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Mutations and polymorphisms

2

Mutations are fundamental to genetics and evolution.

Influencing everything from biological variation, speciation, disease mechanisms, and 
evolutionary processes.

A mutation is a permanent alteration in the DNA sequence of an organism. 

Affect a single nucleotide or a large chromosomal segment. 

Arise spontaneously due to errors in DNA replication or are induced by environmental 
factors (radiation, chemicals, and viruses).
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Importance of mutations
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Without mutations, evolution by natural selection would not be possible.

Source of Genetic Variation
• Mutations introduce new alleles, increasing genetic diversity within a population.
• This diversity allows species to survive environmental changes, predation, or disease.

Driving Force of Evolution
• Mutations contribute to natural selection creating traits that offer survival advantages.

Neutral, Beneficial, and Harmful Mutations
• Most mutations are neutral (do not affect survival).
• Some are beneficial, leading to advantages (sickle cell trait resistance to malaria).
• Others are harmful, causing genetic disorders like cystic fibrosis or muscular dystrophy.

Mutations and Genetic Disorders
• Monogenic disorders caused by a single mutation (Sickle cell anemia).
• Polygenic disorders involve multiple genes and environmental factors (Diabetes).
• Cancer caused by mutations in genes regulating cell division, lead to uncontrolled growth.
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Error rate of polymerases
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RNA viruses have high mutation rates (Flu & SARS-CoV-2) as their RNA-dependent RNA polymerases 
(RdRp) lack proofreading activity.

Retroviral reverse transcriptase (RT) is error-prone and leads to quasispecies.

DNA virus polymerases have proofreading functions and lower mutation rates.

Bacteria have high-fidelity polymerases (DNA pol III), with 3’ → 5' exonuclease error correction.

In vitro bacterial DNA polymerases (DNA pol I) used for PCR have 1/1000 error rate.

Eukaryotic polymerases have high fidelity and proofreading abilities and mismatch repair (MMR) system 
further reduces error rate and makes replication highly accurate.

In cancer cells, defects in DNA repair increase the mutation rate, leading to genomic instability.

Organism Polymerase Error Rate 
RNA Viruses RNA polymerase (RdRp) ~10⁻³ – 10⁻⁵
Retroviruses Reverse Transcriptase ~10⁻⁴ – 10⁻⁶
DNA Viruses DNA polymerase (with proofreading) ~10⁻⁶ – 10⁻⁸
Bacteria DNA polymerase III (proofreading) ~10⁻⁷ – 10⁻⁸
PCR Taq DNA polymerase without proofreading ~10⁻3
Eukaryotes DNA polymerase δ and ε (proofreading + MMR) ~10⁻⁸ – 10⁻⁹

Mutations per nucleotide 
per replication cycle.
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Mutation types
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Point Mutations
• Transitions and transversions
• Silent
• Missense
• Nonsense Mutations

Frameshift Mutations
• Insertions and Deletions (Indels)
• Effects on Protein Translation

Large-Scale Mutations
• Numeric chromosomal anomalies
• Structural chromosomal anomalies

• Deletions
• Duplications
• Inversions
• Translocations

• Copy Number Variations (CNVs)
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Transitions and transversions

6

Transition mutations (R to R or Y to Y)
• More common (structural similarity of bases).
• Less disruptive to DNA double helix 
• Better tolerated by repair mechanisms.

Transversion mutations (R to Y or Y to R)
• Less frequent due to the structural differences 
• Make mispairing less likely.

Transitions more frequent than transversions, 
typically 2:1 to 4:1.

In mammals, transitions at CpGs occur at a rate 10 – 
50 times higher than other substitutions due to the 
methylation and spontaneous deamination of 5-
methylcytosine.
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Silent mutations (synonymous substitution)
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A nucleotide change does not alter the amino 
acid sequence due to redundancy in the genetic 
code.

GAA → GAG (Both code for Glutamate)
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Missense mutations (Non-synonymous substitution)
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A nucleotide change results in a different amino 
acid, potentially altering protein function.

GAA → GCA (Glutamate → Alanine)

Missense mutations can be conservative (similar 
properties between amino acids) or non-
conservative (drastically different properties).
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Nonsense mutations (Premature stop codon)
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A nucleotide change converts a codon into a 
stop codon, leading to premature termination of 
translation.

UAC → UAA (Tyrosine → Stop codon)

Nonsense mutations often produce 
nonfunctional or truncated proteins, which can 
lead to severe diseases (e.g., Duchenne 
muscular dystrophy).
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Frameshift insertions or deletions (Indels)
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Insertion: Addition of one or more nucleotides.
Deletion: Removal of one or more nucleotides.

Alters all downstream codons, leads to a completely 
different amino acid sequence.

Often results in a nonfunctional protein due to premature 
stop codons.

Cystic fibrosis caused by 3 bp deletion (ΔF508) in CFTR gene 
dropping a Phe.

Tay-Sachs disease caused by 4 bp insertion in HEXA gene, 
Nonfunctional enzyme & lipid accumulation in neurons.
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Large scale mutations
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Insertion: Addition of one or more nucleotides.
Deletion: Removal of one or more nucleotides.

Alters all downstream codons, leads to a completely 
different amino acid sequence.

Often results in a nonfunctional protein due to premature 
stop codons.

Cystic fibrosis caused by 3 bp deletion (ΔF508) in CFTR gene 
dropping a Phe.

Tay-Sachs disease caused by 4 bp insertion in HEXA gene, 
Nonfunctional enzyme & lipid accumulation in neurons.
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Numeric anomalies (aneuploidy)
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Condition in which a cell has an abnormal number of 
chromosomes, deviating from 2n count.

Commonly due to meiotic nondisjunction, where homologous 
chromosomes (Meiosis I) or sister chromatids (Meiosis II) fail to 
separate properly.

Mitotic nondisjunction can also occur post-zygotically, leading to 
mosaicism.

Risk of aneuploidy increases with advanced maternal age…. 

Autosomal trisomies due to maternal meiosis I errors (~70-90% of cases). 

Most trisomies (90%) are lethal in utero.

Alll autosomal monosomies are lethal.

X inactivation compensation in Turner syndrome (45,X), Klinefelter (47,XXY), and XYY syndrome (47,XYY).

Sex chromosome aneuploidies common but often undiagnosed due to mild phenotypes.

• Monosomy (2n−1)
• Trisomy (2n+1) 
• Tetrasomy (2n+2)
• Pentasomy (2n+3)
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Structural anomalies
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Deletions, Duplications, Inversions and Translocations.

 Involve rearrangements or alterations in chromosome structure due to double-strand DNA breaks.

Reciprocal translocations exchange between two chromosomes like t(9;22) in chronic myeloid leukemia.

Robertsonian translocations due to acrocentric fusion at centromere t(14;21) familial Down syndrome.

Errors in nonhomologous end-joining (NHEJ) or homologous recombination (HR) or Non-allelic 
homologous recombination (NAHR).

Balanced rearrangements (inversions, reciprocal translocations) may be asymptomatic.
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Copy Number Variations (CNVs)
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Genomic alterations involving deletions or duplications of DNA segments ≥1 kb in size.

Account for 4–12% of the human genome & contribute more variation than SNPs.

Regions with duplications lead to non-allelic homologous recombination (NAHR).

Affecting gene dosage.

Some CNVs are benign others are associated with disease susceptibility.

DiGeorge syndrome (22q11.2 deletion) 
Congenital heart defects, immunodeficiency, and developmental delay.

Williams syndrome (7q11.23 deletion)
Distinctive facial features, cardiovascular anomalies, hypersocial behavior.

Charcot-Marie-Tooth disease type 1A (17p12 duplication)
Peripheral neuropathy due to PMP22 overexpression.
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DNA Polymerases in prokaryotes
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Five well-known enzymes.

DNA Pol I
DNA repair.
5’ - 3' exonuclease (Nick-translation)
3’ - 5' exonuclease (proofreading).

DNA Pol II
TLS (trans-lesional synthesis).
5’ - 3' polymerase.
3’ - 5' exonuclease.

DNA Pol III
Main prokaryotic replicase.
5’ - 3' polymerase.
3’ - 5' exonuclease.

DNA Pol IV and V
Members of family Y (Translesional Synthesis Polymerases).
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DNA Polymerases in eukaryotes

Shcherbakova PV, et al. Functions of Eukaryotic DNA Polymerases. Sci Aging Knowledge Environ. 2003. 
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https://www.science.org/doi/pdf/10.1126/sageke.2003.8.re3
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DNA Polymerases in eukaryotes

Shcherbakova PV, et al. Functions of Eukaryotic DNA Polymerases. Sci Aging Knowledge Environ. 2003. 
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PRIMASE

https://www.science.org/doi/pdf/10.1126/sageke.2003.8.re3
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DNA Polymerases in eukaryotes
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REPAIRASES

https://www.science.org/doi/pdf/10.1126/sageke.2003.8.re3
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DNA Polymerases in eukaryotes

Shcherbakova PV, et al. Functions of Eukaryotic DNA Polymerases. Sci Aging Knowledge Environ. 2003. 
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REPLICASES

https://www.science.org/doi/pdf/10.1126/sageke.2003.8.re3
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DNA polymerase proofreading

20

The introduction of an incorrect nucleotide (or a nucleotide that does not pair correctly) 
leads the enzyme to move back one base and remove the nucleotide in the 3'  5' 
direction.

Subsequently, the enzyme continues to advance.

The exonuclease activity may reside in the same subunit involved in DNA synthesis or in a 
different one.

The different known DNA polymerases have different degrees of fidelity (which depends 
on their proofreading capacity).

In general, the “proofreading” capacity increases the fidelity of the enzymes from 
100,000 to 10,000,000
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