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Genomics

Systems Biology
“…is an approach in biomedical research to 
understanding the larger picture—be it at the level of 
the organism, tissue, or cell—by putting its pieces 
together.”1 (opposite to reductionist view of taking 
things apart)

“is an interdisciplinary field of biology focusing on the 
structure, function, evolution, mapping, and editing of 
genomes.” (wiki)

Bioinformatics
“is a subdiscipline of biology and computer 
science concerned with the acquisition, storage, 
analysis, and dissemination of biological data, 
most often DNA and amino acid sequences.”

https://www.genome.gov/genetics-glossary/Bioinformatics

Transcriptomics
“the study of the complete set of RNA transcripts 
that are produced by the genome, under specific 
circumstances or in a specific cell—using high-
throughput methods, such as microarray analysis.” 
(nature portfolio)

Recent updates in…

https://www.genome.gov/genetics-glossary/Bioinformatics


Lecture outline

1. Introduction

2. Brief history of sequencing

3. dawn of third gen sequencing

4. Case studies - genomics

5. Case studies - transcriptomics



This is how scientists see the world
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Genome

Genome = Parts list of a single genome



Extract DNA
(or RNA)

Shear DNA
(or RNA)

Sequence

Wet lab work

Bioinformatics

Reads
50-500 bp

Assembly ScaffoldingContigs
1kb – 100 kbp

N N

Scaffolds
Hopefully Mbp

A typical genome/transcriptomic project

DNA or RNA Reads
50-500 bp

Annotation 
ATCG
ATGG
ATCG

Variants
Data QC 

Transcriptomics



Extract DNA
(or RNA)

Sequence

Wet lab work

Bioinformatics

Long Reads
Kb to even Mb long

Assembly Scaffolding
using HiC

Contigs or chromosomes
Mbs

Chromosomes

A 2021 genome/transcriptomic project (take home message)

Annotation 
ATCG
ATGG
ATCG

Variants
Data QC 

Long intact DNA/
Full RNAs
With modifications

Long intact DNA/
Full RNAs

More metadata

More in-depth Analysis



Why sequence a genome?

• Phylogenetic position
• Differences between species (comparative genomics)
• Variations between individuals (population genetics)
• Help to understand biology
• Of economic, agricultural, medical, ecology values

• Help to understand biology



Things to consider in sequencing
1. Length
2. Depth
3. Biases
4. Errors



Read length matters in sequencing

https://www.cbcb.umd.edu/research/assembly_primer



Read length matters in sequencing

1 100kb

…ATCGATGACTGACTGACTGGTTGAC…

R1 R2



Depth matters in sequencing

…ATCGATGACTGACTGACTGGTTGAC…

ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCCATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC

ATCGATCACTGACTGACTGGTTGAC

reference

Homozygous? Heterozygous?
1X

10X



http://www.nature.com/nrg/journal/v16/n11/fig_tab/nrg3933_F2.html

Sequencing Biases



Sequencing Errors

Quail et al., BMC Genomics (2012) 13:341

A) Illustration of errors in Illumina data 
after a long homopolymer tract. Ion torrent 
data has a drop of coverage and multiple 
indels are visible in PacBio data.

B) Example of errors associated with short 
homopolymer tracts. Multiple insertions 
are visible in the PacBio Data… MiSeq
sequences read generally correct through 
the homopolymer
tract.



Sequencing – a brief history



1. The Human Genome Project
2. Sequencing the unculturable majority
3. Sequencing — the next generation
4. ChIP–seq captures the chromatin landscape
5. The dawn of personal genomes
6. A sequencing revolution in cancer
7. Transcriptomes — a new layer of complexity
8. Long reads become a reality
9. Exploring whole exomes
10.Probing nuclear architecture with Hi-C
11.Sequencing one cell at a time
12.Waking the dead: sequencing archaic hominin genomes
13.Cataloguing a public genome
14.Our most elemental encyclopaedia
15.Pan-genomes: moving beyond the reference
16.Genomes go platinum
17.Filling in the gaps telomere to telomere

https://www.nature.com/immersive/d42859-020-00099-0/index.html10 February 2021

https://www.nature.com/immersive/d42859-020-00099-0/index.html


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC431765/



ABI 3730xi at TIGR (1.6Mb per day)

https://www.flickr.com/photos/jurvetson/57080968



Nature 409, 860-921(15 February 2001)
doi:10.1038/35057062





Public funding of scientific R&D has a significant positive impact on the wider 
economy, but quantifying the exact impact of research can be difficult to assess. A 
new report by research firm Battelle Technology Partnership Practice estimates that 
between 1988 and 2010, federal investment in genomic research generated an 
economic impact of $796 billion, which is impressive considering that Human 
Genome Project (HGP) spending between 1990-2003 amounted to $3.8 billion. 
This figure equates to a return on investment (ROI) of 141:1 (that is, every $1 
invested by the U.S. government generated $141 in economic activity). The report 
was commissioned by Life Technologies Foundation.

Calculating the economic impact of the 
Human Genome Project

https://www.genome.gov/27544383/calculating-the-
economic-impact-of-the-human-genome-project/



A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome
Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

2000-2010s – Second generation sequencing and associated 
challenges

http://www.nature.com/news/2010/100331/full/464670a.html
https://www.nlm.nih.gov/about/https://www.nlm.nih.gov/about/2018CJ.html

sequencing made cheaper, faster and higher throughput

https://doi.org/10.1093/bib/bby063
http://www.nature.com/news/2010/100331/full/464670a.html
https://www.nlm.nih.gov/about/https:/www.nlm.nih.gov/about/2018CJ.html


NGS = sequencing made cheaper, faster and 
higher throughput



World competing for sequencing power

http://omicsmaps.com/





Illumina machines



https://www.youtube.com/watch?v=fCd6B5HRaZ8

Illumina: sequencing by synthesis

https://www.youtube.com/watch?v=fCd6B5HRaZ8




Illumina platform comparison



And the arrival of 3rd generation sequencing…
(much longer read lengths)



PacBio (Pacific Biosciences)

RSII Sequel II



PacBio (Pacific Biosciences)

https://www.pacb.com/smrt-science/smrt-
sequencing/smrt-sequencing-modes/

https://www.pacb.com/smrt-science/smrt-sequencing/smrt-sequencing-modes/


Oxford Nanopore



Oxford Nanopore – how it works
Introduction to nanopore
https://vimeo.com/297106166

Voltrax
https://vimeo.com/297106291

Sequencing for farmers Rainforest
https://vimeo.com/294216876 https://www.youtube.com/watch?v=6RRSxWtJPUw

@ Oceans From Extreme to everyday
https://vimeo.com/294744892 https://www.youtube.com/watch?v=tQ_oo7_36r8

Reference
https://nanoporetech.com/how-it-works

Nanopore Sequencing of Ebola Viruses Under Outbreak Conditions 
https://www.youtube.com/watch?v=SYBzPEoENWI ; https://www.nature.com/articles/nature16996

https://vimeo.com/297106166
https://vimeo.com/297106291
https://vimeo.com/294216876
https://www.youtube.com/watch?v=6RRSxWtJPUw
https://vimeo.com/294744892
https://www.youtube.com/watch?v=tQ_oo7_36r8
https://nanoporetech.com/how-it-works
https://www.youtube.com/watch?v=SYBzPEoENWI
https://www.nature.com/articles/nature16996


Read length and capacity go beyond

https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1

https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1


Epigenomics

The epigenome is a 
multitude of chemical 
compounds that can tell 
the genome what to do.

1.Histone modifications
2.DNA Methylation



https://nanoporetech.com/applications/investigation/epige
netics-and-methylation-analysis

https://nanoporetech.com/applications/investigation/epigenetics-and-methylation-analysis


New techniques that transformed genomics in addition to 
long reads: Chromosome conformation capture (previously 
used epigenetic dimension of chromosomes)



Lieberman-Aiden (2009) Science 10.1126/science.1181369



Lieberman-Aiden (2009) Science 10.1126/science.1181369



Summary: evolution of sequence reads
DNA fragment (300-600bp)

Paired end reads ; ~150bp sequenced on both 
ends of a DNA fragment. We know these read 
pairs belong to the same fragment.

Illumina ; high accuracy ; “short” 
reads
Still needed with its high depth and 
accuracy

DNA fragment ( 1-30+++ kb)

All these reads belong to the same
fragment

10X technology 
sequenced in Illumina ; 
high accuracy ; ‘linked’ 
reads

Whole read (very long) sequenced!
Oxford Nanopore or 
Pacbio ; still errorneous; 
contain modification 
information



Analysis approaches





Four situations you are most likely to encounter

Genome reference is available (for example, humans): 
• Re-sequence (DNA, RNA)
• Map (align) sequence to the genome

Genome reference is NOT available
• Assemble the reads to get the genome

Counting:
• For a given region (gene) we want to know how much.à gene 

expression or metagenomics

• Statistics



Align the following two sequences:

ATTGAAAGCTA
GAAATGAAAAGG
1:
--ATTGAAA-GCTA
| ||||| |

GAAATGAAAAGG--

2:
ATTGAAA-GCTA---

|||| |  |
---GAAATGAAAAGG

insertions / deletions (indels) mismatches
Which alignment is better?

What is an alignment? (mapping)

Scoring scheme is needed:
1 for match
-1 for mismatch
-2 for gap



Mapping

doi:10.1038/nrgastro.2012.126



Long read able to uncover long SV

https://www.nature.com/articles/s41467-017-01343-4

https://www.nature.com/articles/s41467-017-01343-4


Genome
(3.000.000 letters)

Reads
(50-500 letters each)

Sequencing Assembly

Genome
(3.000.000 letters)

Assembly



https://www.nature.com/articles/ng.3824

Long read + HiC to produce a reference assembly (since 2017)

https://www.nature.com/articles/ng.3824


https://www.pnas.org/content/118/52/e2109019118

https://www.pnas.org/content/118/52/e2109019118


Annotation

Yandell and Ence Nature Genetics Review (2012)

Now with RNAseq

de novo 



Cook et al (2017) Plant Physiology



Case studies - genomics



Scenarios now and then

1. [lab/hospital/mountain/sea] Collect samples (1.1, 1.2, 1.3…)
2. [lab/hospital] Extract DNA (2.1, 2.2, 2.3…)
3. [lab/hospital/company] Sequencing   (3.1, 3.2, 3.3…)
4. [lab/company] Analysis
5. [lab/hospital] Report

Weeks

Minutes1.  [lab/hospital/mountain/sea] Collect samples -> report
(diagnostic, cheaper,
larger-scale..)



Current and future



• Sequencing will still be cheaper, read will get longer
• Projects will be bigger

• Standard labs will be able to generate collections of themselves

( 3 labs )



Classical genetics

http://www.nature.com/nrg/journal/v12/n11/pdf/nrg3031.pdf



Comparative genomics / Phylogenomics

Guojie Zhang et al. Science (2014) Roger & Gibbs Nature Reviews Genetics (2014)



Comparative genomics

Wu et al., Nature (2018)

Genomics of the origin and evolution of Citrus



Population genomics

http://www.genomenext.com/casestudies_post/population-
scale-analysis-genomic-samples-analyzed-from-2504-
individuals-in-1-week/

Novembre et al Nature (2008)



A collection of Icelandic genealogical 
records dating back to the 1700s.

The blood of a thousand Icelanders.
Photo: Chris Lund

Here we describe the insights 
gained from sequencing the whole 
genomes of 2,636 Icelanders to a 
median depth of 20×.

Nature Genetics volume 47, pages 435–444 (2015)



The project is taking a two-pronged approach to identify 
rare variants and their effects: 

•by studying and comparing the DNA of 4,000 people 
whose physical characteristics are well documented, 
the project aims to identify those changes that have no 
discernible effect and those that may be linked to a 
particular disease; 

•by studying the changes within protein-coding areas 
of DNA that tell the body how to make proteins of 
6,000 people with extreme health problems and 
comparing them with the first group, it is hoped to find 
only those changes in DNA that are responsible for the 
particular health problems observed. 

The project received a £10.5 million funding award from 
Wellcome in March 2010 and sequencing started in late 
2010. For more information, please use the links on the 
right hand side. 

https://www.uk10k.org/



Stark et al (2019) AJHG



https://www.twbiobank.org.tw/new_web/index.php

https://www.twbiobank.org.tw/new_web/index.php


Precision medicine 
!"#$

Ashley (2016) Nature Review Genetics



Morash et al (2018) Journal of Personalized Medicine

Outline of precision medicine



Morash et al (2018) Journal of Personalized Medicine

Summary of outcomes in Oncology PM Studies



Population genomics of pathogens

Mutreja et al., Nature Genetics (2011)



2013 2016



https://artic.network/ncov-2019

https://artic.network/ncov-2019


https://artic.network/ncov-2019

https://artic.network/ncov-2019


https://nextstrain.org/

https://nextstrain.org/


https://nextstrain.org/

https://nextstrain.org/


https://nextstrain.org/narratives/ncov/sit-rep/en/2020-03-20

https://nextstrain.org/narratives/ncov/sit-rep/en/2020-03-20


https://www.science.org/news/2021/08/new-sars-cov-2-variants-have-
changed-pandemic-what-will-virus-do-next
https://www.science.org/doi/epdf/10.1126/science.acx891920 August 2021

https://www.science.org/doi/epdf/10.1126/science.acx8919
https://www.science.org/doi/epdf/10.1126/science.acx8919


Human gut microbiome



Human gut microbiome

doi:10.1038/nature08821



Human gut microbiome

doi:10.1038/nature08821

We can check which OTUs 
constitute the clustering (and 
separation) patterns 

-> Biology
-> Biomarkers



Tracking microbiome on a daily scale

David et al. Genome Biology 2014, 15:R89



Tracking microbiome spanning 6 years

Faust et al 2015







Other fields transformed by genomics



ancient DNA



1. The Human Genome Project
2. Sequencing the unculturable majority
3. Sequencing — the next generation
4. ChIP–seq captures the chromatin landscape
5. The dawn of personal genomes
6. A sequencing revolution in cancer
7. Transcriptomes — a new layer of complexity
8. Long reads become a reality
9. Exploring whole exomes
10.Probing nuclear architecture with Hi-C
11.Sequencing one cell at a time
12.Waking the dead: sequencing archaic hominin genomes
13.Cataloguing a public genome
14.Our most elemental encyclopaedia
15.Pan-genomes: moving beyond the reference
16.Genomes go platinum
17.Filling in the gaps telomere to telomere

https://www.nature.com/immersive/d42859-020-00099-0/index.html10 February 2021

https://www.nature.com/immersive/d42859-020-00099-0/index.html


Break here



Transcriptomics / RNAseq



http://jura.wi.mit.edu/bio/education/hot_topics/RNAseq/RNA_Seq.pdf

Types of RNA

http://jura.wi.mit.edu/bio/education/hot_topics/RNAseq/RNA_Seq.pdf


Arcondeguy et al (2015) 

Gene and isoforms





RNA-seq data generation

Griffith et al (2015) Plos Computational Biology 



Stark, Grzelak and Hadfield (2019) Nature Reviews Genetics

RNAseq analysis workflow for differential expression (generalized)



Stark, Grzelak and Hadfield (2019) Nature Reviews Genetics



Evolution of RNAseq over time (from SRA)

Berge et al., Annual Review of Biomedical Data Science (2019)



Further advances
Single cell RNAseq (ScRNAseq)



single cell sequencing



Evolution of single-cell isolation

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Microfluidic isolation in reagent- filled 
droplets

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Spatialomics

Stark et al., Nature Review Genetics (2019)

2. The mRNA diffuses to the slide surface and hybridizes to oligo- dT cDNA synthesis 
primers that encode UMIs and spatial barcodes. It is then reverse transcribed to 
produce cDNA, which is pooled for library preparation and sequencing. 

1. Spatial encoding requires a frozen tissue section to be 
applied to oligo- arrayed microarray slides or to ‘pucks’ of 
densely packed oligo- coated beads.

3. Computational analysis of the spatialomics data maps sequence 
reads back to their spatial coordinates after DGE analysis and allows 

differential spatial expression to be visualized.



Applications of scRNAseq computational approaches
1. Cell type identification

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Applications of scRNAseq computational approaches
2. Cell hierarchy reconstruction

Trajectory analysis 
pipeline (Monocle)

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Trajectory analysis 
pipeline (Monocle)

Huang et al., Experimental & Molecular Medicine (2018) 50:96

Applications of scRNAseq computational approaches
2. Cell hierarchy reconstruction



Applications of scRNAseq computational approaches
3. Inferring regulatory networks

Identifying modules of
co-regulated genes

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Applications of scRNAseq computational approaches
3. Inferring regulatory networks

Identifying modules of
co-regulated genes

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Applications of scRNAseq computational approaches
3. Inferring regulatory networks

Identifying modules of
co-regulated genes

Pseudotime + Clustering

Huang et al., Experimental & Molecular Medicine (2018) 50:96



Other approaches



nascent RNA 

Essentially enrich newly 
transcribed RNAs in a cell 
and compare to control (mature RNA)

Stark et al., Nature Review Genetics (2019)



translatome

• RNA-sequencing from ribsomally 
bound RNA

• mRNA ribosome density correlates 
with the protein synthesis level

(Ribo-seq)

Leave ribosome-
protected RNA

exposed RNA

Stark et al., Nature Review Genetics (2019)



RNA-RNA interaction
RNA-protein interaction

• A) Probe structured (ddRNA) or 
unstructured (ssRNA) RNA in
transcriptome level

• B) Crosslinking interacting RNA with
biotinylated psoralen

• C) Crosslinking immunoprecipitation of 
RNA followed by sequencing

Stark et al., Nature Review Genetics (2019)



Single cell sequencing + multi omic perspective



Stuart and Satija (2019) Nature Review Genetics

Overview of current methods for single cell data integration



Example of experimental methods for performing single-cell multimodal
measurements

Stuart and Satija (2019) Nature Review Genetics



Multi-modal data can lead to better power at identifying cell states

Stuart and Satija (2019) Nature Review Genetics



Spatial omics + scRNA-seq

Stuart and Satija (2019) Nature Review Genetics



Spatial omics + scRNA-seq

Stuart and Satija (2019) Nature Review Genetics

Mapping smFISH cells onto scRNA-seq data allows the 
transfer of cell-type classifications derived from 
transcriptome-wide gene expression measurements 
to be transferred to the spatially resolved cells

mapping scRNA-seq data onto smFISH-profiled spatial 
coordinates can allow scRNA-seq data from 
dissociated cells to be placed back into their 
spatial context



Spatial omics + scRNA-seq

Stuart and Satija (2019) Nature Review Genetics

By mapping scRNA-seq-profiled cells onto spatially resolved coordinates through 
the integration with smFISH data, spatial patterns of gene expression can be 
predicted for any gene measured in the scRNA-seq data set. Through these 
predictions, novel spatial patterns of gene expression may be identified through 
the analysis of genes that were not profiled by smFISH



a multi-omic perspective



Hain et al (2017) Genome Biology

Multiple omics data types

• Genome first or Phenotype first or 
environment first?

• Genome first -> GWAS

• “Locus-centered integration of additional 
omics layers can help to identify causal 
single nucleotide polymorphisms(SNPs) 
and genes at GWAS loci and then to 
examine how these perturb pathways 
leading to disease”



Integrating multi-omics to network

Dam et al (2016) Briefings in Bioinformatics 

Various additional data can then 
be used to enrich and extract 
biological relevant information 
from the network



Example: FTO 
GWAS locus

Claussnitzer et al (2015) N Engl J Med
Hain et al (2017) Genome Biology



“a paradigm for future multi-omic studies of the human microbiome”

Proctor, L.M., Creasy, H.H., Fettweis, J.M. et al. The Integrative Human Microbiome Project. 
Nature 569, 641–648 (2019). https://doi.org/10.1038/s41586-019-1238-8



Summaries



https://www.nature.com/articles/s41576-020-0272-6

1. Making genomics truly equitable
2. Genome sequencing at population scale
3. A global view of human evolution
4. African genomics — the next frontier
5. Decoding multifactorial phenotypes
6. Enhancers and embryonic development
7. Spatial multi- omics in single cells
8. Unravelling the layers of the epigenome
9. Long non- coding RNAs: a time to build
10.FAIR genomics to track tumorigenesis
11. Integrating genomics into medicine
12.CRISPR genome editing enters the clinic

https://www.nature.com/articles/s41576-020-0272-6


New challenges

• So much data
• Technology advancement
• Integrating different kinds of data (multi-omic)
• High performance
• Reproducibility crisis

• Bioinformaticians as a profession
• Only biology has a specific term to refer to the use of computers in this discipline 

(‘bioinformatics’)
• Proper integration into academic curriculums



Accepting a Nobel prize nearly two decades ago, my old friend Sydney Brenner had a 
warning for biology. “We are drowning in a sea of data and starving for knowledge,”
he said. That admonishment, from one of the founders of molecular biology, who 
established the nematode worm Caenorhabditis elegans as a model organism, is even 
more relevant to biology today.

https://www.nature.com/articles/d41586-021-02480-z13 September 2021 

https://www.nature.com/articles/d41586-021-02480-z




Shift in paradigm 2005-2021 (My personal take)

• Genome and transcriptome sequencing projects are
• being done on a per-lab basis and no longer exclusive to 

sequencing centers
• moving away from exploration to question orientated. 

• Data being produced on a much faster speed at a much higher 
throughput, and a much cheaper scale

• More methods, analysis, tools, experiments…
• Not always better

It is an exciting time to be in



Thank you


