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Gene

A gene is a sequence of nucleotides in 
DNA or RNA that encodes the synthesis 
of a gene product, either RNA or 
protein.

Wilhelm Johannsen (1857 1927) was a 
Danish pharmacist, botanist, plant 
physiologist, and geneticist. He is best 
known for coining the terms gene, 
phenotype and genotype.
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Genome: The sum of all genetic material in an organism.

Å The "general dictionary" of an organism's genetic information.

Å The "general program" controlling development in an organism.

Å The "general archive" of biological evolutionary history.

Hans Winkler (1877-1945, Dresden, 
Germany), Botanist
He is remembered for coining the 
term 'genome' in 1920, by making a 
portmanteau of the words GENe 
and chromosOME.

Composition:

Nuclear

Mitochondria

Chloroplast

! ƎŜƴƻƳŜ ƛǎ ŀƴ ƻǊƎŀƴƛǎƳΩǎ ŎƻƳǇƭŜǘŜ ǎŜǘ 
of DNA (or RNA in RNA viruses). The 
genome includes both the genes (the 
coding regions) and the noncoding DNA, 
as well as mitochondrial DNA and 
chloroplast DNA.

Nuclear Mitochondria Chloroplast
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Genome



Definition: 
A cross-disciplinary field that studies the structure, function, evolution, assembly, and editing of the entire 
genome of an organism.

Å Assembling the complete genome sequence of an organism.

Å Systematically analyzing the functions of all genes.

Å Clarifying the interactions between genes.

Å Revealing the regulation of genes in the growth and development of an organism.

Å Elucidating the evolutionary laws of the genome.

https://www.genome.gov/about-genomics/fact-sheets/A-Brief-Guide-to-Genomics
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Genomics



Fishing in a More Effective Way!
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Genetics vs. Genomics



Human Genome Project
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Genomics: Born alongside the Human Genome Project



Å In the HGP, the study of five biological genomes was also included: Escherichia coli, yeast, C. 

elegans, fruit flies, and mice, collectively referred to as the five "model organisms" for humans.

Å The initial goal of the HGP was to invest $3 billion over 15 years (1990ï2005) to complete the 

analysis of the 3 billion nucleotide sequences across the 24 human chromosomes. 

Å The ultimate goal of the HGP was to decode life, understand the mechanisms of biological 

processes, identify the causes of differences between species and individuals, uncover the 

mechanisms of disease occurrence, and explore phenomena such as longevity and aging, 

thereby providing a scientific foundation for the diagnosis and treatment of diseases.
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Human Genome Project



ACACTCGCTTCTGGAACGTCTGAGGTTATCAATAAGCTCCTAGTCCAGACGCCATGGGTCATTTCACAGAGGAGGACAAGGCTACTATCACAAGCCTGTGG

GGCAAGGTGAATGTGGAAGATGCTGGAGGAGAAACCCTGGGAAGGCTCCTGGTTGTCTACCCATGGACCCAGAGGTTCTTTGACAGCTTTGGCAACCTGTC

CTCTGCCTCTGCCATCATGGGCAACCCCAAAGTCAAGGCACATGGCAAGAAGGTGCTGACTTCCTTGGGAGATGCCACAAAGCACCTGGATGATCTCAAGG

GCACCTTTGCCCAGCTGAGTGAACTGCACTGTGACAAGCTGCATGTGGATCCTGAGAACTTCAAGCTCCTGGGAAATGTGCTGGTGACCGTTTTGGCAATC

CATTTCGGCAAAGAATTCACCCCTGAGGTGCAGGCTTCCTGGCAGAAGATGGTGACTGCAGTGGCCAGTGCCCTGTCCTCCAGATACCACTGAGCTCACTG

CCCATGATTCAGAGCTTTCAAGGATAGGCTTTATTCTGCAAGCAATACAAATAATAAATCTATTCTGCTGAGAGATCACACATTTGCTTCTGACACAACTG

TGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTG

GTGGTGAGGCCCTGGGCAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAAC

CCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCT

GCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCAC

CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAG

GTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAC

ACTCGCTTCTGGAACGTCTGAGGTTATCAATAAGCTCCTAGTCCAGACGCCATGGGTCATTTCACAGAGGAGGACAAGGCTACTATCACAAGCCTGTGGGG

CAAGGTGAATGTGGAAGATGCTGGAGGAGAAACCCTGGGAAGGCTCCTGGTTGTCTACCCATGGACCCAGAGGTTCTTTGACAGCTTTGGCAACCTGTCCT

CTGCCTCTGCCATCATGGGCAACCCCAAAGTCAAGGCACATGGCAAGAAGGTGCTGACTTCCTTGGGAGATGCCACAAAGCACCTGGATGATCTCAAGGGC

ACCTTTGCCCAGCTGAGTGAACTGCACTGTGACAAGCTGCATGTGGATCCTGAGAACTTCAAGCTCCTGGGAAATGTGCTGGTGACCGTTTTGGCAATCCA

TTTCGGCAAAGAATTCACCCCTGAGGTGCAGGCTTCCTGGCAGAAGATGGTGACTGCAGTGGCCAGTGCCCTGTCCTCCAGATACCACTGAGCTCACTGCC

CATGATTCAGAGCTTTCAAGGATAGGCTTTATTCTGCAAGCAATACAAATAATAAATCTATTCTGCTGAGAGATCACACATTTGCTTCTGACACAACTGTG

TTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGT

GGTGAGGCCCTGGGCAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGT
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What have we learned from the genome?



Outline of Content

ÁKey questions in biology:

ÅWhy genome size is so variable?

ÅWhere do new genes and new functions come from?

ÁThe central role of duplication in evolution

ÅGene Duplication

ÅGenome Duplication

ÁThe fate of duplicated genes

ÁCase studies
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Why is genome size so variable? 

C-value paradox: The observed discrepancy between genome 
size and organismal complexity 
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Genome size is extremely variable among taxa

C-value paradox: The observed discrepancy 
between genome size and organismal complexity 

50-130 Gb

11



All lungfish genomes project

Meyer et al. Nature 2021; Scharltet al. Nature 2024
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Why is genome size so variable? 
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Why is genome size so variable? 

Coding DNA: variation in the number 
and structure of genes

Non-coding DNA: variation in regulatory 
ŜƭŜƳŜƴǘǎΣ ƛƴǘǊƻƴǎΣ έƴƻƴ-ŦǳƴŎǘƛƻƴŀƭέ 5b!
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Biological novelty must be at least partially explained 
by the evolution of genes with new functions
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Where do new genes come from?



Where do new genes come from?

Gene duplication is the primary source of new genes.

Copy number variation: polymorphism in the number of gene copies among 
individuals in a population. 16



Fate of Duplicated Genes
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Consequences of Copy Number Variation

Gene conservation with copy number variation: increased concentration of 
amylase with more copies of AMY1 (in humans, related to high-starch diet) 
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Gene conservation with copy number variation: increased 
unsaturated fatty acid production with more copies of fads2

Consequences of Copy Number Variation

Docosahexaenoic acid 
(DHA)
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Consequences of Copy Number Variation

Neofunctionalization: transparent crystallin proteins in the lens of the eye

20



Consequences of Copy Number Variation

Neofunctionalization: RNASE1 in douc langur monkeys

A study of the pancreatic ribonuclease gene (RNASE1) and its duplicate gene (RNASE1B) in a leaf-eating colobine monkey, douc langur. 
RNASE1B has evolved rapidly under positive selection for enhanced ribonucleolytic activity in an altered microenvironment, 
a response to increased demands for the enzyme for digesting bacterial RNA.  At the same time, the ability to degrade double-stranded RNA, 
a non-digestive activity characteristic of primate RNASE1, has been lost in RNASE1B,  indicating functional specialization and relaxation of purifying selection. 
This demonstrates the role of gene duplication in organismal adaptation by combining sequence analysis and functional assays 
in delineating the molecular basis of adaptive evolution. 21



Consequences of Copy Number Variation

Subfunctionalization can lead to neofunctionalization: 
evolution of antifreeze proteins
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Gene Death and Pseudogenes

Not all duplicated genes evolve a new function. 
Many are rendered functionless by loss of function mutations.

Pseudogenes ŀǊŜ ǘƘŜ ǎŜǉǳŜƴŎŜǎ όƎŜƴŜǘƛŎ άǎƪŜƭŜǘƻƴǎέύ ǊŜƳŀƛƴƛƴƎ ŦǊƻƳ ƭƻǎǎ ƻŦ ŦǳƴŎǘƛƻƴ 
mutations in a duplicated gene; can remain in the genome accumulating mutations
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Genes (alleles) can be lost by genetic drift
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Gene Families

Gene families: group of loci that arose by duplication (derived from a shared 
ancestral sequence) and typically code for proteins with similar biochemical functions

Paralogs: copies of genes that have arisen by duplication

Orthologs (or Ohnologs): homologous genes in two or 
more species
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Where do new genes come from?

Exon shuffling: mixing exons from genes with different functions, 
can create genes with new functions
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Where do new genes come from?

Introgression: introduction of new genes or alleles due 
to hybridization between previously isolated 

populations/species
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Where do new genes come from?

Introgression: introduction of new 
genes or alleles due to hybridization 

between previously isolated 
populations/species
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Where do new genes come from?

Whole genome duplication

Western yarrow 
(Achillea millefolium) Whole-genome duplication refers to the complete 

replication of an organism's entire genome once or multiple 
times, leading to an increase in chromosome ploidy. 
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Susumu Ohno

 In this golden age of biology, a 
book faces the danger of becoming 
obsolete before its publication. It is 
my belief that in order to avoid early 
obsolescence, the author, judging 
on the basis of the scant evidence 
available, is obliged to anticipate 
future developments and paint a 
picture with broad strokes of his 
brush. This I have done rather freely 
in this book

1970 - Evolution by gene duplication 
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ñHad evolution been entirely dependent upon natural 
selection, from a bacterium only numerous forms of 
bacteria would have emerged. The creation of 
metazoans, vertebrates and finally mammals from 
unicellular organisms would have been quite impossible, 
for such big leaps in evolution required the creation of 
new gene loci with previously non -existent functions ò

                                                                                    Susumu Ohno 1970

Leaps in evolution through 
gene and  genome duplications

Evolution by Gene Duplication
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¬natural selection merely modified while redundancy createdº
Susumu Ohno (1970) 32



Before the era of genomics arrived, Ohno made bold inferences primarily based on 
cytogenetics (chromosome observation) and protein data, with many of his predictions 
later confirmed by modern genomics. 

¢ƘŜ [ŜƎŀŎȅ ƻŦ ά9Ǿƻƭǳǘƛƻƴ ōȅ DŜƴŜ 5ǳǇƭƛŎŀǘƛƻƴέ

Susumu Ohno, et al., 1967
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Introduction
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Numbers of citations of Susumu Ohno's 1970 Book "Evolution by gene duplication"
(Source: Google Scholar)
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Jacques Monod meeting Aussois 2001
Gene and Genome Duplications 

organized by Axel Meyer and Yves Van de Peer
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Ray-finned fishes comprise about 50% of all species of vertebrates

ά.ŀǎŀƭ {ŀǊŎƻǇǘŜǊȅƎƛƛέ
(8 spp.)

Actinopterygii
(27,580 spp.)

48.7%

Agnatha
(108 spp.) Chondrichthyes

(980 spp.)

Amphibia
(6002 spp.)

10.6%

Reptilia
(7483 spp.)

13.2%

Aves
(9924 spp.)

17.5%

Mammal
(4554 spp.)

8.0%

M. Miya

Why are there so many fish?
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Why are there so many species of fishes?
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The Third-Round Whole-Genome Duplication (WGD) in Teleosts

Holland and Daza, 2018
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Evolution of vertebrate Hox gene clusters - FSGD 

Modified from:
Meyer (1998) Nature
Widtbrodt, Meyer & Schartl (1998) BioEssays
Meyer & Malaga (1999) Current Biology
Malaga & Meyer (2001)  Am. Zool.
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Where do new genes come from?

Horizontal gene transfer: movement of genes from one
ƻǊƎŀƴƛǎƳΩǎ ƎŜƴƻƳŜ ƛƴǘƻ ǘƘŜ ƎŜƴƻƳŜ ƻŦ ŀƴƻǘƘŜǊ
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Where do new genes come from?

De novo origin: C22orf45 in humans
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How do protein-coding genes evolve?

Neutral theory of molecular evolution: hypothesis that most 
polymorphic alleles within populations that do not become fixed, do not 

significantly alter fitness (nearly neutral) and evolve by genetic drift
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How do protein-coding genes evolve?

dN/ dS ratio: nonsyn. mutations have higher chance of influencing fitness (changing 
protein structure) and should be rare relative to synon. mutations (selectively neutral)

dN/ dS > 1 positive selection on gene
dN/ dS = 1 neutral evolution (drift)
dN/ dS < 1 purifying selection on gene
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The number of protein-coding genes also varies greatly among 
organisms for reasons that are not immediately clear
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The relationship between genome size and protein-coding DNA differs 
among groups
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Coding DNA as % of Total Genome

The genomes of most animals and plants do not code for proteins

Human Genome Composition
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The genomes of most animals and plants are full of non-coding DNA
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Evolution of non-coding DNA

Regulatory elements: sequences that effect when, where, and/or how a 
gene is expressed

Introns & alternative splicing

άbƻƴ-ŦǳƴŎǘƛƻƴŀƭέ ƛƴǘŜǊƎŜƴƛŎ ǊŜƎƛƻƴǎ
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Transposable elements

Transposable elements (TEs), or "jumping genes," areDNA sequences that can 
move to different locations within a genome, a process called transposition, found 
in nearly all organisms.




