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The Human Genome Project - results

• Draft sequence published in 2001 (Science, Nature)

• Larger than any of other well-characterized (~ 2900 Mb)

• Structure and organization similare to eukaryotes

(see model organisms’ genomes)

• Emerging number of RNA genes

(siRNA, miRNA, piRNA, lncRNA etc.)

• Correspondence between gene no., cell- and tissue types
and organismal complexity?

• Surprisingly low volume of protein coding genes:

~ 20.000, about 1 % of DNA in genome is protein coding



Coding sequences vs. genome size

The Origins of Genome Architecture, Lynch, 2006
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The Origins of Genome Architecture, Lynch, 2006



Gene duplication, functional gene diversity

• ~ 4000 pairs of duplicated human genes

(without multigene families)

• 5% of human genome is recent segmental duplication

• Duplication rate: 0,01/ gene/ million year; silencing: 10M

L-shaped age distribution



Gene duplications, functional gene diversity

• Duplication rate: 0,01/ gene/ million year

• Gene duplicates switch off (death) in average: 10 million years

• A significant fraction of genes is nonessential (redundant)

• Stochastic gene expansion and contraction: adaptation?

• Balanced gene expansion and contraction of gene families in

mouse and human lineages: stochastic equlilibrium birth/death

process of gene families (ie. olfactory receptor genes).

• No need for adaptation (but can be: immunity, reproduction)



Singleton and multigene lineages distribution

N(x): x-b; b: ~ 1.5-2.0

x: no. of families of size

B: probability of duplication

D: probability of deletion

D > B; D/B: 1.5-2.0

The Origins of Genome Architecture, Lynch, 2006



Introns and Exons

• Most eukaryotes produce proteins with similar average length,
but variation exist in noncoding intragenic portions of genes.

• Average human gene: 7.7 introns, 0.15 kb exon, 4.66 kb intron

• Invertebrata: less intronic sequences, average exon size
usually larger than in humans

(Saccharomyces: intron-free, C. elegans: 5.2 intron / with 120 bp

• Human genome: reduction in variance of exon size (< 300 bp)

• Splicing mechanism: „exon scanning”



The Origins of Genome Architecture, Lynch, 2006



Introns and Exons

• Diversifying gene functions without increasing gene no.
i.e. alternative intron-exon junctions: majority of genes.

• Approx. 20 % of alternative splicing is tissue-specific.

• Functional proteins >> No. of genes.

• Alternative splicing and organismal komplexity?

- C. elegans, Drosophila: 20% of genes, 1.3 transcript /gene.

- Humans: more than 50% of genes, 2.6 transcript variants /gene.

- Functional domens approx. 2 times more than in invertebrata.

• ~ 1,5 – 2 times more genes, and 50.000 additional proteins.

• Human and mouse lineage: 70% of minor splice variants are
de novo.



The Origins of Genome Architecture, Lynch, 2006



Regulatory elements

• Organismal complexity: non-coding DNA /gene,

• variability: unicellular– multicellular– vertebrata– human (table),

• Complex identification (ORF?), orthologous sequences?
- transcription factor binding sites, exon-intron boundaries,

transcription termination etc.

• Conservative estimate: 2.0 kb/gene in average?

• Mouse/human: 66.000 conserved intergenic blocks (150 bp)
- 90-100% sequence identity, stringent selective constraint.

• Gene expression: enhancer and repressor binding sites.

• Functional RNA transcripts?



RNA transcription

The Origins of Genome Architecture, Lynch, 2006



Regulation of Gene expression

Microarray technology: RNA transcripts from noncoding
(intergenic) DNA sequences.

Noncoding RNA transcripts tissue-specific expression!

miRNA, siRNA – translational gene silencing and interfering

miRNS:
- stage or tissue specific

- complementarity to 3’UTRs

- translational silencing

siRNS



Mobile Genetic Elements

• Extra volume in human genome: 100/gene (~ half of genome)

• Human genome: ~75% is the product of past mobile element
activities

• Mutagenic side effects: inzertion, non-homologous
recombination, → negative consequence for the host

• Retrotransposons: „copy-and-paste”, LINEs, SINEs, LTRs

• Transposons: „cut-and-paste”



Long Interspersed Nuclear Elements - LINEs

• LINEs v. Kpn: approx. 20% and 870.000 copies

• around 100 LINE sequences active as retrotransposons
• ~ 6.0 kb internal 5’ promoter, 2 ORFs (RNA-binding protein,
endonuclease + revers transcriptase), poly(A)-tail,

• Target-primed revers transcription: TT | AAAA – target

• Sloppy process of copying

(transcription „read-through”, truncated insertion „dead-
on-arrival”, local rearrangements, other defective LINEs can be
mobilized)

• LINEs are incapable of cleaving themselves from host DNA

• Ancient relics an relative new sequences



Mobile elements: biallelic length-polimorphism

Two types of allelesTwo types of alleles

Human Alu Repeat
(~300 bp)
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Short Interspersed Nuclear Elements - SINEs

• SINEs / Alu: 1.500.000 copies, 70 % AluI, 300 bp,

• Primate-specific, Alu I : AGCT, polimorphisms,

• Noncoding sequence, no self-mobilization

• Alu – LINE-1 retrotransposition, 0.05 /genome / generation

Human Evolutionary Genetics, Jobling et al, 2004



LTRs és Transposons

• LTRs: Long Terminal Repeats, Retroviral origin

• HERVs: Human Endogenous Retroviruses

• Revers transcription and integration: its own primer site

• Identical sequences: dsDNA → nucleus, mutation, divergence
(substitution rate: 1.25 x 10-9, neutral sites, chimpanzee-human)

• env gene: movement among cells, not only vertical transfer

•Transposons: „cut-and-paste”, multi families

• TIRs (terminal inverted repeats, 10-500 bp), small duplication

• transposase enzyme – TIR binding – excizition / insertion

• DNA repair, homologous chromosomes, multiplication



Human Evolutionary Genetics, Jobling et al, 2004



Pseudogenes
• Failed gene duplication events, in noncoding DNA.

• Processed and nonprocessed pseudogenes.

• cDNA reintegration, missing sequences (introns, regulatory
elements), dead-on-arrival, poly(A), retrotransposons.

• DNA tandem duplication, usually dead-on-arrival.

• approx. 15.000 /genom, 0.5 /gene (differences between gene
types: ribosome protein coding genes: 26 /gene)

Age distribution of ribosome protein pseudogenes

- Humán, csimpánz és egér genomban is

- Szubsztitúciós ráta: 1.25 x 10-9 silent sites

- (1+0.25)x(1.25x10-9)= 1.56 x 10-9 /év

- 9 % ~ 50 MYA: „genomikai felfordulás”
The Origins of Genome Architecture, Lynch, 2006



Patrushev and Kovalenko, 2014


