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Giemsa-banding pattern of the human genome




Watson + Crick: 1953

James Watson + Francis Crick

This fgure 13 purely
diagrammatic. The two
ribbone symbolize the
two phosphate—3sngar
chains, and Lhe hori-
zontal roda the pairs of
buases holding L chaing
together, 'he vertical
line marks the fibre axis
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TCTACTCAGTGTGTCAGAAGTTGGGATGTGCGACCCAGAACTGCCATTCCATTACACAGAATAAAATGATATCTGGTGGGTGGATCGAAAGCTTGCCAAAGAAGACACAGTG
AAAGCTAACCCTCTCAGTCTAGCTCCTGTTTTTAAATATTTATATCTCTGGCAGACTTTTTGGGGGTAGAGGAAACTGAAAGCTCTTTTGCTATCTGTCATTTCACCCAGGC
AAATGAGAGAGAGTCTCACGACTTGATTTTCCTCGAGTTTGGCACCAGGAACAGGCGATGGCGTTTCTTTGGGATGGTGAATTTCTCTTTGTGGAAAAGTGGCCGGGACCAA
GGATTTTTACAAGAGCCAACAGCCACTTTCCATACCCGCTTGGGGCAGGGCCAACTTCCCATTAGCACTGCTGTTACAGATCGGGCCTGCTTTGCAGCCGGCCAGTGCCAAC
TGTGGTCATGGCCTGTTAGGAAACCTACGAGGAAAGTCCTTTTTGGTATAATGATCTATTTCCTTTTGTATGTACATCCAGTAATGGAATTACCGGATGGAAGCCACCGTGA
GCCTGGGGTGGTGGGAAGTGTATCGCTCTAGATCCTGGGCAATCTGGCTCACTAGCTTGCCTCTCTCGTGAATTCTCTCTGTGATCATTAGTTTTCTTCTTTTCCTCCATCC
AACTCTTAATTCCCTTCCCCAAGGAATCGGTCTCCAAAGTCAATTGACTGCTGCTTTCTTCTCTGCCTCACCATCATCTATGCCCCTTCCTTAGTTCAGGGACTAGAATATT
GCATTAACCTTCTAACTTTGTAGGGCAATACTGTAGTGTGTATAGCAGTGGTGAGGAGCAGGGGCTTTAGAATCCAATAGACCTGCATCTTAATCATGACTAGGCTACCTCC
TCATCGTGGCCTCTGCCACAAAATAGGAGAATAGCTTATTTCTAGCAGGAATGTTGCATGGACTGCATGAAACAGTCAGGAGAGGATCTAGGACACTAGCAGTCACCTAGTG
AGCACTCAGAATACTACAATTGTTCTTAACATAATCGACTAATGCATCCAGTTACATCAGAGAGCCTTTTAATGCATCCCTTTTCAGTACCAAGTATCGTGTTATGCTAAGG
ATGCAGATAGATAAGATGCAGAACCTGCCCTCAGGGAGTTCTCCATTGAGAGACAAATTCATCAACTAAAAAATCTCTGTAGCTTTCTTCCGCTACTCACATGCTTTTTAAT
TTCCAATTTTTATAAGATTTTTTACAGCATTGTTTGGCAATAACAAAAACAACAACTGTAATAGTAGCGACCACTGACCTGACCTTTCCCATGGGCCAGGCCCTATAATGAT
ACATCTGCATCTATTACCTATTTTGTTCTTCAGATATATGCTACCAATCATGATTAGCAAAAGAAAAGCTGGGGAACTGGACACACTAAGTAACTGTCCTGGGAATACACAG
CTGTGATACGTGTGAACCAATGAAGAACAGGAATCATTTCTTTTTGTGTTCTTAGT TGGACAGATGAACCTGATTCAAAATTCCAGGATTCTATTCTGATACTGACAGTGGC
TAGCTTGTTTCAGCCATAGGGACCATAAAAAGTATTCTTTCACCAATTTTTTAGCATGTACTATATGCTTTTTGATGCTCTGCTAGACACACAAATGATTCAACATAAACTC
TCCCCTTAAGAAGAATAAGGACAGTGGAAGGGTAACAGGATGCATTAGAGCATTTCAGGAGATGGTGTTTCTCTACTCCAGCTAGGACTGGCCCAGAAGAGACTATCAGAAA
GGGTTTGAAGTATGAGTGATAACGAATGTGCAGAAATGATGAGGAGAGGTGTTCCAGGTGGAGAGAAACATATGAGCAGAGGCTCGTAGATAGGAATGAGTCAGGTGTGTGC
TGATAAGAGTTCAGGGCTCTTGCAACAGACCCAAGTTAATGAGGACATGAACTTGGACAGTGTCAGGACTGAGGGGAGAGAATGGGCGTCCGGGACAATGGTACCTTGCCAA
ATTTTATGTGCAAATTTGTTGCTTAATAAATATTCCTTGATGAGGACAACATATGCTGTTACTTAATAAATATTCCTGATGAGGAAGACATGTGCTGAGCTGATGGAAAAAA
AAAAAAAAAAACGTAATCACTCAGTGCTCAGTTTTTCTGTTCACTCCCAAGAAACCATTCATTGACTTAAGCAGCCAAACACTCATTAAGTAAATGCTCTGCACTACACTAG
GCACTGAAAATACAAAGATGAACAAGATATGCTCTGTTCCTTTGAGGAGATTACAATCCAGGGGCAGAGGCAAGCAGATAAAGAAATAATTCTAAAGTGCTGTGGTAGGGCA
GTACAAAATTATGAAGCAGGAACCCTGGGGGCCTAGACAGTGATGTGCTTAACGTGGCCTGGGGCAATGAGAGAAAGCAGCACCGAAAAATTGAGGTTAGAGTTAGGGATTG
AAAGTCATACTCTTCAAAGCACTTTATGAATCTGCAAAGCACTGTATGAATGTTACCTGTCATTTTCCTATTATTTTTCACAACCACAACTTTGAAGTTGAGTCAGCCTAAG
AGGTTGACTTTATTTTTAGAGGTGGAAGAATACCTTAAAAATCATACGGTCGGTCCACTGGTTTTCAGATATTGCAGGTGAATGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTATTGCTACTTTATTAATAAAATGTTATTTCATAATTTAAAATTAATAATATTTACTTCTTCAAGTTCAGCCACAAAGAGCAATGAAGTTATTCTGATGAATGCTAACAT
TTGATATTGGAATTATGGATGATATTTGCAAACACATCAGCCTCAGTTATTGTCTTTATTTTGGCATTTTGATTTGAATGCCTGGCCTCACGGAAATTCTGATGGCACTGAT
AAGTAGTGAAAGTGGTAACATCTGTGGGCTTCTTGTTTGTTTGTTTTTTGTTAACAGCTTGACTCACAATCTCAAGATACTCTTCATTTAATCTGAGCCAGAAGCTTGAAGG
CAAGATAGTGAGACACTTCTGTTTCAAAGTTGAACCAGTAACAATACCGATGATAGTCCTCGATATTCTTTGACATATATATGACAATCAGACACAAGGAGCCCAAAACTTG
CACCAACATTAAATTTGTCTATAACATGTGATTCACGGGGATCAGCATGTCACAAGTTCACACACAACTGAATTAGATTGTTACAGCTTGACAACAGGACTGGCCAAGTAAA
TGAGATATTTGCCTGCCACTTATTTGGAGTACCTGTGACTCACTTGTGCAATTTTAGATTAAAAGTCTGAATTCCAGAAAGACCATTGCAGAGCTACAATCTTCCTAATCAA
CGACATACTTATAAGAAATTAGAATGTACATGCAGATAAGCATTATTATTTTTTAAACACCCAAGGGATTCCGTGGGCAGTGGAATTATTGGTCATTTGTGGTATTAGTATT
TTTCTGTAATAAAAATTTGATGAAAATTATTTTTAAAATATTTCCACAGAGATTGTTGATGTTTTCTTCTGAGTGCATATAAAAATTAGTTGCCTAGCAGCTCAAATAATTA
CGTTGTCGGTCTCCAATATAAATATTATTTGTAAGAAAATATTTATTATAAATATTAATAAATATTTTATATTTATGTTAAAGAATATACTTAAGTCTCTGTGTGTATACAT
ATAGAGACAGAGAGAGAGACAAGTATATTCTTTTACATAAATATGAAAAACAGACACAAGGAACCCAAAACTGACACTAACACTAAACATAGATTTTTATTTCAACTTTCAA
AATGCAATCATGTGCTCTTTAATGACATTTTGGTCAATGACATACCACATATATGACAGTAGTCCCATAAAATTATAATACGGTATTTTTACTGTACCTTTTCTATGTTTGG
ATATGCTCAGATACATGAATACTTACCATTGTGTAACAACTGACTACAGAATTCTGTAGAGTAATATGCCGTACAGATCTGTAGCCTAGGAACAATAGGCTATGTCATATGG
CCTAGGTGTGTAGTAGGCTATACCATCTAGGTTTGTGTAAATACACTCTATGATGTTGGCACAACAAAGGTGCCTAAGGACGCCTTTCTCAGAACGTATCCCTGTCGTTAAG
CAATGGATGACTGTAGTTAAAATATGTTACGAAATGAAATTTGCATCTAACACTGCCACAACAAAACAATTTAGTTCCATAAAAACACAGCTTGAAAACCAATGGCCGACTC
CTAGACTTCCCCAATGGATCATATGCAAGGTAATTTTAGGTGGTATACATTCTTTTTTGTTAATAATGGTATATTTTTTAAATGTGCATTAAATATIGACTTTCACATTTGC

TATCATGATATACATTTTCTTTTACTATTAAATGACTTATAAAATTAAGAAAGGTGAGTTAATTTTTTGGAACTTTTATTTTTAGATACAGGGG GTACAGGTTTGT
TACATGGGTATATTGCCTCAGATAATGAACCCAGTACCCAATAGGTAGTGTTTTGACCTTTGTCCCCATCCCTCCCTCTCCCCTCTAGGGTCTA CGTGTTTATGT
TCGTGTGTGCTCCATGTTTAGCTCCCACTTATAAGTGAAAACATACAGTATTTTGGTTTCTGTTTCTACATTAATTCACTTAGGATTATGGCCC CATCCATGTTG
CTGCAAAGAATATGACTTCATTCTTTTTTATGAATGCATTGTATTCCATGGTGTATATGTGCCACGTTTTCTTTATCCAATCCACCATTGATGGG AGGTTGATTCCA

TGTCTTTGCTATTATGAACAACACAGCGAGTCCTTTTTGGTATAATGATCTATTTCCTTTTGTATGTACATCCAGTAATGGAATTACCGGATGGAATGTTAGCTCCGTTTTA
AGTTCTTTGAGAAATTTCCAAGCTGCTTTCCACAGTGGCTAAACTAATTTACATTTCCACCAACAATGTATAAGCATGCT

Human Chr 1: 61135040-61140000




Self-Alignment

Histogram
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much faster algorithms

use suffix trees
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Low Copy Number Repeats
* Dot-Plot of a Self-Alignment of Human DNA:
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Example: 300 MB on the human chromosome 7




Self-Alignment of Genomes

the length distribution of identical matches

10%2 - —— genomic
—— shuffled
7 random matches
3" 2 2
g L*(1 — p)°p
E 1
510 ] mostly TE related matches
5 e.g. piece of AluY with a piece of another AluY
10° \\“\/\‘V\
10° | | | |

o

20 40 60 80 100
match length




Transposable Elements

* retrotransposons entered the human genome in bursts

mouse

N <= Auy

~150.000 copies

galago

Alu S

~300.000 copies

~55 Mya

orangutan

<€

Alu'Y

~100.000 copies

~15 Mya

[
human




Self-Alignment

« Example: 300 MB on the human chromosome 7
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Low Copy Number Repeats

« Example: 300 MB on the human chromosome 7

26.6M —

26.5M —

26.4M —

26.3M —

segmental
duplication

26.3M 26.4M 26.5M 26.6M

here: repeat masked [Bailey & Eichler, 2008]
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Self-Alignment of Genomes

* the length distribution of identical matches

10%2 - —— genomic
—— shuffled
—— repeat masked

random matches
L*(1 — p)°p

10° —

—

o
[
I

matches unrelated
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Selection?

10° T T TTTTTI
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match length

[Gao & Miller, 2011]
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The Broken Stick Model

* asegmenta

duplication wi

| dissolve by mutations
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The Broken Stick Model

 consider a stick of initial length K which is broken
with rate u

swil

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

14




The Broken Stick Model

 the dynamics is given by:

om(r, t 0
r, 1) = =2urm(r, t) + 4u/ m(s, t) ds
ot r
1 mutation rate loss of gain of matches

per bp matches by through particular
mutations in  mutations in longer

one copy matches

r S

l ;Y

[Kuhn 1930, Saito, 1958]
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The Broken Stick Model

 the dynamics is given by:

om(r, t)
ot

= =2urm(r,t) + 4u/ m(s, t)ds
r

* the solution is

m(r,t) = [4ut + 4p°t2(K — r)] e M1

where K is the initial length of a duplication.

[Ziff & McGrady, 1985]
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The Broken Stick Model

- breaking one stick: m(r, t) = [4ut + 4u°t5(K — r)] e 2*!

1000 —

]
500 5

100 — — 50

50 — — 200

; \ I | I N D B D B B S .

\

0.0 0.2 0.4 0.6 0.8 1.0

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, t) = [4ut + 4u°t5 (K — r)] e M1

* Its time average:

exponent is universal

[Massip & PA, PRL 2013]
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Many Broken Sticks

- adding up sticks of different age

10°

10°

10*

10°

10?

10"

10°

107"

N

10
20

— 100
— 200

— ]

0.01

I
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I I I
0.05 0.10 0.20

I
0.50 1.00
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Duplication-Mutation Model

- for simulations consider the following processes:

Y
Duplications

> L

K

i
Mutations 77 N\

- start with a random iid sequence

- the stationary state is reached for t > max(1/u,1/Kvy)
[Massip & PA, PRL 2013]
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Duplication-Mutation Model

» the dynamics is now given by:

om(r, t)
ot

= —2ur m(r, t) +4u/ m(s, t) dsi+yLo(r — K)
r

 the stationary solution is defined by:

%m(r, t)=0

and given by

2% 1
Mstationary(r) = —KL—

woor

21




Duplication-Mutation Model

- starting with a random sequence:

Y
mstationary(r) = —KL—

one reaches a stationary state:

1
oo

[Massip & PA, PRL 2013]
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Simulated Sequences

10° T
—_ u=up ¥Y=Y0
RN = W =up, Y= 10y0
\ u=uo/10, y =70
p— \
\ —— w=10up, Y=o
N W= o, ¥ =v0/10
810° - -~
: ~\
O A
"c'g' |~ S
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‘.'6 ~ \\\
S FRRISURN
O ‘\ N
= ..
210°
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1 10 100 1000

match length [Massip & PA, PRL 2013]
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Segmental Duplications

 continuous generation of new stick due to SDs

mouse

N S _I\IN

~150.000 copies

galago

Alu S

~300.000 copies

~55 Mya

orangutan

<€

i

Alu'Y

~100.000 copies

~15 Mya

o
human

[Bailey & Eichler, 2006]

24




Self-Alignment of the Human Genome

10'2 — —— genomic
—— shuffled
- _— fe:ea? masked "}/ K L
1 Mstationary () = 3
w109 - H r
2 _
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©
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£ _
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1 5 10 50 100 500
match length

onh average: as many back-up copies as mutations
[Massip & PA, PRL 2013]

25




Human

homo_sapiens — all

1e-02
104
A=1 /
0.1 ’
16-08 —

1e-10 |

20

50 100 200 500

2000

after repeat-masking
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1e-02

1e-04

1e-06

1e-08

1e-10

Mouse

mus_musculus — all

20

50

100 200 500 2000
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1e-02

1e-04

1e-06

1e-08

1e-10

Dog

canis_familiaris — noScaffold

20

50 100 200 500 2000
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1e-02

1e-04

1e-06

1e-08

1e-10

Worm

caenorhabditis_elegans - all

20

50 100 200 500 2000
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