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ii. Human genome and its evolution

The human genome—the complete set of genetic instructions found in the nucleus (and a small portion in
mitochondria)—is often viewed as the blueprint for Homo sapiens. The landmark completion (or near-completion) of the
Human Genome Project (HGP) in the early 2000s propelled our understanding of both the structure and functional
organization of our ~3.2 billion base pairs. Subsequent developments—including the 1000 Genomes Project, the Human
Cell Atlas, and the Telomere-to-Telomere (T2T) Consortium—have expanded our knowledge of structural variation,
regulatory elements, and previously uncharted genomic regions.

Human genome evolution explores how our lineage diverged from other primates, how archaic admixture (e.g., with
Neanderthals, Denisovans) contributed to modern populations, and the selective forces shaping variation. Such insights
come from merging paleontological data, ancient DNA studies, population genomics, and functional interpretations of
gene regulatory networks.

Structural and Functional Composition of the Human Genome

The Coding vs. Non-coding Landscape

e Protein-coding genes: Approximately 1.5-2% of the human genome encodes proteins. Estimates for the number
of protein-coding genes have stabilized around 19,000-20,000.

e Non-coding regions: The vast majority of the genome (~98%) is non-coding. This includes introns, regulatory
elements (enhancers, promoters, silencers, insulators), long non-coding RNAs (IncRNAs), microRNAs, and
pseudogenes.

Repetitive Elements
A significant fraction (~50% or more) of the human genome consists of repetitive DNA:

e Transposable Elements (TEs): The most abundant are LINEs (Long Interspersed Nuclear Elements) and
SINEs (Short Interspersed Nuclear Elements) such as Alu sequences.

e Retroviral-like elements: Endogenous retroviruses (ERVs) also populate the genome.

e Tandem repeats: Including microsatellites, minisatellites, and other short tandem repeats crucial in forensic
genetics, gene regulation, and chromosome structure.

Segmental Duplications (SDs)

Segments of the genome >1 kb with high sequence identity (>90%) that have been duplicated. They are hotspots for
copy number variation (CNV) and have played a key role in primate evolution, often giving rise to novel genes or
gene families.

Chromosomal Organization and Gene Architecture

e Genome Size: ~3.2 Gb of DNA organized into 23 pairs of chromosomes (22 autosomes, plus XX or XY sex
chromosomes).

e Gene Architecture: Human genes are often interrupted by multiple introns. Alternatively spliced transcripts allow
one gene to produce multiple protein isoforms.

Mitochondrial DNA (mtDNA)

Mitochondrial DNA (~16.5 kb) is inherited maternally and encodes 37 genes essential for oxidative phosphorylation.
Given its high mutation rate and clonal inheritance, mtDNA is a key tool in human evolutionary studies, tracing
maternal lineages and population expansions.
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Origins of the Human Genome: Comparative Genomics with Primates

Divergence from the Last Common Ancestor (LCA)

Molecular clock analyses suggest the chimpanzee-human LCA existed ~6-7 million years ago. Our genome shares
~98-99% sequence identity with chimpanzees at the single-nucleotide level, but significant differences arise from:

¢ Insertions/Deletions (indels)
e Duplications and inversions
e Rearrangements of chromosomes 2A and 2B in ancestral apes merging into human chromosome 2

Genome Features Unique to Humans

1. Accelerated Regions: Human Accelerated Regions (HARs) are non-coding genomic loci that show unusually high
substitution rates in humans post-divergence from chimpanzees—often linked to regulatory functions in brain
development or morphological traits.

2. Gene Families Under Expansion: Examples include DUF1220 protein domains implicated in neural
development and certain disease phenotypes.

3. Loss-of-function Variants: Some previously functional genes in primates became pseudogenes or lost in
humans; e.g., CMAH gene loss impacting sialic acid biology, with consequences for disease susceptibility.

Positive Selection and Adaptive Evolution

Genomic scans detect signatures of selection (e.g., dN/dS ratio, Fst outlier analyses, Extended Haplotype
Homozygosity) in:

e Immune-related genes: Arms race with pathogens can drive rapid evolution (e.g., human-specific variants in the
MHC region).

e Dietary Adaptations: Variation in genes for starch metabolism (AMY1 copy number) or lactose tolerance (LCT
gene).

e Brain and Cognitive Development: Genes like FOXP2, relevant for speech and language, though actual
selection signals remain debated.

Evolution of Modern Human Populations

The “Out of Africa” Model

Fossil and genetic evidence indicate modern Homo sapiens originated in Africa ~200-300 thousand years ago (kya). A
subset migrated out of Africa ~50-70 kya, populating Eurasia, Oceania, and eventually the Americas. This aligns with:

o mtDNA and Y-chromosomal phylogenies showing deepest lineages in Africa.
e Patterns of allele frequency and genetic diversity: African populations harbor the greatest genetic diversity,
reflecting a longer population history.

Archaic Admixture: Neanderthals and Denisovans

Ancient DNA analyses from Neanderthal (~40 kya) and Denisovan fossils (~50-130 kya) reveal that non-African humans
carry 1-4% Neanderthal ancestry, while some Oceanian and East/South Asian populations have additional Denisovan
admixture (~3-6%). This admixture introduced alleles beneficial for:

e Immune function (e.g., HLA haplotypes from Neanderthals).
o High-altitude adaptation in Tibetans (EPAS1 variant from Denisovans).
e However, negative selection purged many archaic-derived regions with deleterious effects.
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Population Bottlenecks and Founder Effects

o Genetic Bottlenecks: The out-of-Africa dispersal likely involved small founding groups, reducing genetic diversity
outside Africa.

e Founder Effects: Certain populations (e.g., Polynesians, Native Americans) carry unique sets of alleles shaped by
repeated founder events.

Modern Human Diversity and Adaptation

Selection in Recent Humans

Large-scale scans (e.g., with SNP microarrays, whole-genome sequences) reveal recent selective sweeps in genes related
to:

Lactase persistence (LCT) in pastoralist groups.

Skin pigmentation genes (SLC24A5, SLC45A2) adaptive to UV radiation intensities.

Dietary specializations (e.g., Inuit adaptation to high-fat diets).

Infectious Disease: G6PD deficiency variants (malaria protection), APOL1 variants (trypanosome resistance).

Balancing Selection and Complex Traits

e Balancing Selection at certain loci (e.g., HLA region, ABO blood group) maintains polymorphism in populations
due to heterozygote advantage or frequency-dependent selection.

e Polygenic Traits (height, intelligence, complex diseases) arise from numerous small-effect variants scattered
genome-wide, shaped by subtle selection, drift, and gene-environment interplay.

Mechanisms Driving Genome Evolution

Mutation and Recombination

1. Point Mutations: Single-nucleotide polymorphisms (SNPs) accumulate at roughly 1 in 10" 8 per generation,
forming the backbone of genetic variation.

2. Indels and Structural Variants: Copy number variations (CNVs), inversions, and large rearrangements
contribute significantly to phenotypic diversity.

3. Recombination: Shuffles alleles during meiosis, generating novel haplotype combinations. Hotspots of
recombination can shape linkage disequilibrium patterns.

Drift, Selection, and Gene Flow

e Genetic Drift: Random changes in allele frequencies, particularly influential in small populations (e.g., founder
effects).

e Natural Selection: Acts on fitness differences in alleles, leading to adaptation or purifying selection.

e Gene Flow: Migration between populations can introduce or homogenize genetic variants, influencing patterns of
differentiation (e.g., admixture events).

Role of Epigenetics

Although epigenetic modifications (DNA methylation, histone modifications) do not typically alter the primary DNA
sequence, they can be heritable to some extent (through germline epigenetic mechanisms or stable reprogramming
events). They can:

e |Influence gene expression patterns.
e Potentially mediate transgenerational responses to environmental factors.
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Medical and Evolutionary Implications

Disease Susceptibility and Personalized Medicine

Understanding how humans diverged genetically illuminates why certain populations are prone to specific diseases:

o Genetic predispositions for complex diseases (e.g., Type 2 diabetes, cardiovascular disease).
o Pharmacogenomics: Variation in genes (e.g., CYP450 family) affects drug metabolism.

Evolutionary Medicine

o Thrifty Genotype Hypothesis: Alleles that were advantageous in past environments (e.g., storing energy) become
detrimental in modern high-calorie contexts.

e Archaic Introgression: Some archaic alleles remain because they confer immune advantage or environmental
tolerance; others cause risks, e.g., certain autoimmune disorders.

Molecular Clocks and Human Phylogeography
Applying molecular clock models to patterns of sequence divergence helps reconstruct a timeline of key divergences:

e Major migrations (e.g., into Eurasia, expansions into the Americas).
e Localized adaptation events (e.g., the Arctic, the high-altitude Himalayas, or the Ethiopian highlands).

Contemporary and Future Research Directions

Telomere-to-Telomere Assemblies

Recent breakthroughs in long-read sequencing (e.g., PacBio, Oxford Nanopore) and advanced scaffolding
techniques have allowed the resolution of previously intractable heterochromatic regions—especially centromeres
and segmental duplications. The T2T Consortium’s reference genome (CHM13) has:

e Closed gaps present in the GRCh38 assembly, revealing novel satellite arrays and repeat structures.
e Clarified the organization of large segmental duplications crucial for structural variation studies.

Single-Cell Genomics and Spatial Transcriptomics

Emerging single-cell sequencing technologies dissect how genomic variants modulate cellular phenotypes. In tandem,
spatial transcriptomics reveals the spatial organization of gene expression in tissues, bridging genotype to complex
phenotypes.

Ancient DNA (aDNA) and Paleogenomics

Technological advances in aDNA extraction have revolutionized our understanding of archaic hominins (Neanderthals,
Denisovans) and extinct lineages (e.g., the “ghost” archaic forms in Africa). High-resolution ancient genomes:

e Extend the timeline of human-late archaic interactions.
e Uncover previously unknown population expansions, bottlenecks, and migrations.
e Highlight how disease-associated variants or immunological alleles spread or receded over millennia.

Functional Genomics and CRISPR

CRISPR-Cas9 genome editing has accelerated functional studies by allowing precise perturbations in genes or regulatory
elements. Researchers can:

e Elucidate gene function by knockouts or targeted modifications in human cell lines or model organisms.
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e Potentially correct pathogenic mutations in clinical contexts, though ethical and regulatory frameworks are
essential.

Epigenomic Atlas and 3D Genome Architecture

Large-scale initiatives (e.g., ENCODE, Roadmap Epigenomics) map global DNA methylation and histone marks across
tissues. 3D genome organization (e.g., chromatin loops, topologically associating domains) significantly influences gene
regulation. Understanding these higher-order structures is critical for:

e Interpreting the functional impact of non-coding variants.
e Linking distal enhancer mutations to disease phenotypes.

Concluding Remarks

The human genome encapsulates both our evolutionary heritage and immense present-day diversity. Since the early
blueprint provided by the Human Genome Project, subsequent waves of population-scale sequencing, ancient DNA,
and functional genomics have revealed a far more dynamic and intricate picture. The architecture of the
genome—replete with repeats, segmental duplications, and regulatory motifs—reflects millions of years of primate
evolution, punctuated by demographic expansions, admixture events, and selective sweeps.

Crucially, the study of human genome evolution is not only of academic interest; it underpins modern medicine,
anthropology, and evolutionary biology. As we refine high-resolution reference assemblies, harness single-cell and
spatial omics, and integrate multi-omic layers (genome, transcriptome, proteome, methylome), we move closer to fully
elucidating how the human genome shapes, and is shaped by, the environment and evolutionary pressures.Future
directions promise deeper insights into gene regulation, complex trait architecture, and the interplay of genetics with
culture and environment. The continuing synergy between technological advances (long-read sequencing, CRISPR,
high-throughput screening) and theoretical frameworks (population genetics, evolutionary theory, systems biology)
ensures that our understanding of the human genome and its evolution will continue to expand—offering profound
discoveries about our past, our diversity, and our potential for future innovation.
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