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Giemsa-banding pattern of the human genome
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James Watson + Francis Crick

Watson + Crick: 1953
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ENCODE: 2013
• comprehensive parts list of functional elements 
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TCTACTCAGTGTGTCAGAAGTTGGGATGTGCGACCCAGAACTGCCATTCCATTACACAGAATAAAATGATATCTGGTGGGTGGATCGAAAGCTTGCCAAAGAAGACACAGTG
AAAGCTAACCCTCTCAGTCTAGCTCCTGTTTTTAAATATTTATATCTCTGGCAGACTTTTTGGGGGTAGAGGAAACTGAAAGCTCTTTTGCTATCTGTCATTTCACCCAGGC
AAATGAGAGAGAGTCTCACGACTTGATTTTCCTCGAGTTTGGCACCAGGAACAGGCGATGGCGTTTCTTTGGGATGGTGAATTTCTCTTTGTGGAAAAGTGGCCGGGACCAA
GGATTTTTACAAGAGCCAACAGCCACTTTCCATACCCGCTTGGGGCAGGGCCAACTTCCCATTAGCACTGCTGTTACAGATCGGGCCTGCTTTGCAGCCGGCCAGTGCCAAC
TGTGGTCATGGCCTGTTAGGAAACCTACGAGGAAAGTCCTTTTTGGTATAATGATCTATTTCCTTTTGTATGTACATCCAGTAATGGAATTACCGGATGGAAGCCACCGTGA
GCCTGGGGTGGTGGGAAGTGTATCGCTCTAGATCCTGGGCAATCTGGCTCACTAGCTTGCCTCTCTCGTGAATTCTCTCTGTGATCATTAGTTTTCTTCTTTTCCTCCATCC
AACTCTTAATTCCCTTCCCCAAGGAATCGGTCTCCAAAGTCAATTGACTGCTGCTTTCTTCTCTGCCTCACCATCATCTATGCCCCTTCCTTAGTTCAGGGACTAGAATATT
GCATTAACCTTCTAACTTTGTAGGGCAATACTGTAGTGTGTATAGCAGTGGTGAGGAGCAGGGGCTTTAGAATCCAATAGACCTGCATCTTAATCATGACTAGGCTACCTCC
TCATCGTGGCCTCTGCCACAAAATAGGAGAATAGCTTATTTCTAGCAGGAATGTTGCATGGACTGCATGAAACAGTCAGGAGAGGATCTAGGACACTAGCAGTCACCTAGTG
AGCACTCAGAATACTACAATTGTTCTTAACATAATCGACTAATGCATCCAGTTACATCAGAGAGCCTTTTAATGCATCCCTTTTCAGTACCAAGTATCGTGTTATGCTAAGG
ATGCAGATAGATAAGATGCAGAACCTGCCCTCAGGGAGTTCTCCATTGAGAGACAAATTCATCAACTAAAAAATCTCTGTAGCTTTCTTCCGCTACTCACATGCTTTTTAAT
TTCCAATTTTTATAAGATTTTTTACAGCATTGTTTGGCAATAACAAAAACAACAACTGTAATAGTAGCGACCACTGACCTGACCTTTCCCATGGGCCAGGCCCTATAATGAT
ACATCTGCATCTATTACCTATTTTGTTCTTCAGATATATGCTACCAATCATGATTAGCAAAAGAAAAGCTGGGGAACTGGACACACTAAGTAACTGTCCTGGGAATACACAG
CTGTGATACGTGTGAACCAATGAAGAACAGGAATCATTTCTTTTTGTGTTCTTAGTTGGACAGATGAACCTGATTCAAAATTCCAGGATTCTATTCTGATACTGACAGTGGC
TAGCTTGTTTCAGCCATAGGGACCATAAAAAGTATTCTTTCACCAATTTTTTAGCATGTACTATATGCTTTTTGATGCTCTGCTAGACACACAAATGATTCAACATAAACTC
TCCCCTTAAGAAGAATAAGGACAGTGGAAGGGTAACAGGATGCATTAGAGCATTTCAGGAGATGGTGTTTCTCTACTCCAGCTAGGACTGGCCCAGAAGAGACTATCAGAAA
GGGTTTGAAGTATGAGTGATAACGAATGTGCAGAAATGATGAGGAGAGGTGTTCCAGGTGGAGAGAAACATATGAGCAGAGGCTCGTAGATAGGAATGAGTCAGGTGTGTGC
TGATAAGAGTTCAGGGCTCTTGCAACAGACCCAAGTTAATGAGGACATGAACTTGGACAGTGTCAGGACTGAGGGGAGAGAATGGGCGTCCGGGACAATGGTACCTTGCCAA
ATTTTATGTGCAAATTTGTTGCTTAATAAATATTCCTTGATGAGGACAACATATGCTGTTACTTAATAAATATTCCTGATGAGGAAGACATGTGCTGAGCTGATGGAAAAAA
AAAAAAAAAAACGTAATCACTCAGTGCTCAGTTTTTCTGTTCACTCCCAAGAAACCATTCATTGACTTAAGCAGCCAAACACTCATTAAGTAAATGCTCTGCACTACACTAG
GCACTGAAAATACAAAGATGAACAAGATATGCTCTGTTCCTTTGAGGAGATTACAATCCAGGGGCAGAGGCAAGCAGATAAAGAAATAATTCTAAAGTGCTGTGGTAGGGCA
GTACAAAATTATGAAGCAGGAACCCTGGGGGCCTAGACAGTGATGTGCTTAACGTGGCCTGGGGCAATGAGAGAAAGCAGCACCGAAAAATTGAGGTTAGAGTTAGGGATTG
AAAGTCATACTCTTCAAAGCACTTTATGAATCTGCAAAGCACTGTATGAATGTTACCTGTCATTTTCCTATTATTTTTCACAACCACAACTTTGAAGTTGAGTCAGCCTAAG
AGGTTGACTTTATTTTTAGAGGTGGAAGAATACCTTAAAAATCATACGGTCGGTCCACTGGTTTTCAGATATTGCAGGTGAATGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTATTGCTACTTTATTAATAAAATGTTATTTCATAATTTAAAATTAATAATATTTACTTCTTCAAGTTCAGCCACAAAGAGCAATGAAGTTATTCTGATGAATGCTAACAT
TTGATATTGGAATTATGGATGATATTTGCAAACACATCAGCCTCAGTTATTGTCTTTATTTTGGCATTTTGATTTGAATGCCTGGCCTCACGGAAATTCTGATGGCACTGAT
AAGTAGTGAAAGTGGTAACATCTGTGGGCTTCTTGTTTGTTTGTTTTTTGTTAACAGCTTGACTCACAATCTCAAGATACTCTTCATTTAATCTGAGCCAGAAGCTTGAAGG
CAAGATAGTGAGACACTTCTGTTTCAAAGTTGAACCAGTAACAATACCGATGATAGTCCTCGATATTCTTTGACATATATATGACAATCAGACACAAGGAGCCCAAAACTTG
CACCAACATTAAATTTGTCTATAACATGTGATTCACGGGGATCAGCATGTCACAAGTTCACACACAACTGAATTAGATTGTTACAGCTTGACAACAGGACTGGCCAAGTAAA
TGAGATATTTGCCTGCCACTTATTTGGAGTACCTGTGACTCACTTGTGCAATTTTAGATTAAAAGTCTGAATTCCAGAAAGACCATTGCAGAGCTACAATCTTCCTAATCAA
CGACATACTTATAAGAAATTAGAATGTACATGCAGATAAGCATTATTATTTTTTAAACACCCAAGGGATTCCGTGGGCAGTGGAATTATTGGTCATTTGTGGTATTAGTATT
TTTCTGTAATAAAAATTTGATGAAAATTATTTTTAAAATATTTCCACAGAGATTGTTGATGTTTTCTTCTGAGTGCATATAAAAATTAGTTGCCTAGCAGCTCAAATAATTA
CGTTGTCGGTCTCCAATATAAATATTATTTGTAAGAAAATATTTATTATAAATATTAATAAATATTTTATATTTATGTTAAAGAATATACTTAAGTCTCTGTGTGTATACAT
ATAGAGACAGAGAGAGAGACAAGTATATTCTTTTACATAAATATGAAAAACAGACACAAGGAACCCAAAACTGACACTAACACTAAACATAGATTTTTATTTCAACTTTCAA
AATGCAATCATGTGCTCTTTAATGACATTTTGGTCAATGACATACCACATATATGACAGTAGTCCCATAAAATTATAATACGGTATTTTTACTGTACCTTTTCTATGTTTGG
ATATGCTCAGATACATGAATACTTACCATTGTGTAACAACTGACTACAGAATTCTGTAGAGTAATATGCCGTACAGATCTGTAGCCTAGGAACAATAGGCTATGTCATATGG
CCTAGGTGTGTAGTAGGCTATACCATCTAGGTTTGTGTAAATACACTCTATGATGTTGGCACAACAAAGGTGCCTAAGGACGCCTTTCTCAGAACGTATCCCTGTCGTTAAG
CAATGGATGACTGTAGTTAAAATATGTTACGAAATGAAATTTGCATCTAACACTGCCACAACAAAACAATTTAGTTCCATAAAAACACAGCTTGAAAACCAATGGCCGACTC
CTAGACTTCCCCAATGGATCATATGCAAGGTAATTTTAGGTGGTATACATTCTTTTTTGTTAATAATGGTATATTTTTTAAATGTGCATTAAATATTGACTTTCACATTTGC
TATCATGATATACATTTTCTTTTACTATTAAATGACTTATAAAATTAAGAAAGGTGAGTTAATTTTTTGGAACTTTTATTTTTAGATACAGGGGGTACACGTACAGGTTTGT
TACATGGGTATATTGCCTCAGATAATGAACCCAGTACCCAATAGGTAGTGTTTTGACCTTTGTCCCCATCCCTCCCTCTCCCCTCTAGGGTCTATTGTTTCCGTGTTTATGT
TCGTGTGTGCTCCATGTTTAGCTCCCACTTATAAGTGAAAACATACAGTATTTTGGTTTCTGTTTCTACATTAATTCACTTAGGATTATGGCCCCCAGCTCCATCCATGTTG
CTGCAAAGAATATGACTTCATTCTTTTTTATGAATGCATTGTATTCCATGGTGTATATGTGCCACGTTTTCTTTATCCAATCCACCATTGATGGGCACCTAGGTTGATTCCA
TGTCTTTGCTATTATGAACAACACAGCGAGTCCTTTTTGGTATAATGATCTATTTCCTTTTGTATGTACATCCAGTAATGGAATTACCGGATGGAATGTTAGCTCCGTTTTA
AGTTCTTTGAGAAATTTCCAAGCTGCTTTCCACAGTGGCTAAACTAATTTACATTTCCACCAACAATGTATAAGCATGCT

Human Chr 1: 61135040-61140000
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Low Copy Number Repeats
• Dot-Plot of a Self-Alignment of Human DNA: 

26.3M 26.4M 26.5M 26.6M

26.3M

26.4M

26.5M

26.6M

Example: 300 MB on the human chromosome 7

100% identical
matches longer 

than 30 bp
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Self-Alignment of Genomes
• the length distribution of identical matches
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Transposable Elements
• retrotransposons entered the human genome in bursts

mouse

galago

orangutan

human

~55 Mya

~15 Mya

~100 Mya Alu J
~150.000 copies

Alu S
~300.000 copies

Alu Y
~100.000 copies

9



Self-Alignment

• Example: 300 MB on the human chromosome 7

26.3M 26.4M 26.5M 26.6M
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26.6M
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Low Copy Number Repeats

• Example: 300 MB on the human chromosome 7

26.3M 26.4M 26.5M 26.6M

26.3M

26.4M

26.5M

26.6M

here: repeat masked [Bailey & Eichler, 2006]

segmental 
duplication

11



Self-Alignment of Genomes
• the length distribution of identical matches
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↵/r3

matches unrelated 
to repeats

Selection?
match length
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The Broken Stick Model
• a segmental duplication will dissolve by mutations 
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tim
e

The Broken Stick Model
• consider a stick of initial length K which is broken 

with rateµ

• let m(r,t) be the number of sticks of length r at time t
14



@m(r , t)
@t

= �2µr m(r , t) + 4µ
Z 1

r
m(s, t) ds

The Broken Stick Model
• the dynamics is given by:

}
loss of 

matches by 
mutations in 

one copy 
}

gain of matches 
through particular 

mutations in longer 
matches  

µ mutation rate 
per bp

[Kuhn 1930, Saito, 1958]

r

r
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@m(r , t)
@t

= �2µr m(r , t) + 4µ
Z 1

r
m(s, t) ds

The Broken Stick Model
• the dynamics is given by:

• the solution is

[Ziff & McGrady, 1985]

where K is the initial length of a duplication.

m(r , t) = [4µt + 4µ2t2(K � r )] e�2µr t
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• breaking one stick: m(r , t) = [4µt + 4µ2t2(K � r )] e�2µr t

The Broken Stick Model

Where does the power law with exponent -3 comes from?
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Integrated Broken Stick Model
• observing an ensemble of sticks of different age

m(r ) :=
Z 1

0
m(r , t) dt =

K
µr3

• its time average: 

m(r , t) = [4µt + 4µ2t2(K � r )] e�2µr t

exponent is universal

[Massip & PA, PRL 2013]
18



0.0 0.2 0.4 0.6 0.8 1.0

1

5

10

50

100

500

1000
1
2
5
10
20
50
100
200

0.0 0.2 0.4 0.6 0.8 1.0

10−1

100

101

102

103

104

105

106

1
2
5
10
20
50
100
200

0.01 0.02 0.05 0.10 0.20 0.50 1.00

10−1

100

101

102

103

104

105

106

1
2
5
10
20
50
100
200
∞

Many Broken Sticks

• adding up sticks of different age
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µ

Duplication-Mutation Model
• for simulations consider the following processes:

Duplications

Mutations

LK

• start with a random iid sequence
• the stationary state is reached for t > max(1/µ, 1/K�)

[Massip & PA, PRL 2013]
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Duplication-Mutation Model
• the dynamics is now given by:

@m(r , t)
@t

= �2µr m(r , t) + 4µ
Z 1

r
m(s, t) ds + �L �(r � K )

@

@t
m(r , t) = 0

• the stationary solution is defined by:

m
stationary

(r ) =

�

µ
K L

1

r3

and given by
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Duplication-Mutation Model
• starting with a random sequence:

m
stationary

(r ) =

�

µ
K L

1

r3

• one reaches a stationary state:

[Massip & PA, PRL 2013]
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Simulated Sequences
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[Massip & PA, PRL 2013]
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Segmental Duplications
• continuous generation of new stick due to SDs

mouse

galago

orangutan

human

~55 Mya

~15 Mya

~100 Mya Alu J
~150.000 copies

Alu S
~300.000 copies

Alu Y
~100.000 copies
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[Bailey & Eichler, 2006]
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m
stationary

(r ) =

�K
µ

L
r3

A =
�K
µ

⇡ 1

Self-Alignment of the Human Genome
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on average: as many back-up copies as mutations
[Massip & PA, PRL 2013]

match length
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