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× WhatareGenomics
o The GenomicRevolution

× Sequencing
o Sample Preparation
o Basic Stepsfor LibrabryPreparation
o DNA Sequencing

Á IlluminaShort Read Sequencing
Á NanoporeLong Read Sequencing
Á DNA-SeqData Analysis

o RNA Sequencing(Transcriptomics)
Á RNA-SeqData Analysis (differencesin comparisonto DNA-Seq)

× Presentationof a real Project asExampleto show
o Χ how a projectusingDNA sequencingcanlook like
o Χ what informationcanbedrawnfrom sequencingdata
o Χ whichdownstreamanalysescanbedonewith the variant file that

we will produceduringthe hands-on practicalpart

About this Lecture
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Part 1

×WhatareGenomics
o The GenomicRevolution
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Comparative genomics: the study of the genomestructure and function across
different speciesandthe evolutionof genomes

Metagenomics: the study of environmental samples containing genetic material 
from several individuals and species

Population genomics: the study of genetic variation within and between 
populations, understanding evolutionary forces (selection, drift, migration)

Pangenomics/ Pantranscriptomics: the determination of the entirety of genes, 
transcripts, differential splicing and genomes within a certain species

And othersΧ

What are Genomics

An interdisciplinary field of biology studyingthe manyaspectsof genomes

Structural genomics: the study of the physical composition and organization of the genome and 3D-structure of proteins

Functional genomics: Transcriptomics (Gene expression), gene and protein function, gene interactions

Epigenomics: heritable changes in gene expression without DNA sequence changes (DNA methylation, histone 
modifications)
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The Genomic Revolution: Definition

The genomic revolution refers to the rapid advancement and widespread application 
of technologies to quickly and affordably obtain and analyze entire genomes Ą 

transforming biology, healthcare, agriculture
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First sequencingmethodsin 1970s and 1980s: Sanger and Maxam-Gilbert Sequencing

Frederick Sanger
British Biochemist
Nobel prize1980 
for first-everDNA 

sequencing
technique

The GenomicRevolution: BeginningsΧ
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First completegenomesequencedin 1976: BacteriophageMS2(Emesviruszinderi)

Oneof the smallestknowngenomes: 3569 single-strandedRNA 
nucleotides!

Containsonly 4 proteins:

- coat protein (cp) Ą protein shell of the virus, enclosing the genome
  First gene to be completely sequenced (1972)
- maturation protein (A-protein) Ą attaches to bacteria during infection
- replicase (rep) protein Ą replicates the RNA genome
- lysis (lys) protein Ą lysis of infected bacterial cell to release new virions

The GenomicRevolution: BeginningsΧ
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The GenomicRevolution: BeginningsΧ

In 1992, first fully sequenced chromosome
(yeast chromosome III Ą 315 Kbp)

In 1995Σ ŦƛǊǎǘ ƻǊƎŀƴƛǎƳΩǎ Ŧǳƭƭȅ ǎŜǉǳŜƴŎŜŘ genome
(Haemophilus influenzae Ą 1.8 Mbp)

After that, several other, still relatively small genomes followed (bacteria and archaea)
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¢ƘŜ άwŜǾƻƭǳǘƛƻƴά started with the Human Genome Project in 1990 

ά/ƻƳǇƭŜǘŜŘέ ƛƴ нлло Ą ~92% of total genome covered

2021 Ą 0.3% of bases with potential issues
2022 Ą gapless assembly

Goals:
- determine the complete genome sequence
- identifying, mapping and sequencing all 

genes Ą physical and functional 
characteristics

The GenomicRevolution: «Real» Start

~ 3.1 Gbpgenome! 9



Axolotl ς32 Gbp
Largesteversequenced!
About the same number

of genes ashumans

The GenomicRevolution: GenomeSizes

Picea abiesς19.6 Gbp
About the same number

of genes ashumans 10



Key effects of the Genomic Revolution include:
× dramatic cost reductions for sequencing

× advancements in personalized medicine, disease diagnosis and treatment
× agricultural improvements (e.g. higher yield, stress resistance etc)

The GenomicRevolution: Effects
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(Microarrays, 
Sequencingby
sythesis)



The GenomicRevolution: The «-omics» Era

Hormonomics

Ionomics

Phenomics

Χ
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ÅA predictivemodel connectingthe expressionof geneswith DNA 
variationand phenotypicvariation

ÅInvestigatingall factorsthat influencegene expression(other genes, 
epigeneticfactors, transcriptionfactor, non-coding RNAs, proteins)

The GenomicRevolution: Gene regulatorynetworks
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The Genomic Revolution: Interactomics

The whole set of molecular interactions in a 
cell, e.g. protein ς protein interactions or 
small molecules ς proteins interactions
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Part 2

× Sequencing
o Sample Preparation
o Basic Stepsfor Library Preparation
o DNA Sequencing

Á IlluminaShort Read Sequencing
Á NanoporeLong Read Sequencing
Á DNA-SeqData Analysis

o RNA Sequencing(Transcriptomics)
Á RNA-SeqData Analysis (differencesin 

comparisonto DNA-Seq)
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DNA Sequencing: Sample Preparation

1. Getyour plant material (e.g. leaves):
Á Shipped(hopefullyfreshand cooled)
Á Harvestedby yourself

2. Store your plant material (if needed):
Á Shock freezein liquid nitrogen(optional) and 

store in -80°C (-20°C for short-term)

3. Extract your DNA:
Á DNA extractionkits (containingingredientsand a stepby stepmanual) or customized

scripts
Á Beforestartingextraction, youhaveto grindyour material



To sequenceDNA (or RNA), so-calledsequencinglibraries haveto be prepared
(usually done by sequencing company)from the samples with the geneticmaterial

DNA Sequencing: Library Preparation

Size Selection
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DNA Sequencing: Depth and Coverage

SequencingDepth
Number of times a particular nucleotide is read Ą Influences confidence in the accuracy

D
e

p
th

Coverage

Sequencing Coverage
Proportion or percentage of a genome being sequenced Ą Influences general 
data (information) availability



DNA Sequencing: Costs

Costs: very roughly between 150 and 1500$ (depends on many different factors)

- We have a 300Mbp genome
- A depth of җ 10 is recommendable.

ĄWhen having a 300 000 000 bp (300Mbp) genome and wanting each base being 
sequenced 10x on average we need per sample:

300 000 000 (genome length) x 10 (desired average depth) = 3 000 000 000 (3 Gbp)

BUT: Reduced-representation genome sequencing (e.g. ddRAD) helps reduce costs. 
And there are tremendous amounts of sequencing data publicly available online
(e.g. NCBI, ENA)

[ŜǘΩǎ ŎƻƴǎƛŘŜǊ ŀƴ ŜȄŀƳǇƭŜ ŦƻǊ ǿƘƻƭŜ-genome sequencing



DNA Sequencing: Paired-end versus single-end libraries

Single -end vs Paired -end Sequencing

adapter adapter adapter adapterfragment fragment

primer primer

primer
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DNA Sequencing: Illumina sequencing by synthesis

For a long time the absolute gold-standard in sequencing
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Tremendous advancement for transcript detection via long-read sequencing
Ą One read = one transcript (full-length cDNA) has become reality

DNA Sequencing: Short- vs Long-reads

~ 50 to 300 bases Up to 50 kb possible

Gene Gene
22



DNA Sequencing: Long-read nanopore 
sequencing
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DNA Seq Data Analysis: General Steps

Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp
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DNA Seq Data Analysis: Raw sequencing reads file format

Header
Read sequence

Separator/header info
Base quality

Header info:
Á Machine used
Á Flow cell id
Á Lane
Á Coordinates
Á Read direction 

(forward/reverse)
Á Other optional info

Sequencing services provide data in fastq format:
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DNA Seq Data Analysis: General Steps

Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp
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FastqcReport Examples
Somebasicinfo, like 
total readnumber
and lengthof reads

Box plots showing 
aggregated quality 
score (Phred score) 
statistics at each 
position along all 
reads in the file

Basedon the report, readscanbe
filtered, e.g. adapter sequences, 
short reads, low quality reads

DNA Seq Data Analysis: Raw Reads QC
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp

DNA Seq Data Analysis: General Steps
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DNA Seq Data Analysis: Aligned Reads Visualization
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp

DNA Seq Data Analysis: General Steps
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DNA Seq Data Analysis: Bam file QC
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp

DNA Seq Data Analysis: General Steps
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DNA Seq Data Analysis: VCF file for Variants

33



Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, BowtieĄ
BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Variant Calling
(GATK, Stacks, 

Freebayes, 
bcftoolsĄ VCF)

Variant Filtering
& Annotation

(SNPeff, vcftools)

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Thr Gly Arg

Asp

DNA Seq Data Analysis: General Steps
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RNA Sequencing: Transcriptomics

But Transcriptomicsdo not only look at coding
ƎŜƴŜǎΧ 35



RNA Sequencing: Coding vs Non-coding RNA

Estimate of RNA type proportions in a typical mammalian cell

Ą Typically, only a small part of the transcribed RNA is coding RNA
36



RNA Sequencing: Coding vs Non-coding RNA
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RNA Seq Data Analysis: General Steps

Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, STAR, 
BBmapĄ BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Quantification
(Read Count)

Differential 
Expression 
Analysis

(EdgeR, Deseq2)

Reference 
Genome or

Transcriptome

S
a

m
p

le
1

S
a

m
p

le
2

Strandedor
unstranded
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, STAR, 
BBmapĄ BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Quantification
(Read Count)

Differential 
Expression 
Analysis

(EdgeR, Deseq2)

Reference 
Genome or

Transcriptome

S
a

m
p

le
1

S
a

m
p

le
2

Strandedor
unstranded

RNA Seq Data Analysis: General Steps
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Unstranded:
Å Less expensive
Å Easier to execute
Å Recommended for well 

annotated references
Å Enough for most differential 

expression analyses

Legend

Stranded:
Å More accurate 
Å Identify sense/antisense transcripts
Å Advantageous for annotation and 

novel transcript discovery
Å Insights into regulatory mechanisms 

specific to one strand
Å Information about differential 

expression between genes on 
different strands

(Both strands sequenced)

(Either forward or reverse strand sequenced)

RNA Seq Data Analysis: Stranded vs Unstranded
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, STAR, 
BBmapĄ BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Quantification
(Read Count)

Differential 
Expression 
Analysis

(EdgeR, Deseq2)

Reference 
Genome or

Transcriptome

S
a

m
p

le
1

S
a

m
p

le
2

Strandedor
unstranded

RNA Seq Data Analysis: General Steps
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Youwill end up with a bam file
(binarysequencealignmentmap)

Containsinfo aboutmappedreads
(and unmappedreads), amongothers:
- Identifier for eachread
- Reference sequencename
- Position respectiveto reference
- Mapping quality

RNA Seq Data Analysis: Mapping Reads to Reference
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Reads canbevisualizedin genomebrowsers, 
e.g. IGV, showingcoverage, singlereads, 
sequencingdifferences, genes etc.

RNA Seq Data Analysis: Aligned Reads Visualization
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, STAR, 
BBmapĄ BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Quantification
(Read Count)

Differential 
Expression 
Analysis

(EdgeR, Deseq2)

Reference 
Genome or

Transcriptome

S
a

m
p

le
1

S
a

m
p

le
2

Strandedor
unstranded

RNA Seq Data Analysis: General Steps
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Assumption: the number of mapped reads for each gene is proportional to the expression of RNA

Ą NOTE:  counts must be normalized according to the question to be answered

To compare gene expression
a) within one sample (compare two genes) 
b) between samples (compare expression between conditions)

the reads aligning to each gene have to be counted.

Sample 1

Sample 2

RNA Seq Data Analysis: Read Counting
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If you want to compare expression of a 
certain gene between two samples, you 
must normalize for sequencing depth

If you want to compare expression of 
two genes within the same sample you 
must normalize for gene length

Gene X

Gene Y

Gene Z

Gene X

Gene Y

RNA Seq Data Analysis: Read Count Normalization
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Raw Sequencing
Reads (FASTQ)

Quality Control & 
Filtering(Fastqc, 
Trimmomatic, 

BBDuk

Alignment to
reference

(BWA, STAR, 
BBmapĄ BAM)

Quality Control & 
Filtering

(Qualimap, 
Picard, samtools)

Quantification
(Read Count)

Differential 
Expression 
Analysis

(EdgeR, Deseq2)

Reference 
Genome or

Transcriptome

S
a

m
p

le
1

S
a

m
p

le
2

Strandedor
unstranded

RNA Seq Data Analysis: General Steps
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Compare genes or samples in a Differential Gene 
Expression (DGE) Analysis:
Ç Compare genes within one sample, e.g. in a gene 

family, which genes are more expressed?
Ç Compare gene expression between two conditions, e.g. 

plants grown under normal conditions compared to 
heat stress conditions, or healthy cells vs diseased cells

Ą For example, make Gene Ontology (GO) enrichment 
analysis to check for overrepresented gene categories

Å Can give insights into adaptability of 
plants or genes causing diseases

Å Enables more precise breeding or 
finding cures for diseases

RNA Seq Data Analysis: DGE and GO Analysis

Downstream analysis when having a list of 
Differentially Expressed Genes (DEGs):

48



Part 3

×Presentationof a real Project asExampleto show
o Χ how a projectusingDNA sequencingcan

look like
o Χ what informationcanbedrawnfrom

sequencingdata
o Χ whichdownstreamanalysescanbedone

with the variant file that we will produce
duringthe hands-on practicalpart
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Titolo
Investigating the Genetic Diversity and the Genetic 
Factors influencing Nut Quality in Hazelnut (Corylus 

avellana L.)
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Hazelnut (Corylus avellanaL.) is one of the most important edible nut 
species in the world

Å Large genetic diversity with 300+ hazelnut cultivars

Å Nuts are the primary reason for hazelnut cultivation: food 
industry uses them to manufacture different products

Å Nut quality traits, such as nut morphology and flavour/aroma, 
are important to the food industry.

Challenges:

Å Only 20 cultivars dominate cultivation

Å Genetic factors that influence nut quality traits are unknown

Å Lack of tools to help breeders choose accessions that produce 
higher quality nuts
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The reliance on few cultivars is a risk for hazelnut cultivation

Reliance on 20 widely grown cultivars Higher vulnerability to stress
Explore the genetic diversity to 
breed resilient cultivars
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ã˞ˉ ɝɴʫʠȞɴɋɴȊ̈ ɝƒˉˉǟʫʻ║

Diversity in nut morphological traits Different suitability to manufacture products

Objective: Describe the existing genetic diversity in a global collection of hazelnuts and the 
genetic factors influencing nut morphology
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ddRAD-seq(double digest Restriction Associated DNA sequencing)

Analysis of genetic factors influencing 
Nut morphology

Samples were provided by Ferrero Hazelnut Company

Area, minimum caliber, maximum 
caliber and perimeter

44,757 high-quality SNPs

Analysis of the genetic diversity

141 samples and 16,378SNPsfor the genetic diversity

analysisafter quality filtering. 

316 leaf samples from varieties from 15 
geographicalprovenancesweregenotyped

Nuts of 151 genotyped samples  were phenotyped

151 samples and 44757 SNPsfor GWAS to 
associate SNPsto Hazelnutmorphology
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Genetic diversity in the hazelnut collection

ĄSame provenance, higher genetic similarity
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How many genetic clusters currently exist in the collection?

3 genetic clusters

Cluster 1: Italian and Spanish (Italian majority)

Cluster 2; Eurasianvarieties (Azerbaijan, Georgia, and 
Turkey) form a group with unique geneticcharacteristics

Cluster 3: Spanish and Italian Samples (Spanish majority)
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Estimating Ancestry and Admixture of Samples
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AncestralPopulation 1 AncestralPopulation 2 AncestralPopulation 3 AncestralPopulation 4 AncestralPopulation 5



Are there loci that are differentially selected in Eurasian samples?

Mitochondrial calcium uniporter 

Mitochondrial calcium uniporters  calcium signalling influences bud dormancy and cold acclimation in 
perennial plants variation in this gene might underlie adaptations to temperate Eurasian climates 
candidate for explaining divergence in stress resilience between Eurasian and other hazelnut populations
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Nut area

Are there loci associated to nut morphological traits?

HSP21 is a heat shock protein known to support chloroplast function and 
seedling development under heat stress in other species.

Ą HSP21 may protect developing nut cells from environmental stress. 

BUT: Further studies are needed to confirm this hypothesis!
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Wemeasured4 nut traits and searchedfor associatedvariants

Area Max. Caliber Min. Caliber Perimeter



ÅThe genetic uniqueness of Eurasian accessions can stimulate research about 
how the genetic potential can be used in breeding efforts.

ÅGWAS results provided suggestions for the genetic factors influencing nut 
morphology and enhanced our understanding of genome-trait interactions.

Conclusions
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