally, leaving only the single, robust third digit encased in a large, springy
hoof supported by a fused cannon bone. This is the limb structure of the modern horse.

o Dentition: Retained the hypsodont, complex molars of its Merychippus-like ancestor.

o Significance: Pliohippus is generally considered the direct ancestor of the modern
genus Equus.

6. Equus — "The Modern Horse" (Pliocene — Recent, ~5 mya — Present)

e Origin & Dispersal: Evolved in North America during the Pliocene. During the Pleistocene,
species of Equus dispersed via land bridges into South America (giving rise to Hippidion) and
across Beringia into Eurasia and Africa, diversifying into horses, asses, and zebras.

o Extinction & Reintroduction: In a profound biogeographical twist, Equus became extinct in
North America at the end of the Pleistocene (~10,000 years ago). The horse was only
reintroduced to its continent of origin by Spanish conquistadors in the 16th century.
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e Modern Morphology:
o Limbs: Perfectly adapted for sustained speed and endurance on hard ground.
The unguligrade stance, powerful ligaments (the "stay apparatus"), and shock-absorbing
hoof are masterpieces of biomechanical engineering.
o Dentition: Extremely hypsodont lophodont molars with intricate enamel infoldings
(e.g., the characteristic "island" pattern). Teeth can grow for years, continuously erupting
to compensate for wear. A large diastema separates the cropping incisors from the
grinding cheek teeth.
o Behavior: Highly social, living in herds with complex hierarchies; precocial young;
adapted for fleeing from predators as a primary defense.
Key Stages in Equid Evolution
Geologic Appro Limb Key Dental & Diet & Habitat
al Epoch x. Size @ Structure Cranial Features
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P (Fore/Hind)
Hyracotheri | Early Fox 4 toes / 3 toes | Brachyodont, Browser in
R um Eocene (10 kg) bunodont molars; | closed forests (soft
short face; no leaves, fruit).
E diastema.
Mesohippus | Oligocen | Sheep | 3 toes (all Slightly higher- Mixed feeder in open
P e (25 kg) | equal) /3 toes | crowned; simple woodlands.
lophs begin to
form; slight
A diastema.
Parahippus | Early Small | 3 toes (central | Brachyodont Transitional;
R Miocene | Pony functional) but cemented mol | early grazer in savanna.
ars; longer face.
A Merychippus | Late Pony 3 toes (central | First fully Dedicated grazer in ope
Miocene weight- hypsodont molars; | n grasslands.
T bearing) complex enamel
patterns; long face.
I Pliohippus Late Horse | 1 toe Hypsodont Grazer on plains.
Miocene (monodactyl) | lophodont molars; | Direct ancestor
/1 toe elongated skull. of Equus.
O Equus Pliocene- | Horse | 1 toe Extremely Specialized grazer of gl
Recent (500+ | (hoof) /1 toe | hypsodont, obal grasslands.
N kg) complexly folded
molars; large
S diastema; large
brain.

This evolutionary chronicle is not a simple, straight line but a branching bush with many side lineages
(e.g., three-toed browsing forms that persisted alongside grazing forms). However, the main trend leading
to Equus powerfully demonstrates natural selection shaping anatomy in direct response to profound
environmental change, from the Eocene forests to the Miocene prairies.

Dating Rocks and Fossils

Determining the age of rocks and fossils is fundamental to reconstructing Earth's history. Geochronology
employs two complementary approaches: relative dating, which determines the sequence of events,

and absolute (radiometric) dating, which assigns numerical ages. Modern palaeontology integrates
these with advanced techniques to understand past life and its relevance to the present.
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Relative Dating: Establishing Sequence
Relative dating utilizes a set of logical principles to determine the chronological order of geological strata
and the fossils they contain. It answers "which is older?" but not "how old?"

e Law of Superposition: In any undisturbed sequence of sedimentary or volcanic rocks, the
youngest layer is on top, and the oldest is at the bottom. This is the most fundamental principle
of stratigraphy.

Principle of Original Horizontality: Sediments are deposited in horizontal or nearly

horizontal layers under the influence of gravity. Steeply inclined layers indicate tectonic forces

acted on them after deposition.

¢ Law of Cross-Cutting Relationships: Any geological feature that cuts across another must be
younger than the feature it cuts. This applies to faults, igneous intrusions (dykes, sills), and
unconformities.

e Principle of Inclusions: Fragments of rock (inclusions) contained within another rock must

be older than the host rock. For example, xenoliths in granite or cobbles in conglomerate are
older.

¢ Principle of Fossil Succession (Biostratigraphy): Fossil organisms succeed one another in

a definite, recognizable order through time. A specific fossil species or assemblage will be
found only in a specific stratigraphic interval. This allows for correlation of rock layers across
vast distances. Index fossils (e.g., trilobites, ammonites) are ideal for this.

Absolute (Radiometric) Dating: Determining Numerical Age

Absolute dating measures the decay of radioactive isotopes present in rocks and minerals to calculate a

numerical age in years.

¢ Fundamental Principle: Radioactive parent isotopes decay at a constant, known rate into stable

daughter isotopes. This rate is expressed as a half-life—the time required for half of the parent
atoms to decay.

e Requirements: The system must have remained closed (no loss or gain of parent or daughter

isotopes since formation), and the initial amount of the daughter isotope must be known or
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negligible.
Common Radiometric Methods:
Method Radioactive Stable Effective | Material Dated Primary Applications
Isotope Product Dating
(Parent) (Daughter) Range
Radiocarbon | Carbon-14 | Nitrogen- 100 - Organic material Archaeology, late
(C-19) 14 50,000 (wood, bone, shell, Pleistocene fossils,
years charcoal). Holocene climate
studies.
Potassium- Potassium- | Argon-40 100,000 | Volcanic rocks (e.g., | Dating volcanic layers
Argon (K- 40 years - basalt, tuff), micas, interbedded with fossil
Ar) / Argon- 4.5 feldspar. beds (crucial for
Argon (Ar- billion hominin sites in East
Ar) years Africa).
Uranium- Uranium- Lead-206 1 million | Zircon, uraninite, Dating the oldest Earth
Lead (U-Pb) | 238 — Lead-207 -4.5 baddeleyite. and Moon rocks,
Lead-206 billion Precambrian geology,
Uranium- years igneous intrusions.
235 —
Lead-207
Page 29| 34
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Rubidium- Rubidium- | Strontium- | 10 Micas, potassium Dating ancient
Strontium 87 87 million - | feldspar, whole igneous/metamorphic
(Rb-Sr) 4.5 metamorphic/igneous | rocks, lunar samples.
billion rocks.
years

Other Chronometric Techniques:

¢ Fission Track Dating: Counts microscopic damage trails (fission tracks) left in minerals by the
spontaneous fission of Uranium-238. The number of tracks is proportional to age. Used for dating
apatite, zircon, and volcanic glass (range: ~1,000 years to >1 billion years).

¢ Paleomagnetism (Geomagnetic Polarity Time Scale): Measures the orientation of Earth's
magnetic field preserved in iron-rich minerals at the time of rock formation. The field has
reversed polarity many times. These reversal events create a global pattern—a "barcode"—that
can be matched to a calibrated timescale. Essential for dating marine sediments and correlating
terrestrial sequences.

¢ Luminescence Dating (OSL/TL): Measures the time since quartz or feldspar grains were last
exposed to sunlight (Optically Stimulated Luminescence - OSL) or heat (Thermoluminescence -
TL). Resets upon burial. Used for dating sediments, pottery, and archaeological sites (range: 100
to 300,000 years).

¢ Electron Spin Resonance (ESR): Measures trapped electrons in tooth enamel or shells. Used for
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dating early hominin sites beyond the range of radiocarbon (~50,000 to 300,000 years).
Mass Extinctions: The "Big Five'" and Their Impact
Mass extinctions are geologically rapid events where a significant proportion (over 75% of species) of
Earth's biodiversity is lost. They reset the ecological stage, paving the way for new evolutionary

radiations.
The "Big
Extinction

Approximate

Five" Mass Extinctions

Proposed Causes

Major Victims

Key Survivors &

Event Time (Mya) Consequences
End- 443 Severe glaciation 85% of marine species. Jawless fishes survive.
Ordovician (global cooling), Brachiopods, trilobites, Corals and reef
followed by rapid | graptolites decimated. ecosystems recover
warming and sea- slowly.
level rise.
Late 372-359 Multiple pulses, 75% of marine species, Lobe-finned fishes, early
Devonian likely linked to especially shallow warm- | sharks, ammonoids
ocean anoxia water organisms. Reef survive. Sets stage for
(plant-driven?), builders tetrapod diversification.
climate change, (stromatoporoids),
possibly impacts. armoured fish
(placoderms).
End- 252 Most 96% of marine species, The "disaster taxa"
Permian severe. Siberian 70% of terrestrial (e.g., Lystrosaurus).
(The Traps flood basalt | vertebrates. Trilobites, Paves way for rise of
"Great volcanism — most corals, many dinosaurs and mammals
Dying") global warming, brachiopods and insects. in Mesozoic.
ocean acidification, | Terrestrial synapsids
anoxia, and toxic devastated.
gas release.
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End- 201 Central Atlantic ~80% of marine and Dinosaurs survive and
Triassic Magmatic Province | terrestrial species. Large begin their ascent to
volcanism — rapid | amphibians, many reptile | dominance. First true
climate change and | groups (except dinosaurs, | mammals appear.
ocean acidification. | pterosaurs, crocodilians).

End- 66 Chicxulub Non-avian dinosaurs, Mammals, birds,
Cretaceous asteroid pterosaurs, ammonites, crocodilians, turtles,
(K-Pg) impact (primary mosasaurs, lizards
cause), plesiosaurs. 75% of all survive. Mammals
compounded by species. undergo explosive
Deccan Traps adaptive radiation in
volcanism in India. Cenozoic.

The Sixth Mass Extinction (Anthropocene): We are currently in a period of exceptionally high
extinction rates driven by human activity: habitat destruction, climate change, pollution, overexploitation,
and invasive species. Palaeontology provides the deep-time context for this crisis, showing the timescales
of recovery and the irreversible loss of evolutionary history.

Modern Relevance and Advanced Concepts in Palaeontology

Today, palacontology is a highly interdisciplinary field integrating cutting-edge technology to answer
fundamental questions about life's history.

¢ Molecular Palaeontology and Palaeogenomics: The recovery and analysis of ancient
biomolecules.

o Ancient DNA (aDNA): Extracted from sub-fossils (up to ~1 million years in permafrost).
Has revolutionized our understanding of Neanderthal-human interactions, megafaunal
extinctions (e.g., woolly mammoth), and phylogenetic relationships.

o Ancient Proteins (Palaeoproteomics): More stable than DNA; proteins like collagen can
survive for millions of years. Used to identify fossil taxa (e.g., Denisovans), study diet,
and resolve relationships beyond the DNA limit.

¢ High-Resolution Geochemistry & Stable Isotope Analysis:

o 0'"0 (Oxygen Isotopes): In foraminifera shells, records past ocean temperature and
global ice volume (climate proxy).

o 0"C (Carbon Isotopes): Tracks major perturbations in the carbon cycle, identifying
mass extinction events and methane releases.

o Sr/*S8r, ¥Sr/*Sr (Strontium Isotopes): Can trace ancient migration patterns of
organisms, including hominins.

e Computational Palaeontology & Virtual Fossils:

o Micro-CT Scanning: Creates non-destructive, high-resolution 3D models of fossils,
revealing internal structures (braincases, sinus systems, unerupted teeth).

o Finite Element Analysis (FEA): Applies engineering principles to fossil models to test
biomechanical hypotheses (e.g., bite force in 7. rex, locomotion in early tetrapods).

¢ Phylogenetic Systematics (Cladistics): The standard method for reconstructing evolutionary
relationships. Uses shared derived characteristics (synapomorphies) to construct testable
evolutionary trees (cladograms) that include both living and extinct taxa.

e Paleoecology and Conservation Palaeobiology: Uses the fossil record to understand long-term
ecosystem responses to environmental change, providing baselines for "natural" states and
informing modern conservation and restoration goals.

In conclusion, Palaeontology has evolved from a descriptive science to a dynamic, quantitative field. By
deciphering the deep past, it provides indispensable insights into the processes of evolution, the resilience
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of life, and the profound impact of current human activities on the biosphere, making it critically relevant

for navigating the challenges of the Anthropocene.

Practice MCQs

1. What is the primary focus of paleontology?
A) Study of living ecosystems

B) Study of rock formations only

C) Study of ancient life through fossils

D) Study of celestial bodies

Answer: Study of ancient life through fossils
2. Which branch of paleontology deals with
fossils of animals with backbones?

A) Invertebrate Paleontology

B) Paleobotany

C) Micropaleontology

D) Vertebrate Paleontology

Answer: Vertebrate Paleontology

3. The Cambrian Explosion is primarily
noted for the rapid diversification of which
group?

A) Mammals

B) Dinosaurs

C) Major animal phyla including Chordata

D) Flowering plants

Answer: Major animal phyla including
Chordata

4. Which of the following is considered a
classic transitional fossil between reptiles and
birds?

A) Tiktaalik

B) Archaeopteryx

C) Ammonites

D) Trilobites

Answer: Archaeopteryx

5. What does the term "living fossil" refer to?
A) A recently evolved species

B) An extinct species found intact

C) A living species resembling ancient fossil
relatives

D) A fossil with preserved soft tissues
Answer: A living species resembling ancient
fossil relatives

6. Which rock type is most likely to contain
fossils?

A) Igneous

B) Metamorphic

C) Sedimentary

D) Volcanic

Answer: Sedimentary

7. The principle that in an undisturbed
sequence, older rocks lie below younger rocks
is called:

A) Principle of cross-cutting

B) Principle of faunal succession

C) Law of superposition

D) Principle of original horizontality
Answer: Law of superposition

8. Which eon is known as the "age of visible
life"?

A) Cryptozoic

B) Phanerozoic

C) Archean

D) Proterozoic

Answer: Phanerozoic

9. The first well-known mineralized
vertebrates, such as ostracoderms, became
abundant in which period?

A) Cambrian

B) Ordovician

C) Devonian

D) Silurian

Answer: Ordovician

10. What is the primary evidence for the
theory of organic evolution?

A) Genetic engineering

B) Fossil record

C) Laboratory experiments

D) Comparative anatomy only

Answer: Fossil record

11. Which of the following is an example of an
unaltered fossil?

A) Petrified wood

B) Woolly mammoth in permafrost

C) Carbonized leaf

D) Internal mould of a shell

Answer: Woolly mammoth in permafrost
12. The process where pores in organic
remains are filled with minerals is called:
A) Carbonization

B) Recrystallization

C) Permineralization

D) Replacement

Answer: Permineralization
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13. Which era is known as the ""Age of
Reptiles'?

A) Paleozoic

B) Mesozoic

C) Cenozoic

D) Proterozoic

Answer: Mesozoic

14. The end-Cretaceous (K-Pg) mass
extinction is famously associated with the
demise of which group?

A) Trilobites

B) Non-avian dinosaurs

C) Large mammals

D) Ammonites only

Answer: Non-avian dinosaurs

15. What does the dental formula 2.1.2.3
represent?

A) New World monkeys

B) Old World monkeys, apes, and humans
C) Early reptiles

D) Marsupials

Answer: Old World monkeys, apes, and
humans

16. Which early hominin is known as the
"handy man" and is associated with the first
stone tools?

A) Australopithecus

B) Homo habilis

C) Homo erectus

D) Homo neanderthalensis

Answer: Homo habilis

17. In horse evolution, the reduction of lateral
toes and emphasis on the third toe is an
example of:

A) Convergent evolution

B) Adaptive radiation

C) Macroevolutionary trend

D) Genetic drift

Answer: Macroevolutionary trend

18. Which absolute dating method is most
suitable for organic remains up to 50,000
years old?

A) Potassium-Argon dating

B) Uranium-Lead dating

C) Carbon-14 dating

D) Fission track dating

Answer: Carbon-14 dating

19. What is the term for fossilized feces that
provide dietary information?

A) Gastroliths

B) Coprolites

C) Steinkerns

D) Imprints

Answer: Coprolites

20. The "Big Five" in paleontology refer to:
A) Five major dinosaur groups

B) Five mass extinction events

C) Five geological eons

D) Five types of fossil preservation

Answer: Five mass extinction events

21. Which of the following is a key
characteristic of the Phanerozoic eon?

A) Dominance of prokaryotic life

B) First appearance of multicellular life

C) Abundant and diverse fossil record

D) Formation of the first continents

Answer: Abundant and diverse fossil record
22. Myllokunmingia and Haikouichthys are
important Cambrian fossils representing:**
A) Early trilobites

B) Early jawed fishes

C) Early vertebrate-like chordates

D) Early land plants

Answer: Early vertebrate-like chordates
23. Which group first evolved the amniotic
egg, reducing dependency on aquatic
environments?

A) Amphibians

B) Reptiles

C) Bony fishes

D) Synapsids

Answer: Reptiles

24. What does the tribosphenic molar pattern
represent in mammalian evolution?

A) Specialized carnassial teeth

B) Primitive triangular arrangement of cusps
C) Hypsodont grinding teeth

D) Selenodont crescentic ridges

Answer: Primitive triangular arrangement of
cusps

25. Which of the following is NOT a type of
trace fossil?

A) Burrow

B) Coprolite

C) Petrified bone

D) Trackway

Answer: Petrified bone
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26. The Devonian period is often called the
""Age of" what group?

A) Reptiles

B) Fishes

C) Invertebrates

D) Mammals

Answer: Fishes

27. Which era saw the adaptive radiation of
mammals and birds following the K-Pg
extinction?

A) Paleozoic

B) Mesozoic

C) Cenozoic

D) Precambrian

Answer: Cenozoic

28. What term describes fossils preserved in
the same location where the organism lived
and died?

A) Allochthonous

B) Autochthonous

C) Index fossil

D) Sub-fossil

Answer: Autochthonous

29. Which fossil site is famous for exceptional
preservation of soft-bodied Cambrian
organisms?

A) Solnhofen Limestone

B) Burgess Shale

C) Messel Pit

D) La Brea Tar Pits

Answer: Burgess Shale

30. The study of fossil pollen and spores is
known as:

A) Taphonomy

B) Paleoecology

C) Palynology

D) Micropaleontology

Answer: Palynology

31. Which of the following is a defining
feature of chordates?

A) Exoskeleton

B) Notochord

C) Jointed appendages

D) Radial symmetry

Answer: Notochord

32. The Paleozoic era ended with which
major mass extinction?

A) End-Ordovician

B) End-Permian

C) End-Triassic

D) End-Cretaceous

Answer: End-Permian

33. What is the primary purpose of an index
fossil?

A) To show evolutionary relationships

B) To indicate the diet of ancient animals

C) To date and correlate rock layers

D) To preserve soft tissue anatomy

Answer: To date and correlate rock layers
34. Which of these is a characteristic of
igneous rocks?

A) Often contain fossils

B) Formed from cooled magma or lava

C) Composed of compacted sediments

D) Altered by heat and pressure

Answer: Formed from cooled magma or lava
35. The earliest known bird, Archaeopteryx,
dates back to which period?

A) Triassic

B) Jurassic

C) Cretaceous

D) Paleogene

Answer: Jurassic
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Chapter 34
Zoogeography

Zoogeography is the specialized branch of biogeography that focuses on the geographical distribution
of animals on Earth, analyzing the patterns of their occurrence and the underlying causal factors. It
integrates principles from ecology, evolution, paleontology, geology, and climatology to understand both
contemporary distributions and their historical origins. The field seeks to explain why animals are found
where they are, examining the interplay between environmental tolerance, dispersal capabilities, historical
events like continental drift, and evolutionary processes.

Biogeography and Its Branches

Biogeography is the scientific study of the spatial and temporal distribution of organisms, encompassing
both plants and animals. It relates distribution patterns to environmental gradients, geological history, and
evolutionary dynamics. The field classically divides into two main sub-disciplines: phytogeography,
which deals with plant distributions, and zoogeography, which is concerned with animal distributions.
Both subfields utilize common theoretical frameworks such as island biogeography, niche theory, and
plate tectonics to explain distributional patterns.

Ecological Valency

Ecological valency, also known as ecological amplitude, refers to the total range of environmental
conditions—such as temperature, humidity, salinity, pH, and substrate type—within which an organism
can survive, grow, and reproduce. The distribution of a species is fundamentally constrained by the limits
of its ecological valency. Animals can only occupy areas where their physiological and ecological
tolerances are compatible with local conditions. Species with a broad ecological valency (eurytopic) tend
to have widespread distributions, while those with a narrow valency (stenotopic) are restricted to specific,
often limited, habitats.

Main Branches of Zoogeography

Zoogeography is conceptually divided into several interconnected branches, cach addressing different
aspects of how and why animals are distributed.

Applied Zoogeography

Applied zoogeography is the study of the distribution of animals that have direct significance for human
affairs. This includes mapping and managing species involved in public health (e.g., disease vectors like
mosquitoes and tsetse flies), veterinary science, agriculture (pests and beneficial organisms),

and biological control programs. Its practical applications are crucial for predicting the spread of
invasive species, planning quarantine measures, and implementing biocontrol strategies.

Causal Zoogeography

Causal zoogeography aims to explain the reasons behind observed distribution patterns by analyzing
environmental and historical causes. It comprises three major sub-branches:

¢ Ecological Zoogeography: Investigates how current environmental factors—such as climate,
vegetation, soil, productivity, competition, and predation—determine the realized distributions of
species and communities. It views animal ranges as dynamic responses to ecological niches and
habitat mosaics.

o Experimental Zoogeography: Employs controlled experiments, translocations, and
introductions (both intentional and accidental) to test hypotheses about the roles of specific
factors in origin, evolution, and dispersal. Classic examples include the introduction of rabbits to
Australia or experimental releases across biogeographic barriers.

o Historical Zoogeography: Reconstructs the evolutionary history of distributions by examining
past areas of origin, evolution, and dispersal. It utilizes evidence from fossils, phylogenetic
analyses, and paleogeographic reconstructions of continents and climates, making it intrinsically
linked to the theories of continental drift and plate tectonics.

Descriptive Zoogeography
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A zoogeographical region (or realm) is a major subdivision of the Earth characterized by a
distinctive fauna, defined by endemic families and characteristic community compositions. The classical
system, based on the work of P. L. Sclater (1858) and refined by A. R. Wallace (1876), recognizes six
terrestrial regions. Wallace chose mammals as his primary guide due to their rich fossil record, limited
dispersal, clear taxonomy, and high adaptive significance. Subsequent authors have proposed higher-order
groupings like the Holarctic (Palearctic + Nearctic) and Arctogaea (Holarctic + Ethiopian + Oriental).

SYSTEM OF FAUNAL REGIONS
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Palearctic Region
The Palearctic region stands as the most extensive zoogeographical realm, spanning over 14 million
square miles. It encompasses the entirety of Europe, North Asia (including Russia, Mongolia, and
northern China), North Africa (south to the Sahara), and parts of the Middle East (Iran, Afghanistan,
Balochistan). Adjacent islands like the British Isles, Japan, and Sakhalin are included. Its climate is
predominantly temperate, exhibiting profound seasonal variation with cold winters and warm summers.
This climatic regime supports a mosaic of biomes: boreal taiga forests in the north, temperate
deciduous and mixed forests in central Europe and East Asia, vast steppe grasslands,
and Mediterranean scrublands. The region is bounded by formidable natural barriers: the Sahara
Desert to the south, separating it from the Ethiopian region, and the Himalayan mountain range to the
southeast, forming a dramatic boundary with the Oriental region. The Ural Mountains are a minor intra-
regional divide. This combination of size, climatic diversity, and historical connectivity (via the Bering
Land Bridge to the Nearctic) and isolation (by southern barriers) has shaped a fauna that is diverse yet
characterized by widespread genera and a lack of the profound endemism seen in more isolated realms.
Zoological Characteristics:
¢ Fishes: Freshwater systems are overwhelmingly dominated by the family Cyprinidae (carps,
minnows, barbels, danios), making it a defining feature. Other significant groups
include catfishes (Siluridae), anabantids (labyrinth fishes like the paradise fish),
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Neotropical | S. & Central
America, Mexican
lowlands,

Atlantic & Pacific
Oceans, formerly
isolated by water.

World's largest
tropical rainforest
(Amazon), also Andes | birds). Splendid Isolation: Led to
Caribbean. Barriers: | mountains, pampas,
deserts (Atacama).

Highest Biodiversity on Earth
(especially insects, plants,

endemic orders (Xenarthra, New World
monkeys). The Great American
Interchange mixed Neotropic and
Nearctic faunas. Bird Continent: 1/3 of
all bird species.

Practice MCQs

1. What is the study of the geographical
distribution of animals called?

A) Phytogeography

B) Biogeography

C) Zoogeography

D) Ecology

Answer: Zoogeography

2. Which branch of biogeography deals with the
distribution of plants?

A) Zoogeography

B) Ecology

C) Phytogeography

D) Chorology

Answer: Phytogeography

3. The range of environmental conditions an
organism can survive in is called:

A) Ecological niche

B) Ecological valency

C) Habitat specificity

D) Tolerance limit

Answer: Ecological valency

4. Which branch of zoogeography deals with
animals of medical or agricultural importance?
A) Causal zoogeography

B) Descriptive zoogeography

C) Applied zoogeography

D) Historical zoogeography

Answer: Applied zoogeography

5. The study of present animal distributions in
light of their past origin and dispersal is:

A) Ecological zoogeography

B) Experimental zoogeography

C) Historical zoogeography

D) Systematic zoogeography

Answer: Historical zoogeography

6. Which zoogeographic branch studies the
geographical distribution of animal communities?
A) Faunistic zoogeography

B) Biocoenotic zoogeography

C) Chorological zoogeography

D) Systematic zoogeography

Answer: Biocoenotic zoogeography

7. Animals with a worldwide distribution
wherever suitable habitat exists are called:

MK PREPARATIONS: Let’s Make It Happen
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A) Endemic

B) Cosmopolitan

C) Disjunct

D) Stenotopic

Answer: Cosmopolitan

8. Animals with narrow ecological tolerance are
termed:

A) Eurytopic

B) Eurythermal

C) Stenotopic

D) Euryhaline

Answer: Stenotopic

9. The distribution where closely related taxa
occur in widely separated areas is called:
A) Cosmopolitan

B) Endemic

C) Bipolar

D) Discontinuous

Answer: Discontinuous

10. Which of the following is a classic example of
discontinuous distribution?

A) Rats

B) Lungfishes

C) House sparrows

D) Tuna

Answer: Lungfishes

11. The phenomenon where a species is restricted
to a particular geographic region is:

A) Cosmopolitan distribution

B) Endemic distribution

C) Bipolar distribution

D) Isolated distribution

Answer: Endemic distribution

12. Which region has the highest number of
endemic vertebrate families?

A) Palearctic

B) Neotropical

C) Ethiopian

D) Australian

Answer: Neotropical

13. Distribution confined to isolated

zoogeographic regions, like monotremes, is called:

A) Bipolar distribution
B) Isolated distribution
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Chapter 35
Wildlife

Wildlife refers to all undomesticated animals, plants, fungi, and other organisms that grow or live wild
in natural environments without direct human intervention or domestication. This encompasses a vast array
of life forms including mammals, birds, reptiles, amphibians, fishes, invertebrates, and associated
flora that inhabit diverse ecosystems across the planet. Wildlife exists in complex ecological communities
where species interact with each other and their physical environment through intricate food webs,
predator-prey relationships, symbiotic associations, and competitive interactions. These organisms are
not merely isolated entities but components of larger ecological networks that sustain ecosystem processes
essential for planetary functioning.

The habitats supporting wildlife range from dense tropical rainforests with their multi-layered canopies
to expansive grasslands where herds of ungulates migrate seasonally, from arid deserts with specially
adapted xerophytic species to high mountain ecosystems with cold-tolerant flora and fauna,
from freshwater systems like rivers, lakes, and wetlands to marine environments including coral reefs,
estuaries, and open oceans. Each habitat supports distinctive wildlife assemblages adapted through
evolutionary processes to specific environmental conditions, creating the planet's biological diversity.

1. Wildlife Terminologies

Wildlife

All animals and plants that live and grow in natural conditions without human domestication or
cultivation, including undomesticated animal species and uncultivated plants.

Biodiversity

The variability among living organisms from all ecosystems, including diversity within species, between
species, and of ecosystems.

Ecology

The study of relationships between organisms and their environment.

Ecosystem

A functional unit consisting of plant, animal and microorganism communities and their non-living
environment, interacting as a whole. Alternatively: The combination of a biotic community and its
physical (abiotic) environment functioning as a system.

Biosphere

The global "sphere of life" comprising all regions of the Earth occupied by living organisms.
Environment

Everything surrounding an organism or population, including physical, chemical and biological factors
and processes.

Sustainable Use

The use of components of biological diversity in ways and at rates that do not lead to long-term decline,
maintaining their potential to meet present and future human needs.

Types of Diversity

Point Diversity

Species diversity at the smallest scale, such as in a micro-habitat or single sample from a seemingly
homogeneous habitat.

Alpha Diversity

The variety of organisms within a particular habitat or local area; often called local diversity.

Beta Diversity

The variety of organisms occupying different habitats in a region, expressing how species composition
changes between habitats along an environmental gradient.
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V: Protected
Landscape/Seascape

Conservation of
landscapes shaped by
human-nature
interaction

Traditional sustainable
uses

Salt Range cultural
landscapes

VI: Protected Area
with Sustainable Use

Conservation with
regulated resource use

Grazing, forestry, or
hunting allowed under
management

Community-based
trophy-hunting areas
for markhor

Feature
Primary Objective

Protected Area Types in Pakistan

National Park
Ecosystem and
landscape conservation,
recreation and

Wildlife Sanctuary
Protection of specific
species or habitats

Game Reserve
Sustainable use of
game species and
revenue generation

research

education
Hunting Generally prohibited Prohibited Allowed under licence
and quotas
Human Settlement Usually restricted or Limited; some Often includes resident
controlled traditional uses allowed | communities
Main Revenue Source | Tourism and park fees | Limited tourism, Trophy-hunting fees

and related tourism

Conservation Modes Comparison
In-situ Conservation

Ex-situ Conservation

Definition On-site conservation within natural habitat | Off-site conservation outside natural
habitat
Approach Protecting species where they naturally Protecting species in artificial or
occur controlled settings
Examples National parks, wildlife sanctuaries, Zo0s, botanical gardens, seed banks,
biosphere reserves, corridors captive breeding centers
Advantages Maintains natural selection, behaviors, Provides backup populations, research
ecological processes material, education opportunities
Disadvantages | Vulnerable to habitat threats, requires large | Can lead to genetic adaptation to
areas captivity, high maintenance costs
Integration Modern approach combines both, using ex-
situ to reinforce in-situ populations

Species Conservation Status Categories

Category
Critically Endangered

Risk Level
Extremely high and
imminent extinction
risk

Population Trend
Rapid decline (>80%
over 10 years)

Examples in Pakistan
Indus river dolphin,
Balochistan bear
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maintaining public trust through transparency, ethical practice, and demonstrable commitment to both
individual animal welfare and species-level conservation.

Practice MCQs

1. What does the term "wildlife" encompass
according to the notes?

A) Only undomesticated mammals and birds

B) All undomesticated animals, plants, fungi, and
other organisms

C) Only animals living in forests

D) Animals kept in zoos and sanctuaries

Answer: All undomesticated animals, plants,
fungi, and other organisms

2. Which term refers to the study of relationships
between organisms and their environment?

A) Biodiversity

B) Ecology

C) Biosphere

D) Zoogeography

Answer: Ecology

3. What does "alpha diversity" specifically refer
to?

A) Diversity between different habitats

B) Species diversity at the smallest scale, like a
micro-habitat

C) The variety of organisms within a particular
habitat or local area

D) The overall diversity of a larger landscape unit
Answer: The variety of organisms within a
particular habitat or local area

4. A species that is native and restricted to a
particular area is termed as:

A) Exotic

B) Feral

C) Endemic

D) Extirpated

Answer: Endemic

5. Which conservation status category faces an
extremely high and imminent risk of extinction?
A) Vulnerable

B) Endangered

C) Critically Endangered

D) Rare Species

Answer: Critically Endangered

6. What does "ex-situ conservation" involve?
A) Protecting species within their natural habitat
B) Conservation outside natural habitats, like in zoos
or seed banks

C) Creating corridors between habitats

D) Sustainable use of wildlife resources

Answer: Conservation outside natural habitats,
like in zoos or seed banks
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7. The "place or type of site where an organism
naturally occurs" is its:

A) Niche

B) Territory

C) Home Range

D) Habitat

Answer: Habitat

8. Which term describes an animal's regular,
seasonal two-way movement between different
areas?

A) Dispersal

B) Homing

C) Migration

D) Philopatry

Answer: Migration

9. An organism that can synthesize its own food
from inorganic substances is called:

A) Heterotroph

B) Carnivore

C) Autotroph

D) Omnivore

Answer: Autotroph

10. The pairing of one male with one female for at
least one breeding season is known as:

A) Polygamy

B) Monogamy

C) Polyandry

D) Promiscuity

Answer: Monogamy

11. What does the term "carrying capacity' refer
to in population dynamics?

A) The number of deaths in a population over a given
period

B) The maximum number of individuals an
environment can support without degradation

C) The rate at which a population produces
harvestable surplus

D) The addition of new individuals to a population
Answer: The maximum number of individuals an
environment can support without degradation
12. The regulation of body temperature by
physiological means, maintaining a constant
internal temperature, is called:

A) Poikilothermy

B) Hibernation

C) Homeothermy

D) Aestivation

Answer: Homeothermy

13. A geographic area containing features essential

for the conservation of a
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Total Marks: 100
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Time Allowed: 03 Hours

NOTE:

1. Attempt FIVE (05) questions in all, at least ONE question from each section. Question No. 1 is
compulsory. Draw neat and labelled diagrams wherever necessary. All questions carry equal

marks.

2. All the parts (if any) of each Question must be attempted at one place instead of at different

places.

3. Candidate must write Q. No. in the Answer Book in accordance with Q. No. in the Q. Paper.

4. No Page/Space be left blank between the answers. All the blank pages of Answer Book must be

crossed.
Section-I
Q-1 (A) Select the correct answer. (05)
1) During some surgical operations the drug c) 102
curare, which has a similar shape to d) 153

acetylcholine is injected into the muscles to
relax them. Why do the muscles remain relaxed?
a) Calcium ions can't be taken up by membrane
vesicle

b) Cholinesterase can't remove acetylcholine

c) Postsynaptic membrane receptors are blocked
d) Sodium channels remain open

i) The insulin molecule is composed of two
polypeptide chains, one consisting of 20 amino
acids and the other consisting of 31. What is the
minimum number of base pairs of DNA required
to code for the molecule?

a) 20

b) 51

iii) Which molecule is common to both
glycolysis and the Calvin Cycle?

a) Hexose phosphate

b) NADP

c¢) Pentose phosphate

d) Triose phosphate

iv) The first hormone that was isolated
a) Thyroxine

b) Vasopressin

¢) Secretin

d) Adrenaline

v) Whale on land soon dies because
a) Under low atmospheric air pressure body wall
ruptures
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b) Its skin dries up
¢) Under huge body weight lungs collapse
d) All the three factors become operative

~ L

nZ QO —~=2» XM

(B) Fill in the blanks. (05)

1) Rotifers have ciliated crown more properly termed a corona.

ii) Electroreceptors in Scollodon, some amphibians, and platypus are ampullae of Lorenzini.

iii) A collection of mutations that do not complement each other is known as a complementation group.
iv) The zoological name of snow leopard is Panthera uncia.

v) Fishes belonging to Class Dipnoi are commonly called as lung fishes.

(C) Draw and label the diagram of the following: (05)

1) Electron transport chain
i) Urea cycle

(D) Differentiate between the following terms: (05)

1) Genomics and Proteomics

Genomics: The study of the entire genome of an organism, including its structure, function,
evolution, and mapping.

Proteomics: The large-scale study of the entire set of proteins expressed and modified by an
organism.

1) Gamma-aminobutyric acid (GABA) and Glutamate

GABA: The primary inhibitory neurotransmitter in the mammalian central nervous system.

Glutamate: The primary excitatory neurotransmitter in the mammalian central nervous system.

iii)) SEM and TEM

SEM (Scanning Electron Microscope): Provides detailed 3D images of the surface of a
specimen.

TEM (Transmission Electron Microscope): Provides detailed 2D images of the internal
structure of a thin specimen.

iv) GMO and LMO

GMO (Genetically Modified Organism): An organism whose genetic material has been altered
using genetic engineering techniques.

LMO (Living Modified Organism): Essentially synonymous with GMO but often used in
legal/regulatory contexts (e.g., Cartagena Protocol) to refer to living organisms with altered
genetic material.
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v) Anadromous and Catadromous
e Anadromous: Fish that migrate from the sea up into freshwater rivers to spawn (e.g., salmon).

e Catadromous: Fish that live in freshwater but migrate down to the sea to spawn (e.g., eels).

Section-11

Q-2 a) Differentiate between Eugenics and Genetic engineering? Discuss briefly gene isolation and gene
mapping.

b) What are the basic steps of recombinant DNA and how this technology can be helpful in Pakistan?
Explain the principles and applications of DNA fingerprinting in human forensic science.

c) Discuss the fate map of gastrula with reference to chick. Briefly explain the principles of teratogenesis.
d) Discuss stem cell theory of aging. Explain stem cell therapy.

Section-111 Q-4

a) What do you know about the process of torsion and detorsion in gastropoda? Why is Sphenodon the
most primitive and crocodilians the most advanced of all living reptiles?

b) How is age determined in fishes? Draw the diagram of scales found in fishes.

¢) What do you know about continental drift? When did it occur and what are its evidences?

d) Represent diagrammatically the Geological time scale and discuss the Cenozoic Era in detail.

Section-1V Q-6 a) How are climatic changes affecting the biodiversity and socio-economic conditions of
Balochistan? Also discuss flood management in Pakistan.

b) Enlist the fauna of Hazarganj-Chiltan National Park and Hingol National Park. Discuss the needs and
significance of Wali Tangi fish hatchery in Hanna Urak, Quetta.

Q-7 a) Describe the structure of cyclic AMP and how it is formed. Why is it called a second messenger?
Explain its role in glucose metabolism in a liver cell.
b) Discuss the tricarboxylic acid cycle in detail with the help of a diagram.

Section-V Q-8 a) What is ecological succession? Give an account of the trends, general process and
causes of succession in nature.

b) Explain the renewable and non-renewable energy resources and their impact on environmental quality
in Pakistan.

Q-9 a) Discuss the ultrastructure of mitochondrion with the help of a diagram and also explain why it is
considered as a symbiotic cell organelle.

b) What is the difference between Cisgenic and Transgenic organisms? Explain the process of
transgenesis with suitable examples. Discuss its advantages and disadvantages.
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Q-10 Write a short note on the following.
a) Crystal methamphetamine (ice)

b) Levels of organisation in the biosphere
c¢) Paedomorphosis

d) Ebola

¢) Avian influenza

M 3

K 4
o
S

P S

R

E

P

A

R

A

T

I

O

N

S

P
MK PREPARATIONS: Let’s Make It Happen aged|4

+92 333 2605045, +92 342 4470091




	1. Introduction to Animal Phyla 40
	2. ANIMAL CLASSIFICATION 12
	3. Animal-Like Protists The Protozoans 15
	4. Multicellular & Tissue Level Organization 16
	5. Spiralian & Acoelomate Phyla 23
	6. ECDYSOZOANS PHYLA 14
	7. Phylum Mollusca 23
	8. Phylum Annelida 17
	9. Phylum Arthropoda 22
	10 Phylum Echinodermata 24
	11. Phylum Hemichordates 9
	12. Chordates 14
	13. Fishes 18
	14. Amphibians 12
	15. Reptiles 14
	16. Birds 19
	17. Mammals 21
	18. nutrition and digestion 23
	19. Gas Exchange & Respiratory System 17
	20. circulation and Transport 15
	21. HOMEOSTASIS 19
	22. support and movement 15
	23. Nervous System & Sensosry System 22
	24. Endocrine system 14
	25. Immune System 11
	26. Reproduction & Development 41
	27. Cell Biology 32
	28. Biochemistry 76
	29. Molecular Biology 35
	30. Genetics 21
	31. Biotechnology 33
	32. Ecology 56
	33. Palaeontology Notes 35
	34. zoogeography notes 19
	35. Wildlife Notes 58

