
Genome Architecture in 3D Space

Narcis Yousefi, University of Zürich

UniL, Nov. 3, 2023

@YousefiNarcisnarjes.yousefi@systbot.uzh.ch

1

©NHGRI



Outline 

• History of DNA and human genome

• Complexity of the genome

• Supergenes

• 3D genome architecture

• Sequencing techniques
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Francis CrickJames D Watson

History of sequencing DNA

• 1953: Watson and Crick described the three-dimensional 
structure of DNA, based on crystallographic data produced 
by Rosalind Franklin and Maurice Wilkins
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• 1977: Sanger sequencing method

Frederick Sanger 1918-2013

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!
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History of sequencing DNA



The human reference genome
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• 2001 initial releases (>10 years 

and $3billion; drafts published in 

Nature and Science)

• 2003 complete (92%)

• 2022 complete (99%)

• 2023 complete (with last 

piece of the puzzle; chr. Y)
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Human ref. genome graph for chr. 3-10

12

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

• Solid-color lines are 

unambigousely assembled 

regions (euchromatic)

• Centromeric satellites are 

the source of most ambiguity 

in the graph (gray highlights, 

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

• The five acrocentric chromosomes are 

connected owing to similarity between 

their short arms.

• The rDNA arrays form five dense tangles 

because of their high copy number

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



The human ref. genome chr. Y
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subsequent drop in asthma severity in women aged 50–65,
correlating with the timing ofmenopause and reduced oestrogen
production [21]. Post-menopausal women are also at increased
risk of developing cardiovascular disease, which has similarly
been attributed to reduced oestrogen levels [22]. The endocrine
system therefore appears to play a significant role in mediating
some sexual dimorphisms in disease. However, with our ever-
increasing understanding of sex chromosomes, it has become
clear that some of the differences between males and females
are due to genetics.

Genetic Causes of Sexual Dimorphism: Understanding
from Evolution
Genetic testis determination triggered the evolution of the
mammalian sex chromosomes, producing a pair of chromo-
somes fundamentally different from the autosomes in terms of
gene content, regulation of gene expression, and inheritance.
The extant X and Y chromosomes, and the females and males
in which they exist, also differ from each other as a result of
this process. We can therefore use the evolution of the sex chro-
mosomes as a paradigm for understanding possible genetic
mechanisms underlying male–female differences.

Themammalian sex chromosomes have evolved from a pair of
autosomes during the past 166 million years (Figure 1A) [23,24].
Between 148 and166million years ago,mutations on the proto-Y
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Figure 1. The evolution of the mammalian
sex chromosomes and dosage
compensation mechanisms.
(A) A testis-determining locus (proto-SRY, white)
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 SRY. Recombi-
nation suppression between the proto-X and -Y
chromosomes likely followed on from chromo-
somal inversions (grey), which were subsequently
only carried by males. Over evolutionary time, the
lack of sexual recombination led to the appear-
ance of repetitive DNA sequences and short-term
expansion. In the longer term, large deletions took
place. The outcome of this process is the small,
relatively gene poor Y chromosome observed in
most eutherian mammals today. Concurrent with
this process, X upregulation (XUR) evolved to
balance X gene dosage between the single X
chromosome and the autosomes in males: this is
depicted as the doubled surface area of the X
chromosomes in (C) compared to (B). However,
XUR was passed on to XX offspring, resulting in
X:autosome dosage disparity between males and
females. X chromosome inactivation (XCI) then
evolved to repress one of the two X chromosomes
in XX cells (D). This is depicted as the loss of colour
of the X chromosome. Abbreviations: Xa, active X
chromosome; Xi, inactive X chromosome.

chromosome resulted in the creation of
the testis-determining gene SRY: carriers
of SRY develop with testes, while non-
carriers develop with ovaries [25,26].
SRY-based genetic testis determination
is conserved in most eutherian mammals,
and the sequence is present in metather-

ians [27], though whether it retains a role in testis determination
in this mammalian clade remains an open question.
After the acquisition of SRY, the proto-Y chromosome picked

up a number of male-beneficial mutations. As a result of linkage
with the testis-determining locus, these mutations provided the
selective force to suppress recombination between proto-X
and proto-Y [28]. Mechanistically, the suppression and eventual
elimination of recombination was possibly achieved by a series
of local inversions [29]. Non-recombining regions also accumu-
lated deleterious mutations that could not be repaired. Over
evolutionary time, lack of recombination led to the accrual of re-
petitive DNA sequences and a short-term increase in the size of
the chromosome, though this eventually resulted in large dele-
tions and explains the relatively diminutive size of the Y chromo-
some in many mammals [28,30]. Most genes from the ancestral
autosome pair were therefore lost from the Y chromosome,
whereas the X chromosome largely maintained its gene content
[23,27,31]. Taking humans as an example, the extant Y chromo-
some encodes fewer than 78 proteins; in contrast, the X chromo-
some contains around 800 genes [28].
As a result of the evolution of XY testis determination, female

mammals carry two copies of the relatively gene-rich X chromo-
some, whereas male mammals carry a single copy of the X chro-
mosome and a gene-poor Y chromosome. The difference in
X-linked gene dosage between males and females led to the
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Evolution of mammalian sex chromosome (a supergene)

Snell &Turner 2018, Current Biology 28

• 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 
led to the appearance of repetitive DNA sequences

• In the longer term, large deletions took place. The 
outcome of this process is the small, relatively gene 
poor Y chromosome observed in most eutherian 
mammals today
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Case study: 
Heterostyly supergene 
in Primula



Heterostyly in flowering plants

Heterostyly is found in 15 orders, 28 families, 199 genera

Naiki 2012; Plant Species Biology 27



Heterostyly (distyly)

• Reciprocal herkogamy

• Secondary features
Stigma papillae size and shape
Pollen size and production

• Self-incompatibility

• Promotes outcrossing
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Heterostyly is controlled by S-locus supergene
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Li et al. 2016; Nowak et al. 2015; Huu et al. 2020

✦ Hemizygous region ca. 280 
kb
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Hierarchical chromatin organisation
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Hierarchical chromatin organisation
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Hierarchical chromatin organisation



Organization of the chromosomes in the nucleus

Rabl configuration

Mascher et al. 2017



Chromosome configuration in plants
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Tourdot & Grob 2023



Lieberman-Aiden et al. 2009

3-D genome architecture: Hi-C technique, 
library preparation



Lajoie et al. 2015

3-D genome architecture: Hi-C technique
data analysis
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Points for the review paper
• 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)

• 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)



NGS technologies
-Short reads:
• Illumina

-Long reads:
• Pacific Biosciences RS
• Oxford Nanopore Sequencing

36
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Short-Read Sequencing: Cyclic Reversible Termination (CRT) - Illumina
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Short-Read Sequencing: Cyclic Reversible Termination (CRT) - Illumina

1. Library preparation
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Short-Read Sequencing: Cyclic Reversible Termination (CRT) - Illumina
Region comple-
mentary to the flow 
cell oligo binds to the 
flow cell

2. Cluster amplification
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Short-Read Sequencing: Cyclic Reversible Termination (CRT) - Illumina
Region comple-
mentary to the flow 
cell oligo binds to the 
flow cell

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

Bridge amplification
(a) Strands fold over
(b) Complementary strand is synthesized forming a double-

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

This process is repeated over and over, and occurs 
simultaneously for millions of clusters
à Clonal amplification of the original fragments

(a) Denaturation of the double stranded molecule
(b) all Reverse strands are cleaved and washed away
(c) Leaving clusters of Forward strands on the flow cell

2. Cluster amplification
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3. Sequencing using Reversible Terminators

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

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

Incorporate
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Short-Read Sequencing: 
Cyclic Reversible Termination (CRT) - Illumina
4. Signal Detection

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?

Slide from Torsten Seemann

short
reads
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Slide from Torsten Seemann

à Long reads can span repeats

short
reads

long
reads
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Why do we need long reads?



Slide from Torsten Seemann

Heterozygosity: 

short reads
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Why do we need long reads?



Slide from Torsten Seemann

Heterozygosity: 

short reads
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Why do we need long reads?



Slide from Torsten Seemann

Heterozygosity: 

short reads

long reads
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Why do we need long reads?



Long-Read Sequencing: Platforms

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

ü Single molecules are immobilized on a solid surface

• Pacific Biosciences (PacBio RS II, Sequel, Sequel II)

• Oxford Nanopore Technologies (ONT: MinION, GridION & 
PromethION)
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DNA Sample

Fragment DNA

Repair Ends

Ligate adapters

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.
à The same insert can be sequenced multiple times 49

Long-Read Sequencing: PacBio



Long-Read Sequencing: PacBio

50
http://www.pacificbiosciences.com/

SMRT = Single Molecule Real Time Technology



http://www.pacificbiosciences.com/

Zero-mode waveguide (ZMW) 
detector:

• Nanostructure device

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

• Light can‘t efficiently pass through 

100 nm

51

Long-Read Sequencing: PacBio



http://www.pacificbiosciences.com/

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 (10-21 liters)

Light
52

Long-Read Sequencing: PacBio



http://www.pacificbiosciences.com/

• Single polymerase molecule immobilized in each ZMW 
• DNA sequence is read in real time of nucleotide incorporation
• Significant larger DNA molecules can be used (up to tens of 1000 bp)
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Long-Read Sequencing: PacBio

Polymerase fixed on the 
bottom of the SMRT cell



http://www.pacificbiosciences.com/

• 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)

Polymerase fixed on the 
bottom of the SMRT cell54

Long-Read Sequencing: PacBio



PacBio ZMWs with single DNA strand
Ordered 
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Long-Read Sequencing: PacBio

Illumina DNA mono-colonal clusters
unordered
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Long-Read Sequencing: PacBio



Long-Read Sequencing: Nanopore

https://nanoporetech.com/products/minion 57
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Long-Read Sequencing: ONT

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



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

Membrane

Potential 
(Voltage) +-

• 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
à we measure a current
• If something is inside the nanopore the amplitude of this current changes

-
-

-
-

-
-
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-

-
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Long-Read Sequencing: Nanopore



Membrane

Potential 
(Voltage) +-
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Long-Read Sequencing: Nanopore

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
à we measure a current
• If something is inside the nanopore the amplitude of this current changes



Snapshot from movie at http://www.nanoporetech.com

Enzyme plus DNA

Nanopore

61

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

- Hairpin structure: sequence both 
strands

Long-Read 
Sequencing: ONT



Break?
Questions? 
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