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History of sequencing DNA

e 1953: Watson and Crick described the three-dimensional
structure of DNA, based on crystallographic data produced
by Rosalind Franklin and Maurice Wilkins

Q’ James D Watson ’ Francis Crick




History of sequencing DNA

e« 1977:Sanger sequencing method

Frederick Sanger 1918-2013

Proc. Natl. Acad. Sci. USA

Vol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

DNA sequencing with chain-terminating inhibitors
(DNA polymerase/nucleotide sequences/bacteriophage $X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON
Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, England
Contributed by F. Sanger, October 3, 1977

Sanger is one of the few scientists who was awarded two Nobel
prizes, one for the sequencing of proteins, and the other for the
sequencing of DNA!




The human reference genome

2001 initial releases (>10 years

and S3billion; drafts published in : ture S._l,...‘,;-.; oS Ve

Nature and Science)

Innhan
genome

2003 complete (92%)
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HUMAN -
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2022 complete (99%) i

Al Asrmican Associario

2023 complete (with last

piece of the puzzle; chr. Y)



Why was it so difficult to fully complete
the human genome sequence?

The Human Genome Project ended in 2003, Hwa, TS Aoesevmoo‘(
but genomic researchers had not yet <°W‘P\e*e)(°m '
determined every last base (or letter) of the

human genome sequence. Instead, they had

only completed about 92% of the sequence

at that time. Why did they stop there?

https://youtu.be/SZpcOy63IWw?feature=shared




Reason 1

The human genome contains
a massive amount of DNA.

The human genome consists of about 3 billion bases in
a precise order, each of which can be represented by a
letter (G, A, T or C). A genome’s sequence cannot be
read out end-to-end. Rather, researchers must first
determine the sequence of random pieces of DNA and
then use those smaller sequences to put the whole
genome sequence back together like a massive puzzle.

If you printed out the

~3 billion letters of the
human genome in size
12 font, it would stretch
from Houston to Boston!
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Reason 1

The human genome contains
a massive amount of DNA.

The human genome consists of about 3 billion bases in
a precise order, each of which can be represented by a
letter (G, A, T or C). A genome’s sequence cannot be
read out end-to-end. Rather, researchers must first
determine the sequence of random pieces of DNA and

genome sequence back together like a massive puzzle.

Road *V-\PI

“y\\jOV\Q?

If you printed out the

~3 billion letters of the ’

h g 8\
uman genome in size

12 font, it would stretch ¥

from Houston to Boston!

then use those smaller sequences to put the whole Note: Only 20 letters of DNA sequence shown. To in

the human genome sequence would

L
% YOng reaq
Yy 050'-” Mine matcheg with »,,%h

Chromosome 1 Chromosome 2

https://youtu.be/SZpcOy63IWw?feature=shared

Reason 2

Some parts of our DNA
are painfully repetitive.

Some sections of the human genome
sequence consist of long, repetitive
stretches of letters that are difficult to put in
the right place. Over the past two decades,
researchers developed new technologies to
read longer stretches of DNA — from only
about 500 to now over 100,000 letters at a
time — which allowed them to assemble
the full length of the most difficult repeats.




Reason 3

Percent of human genome sequence released
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developed. It took almost twice as long to finish
the last 8% of the human genome as it did the

first 92%)!
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Reason 3

The first 92% was hard.
The last 8% was excruciating.

Those DNA repeats and other obstacles stood
between the genomic researchers and the final
8% of the human genome sequence until new
laboratory and computational technologies were
developed. It took almost twice as long to finish
the last 8% of the human genome as it did the
first 92%!

Percent of human genome sequence released
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Reason 4

The last 8% needed a generation

of dedicated genomic
researchers with a vision.

Even with new technologies, genome sequencing is still

tough, time-consuming work that requires a lot of skill and
dedication. The current generation of genomic researchers
are true perfectionists and brought everything together to

finally complete the human genome sequence.

genome.gov

https://youtu.be/SZpcOy63IWw?feature=shared
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Human ref. genome graph for chr. 3-10
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e Solid-color lines are 4p _»
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e Centromeric satellites are

the source of most ambiguity  6p / %

in the graph (gray highlights, p —

heterochromatic).

Nurk et al. 2022, Science 376
Graph visualized in Bandage



Human ref. genome graph for acrocentric chr.
13-15,21,22

<
e The five acrocentric chromosomes are

connected owing to similarity between

. 5
their short arms. ‘%{ 14/15/21/22p
rDNAs ?

 The rDNA arrays form five dense tangles

14q

, /
because of their high copy number P | \\\21
7 | B a
/ 13p A
15q
Nurk et al. 2022, Science 376 13q

Graph visualized in Bandage 13



The human ref. genome chr. Y
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Evolution of mammalian sex chromosome (a supergene)

* A testis-determining locus was acquired on an
autosome around 148-166 million years ago

* Sexually antagonistic alleles (orange) then evolved at
nearby loci, selected for in males due to their tight
linkage to testis-determining locus

* Recombination suppression likely followed on from — > >
chromosomal inversions

* Short-term expansion: lack of sexual recombination )T ),
led to the appearance of repetitive DNA sequences

Tin ey

* In the longer term, large deletions took place. The = resiamomng
outcome of this process is the small, relatively gene T
poor Y chromosome observed in most eutherian Snell &Turner 2018, urrent Bclogy 26 | B Imeion

Extant Y

mammals today



Case study:
Heterostyly supergene
in Primula




Heterostyly in flowering plants

28 families, 199 genera

]

Heterostyly is found in 15 orders
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Heterostyly (distyly)

Reciprocal herkogamy

Secondary features

Stigma papillae size and shape
Pollen size and production

Self-incompatibility

Promotes outcrossing




Heterostyly is controlled by S-locus supergene

4 Hemizygous region ca. 280
kb

4 Present in thrums

4+ Absent in pins

Pin Thrum
CFBP CFBTL jCCMT GLOT CYPT PUMT KFBT | CFBTR
S — S -
CFBP CFBP
S S L

CYPT = controlling style length
GLOT - determining anther position

Li et al. 2016; Nowak et al. 2015; Huu et al. 2020






3-D genome architecture

Hierarchical chromatin organisation

Chromosome
territories

Nuclear scale

Nucleosome &
nucleosome
clusters

Dogan and Liu, 2018. Nature Plants, 4, 2018 |

9|eos [ewososnueidng
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3-D genome architecture

Hierarchical chromatin organisation

Dogan and Liu, 2018. Nature Plants, 4, 2018



3-D genome architecture

Hierarchical chromatin organisation

Nucleosome &
nucleosome
clusters

Dogan and Liu, 2018. Nature Plants, 4, 2018 |



3-D genome architecture

Hierarchical chromatin organisation
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3-D genome architecture

Hierarchical chromatin organisation

Nucleosome &
nucleosome
clusters

Dogan and Liu, 2018. Nature Plants, 4, 2018




3-D genome architecture

Hierarchical chromatin organisation

Nucleosome &
nucleosome
clusters

Dogan and Liu, 2018. Nature Plants, 4, 2018 |
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3-D genome architecture

Hierarchical chromatin organisation

Chromosome
territories

Nuclear scale

Nucleosome &
nucleosome
clusters

Dogan and Liu, 2018. Nature Plants, 4, 2018 |

9|eos [ewososnueidng

27



Hierarchical chromatin organisation

O Regulatory element

':{> Gene

I Boundary protein

s Interaction

>/< Indicative for more length

g Regions of chromatin contact
oA ——
AA AN

" Contacts

28



Hierarchical chromatin organisation

O Regulatory element

':{> Gene

I Boundary protein

s Interaction

>/< Indicative for more length

g Regions of chromatin contact
o< ——1
AA AN

A

" Contacts

Loops

TAD

Trends in Plant Science

29



Hierarchical chromatin organisation

(B)

(€

Chr1

Chr2 Chr3 Chr4 Chr5

N

Chr1

Chr5 Chr4 Chr3 Chr2

Contact frequency
S— ]

Low High

O Regulatory element
':{> Gene

I Boundary protein

s Interaction
X Indicative for more length

% Regions of chromatin contact

(D)

(E)

TAD

Trends in Plant Science

30



Organization of the chromosomes in the nucleus
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Mascher et al. 2017



Chromosome configuration in plants

Tourdot & Grob 2023

ROSETTE

BOUQUET

@ chromosome arm

centromere

. nulceolus
. telomere
(O interphase
O meitotic
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3-D genome architecture: Hi-C technique,

library preparation

Crosslink DNA Cut with Fill ends
restriction and mark
Hindlll enzyme with biotin

AAGCTT
TTCGAA

Ligate

Purify and shear DNA;  Sequence using
pull down biotin paired-ends

Lieberman-Aiden et al. 2009



3-D genome architecture: Hi-C technique
data analysis ;

chrl chr2 chr3

a x
. Fragment A | , FragmentB | =N %
f 1 \l/ T | e Iterative Mapping chrl o
Hi-C Method 1 .- T
I I ;‘
\
e TR
\L chr2 é
Sequencing
Y
e chr3
— \L -
paired end e — :
—_— T il T
E— Bins with low signal
S—— J/ chrl chr2 chr3
—_— Ll.‘:;
singleend = —— .
* chrl
—
b Iterative Mapping \

(paired end) @

J

_ Chra

!|[ lll i 'V | |

Lajoie et al. 2015

Interaction frequency




 Can we model the 3D map of the genome using

------

only the linear DNA (with or without methylome)? /
* How frequent are supergenes in the genome |
(using relative physical linkage and recombination

maps, and heatmaps)

e Are supergenes always making one or more TADs?

(verifying using Hi-C heatmaps)
* Are genes in TADs putative supergenes?

 How are supergenes regulated? (all genes together, separate, or mixed model)
35



NGS technologies

-Short reads:

 |llumina

-Long reads:
e Pacific Biosciences RS

 Oxford Nanopore Sequencing



Short-Read Sequencing: Cyclic Reversible Termination (CRT) - lllumina

FU)
60- Fragmented gDNA (Blue)
Final Library (Red)
50
. 40
GenOm IC DNA Large fragments
30 removed
204
W Small fragments
10 removed

! e

35 100 200 300 460 560 700 2000 ; 10;80 [bp]

' LLLLLLLLLL . : :
DNA denaturation Library

LLLLLLLLLL . S A :

| | | | | | | | | | Genomic DNA is sonicated preparatlon '

into 200-700 bp long '

LLLLLLIILL fragments

Adapter ligation :
W—— Small sequences of DNA :

called adapters are ligated

|||||||||||||” to the DNA fragments ;

Young &, Gillung (2020)



Short-Read Sequencing: Cyclic Reversible Termination (CRT) - lllumina

FU]

1. Library preparation «|  Fragmented gDNA (Biue

Final Library (Red)

50

Genom ic DNA i Large fragments

T removed
204
Small fragments

removed

e

Tl T T T T T T Tl T Tl Tl
35 100 200 300 400 500 700 2000 10380 [bp]

DNA denaturation Library

Genomic DNA is sonicated preparation
into 200-700 bp long

fragments ;

Region complementary Region same as
to flow cell oligo flow cell oligo :

Sequencing primer Sequencing primer
binding site 1 binding site 2

Index 2 Index 1

/ DNA insert \

" Young &, Gillung (2020)



Region comple-

flow cel s mentary to the flow 2, Cluster amplification
! cell oligo binds to the

flow cell

A flowcell ID

[ =)
-
>
L)
FIFFTIT TI777 FFTTT F7F7 FITH707 79777 797 7o 777 7774

barcode

flow in \ /# flow out

polyacrylamide-
coated interior
surface of flowcell

39

Young &, Gillung (2020)



Short-Read Sequencing: Cyclic Reversible Termination (CRT) - lllumina
Region comple- :

fow cel . mentary to the flow 2, Cluster amplification
I cell oligo binds to the :

n 1 1 1
(c)
Bridge amplification

(a) (b)
(a) Strands fold over

FR
n {m ” (b) Complementary strand is synthesized forming a double-
1
(@ (b) ©

flow cell

(a) A polymerase creates complement of original fragment
(b) Denaturation of the double stranded molecule
(c) Original template is washed away

stranded bridge
(c) Denaturation results in two singles stranded fragments

This process is repeated over and over, and occurs
simultaneously for millions of clusters

— Clonal amplification of the original fragments

| (a) Denaturation of the double stranded molecule
||‘ \‘ | ‘ HI (b) all Reverse strands are cleaved and washed away
(a) (b) ()

(c) Leaving clusters of Forward strands on the flow cell

Young & Gillung 20200



Short-Read Sequencing:

Cyclic Reversible Termination (CRT) - lllumina

3. Sequencing using Reversible Terminators

fluorophore yA ¢ vA g
< > <.>
LT A LT A

cIeavaIge site ) %
o] o] HN
g )\
HN HN
)\ )\ DNA o N
V% DNA
© N —> (> N —> \ o —>
Incorporate \ Deblock o Incorporate
PPP (o) o o and Cleave Ready for
off Dye 3 Next Cycle
OH
3’ 3’
3’ hydroxyl group
3’ hydroxyl group ] is freed
is blocked Detection

A fluorescently labeled reversible terminator is imaged as each nucleotide is added,
hence this sequencing technology is also called sequencing by synthesis "



Short-Read Sequencing:

Cyclic Reversible Termination (CRT) - lllumina
4. Signal Detection

£ \
A0

A fluorescently labeled reversible terminator is imaged as each nucleotide is added,
hence this sequencing technology is also called sequencing by synthesis "



Why do we need long reads?

Repeat copy 1 Repeat copy 2
——— = —T_ e 1 locus
e — . — - — B
— —_— —_— short
@ reads
e — & — — — — — — f __—__— 4 contigs

Collapsed repeat consensus

43

Slide from Torsten Seemann



Why do we need long reads?

Repeat copy 1 Repeat copy 2

——_-— —I— L — ———_

i - e short

reads

long
reads

= Long reads can span repeats

44
Slide from Torsten Seemann



Why do we need long reads?

Heterozygosity:

diploid

short reads

45

Slide from Torsten Seemann



Why do we need long reads?

Heterozygosity:

diploid

short reads

e |
e s 4 pieces

46
Slide from Torsten Seemann



Why do we need long reads?

Heterozygosity:

diploid

short reads

e |
S s 4 pieces

long reads

2 haplotypes

47
Slide from Torsten Seemann



Long-Read Sequencing: Platforms

— No PCR amplification needed!
— No ‘wash-and-scan’ step required - Faster!

v Single molecules are immobilized on a solid surface
 Pacific Biosciences (PacBio RS Il, Sequel, Sequel Il)

* Oxford Nanopore Technologies (ONT: MinlON, GridlON &
PromethlON)

48



Long-Read Sequencing: PacBio

DNA Sample

Fragment DNA R — ¥ e ) . _—
/ e \
s Y
7 N
_— /7 Y
7 Y
Repair EndS @!-,éﬁ-!,---i!"v!v!é?--439-999é;!!-e-,-ié--u!!és-,4‘3"9-!@
R i s —— )‘.ﬁ Sequencing
. .‘ri( "3!!!!!!!1!!!_!!!!!!!_!!!!_!!!1!!!_!!!!_!!!!!!!!!!!!!!!2!!!,7"Q :; Primer
Ligate adapters Cenngss® oy es®
I Il I |
Ligated hairpin DNA fragment Ligated hairpin
Purify DNA SMRTbell Template can be used to create libraries of varying
insert lengths from 300 bp to 20’000 bp depending on the needs

of the application.
- The same insert can be sequenced multiple times 49



Long-Read Sequencing: PacBio

SMRT = Single Molecule Real Time Technology

@ PACBIO

Sequel Il System

SMRT® Cell

http://www.pacificbiosciences.com/



Long-Read Sequencing: PacBio

Zero-mode waveguide (ZMW)
detector:

* Nanostructure device

* Diameter << wavelength of laser
(532/ 643nm)

* Light can‘t efficiently pass through

http://www.pacificbiosciences.com/



Long-Read Sequencing: PacBio

Attenuated light from the
excitation beam penetrates

the lower 20-30 nm of each
ZMW...

...creating the world’s most
powerful light microscope

with a detection volume of

20 zeptoliters (102! liters)

http://www.pacificbiosciences.com/ 52



Long-Read Sequencing: PacBio

* Single polymerase molecule immobilized in each ZMW

* DNA sequence is read in real time of nucleotide incorporation
e Significant larger DNA molecules can be used (up to tens of 1000 bp)

Each of the four nucleotides is labeled
with a different colored fluorophore

http://www.pacificbiosciences.com/

triphosphate  deoxyribose

Polymerase fixed on the
bottom of the SMRT cell



Long-Read Sequencing: PacBio

* Nucleotides diffuse in and out of detection volume (background noise)
* Fluorescent signal of the correct base remains longer (until base is
incorporated and fluorophor released when phosphate chain is cut)

As a base is held in the detection
volume, a light pulse is produced

| G

Polymerase fixed on the
bottom of the SMRT cell



Intensity

Time

Long-Read Sequencing: PacBio

Sequencing Well BO1, SMRT Cell 1

PacBio ZMWs with single DNA strand
Ordered

[llumina DNA mono-colonal clusters
unordered

55



Long-Read Sequencing: PacBio

SMRTbell” Library

@ !!!!!!!!!!!!!!!!!!!!!! LLIIIIIII LI LIl LIl LIl Il Il Il 1l1ll]l] @

Primer + Polymerase

a
e
HH
L
HE
L
oL
i"

D Q)

(>999% accuracy)
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MIinION MINION mac

https://nanoporetech.com/products/minion
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N. Yousefi



Long-Read Sequencing: Nanopore

Potential I
(Voltage) &2

<41

Membrane Il
|

|
i
Current ¥

flow vy

current

http://cdn.phys.org/newman/gfx/news/hires/2014/oxfordnanopo.jpg

* The transmembrane protein (nanopore) is immersed in a conductive fluid to
which a potential is applied

* The applied potential causes ions to flow trough the nanopore
- we measure a current

* If something is inside the nanopore the amplitude of this current changes
59



Long-Read Sequencing: Nanopore

l

l"

Potential / ‘. {
(Voltage) 52 ; l‘ l I! |
Membrane 'l k
Current J
flow $

current

http://cdn.phys.org/newman/gfx/news/hires/2014/oxfordnanopo.jpg

* The transmembrane protein (nanopore) is immersed in a conductive fluid to
which a potential is applied

* The applied potential causes ions to flow trough the nanopore
- we measure a current

* If something is inside the nanopore the amplitude of this current changes
60



Hairpin Structure

Long-Read
Sequencing: ONT

Membrane

DNA Bases - DNA strand is fed through a
Nanopore nanopore by a processive enzyme

Vo

f
)

, TN k LR
"("- A';,' 7 A -
N :

n .

i,x:«».
t
!
|

- Hairpin structure: sequence both
strands

PN\
R

e

.

Electrical signal Sequence of bases

GAGCATGTCGTAGCTAGCTGACALCTA

—&

61

Electrical signal strength

Leneth of DNA strand ———



Break?
Questions?
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