Mitochondrial DNA (mtDNA)

Mitochondrial DNA (mtDNA) is a unique and vital component of the human
genome, residing not in the cell nucleus but within the mitochondria — the
energy-producing organelles often described as the “powerhouses” of the cell.
Unlike the linear chromosomes of nuclear DNA, mtDNA exists as a small, circular

molecule, approximately 16,569 base pairs in humans.

Cell

Mitochondria

Structural and Functional Characteristics

Each human cell contains hundreds to thousands of mitochondria, and each
mitochondrion possesses multiple copies of mtDNA. The mitochondrial genome
is remarkably compact, comprising 37 genes that are crucial for oxidative
phosphorylation (OXPHOS) — the biochemical pathway responsible for cellular

energy (ATP) production. Specifically, the mitochondrial genome includes:
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e 13 protein-coding genes involved in the electron transport chain and
ATP synthesis,

e 22 transfer RNA (tRNA) genes, and
e 2ribosomal RNA (rRNA) genes (12S and 16S rRNA) for mitochondrial

ribosome function.
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Unlike the nuclear genome, mtDNA contains no introns and only very short

non-coding sequences, except for a control region known as the D-loop

(Displacement loop). The D-loop is non-coding but plays a critical regulatory role

in replication and transcription, and because of its high mutation rate, it serves as

a valuable target for anthropological and evolutionary studies.
The D-Loop of Mitochondrial DNA

Mitochondrial DNA (mtDNA) is a circular molecule of 16,569 base pairs.
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Within this circle, one region is special: It is called the D-loop (Displacement

Loop). It is:

The only non-coding region of mtDNA

About 1,100 base pairs long

Located between tRNA”Pro and tRNA"Phe
Known as the Control Region or Control Segment

Although it does not code for any protein or RNA, it is the command centre of
mtDNA.

Why is it called the “D-loop”?

Because during replication a short, third DNA strand forms and displaces one of

the two main strands.

This creates a triple-stranded loop — “D” for displacement.
Functions of the D-loop

Even though it doesn’t code for proteins, it is essential for:

1. Starting mtDNA replication

Contains the origin of replication for the heavy strand (OH).

Controls where, when, and how mtDNA copies itself.

2. Starting mtDNA transcription

Contains promoter sites (HSP and LSP).

Controls how mitochondrial rRNAs, tRNAs, and OXPHOS proteins are

transcribed.

3. Regulating mtDNA copy number

Signals how many mtDNA copies each mitochondrion should have.
The D-loop is the “mutation hot spot” of mtDNA

The D-loop mutates much faster than the rest of mtDNA.
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Reasons:

1. No coding function — mutations are usually tolerated.
2. Near ETC — exposed to high levels of ROS.

3. Only basic DNA repair available.

4. No histones — more vulnerable.

5. High replication rate — more copying errors.

Because mutations here are mostly neutral, they accumulate over thousands of

years and become excellent markers of maternal ancestry.

Where do mutations occur in the D-loop?

The D-loop contains two hypervariable segments:

1. HV1 (Hypervariable Region 1): Positions 16024—16383

Most mutations are here. Used heavily in population genetics and forensics

2. HV2 (Hypervariable Region 2): Positions 57—372. Also highly variable
Maternal Inheritance

One of the most distinctive features of mitochondrial DNA is its maternal
inheritance. During fertilization, the sperm contributes almost exclusively
nuclear DNA, while the egg provides both nuclear and mitochondrial DNA. This
means all mtDNA in an individual comes from the mother, passing unchanged
(except for mutations) from one generation to the next. This uniparental mode of
inheritance allows researchers to trace maternal lineages across many

generations.

The concept of “Mitochondrial Eve”, proposed in the late 1980s through
comparative mtDNA studies, refers to the most recent common matrilineal
ancestor of all living humans, estimated to have lived in Africa about 150,000 to

200,000 years ago. While this does not imply a single “first woman,” it highlights
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how mtDNA variation patterns converge on a common ancestral lineage,

reinforcing the “Out of Africa” model of modern human origins.
Endosymbiosis: How mitochondria originated

Endosymbiosis is the hypothesis that mitochondria originated when an ancestral
eukaryotic cell incorporated a free-living bacterium into its cytoplasm and
formed a stable, mutually beneficial association. Over evolutionary time the
internalized bacterium became an organelle — the mitochondrion — losing much
of its autonomy while retaining a reduced genome and specialized functions

(primarily efficient energy production).
Sequential Representation

1. Initial encounter and engulfment: An anaerobic or facultatively aerobic
host cell phagocytosed (engulfed) a bacterium capable of oxidative metabolism.
Instead of digesting it, the host and bacterium established a persistent

association.

2. Mutual benefit forms: The bacterium provided the host with efficient ATP
production using oxygen (more energy per glucose molecule), while the host

supplied a stable environment and nutrients.

3. Stabilization and gene loss: Many bacterial genes became redundant or
were transferred to the host nucleus. Mutations that made the relationship

obligate were fixed; the symbiont could no longer survive independently.

4. Integration of function: The host evolved import machinery to send
nuclear-encoded proteins back into the organelle; the organelle retained only

genes essential for its local functions.

5. Vertical inheritance: The symbiosis became heritable. Mitochondria were
passed from cell to cell (and from generation to generation), cementing the

endosymbiotic origin of mitochondria in all modern eukaryotes.

Strong lines of evidence for endosymbiosis
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Circular DNA: Mitochondrial DNA (mtDNA) is circular and resembles bacterial

genomes in structure.

Size and gene content: mtDNA is small and codes for proteins, rRNAs, and

tRNAs typical of bacteria-derived systems.

Double membrane: Mitochondria have an inner and outer membrane; the
inner membrane resembles the bacterial plasma membrane (consistent with an

engulfment event creating a membrane-derived boundary).

Binary fission: Mitochondria replicate by a process like bacterial binary fission

rather than mitosis.

Ribosomes: Mitochondrial ribosomes are more similar to bacterial ribosomes
than to eukaryotic cytosolic ribosomes (they translate a limited set of proteins

inside mitochondria).

Phylogenetic analyses: Sequence comparisons place mitochondrial genes as

closely related to a group of a-proteobacteria, supporting a bacterial origin.

Protein import systems: The requirement for specialized import sequences
on nuclear-encoded mitochondrial proteins indicates later integration when

genes moved to the nucleus.
How mitochondria power the cell

Mitochondria are often called the “powerhouses” of the cell because they produce
most of the cell’s usable energy. This energy comes in the form of a molecule
called ATP (adenosine triphosphate). ATP is the universal energy currency

of life; almost every activity inside the cell requires it.

Mitochondria produce ATP through a coordinated process known as cellular

respiration, which takes place in several steps.

First, the cell breaks down glucose and other nutrients into smaller
molecules. These molecules enter the mitochondrion, where they are further

processed in a series of chemical reactions. One of the most important stages
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occurs in the Krebs cycle (also called the citric acid cycle), which takes place in
the mitochondrial matrix. Here, electrons are removed from nutrient molecules

and carried to the inner mitochondrial membrane.

The final and most crucial step is oxidative phosphorylation, which
happens along the folds of the inner membrane, called cristae. Embedded in this

membrane are special protein complexes that pass electrons down a chain.

As electrons travel through this chain, they release energy. This energy is used to
pump protons across the membrane, creating a difference in charge and

concentration—like water stored behind a dam.

The cell then uses this stored potential energy to run an enzyme called ATP
synthase, which rotates like a microscopic turbine. As protons flow back
through ATP synthase, the enzyme captures the released energy and packages it

into ATP molecules.

These ATP molecules leave the mitochondrion and supply energy to all parts of
the cell—muscle contraction, nerve impulses, protein synthesis, and countless

other functions.

In simple academic terms, mitochondria generate energy by converting the
chemical energy present in food into ATP through a highly efficient,
oxygen-dependent process. Their bacterial ancestry gave them the machinery to
perform these reactions, and this ability is the reason eukaryotic life became

complex and energy-rich.
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Detailed Steps of Cellular Respiration

Mitochondria generate ATP by oxidizing food-derived molecules and coupling
electron transfer to proton pumping across the inner membrane, producing a

proton-motive force that drives ATP synthesis.

This multi-stage process is called aerobic respiration and consists of linked
pathways: glycolysis (cytoplasm), link reaction (pyruvate oxidation), citric
acid (Krebs) cycle (mitochondrial matrix), and oxidative phosphorylation

(inner mitochondrial membrane).
1. Preliminary step

Glycolysis (cytoplasm): One glucose molecule (6C) is split into two pyruvate
molecules (3C each), producing a small net yield of 2 ATP and 2 NADH per

glucose. Glycolysis occurs in the cytosol and is anaerobic.
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Transport of pyruvate: Pyruvate molecules enter mitochondria through a
specialized carrier in the inner membrane (the mitochondrial pyruvate carrier)

and are decarboxylated.
2. Pyruvate oxidation (link reaction)

In the mitochondrial matrix, pyruvate dehydrogenase complex converts each
pyruvate into acetyl-CoA, releasing one molecule of CO: and producing one

NADH per pyruvate. Acetyl-CoA is the substrate for the citric acid cycle.
3. Citric acid (Krebs) cycle — matrix reactions

Each acetyl-CoA enters the Krebs cycle and is fully oxidized to CO- through a

sequence of enzymatic steps. The important outputs per acetyl-CoA are:
3 NADH (reduced nicotinamide adenine dinucleotide)

1 FADH: (reduced flavin adenine dinucleotide)

1 GTP or ATP (substrate-level phosphorylation)

2 CO:-

NADH and FADH: carry high-energy electrons to the next stage.
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4. Electron Transport Chain (ETC) — inner membrane complexes

The ETC (also called respiratory chain) is a series of protein complexes
embedded in the inner mitochondrial membrane (cristae). Electrons from NADH
and FADH: flow through the chain:

Complex I (NADH:ubiquinone oxidoreductase): Accepts electrons from NADH,
transfers them to ubiquinone (Coenzyme Q, CoQ), and pumps protons from

matrix to intermembrane space.

Complex II (succinate dehydrogenase): Links the Krebs cycle to the chain;
accepts electrons from FADH: (no proton pumping here) and passes them to
CoQ.

Coenzyme Q (ubiquinone): A mobile lipid carrier that shuttles electrons from

Complex I and II to Complex III.

Complex III (cytochrome be: complex): Transfers electrons from CoQ to

cytochrome ¢ and pumps protons across the membrane.

Cytochrome c: A small, soluble protein in the intermembrane space that

shuttles electrons from Complex III to Complex IV.

Complex IV (cytochrome c oxidase): Accepts electrons from cytochrome ¢ and
completes the transfer to molecular oxygen (O:), reducing it to water (H:O).

Complex IV also pumps protons.

The redox flow through these complexes releases free energy stepwise, which is
harnessed to pump protons from the matrix into the intermembrane space,

forming an electrochemical gradient.
5. Proton-motive force and chemiosmosis

The proton pumping creates two components of the proton-motive force across

the inner membrane:

Chemical gradient (ApH): difference in H' concentration.
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Electrical gradient (AW): difference in charge (matrix negative relative to

intermembrane space).
6. ATP synthesis — ATP synthase (Complex V)

Protons flow back into the matrix through ATP synthase, a large multisubunit

enzyme that couples proton flux to ATP formation. Mechanism in brief:

Protons moving through the Fo part cause rotation of a central stalk and c-ring
subunits. Rotation induces conformational changes in the F: catalytic domain
that bind ADP + inorganic phosphate (Pi), synthesize ATP, and release ATP. This
rotary mechanism is a remarkable molecular motor converting electrochemical

energy into chemical bond energy (ATP).
7. Yield and energetic bookkeeping

Under ideal conditions, the theoretical maximum yield from one glucose
molecule through aerobic respiration is up to ~30—32 ATP in eukaryotic cells
(estimates vary due to shuttle systems and proton leak). The actual yield depends

on cell type, shuttle efficiencies, and mitochondrial coupling.
8. Oxygen’s role and reactive oxygen species (ROS)

Oxygen is the terminal electron acceptor at Complex IV. Incomplete reduction of
oxygen can generate reactive oxygen species (ROS) such as superoxide (Oze—).
Mitochondria contain antioxidant defenses (e.g., superoxide dismutase,
glutathione peroxidase) to limit ROS damage, but chronic ROS can damage
mtDNA, lipids, and proteins.

9. NADH: NADH stands for Nicotinamide Adenine Dinucleotide (reduced

form).
“NAD?” is the main molecule.

“H” means it is carrying one hydrogen atom (actually a hydrogen ion + two

high-energy electrons). So NADH is simply NAD after it has picked up energy.
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NAD: NAD is a coenzyme made from Vitamin B3 (niacin).

A coenzyme is a helper molecule that assists enzymes in doing chemical

reactions. NAD’s job is to collect and carry electrons inside the cell.

Electrons are like tiny packets of energy. Cells need a way to transport these

energy packets safely. NAD works like a rechargeable energy carrier.
Where do the electrons come from?

Electrons come from breaking chemical bonds in food, especially in:
Glucose, Fatty acids & Amino acids

When these molecules are broken down, enzymes remove parts of them. This

removal involves oxidation, meaning the molecule loses electrons.

For example: When glucose is broken during glycolysis or the Krebs cycle, small

fragments like pyruvate and acetyl-CoA are oxidized.

In all these reactions, electrons are released.

How does NAD' pick up those electrons?
This happens through enzymes called dehydrogenases.
Dehydrogenases are special because they:

1. Remove a hydrogen atom (H) from a nutrient molecule
2. Split this hydrogen into: 1 proton (H") & 2 electrons (e’)
3. Deliver these electrons and proton to NAD'

So the enzyme acts like a middleman.

Simplified reaction: NAD' + 2 e + H' - NADH

This means that when NAD" gains electrons, it turns into NADH.

Where exactly does NADH form inside the cell?

NADH is formed at multiple steps of cellular respiration:

(i) Glycolysis — in the cytoplasm
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Glucose — pyruvate

At some steps, NAD' picks up electrons and becomes NADH.

(ii) Pyruvate — Acetyl-CoA conversion — in mitochondria

This step produces NADH.

(iii) Krebs Cycle (TCA Cycle) — in mitochondria

Several enzymes remove electrons from acetyl-CoA and transfer them to NAD".
Why do food molecules have electrons to give?

Food molecules like glucose and fats contain many C—H (carbon-hydrogen)
bonds. These bonds store a lot of chemical energy. When cells break these bonds

during metabolism, electrons are released.
10. What is Pyruvate?

Pyruvate is a 3-carbon molecule that sits at the central crossroads of metabolism.

It is the end product of glycolysis, the process in which glucose is broken down to

release energy.
1. How is pyruvate formed?

The cell breaks down one molecule of glucose (which has 6 carbons) in a 10-step

process called glycolysis, which happens in the cytoplasm.

Glucose (6 carbons)— split into Two molecules of pyruvate (each 3 carbons)
1 glucose — 2 pyruvate

During this process, the cell also makes a small amount of: ATP & NADH

2. Why is pyruvate important?

Pyruvate is important because it decides the next step of energy production

depending on oxygen availability.
a) If oxygen is present (aerobic conditions):

Pyruvate enters the mitochondria.
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There it is converted into Acetyl-CoA, which enters the Krebs Cycle.
This leads to large-scale ATP production.

b) If oxygen is absent (anaerobic conditions):

Pyruvate is converted into lactate (lactic acid) in humans.

This helps glycolysis continue even without oxygen.

Thus: Aerobic — Pyruvate — Acetyl-CoA — ATP

Anaerobic — Pyruvate — Lactate
11. What is Acetyl-CoA?

Acetyl-CoA (Acetyl Coenzyme A) is one of the most important molecules in your

body’s metabolism.

It acts as a gateway molecule that connects the breakdown of carbohydrates, fats,

and proteins to the cell’s main energy-producing cycle (Krebs Cycle).
Acetyl-CoA is made of two parts:
1. Acetyl group — a 2-carbon fragment

2. Coenzyme A (CoA) — a large molecule that acts like a "carrier" or "handle" for

transporting the acetyl group
How is Acetyl-CoA formed?
From Pyruvate (Carbohydrates — Acetyl-CoA)

When glucose is broken down during glycolysis, it forms pyruvate (a 3-carbon
molecule). Pyruvate enters the mitochondria. There, an enzyme complex called
Pyruvate Dehydrogenase removes one carbon (as CO:) and converts the

remaining 2-carbon fragment into Acetyl-CoA.
Pyruvate + NAD' + CoA — Acetyl-CoA + NADH + CO:
This is the main source of Acetyl-CoA from carbohydrate metabolism.

Why is Acetyl-CoA so important?
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Acetyl-CoA sits at the center of metabolism.

It enters the Krebs Cycle (TCA Cycle). This is its MOST important role.
Acetyl-CoA enters the Krebs cycle by combining with oxaloacetate to form citrate.
This starts the cycle that produces:

NADH

FADH:

GTP/ATP

CO:

These NADH and FADH: molecules then enter the Electron Transport Chain to

generate large amounts of ATP.

So Acetyl-CoA — Krebs cycle — ATP
12. Krebs Cycle

The Krebs cycle is a series of biochemical reactions that take place inside the
mitochondrial matrix. Its main purpose is to extract energy from the food we eat
by breaking down Acetyl-CoA into carbon dioxide and high-energy electron
carriers. The cycle begins when Acetyl-CoA (2 carbons) combines with

Oxaloacetate (4 carbons) to form Citrate (6 carbons).

Through a series of enzyme-controlled steps, citrate is gradually modified,

releasing;:

CO: (as waste)

NADH and FADH: (high-energy electron carriers)
ATP or GTP (direct energy)

At the end of the cycle, Oxaloacetate is regenerated, allowing the cycle to

continue.

The NADH and FADH: produced here carry electrons to the Electron Transport
Chain, where the majority of ATP is made.
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13. Electron Transport Chain

Inside the mitochondria, the Electron Transport Chain (ETC) is located on the

inner mitochondrial membrane.

This chain contains a series of protein complexes:

1. Complex I

2. Complex IT

3. Complex III

4. Complex IV

NOTE: Complex V is ATP synthase, not part of pumping—it uses the gradient.)
The pumping of protons is done primarily by:

Complex I

Complex III

Complex IV

1. Where do the protons come from?

When NADH or FADH: release their electrons to the ETC:
NADH — NAD' + H" + electrons

FADH: — FAD + 2 H' + electrons

These reactions release protons (H") and high-energy electrons.

The electrons enter the ETC, but the protons remain free inside the

mitochondrial matrix.
2. How does the ETC pump protons across the membrane?

This happens through energy released by electrons as they move step-by-step
down the ETC. At each step, they lose a bit of energy.
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The protein complexes use this lost energy to push protons from: the matrix to
the intermembrane space (the small space between inner and outer

membranes).

This is an active transport process, meaning it requires energy.

Steps

Complex I (NADH dehydrogenase)- Accepts electrons from NADH- Uses

released energy to pump 4 protons from matrix — intermembrane space
Complex III (Cytochrome be1 complex)

Accepts electrons from Coenzyme Q- Pumps 2 protons

Complex IV (Cytochrome c oxidase)

Accepts electrons from cytochrome c

At the final step, electrons combine with oxygen to form water- Pumps 2 protons

Complex IT does NOT pump protons- It only passes electrons from FADH: to
ETC.

Why pump protons at all?

Because this creates a difference between two sides of the membrane.

That difference is the electrochemical gradient.

What is an Electrochemical Gradient?

An electrochemical gradient is a combination of two forces across a membrane:
1. Chemical gradient — difference in concentration of protons (H")

2. Electrical gradient — difference in charge across the membrane

1. Chemical Gradient (Concentration Difference)

When the ETC pumps protons into the intermembrane space:

The intermembrane space becomes full of H*- The matrix becomes low in H'. This
creates a concentration imbalance. H' naturally wants to move from high

concentration — low concentration.
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2. Electrical Gradient (Charge Difference)
Protons (H") are positively charged.

When many protons accumulate in the intermembrane space: That side becomes

more positive- The matrix becomes more negative

This creates a voltage difference. But the membrane does not allow protons to
pass freely. The only pathway is through a special protein: ATP Synthase
(Complex V)

As protons flow back through ATP synthase, the enzyme uses their force to make
ATP.

This is called chemiosmosis.
14. ATP Synthase or Complex V

Complex V is also known as ATP Synthase.

It is the fifth complex of the Electron Transport Chain (ETC) in the mitochondria,
but unlike Complex I-IV (which move electrons), Complex V: uses the proton

gradient to make ATP- acts like a tiny turbine or rotary motor inside your cells
ATP synthase has two major subunits:

1. Fo Unit (membrane-embedded part)

Located inside the inner mitochondrial membrane

Forms a proton channel

Looks like a circular rotor

Function: allows protons to flow through it

When protons pass, it spins like a wheel

Hence the name “rotary motor.”

2. F: Unit (matrix-side part)

Sticks out into the mitochondrial matrix
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Contains the catalytic sites

This part actually synthesizes ATP

The key subunits here are:

a (alpha)

B (beta)

B-subunits are where ADP + Pi — ATP happens.

When the rotor in F spins, it causes a conformational change in F., allowing ATP

formation.
How Does Complex V Actually Work?
Step 1: Protons flow down the gradient

Because the ETC (Complex I, III, IV) pumped protons into the intermembrane
space, that space is: high in H* & positively charged

The matrix is: low in H' & negatively charged

So protons naturally want to flow back into the matrix.
But the membrane blocks them.

The only doorway is the Fo unit of ATP synthase.

Step 2: Proton flow turns the rotor

As protons pass through Fo:

Their movement causes the c-ring (a ring of c-subunits) to rotate like a

waterwheel being pushed by flowing water.

Step 3: Rotation changes the shape of catalytic sites

The y-subunit rotates inside the F: unit.

This rotation forces each [3-subunit to change shape in sequence:
1. Loose (L) — ADP + Pi bind

2. Tight (T) — ATP is formed
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3. Open (O) — ATP is released

This cycle repeats continuously.

Step 4: ATP is produced

For every 3 protons passing through Fo: 1 molecule of ATP is made

So ATP synthase converts the flow of protons into chemical energy (ATP).

15. Oxidative Phosphorylation (OXPHOS)

Oxidative phosphorylation is the process in which cells use oxygen and the

electron transport chain (ETC) to produce ATP inside the mitochondria.

It couples two things:

1. Oxidation — movement of electrons through ETC

2. Phosphorylation — adding phosphate to ADP to form ATP

This occurs on the inner mitochondrial membrane.

Why is it called oxidative phosphorylation?

Oxidative — electrons from NADH and FADH: are oxidized (lose electrons).
Phosphorylation — ATP synthase adds phosphate to ADP — ATP.

Where does it happen?

Inner mitochondrial membrane (cristae)

Because this membrane contains: ETC complexes (I, II, ITI, IV) & ATP Synthase
(Complex V)

Steps

Step 1: NADH & FADH: donate electrons
NADH donates electrons to Complex I
FADH: donates electrons to Complex II

Step 2: Electrons move through ETC
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Electrons flow like this: NADH — Complex I — CoQ — Complex III — Cytc —
Complex IV — O

Each transfer releases energy.
Step 3: Energy pumps protons (H")

Complexes: I, III & IV use the electron energy to pump protons from the matrix

— intermembrane space.

This creates an electrochemical gradient (high H' outside, low inside).
This is called the proton motive force (PMF).

Step 4: Oxygen is final electron acceptor

At Complex IV, electrons combine with: oxygen (O:), protons (H") — forming
water (H-0)

This is why oxygen is essential for life.
Step 5: Protons flow back through ATP synthase (Complex V)

Because protons are crowded outside, they rush back into the matrix through

ATP synthase, like water through a turbine.

ATP synthase uses this flow to convert: ADP + Pi — ATP

This step makes ~26—28 ATP per glucose (majority of ATP in our body).
16. Reactive Oxygen Species (ROS)

ROS are highly reactive oxygen-containing molecules produced as natural

by-products of aerobic respiration in mitochondria.
The major ROS include:

Superoxide (O:)

Hydrogen peroxide (H:0-)

Hydroxyl radicals («<OH)
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They form mainly at the electron transport chain (ETC), especially at Complex I

and Complex III, where electrons “leak” accidentally and react with oxygen.
Why is mtDNA more vulnerable than nuclear DNA?

1. mtDNA is very close to the ETC: The DNA loops sit physically close to Complex
I and III, where ROS are generated.

2. No histones: Nuclear DNA is protected by histones like a shield.
Mitochondrial DNA is naked, making it more exposed.

3. Poor DNA repair capability: Mitochondria have only basic repair mechanisms,

not the full set found in the nucleus.

4. High replication rate: Frequent replication increases chances of copying errors.

Mutation Rate

Mitochondrial DNA exhibits a mutation rate 5—10 times higher than nuclear
DNA. This elevated rate is due to its proximity to reactive oxygen species
(ROS) generated during oxidative metabolism and its limited DNA repair
mechanisms. These mutations accumulate steadily over generations, providing a

molecular clock to estimate divergence times among populations and species.

Because mtDNA does not undergo recombination, its sequence changes primarily
through mutation, creating distinct maternal lineages known as haplogroups.
Each haplogroup represents a branch in the maternal genealogical tree, marked
by specific sets of mtDNA mutations. Mapping these haplogroups across global
populations enables anthropologists to reconstruct migration routes, population

bottlenecks, and admixture events in human prehistory.
For example:
e Haplogroup L represents ancient African maternal lineages,

e Haplogroups M and N trace dispersals out of Africa into Asia and

Europe, and
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e Haplogroup B is common among Native American and Polynesian

populations, reflecting transoceanic migrations.

Such studies have been instrumental in elucidating human dispersal patterns,
intercontinental gene flow, and the demographic impact of Ice Ages and

Holocene expansions.
mtDNA in Anthropology

In biological anthropology and archaeogenetics, mtDNA has revolutionized our
ability to study ancient populations and evolutionary relationships. Even in
degraded archaeological samples — bones, teeth, or hair — mtDNA can often be
retrieved more easily than nuclear DNA because of its high copy number per cell.
This has enabled the sequencing of genomes from extinct hominins such as
Neanderthals and Denisovans, leading to profound discoveries about

interbreeding and shared ancestry between archaic and modern humans.
For example:

e Comparative mtDNA analysis revealed that Neanderthals and modern
humans diverged around 400,000—500,000 years ago, with limited

mtDNA introgression.

e Denisovan mtDNA, found in fossils from Siberia and Southeast Asia,
showed deep divergence from both Neanderthals and Homo sapiens,

indicating multiple archaic lineages.

e Studies on ancient mtDNA from Europe and the Near East have traced
Neolithic migrations and the spread of agriculture, demonstrating how

cultural shifts often corresponded with genetic admixture.
Biomedical and Genetic Insights

Beyond anthropology, mtDNA plays a pivotal role in medical genetics and human
physiology. Because mitochondria are central to energy production, mtDNA

mutations can lead to mitochondrial disorders, many of which affect
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high-energy-demand tissues such as the nervous system, heart, and muscles.
Conditions like Leber’s Hereditary Optic Neuropathy (LHON) and MELAS
(Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes)

arise from specific mtDNA mutations that impair oxidative phosphorylation.

Moreover, the concept of heteroplasmy — the coexistence of more than one
mtDNA variant within a cell — has emerged as an important factor in disease
expression. The proportion of mutant mtDNA molecules can determine the
severity of mitochondrial diseases, influencing both diagnosis and treatment

strategies.

In evolutionary medicine, certain mtDNA haplogroups have been linked to
adaptations to cold climates, longevity, and metabolic efficiency, showing how
mitochondrial variation influences not just pathology but also evolutionary

fitness and ecological adaptation.
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