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About this Lecture

+* What are Genomics
o The Genomic Revolution

* Sequencing
o Sample Preparation
o Basic Steps for Librabry Preparation
o DNA Sequencing
= |llumina Short Read Sequencing
= Nanopore Long Read Sequencing
= DNA-Seq Data Analysis
o RNA Sequencing (Transcriptomics)
= RNA-Seq Data Analysis (differences in comparison to DNA-Seq)

+* Presentation of a real Project as Example to show
o ... how a project using DNA sequencing can look like
o0 ... what information can be drawn from sequencing data
O ... which downstream analyses can be done with the variant file that
we will produce during the hands-on practical part




** What are Genomics
o The Genomic Revolution




What are Genomics

An interdisciplinary field of biology studying the many aspects of 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)

Comparative genomics: the study of the genome structure and function across
different species and the evolution of genomes

FLAVORS OF GENOMICS
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Population genomics: the study of genetic variation within and between Svcill) | Poscicnsl fCompmni | gt
. . . . . . . M| 244

populations, understanding evolutionary forces (selection, drift, migration) i“ NP IRCER

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

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

And others... 4



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 2>
transforming biology, healthcare, agriculture
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First sequencing methods in 1970s and 1980s: Sanger and Maxam-Gilbert Sequencing
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The Genomic Revolution: Beginnings...

First complete genome sequenced in 1976: Bacteriophage MS2 (Emesvirus zinderi)

One of the smallest known genomes: 3569 single-stranded RNA
nucleotides!

Contains only 4 proteins:

coat protein (cp) = protein shell of the virus, enclosing the genome
First gene to be completely sequenced (1972)

maturation protein (A-protein) = attaches to bacteria during infection

replicase (rep) protein = replicates the RNA genome

lysis (lys) protein = lysis of infected bacterial cell to release new virions
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The Genomic Revolution: Beginnings...

In 1992, first fully sequenced chromosome
(yeast chromosome Il = 315 Kbp)

In 1995, first organism’s fully sequenced genome
(Haemophilus influenzae - 1.8 Mbp)

After that, several other, still relatively small genomes followed (bacteria and archaea)



Goals:

- determine the complete genome sequence

- identifying, mapping and sequencing all
genes = physical and functional
characteristics

“Completed” in 2003 - ~92% of total genome covered

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




The Genomic Revolution: Genome Sizes

Genome size
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The Genomic Revolution: Effects ;g.;@“;—-: |

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)

Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law
$1,000,000

(Microarrays,
Sequencing by
sythesis)

$100,000

$10,000

| National Human Genome
Research Institute

genome.gov/sequencingcosts

$1,000

$100
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022




( point mutations

small insertions/deletions
genomic rearrangements
viral-genome insertions
structural variants
copy-number variants

%

Representative techniques

Genomics

Epigenomics

The information provided by omics technologies

Transcriptomics

Phenomics
Radiomics

Radiogenomics
Pathomics

Microbiomics
Hormonomics
lonomics ...

DNA modifications

histone modifications identification and quantitation

noncoding RNAs
alternative splicing

rotein modificatio
alternative polyadenylation protein ifications

nucleosome occupancy
chromatin interactions

chromatin domains allele-specific expression

endogenous retrotransposon transcription

identification and quantitation of
metabolites
drug metabolism and toxicity

cancer metabolic reprogramming

immunometabolism

cell composition, cell morphology,
and spatial context

quantitative features from digital
images

microenvironment information

8

3C and derivatives

MS-based proteomics technology «

NMR spectroscopy

MS-based metabolomics technology

*  PET/CT, MR,
Dermoscopic images,
Mammograms, H&E
WMS, 16S rRNA
gene sequencing

v
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The Genomic Revolution: Gene regulatory networks

* A predictive model connecting the expression of genes with DNA
variation and phenotypic variation

* |nvestigating all factors that influence gene expression (other genes,
epigenetic factors, transcription factor, non-coding RNAs, proteins)
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The Genomic Revolution: Interactomics —— 2 P
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s Sequencing
o Sample Preparation
o Basic Steps for Library Preparation
o DNA Sequencing
= |llumina Short Read Sequencing
= Nanopore Long Read Sequencing
= DNA-Seq Data Analysis
o RNA Sequencing (Transcriptomics)
= RNA-Seq Data Analysis (differences in
comparison to DNA-Seq)




DNA Sequencing: Sample Preparation

1. Get your plant material (e.g. leaves): 2. Store your plant material (if needed):
= Shipped (hopefully fresh and cooled) = Shock freeze in liquid nitrogen (optional) and
= Harvested by yourself store in -80°C (-20°C for short-term)

3. Extract your DNA:

DNA extraction kits (containing ingredients and a step by step manual) or customized

scripts

Before starting extraction, you have to grind your material ‘
-




DNA Sequencing: Library Preparation

To sequence DNA (or RNA), so-called sequencing libraries have to be prepared
(usually done by sequencing company) from the samples with the genetic material

* * I ‘ Perform NGS sequencing
N A

==
e o S— o ——
T e
B ]

E 17

—— =
P A
—
A



DNA Sequencing: Depth and Coverage

Sequencing Depth
Number of times a particular nucleotide is read = Influences confidence in the accuracy

Sequencing Coverage

Proportion or percentage of a genome being sequenced = Influences general
data (information) availability

Coverage
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DNA Sequencing: Costs

Let’s consider an example for whole-genome sequencing

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

- When 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)

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

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)



DNA Sequencing: Paired-end versus single-end libraries

/

single-end sequencing

fragment

Single-end reads

S e e, roforonce
sequence

= DNA fragments
= 9

\

paired-end sequencing

fragment S
primer

Paired-end reads

e (e ference
sequence
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DNA Sequencing: lllumina sequencing by synthesis

For a long time the absolute gold-standard in sequencing
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DNA Sequencing: Short- vs Long-reads

Tremendous advancement for transcript detection via long-read sequencing
= One read = one transcript (full-length cDNA) has become reality

Short Reads Long Reads —
S
~ 50 to 300 bases Up to 50 kb possible
Reference Genome Reference Genome

Seqt.ien:pe Gaps ;

Gene Gene
22



DNA Sequencing: Long-read nanopore

23



ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

o

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Quality Control &
Filtering (Fastqc,
Trimmomatic,

Quality Control & Variant Calling
(GATK, Stacks,
Freebayes,

bcftools = VCF)

Alignment to

Raw Sequencing

Reads (FASTQ) (BWA, Bowtie = (Qualimap,

Picard, samtools)
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DNA Seq Data Analysis: Raw sequencing reads file format

Sequencing services provide data in fastq format:

Header «—— L@I""IEI-’-IT-’-I?:—:199:ﬂﬂﬂﬂﬂﬂﬂﬂﬂ-CGG4F:1:11@1:16145:1655 1:MN:0:233
Read sequence <—— COTGCCAGCCOCCOCOOTAATACGAAGOTOGCAAGCOTTOTTCOGATTCACTGOGCGTACAGGGAGCGTA
Separator/header info «—— +
Base quality “—— ABCCCFFFCADBGOGOLGOGLGOGLOGHHOGHGGFHGHHHOHGOGAFFHOGGOGGHHHHHHHHGGGGOGHHGGGGGGG
@MO4743:199:000000000-CCG4F:1:1101:18938:1729 1:N:0:233
GOTGCCAGCCOCCOCOOTAATACGTAGGOTOCGAGCOTTAATCOGAATTACTGOGCOTARAAGCOGTGCGCA

Header info: +

n Machine used BEBEEBFFFEBEBBGGGGGGGGGFHHHHHGGHGGGGOGGOGGGOGHHGGEGFHHHHHHHHGGGGHFHGGGGGGG
n Flow cell id @AMO4743:1599:000000000-CCG4F:1:1101:13893:1760 1:N:0:233

- Lane GOTGCCAGCAGCCOCGOTACTACGTAGGOTGCGAGCOTTOTCCOGAATTACTGOGCOGTARAGAGTTCGTA

+

" Coordinates BBBBBFFFB4CCGGGGGGGCFFHGHHHGGHGGGGGGGGGAFGHGG ? EFHF EHHHHHGGGGFHFHFGHGGH

= Read direction
(forward/reverse) -~ e e e e S T
= Other optional info

@A00618:277:HCVGKDSX5:1:1101:21558:1909 1:N:0:NCTACTTG+NAGTTCCTINZ
CATGTTCCAGATTTTTTCATTTCTGTCATTTGGAACCTGTTTCCAAGTAGGTGCACCAATGCCCCCAAAACCACCGTTACGAACATAATATACAGCGCACCTACGTAATTTTTGACCGGTAACACCTACGGGCTGMRE
+lE

FFFF, :F:FFFFFFF, ,F:,,,FFFFFFF: :FFE:FF, ,FFFFFF,FFF:FF: FEFFFFF,FFF,F, : ,FFFFFFF, FFFFFFFFFFFF,F,F,FFFEFFFFFFF:FF: FFFFFFF: : FFF: FFFFF, FFFFFFFIR
(@A@B618: 277 :HCVGKDSX5:1:1101:4444:1016-1:N:0: CCTACTTG+NAGTTCCTME

CATGCGTTTTGCCAAAGTTGCTTCAAGAATAT TGGAATCCGAAAAATATTTAGCCTTCATAATTTGACCCACCAGACTGTCGGGTTGTCGCCAAAGCCTCCAACATTGCTTTGCCAACAAAGCTTTGTTAAAACT MR
+E

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF : FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF, FFFFFFFFFFIE
(@A@B618: 277 :HCVGKDSX5:1:1101:23927:1031-1:N:0: CCTACTTG+GAGTTCCTIMZ
CATGCCAAGGGTGCTAGTACATTTGTTTGTGCTATAGATACATTATTGGCCACTTTCTGATAACTTGGAACTTTCAAGACACACAGATTTCTCACAAGCACTAGTATTTGGAAAGTGGTTATGATGAATTAAGTGIR

L]

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF : FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF : FFFFFF: FRFIE 25
@AQ0618:277 :HCVGKDSX5:1:1101:4001:1125-1:N:0: CCTACTTG+GAGTTCCTIE
CATGCAATGGATGATATTTTTAGGCCAGTGTTCCTGTTTTCTACTATTTTCTGAGAAGTCCTTGAAAAGGGCGATGATTAATATATTGTCCTCTGCCCATTTTGAGGGGAGTGGCCCCATCACTATAGCTGTTCCRE




ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Quality Control &
Filtering (Fastqc,
Trimmomatic,

Variant Calling
(GATK, Stacks,
Freebayes,
bcftools = VCF)

Alignment to Quality Control &

Raw Sequencing

Reads (FASTQ) (BWA, Bowtie = (Qualimap,

Picard, samtools)




DNA Seq Data Analysis: Raw Reads QC

@Basic Statistics

Measure Value

Fastqc Report Examples Filename good_sequence_short. txt
File type Conventional base calls Some baSIC info’ Ilke
Encoding Illumina 1.5 total read number
Based on the report, reads can be e — 256090
filtered, e.g. adapter sequences, Total Bases 10 1op and length of reads
short reads, low quality reads ST D B T |
! Sequence length 48
*GC 45
@Per base sequence quality @Psr base sequence quality
w Ousbity Beadis herosd il Baed (lusing 1 § encoding) Cualily Scones across all bases (Ilumina 1.5 encoding)
2 Ral | O T TR O T
:,‘ETTT{HWW ”Tl" |||||"|I=IJ[IIIIJ[III —Irllllllllllllj I I
m ,. il
K 22 o \‘-.__‘__‘/'-_“““-.,___‘
. ° 1 1| Box plots showing
. . aggregated quality
. @ E; score (Phred score)
N : | statistics at each
: j AR position along all
: 12345678910 12 14 16 12 Fa B o4 o 28 3 ” M 36 B 40 ; 123485878910 12 14 16 18 Zﬂ.-;:--ﬂ b ] 20 a2 u -] 32 40 reads in the file 27

Position in resd (bp) Position in read [0}



Raw Sequencing
Reads (FASTQ)

|~
M

Quality Control

Filtering (Fastqc,

Trimmomatic,
BBDuk

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Alignment to
reference
(BWA, Bowtie 2>
BAM)

Quality Control &
Filtering
(Qualimap,
Picard, samtools)

Variant Calling
(GATK, Stacks,
Freebayes,
bcftools = VCF)

28
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File Genomes View Tracks Regions Tools Help

R498_Final_version2. fasta «| chr1 -+ |Chr1:19,380,470-19,380,678 o Bt « » @1 0 o= 2 |
| |
209 bp
108,380,480 bp 18,380,500 bp 19,380,520 bp 19,380,540 bp 19,380,580 bp 19,380,580 bp 10,380 600 bp 19,380,620 bp 19,38
| 1 | 1 | | | | | 1 | | 1 | | |
B-50
PO1-AD1-OsMW01_gE.sarted.ba
| | .
T 5 H T a c 5 B
T A -— c T A c A A
b s H b a c s 5
T A -— T A c c A A
b s H b a c s 5
T A -— T A c A A
b s H b a c s 5
T A -— T c A A
b 4 H b c 4 i
T A -— T c A A
i b 4 H 4 b c c 4 i
T A -— T c A A
b 4 H b a c 4 i
TT -— T A c c A A
b 4 H b c 4 i
T A -— T c A A
b 4 H b c 4 i
T A —_— T A c A A
PO1-AD1-OshIWOD1_gS sorted.ba T - | T - - < - -
T A —_— T A c A A
i 4 H b a c 4 n
T A —_— [ [ T A c A A
i 4 H b a c 4 n
T A —_— T A c c A A
T A - T a c A A
T A —_— T A c A A
T A - T a c A A
T A —_— T A c A A
T A - c T a c A A
T A —_— T A c A A
T A - T a c A
c A T
c A T
c T T A A T
c A T
c 4 f i
c A A T
c = r 29
Sequence = [[TAGAGGACTTAGATTGACAGCTGAACAAGG AGG AGAACGCACAACCAARAAAAGAAAAAG ARAAGGAAAGG ACGE TG G TCGGCAGATCGGTCG T TCCCGCEATATTGTGATGAAATGA TCAGATT TGAGGAG TGAAAG TCATG TAG TCACGG TG AGCCGTAG TGG TGG



Raw Sequencing
Reads (FASTQ)

|-
i

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

ACTGGTCGAT
ACTGGTCGAT
ACTGATCGAT
ACTGATCGAT
ACTGGTCGAT

Alignment td

reference

(BWA, Bowtie
BAM)

Quality Control &

Filtering (GATK, Stacks
(Qualimap, Freebayes,
Picard, samtools) bcftools = VCF)

30



is Resul

BAM QC analysis
Generated by Qualimap v.2.2.2-dev
2023/10/25 14:18:08

1. Input data & parameters
1.1. QualiMap command line

Iqualimap bamgc -bam P01-A01-OsMWO001_sorted. bam -nw 400 -hm 3

2. Summary

2.1. Globals
!Refefeme size "390.933-350
lNumber of reads ”2,403,1 38
!Mapped reads ||2,399,594 199.66%
IUnmapped reads ”8_.244 10.34%

Mapped reads, second in pair

||2,399,894 / 99.66%

|[1,200,557 1 49.85%

||1.199,337 / 49.8%

1.2. Alignment

‘Command line:

bwa-mem2 mem -t 15 -R
@RCGMID-PO1-AD1-
OsMWOO014SM:P01-AD1-OsMWO001
Jowa_ref_index_indica/R498_Final_
Version2 fasta Jreads/P01-A01-
OsMWO01_R1 fastq freads/P01-
[AD1-OsMWO01_R2 fastg

Mapped reads, both in pair 2,394,864 1 99.45%
2.3. Coverage
Mean ||0_ao-19
Standard Deviation ||99_3143
2.4. Mapping Quality
Mean Mapping Quality 9.36




Raw Sequencing
Reads (FASTQ)

|._|\
[«

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

Alignment to
reference

(BWA, Bowtie 2>

BAM)

A ACTGGTCGAT
‘ ACTGGTCGAT
—_— ACTGATCGAT
p— ACTGATCGAT
ACTGGTCGAT

Quality Contrd & Variant Calling
Filtering (GATK, Stacks,

(Qualimap, Freebayes,

Picard, samtools bcftools = VCF)

32



DNA Seq Data Analysis: VCF file for Variants /| 8=,

##fileformat=VCFv4.oM3

##FILTER=<ID=PASS,Description="All filters-passed">[&

##Tassel=<ID=GenotypeTable,Version=5,Description="Reference allele is-not known. The -major- allele-was-used-as reference-allele">M3
##FORMAT=<ID=GT,,Number=1, Type=String,Description="Genotype™>M3

##FORMAT=<ID=AD,Number=. , Type=Integer,Description="Allelic-depths- for the reference -and-alternate-alleles in-the order-listed">M3

##FORMAT=<ID=DP,Number=1, Type=Integer,Description="Read Depth- (only filtered reads-used for-calling)">l&

##FORMAT=<ID=GQ, Number=1, Type=Float,Description="Genotype-Quality">Md

##FORMAT=<ID=PL ,Number=. ,Type=Float,Description="Normalized, -Phred-scaled-likelihoods  for-AA,AB,BB genotypes where-A=ref-and-B=alt; not- applicable-
##INFO=<ID=NS,Number=1, Type=Integer,Description="Number -of-Samples-With Data">M3

##INFO=<ID=DP,Number=1, Type=Integer,Description="Total Depth">Mlg

##INFO=<ID=AF ,,Number=. ,Type=Float,Description="Allele-Frequency">l&

##contig=<ID=1>MM3

##contig=<ID=2>M3

##contig=<ID=3>M3

#Hcontig=<ID=4>M3

##contig=<ID=5>MM3

##contig=<ID=6>MM3

##contig=<ID=7>M3

##contig=<ID=8>M3

#Hcontig=<ID=9>M3

#Hcontig=<ID=10>M3

##contig=<ID=11>E

##bcftools_viewVersion=1.20+htslib-1.20MM3

##bcftools_viewCommand=view -r-9--o-population.snps.hz.tombul.filtered.leaf chr9.vcf population.snps.hz.tombul.filtered.leaf.vcf.gz; Date=Wed Sep-:
#CHROM—POS>ID—REF>ALT>QUAL——FILTER—INFO——FORMAT —100-HZ102-P2b-D01.1>173-HZ176-P2b-E10.1>244-H7249-P3b-DO7.1>101-H7103_39-H7103.1——>174-HZ1
9—>14977—>665713:391:-——>G—>A—> . —»PASS——>DP=15405——>GT:AD:DP:GQ:PL—>0/0:168,0:108:100:0, 255,255>0/1:8,9:17:100:255,0,237—>0/0:10,0:10:99:
9—>15013—>665713:355: -——>C—>A—> . —>PASS——>DP=15497 ——GT:AD:DP:GQ:PL—@0/1:48,61:109:100:255,0,255>0/0:17,0:17:99:0,51, 255>0/0:10,0:10:99:0, 3¢
9-—>15047>665713:321:-— >G—>A—>.—>PASS-— >DP=15366— »GT:AD:DP:GQ:PL>0/1:48,61:109:1@@:255,0,255>0/1:8,9:17:100:255,0,237 >0/0:10,0:10:99:
9 >46854 >665743:134:+ — >A>C——>. >PASS— >DP=5200>GT:AD:DP:GQ:PL >0/0:48,0:48:99:0,144,255 >0/0:1,0:1:66:0,3,36>0/0:8,0:8:99:0,24,255 >0/¢
9—>179083 —>666050:29:+>G—>A—>. —>PASS——>DP=10109——>GT:AD:DP:GQ:PL—>@0/0:133,0:133:100:0,255,255>0/0:4,0:4:94:0,12,144—0/0:5,0:5:96:0,15,180—
9—>179096 —666050:42:+>G—>A— . —>PASS——DP=10001——>GT:AD:DP:GQ:PL—©/0:133,0:133:100:0,255,255>0/0:4,0:4:94:0,12,144—0/0:5,0:5:96:0,15,180—
9—>179116—666050:62:+>G—>A—> . —>PASS——>DP=10148 ——GT:AD:DP:GQ:PL—@/0:132,0:132:100:0,255,255>0/1:3,1:4:99:24,0,96——./.:0,0:0:.:.—0/1:5,:
9 >179125 >666@50:71:+>C—>T >.  >PASS— >DP=10106  »GT:AD:DP:GQ:PL >0/0:133,0:133:100:0,255,255-0/0:4,0:4:94:0,12,144 >0/0:5,0:5:96:0,15,180




DNA Seq Data Analysis: General Steps

SR S — v
— Pttt ACTGGTCG
‘ ACTGGTCG
e ‘ — . ACTGATCG
— T p— ACTGATCG
—— ERRRT AR ACTGGTCG
Quality Control & Alignment to Quality Control & Variant Callin
Raw Sequencing Filtering (Fastqc, reference Filtering (GATK, Stacks,
Reads (FASTQ) Trimmomatic, (BWA, Bowtie > (Qualimap, Freebayes,

BBDuk BAM) Picard, samtools) bcftools = VCF)




RNA Sequencing: Transcriptomics

Signal .,

Cytoplasm

Degradated
Protein

Nucleus ™\

Chromatin

\

DNA Gene Available
NN/ for Transcription

Adfive Protein

Cleavage Chemical
Modification

Transport to Cellular
Primary Destination
Intron aM/ Transcript Polypeptide
Exon )
RNA Processing  « \ J m
mRNA in Nucleus -
Tail /

Cap

/ Degradation
Transcript ) g of m~RNA
- to Cytoplasm mRNA in : -\I\
Cytoplasm -

RNA polymerase

h Transcription factors
&l

DNA bending protein

factors and mediator ¢

But Transcriptomics do not only look at coding
genes...



RNA Sequencing: Coding vs Non-coding RNA

Estimate of RNA type proportions in a typical mammalian cell

miRNA
7SL
IncRNA SNRNA  5ther IncRNA

RNA mRNA mMRNA\  'RNAs

rRNA tRNA
RNA by mass RNA by number of molecules

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



[ Housekeeping ncRNAs ] [ Regulatory ncRNAs ]
| [ | I

tRNAs | rRNAs I miRNAs piRNAs
50-200nt 20-24nt 24-32nt

snRNAs snoRNAs siRNAs IncRNAs
50-200nt 50-200nt 20-24nt >200nt
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RNA Seq Data Analysis: General Steps

Stranded or
unstranded

Raw Sequencing
Reads (FASTQ)

4

Reference
Genome or
Transcriptome

[ 4_[||||

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

BBmap = BAM) )

Picard, samtools)

— -E*-j:_::::::-%} »
— 7|
| | | | | l |
CH1F—GeneX }
o Gene expression
Alignment to Quality Control & Differential
reference Filtering Quantification i
(BWA, STAR, (Qualimap, (Read Count)
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Stranded or
unstranded

Raw Sequencing
Reads (FASTQ)

Il

Reference
Genome or
Transcriptome

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

| | | | | | |
{1 Genex 1
o Gene expression
Alignment to Quality Control & Differential
reference Filtering Quantification
(BWA, STAR, (Qualimap, (Read Count)
BBmap = BAM) Picard, samtools)
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A. Mapped reads from an unstranded library (Both strands sequenced)

= [
- L e L = [
e EE B By W
=l e— =l -
ooy ] || [y
Lo ] L] ]
=P
fo ] e ---—-“
| o I [ [ —p———
[ | [
- == - P

i
T
'

=@ Read sequnced from sense strand

= Read sequenced from antisense strand

Unstranded:

Less expensive

Easier to execute
Recommended for well
annotated references
Enough for most differential
expression analyses

Stranded:

More accurate

Identify sense/antisense transcripts
Advantageous for annotation and
novel transcript discovery

Insights into regulatory mechanisms
specific to one strand

Information about differential
expression between genes on
different strands 40



Stranded or
unstranded

Raw Sequencing
Reads (FASTQ)

4

Reference
Genome or
Transcriptome

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

CH1F—GeneX }
o Gene expression
Alignment to Quality Control & Differential
reference Filtering Quantification
(BWA, STAR, (Qualimap, (Read Count)

BBmap = BAM) D

Picard, samtools)
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TSS Exon Intron Exon Intron Exon TSS
v < > v

You will end up with a bam file
—|— 3’ (binary sequence alignment map)

-

| |
HHI— H--{H H
H H - f--H H

Mapped to genome Contains info about mapped reads
(and unmapped reads), among others:
Identifier for each read
3 - Reference sequence name

I:H:l I:H:I I:H: - Position respective to reference
- Mapping quality

5=

5cap CDsS PolyA
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Human (ha38) o|chr3 | |chr3:46,368, 14336, 378, 206 G| i 4 » @ b o= 2 | =i
L- N -! O O N - [T BT [ ([ N
p26.T p25.1 p2a.2 p22.3 p21.33 p2i.d pi4d pi23 pi2. qinZ qI3.12  q13.32 q21.3  q22.3  q24 q25.2  q2
- 9,980 bp
| bp 45,359,000 bp 45,370,000 bp 45,371,000 bp 48,372,000 bp 45,373,000 bp 45,374,000 bp 45,375,000 bp 45,376,000 bp
| | | | | | | | | | | | | | | |
DRRO14244 _aligned.sorted.bam | | P-4
| C T | T
! : [ 1 Wl
| {i Il ] |
[ |
!
}
[N I R B | [ENEN |
| AL
I
| [l |
| | | | |
[ | [ BN | I | |
DRRO14244 _aligned.sorted.bam | | | | . |."|
1l I i I
| LA | |
| I
| | |
| | |
I [l
| | Il N
I |
1 1 |
| A= | I
| | | | |
o ——— - S T
Gene
CCREAS

Reads can be visualized in genome browsers,
e.g. IGV, showing coverage, single reads,
sequencing differences, genes etc.

43



Stranded or
unstranded

Raw Sequencing
Reads (FASTQ)

4

Reference
Genome or
Transcriptome

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

CH1F—GeneX }
o Gene expression
Alignment to Quality Control & Differential
reference Filtering Quantification
(BWA, STAR, (Qualimap, (Read Count)

BBmap = BAM)

Picard, samtools)
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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.

Gene A

Gene B
Exon 1 Exon 2 Exon 3 Exon 1 Exon 2
Gene A Gene B
—_—— ® ——2 pa— — —o_. -—
B ===
Exon 1 Exon 2 Exon 3 Exon 1
- NOTE: counts must be normalized according to the question to be answered

Assumption: the number of mapped reads for each gene is proportional to the expression of RNA
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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

ey e
SRR,
O SGeev
g ira T T
ez 111

Gene X

Gene Y




Stranded or
unstranded

Raw Sequencing
Reads (FASTQ)

Il

Reference
Genome or
Transcriptome

Quality Control &
Filtering (Fastqc,
Trimmomatic,
BBDuk

Gene expression

Alignment to
reference
(BWA, STAR,
BBmap = BAM)

Quality Control &
Filtering
(Qualimap,
Picard, samtools)

Quantification
(Read Count)

Differential
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sensory perception -
epidermis development -

skin development

sensory perception of |
chemical stimulus

sensory perception of smell-
keratinocyte differentiation A

detection of chemical stimulus -

) detection of chemical
stimulus involved in sensory -
perception

keratinization 1

detection of chemical
stimulus involved in sensory

perception of smell

0.

O
@
@
O
O
@
e)
5)
1@
02 0.04 0.06 0.08
GeneRatio

p.adjust

5.0e-11
1.0e-10
1.5e-10
2.0e-10

Count
O 20
O 30
O a0
QO so
O 60
O 7

Compare genes or samples in a Differential Gene

Expression (DGE) Analysis:

U Compare genes within one sample, e.g. in a gene
family, which genes are more expressed?

L Compare gene expression between two conditions, e.g.
plants grown under normal conditions compared to
heat stress conditions, or healthy cells vs diseased cells

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

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

» * (Can give insights into adaptability of
plants or genes causing diseases

* Enables more precise breeding or
finding cures for diseases 48



** Presentation of a real Project as Example to show

o ... how a project using DNA sequencing can
look like

o ... what information can be drawn from
sequencing data

o ... which downstream analyses can be done
with the variant file that we will produce
during the hands-on practical part




Investigating the Genetic Diversity and the Genetic
Factors influencing Nut Quality in Hazelnut (Corylus
avellana L.) —




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

« Large genetic diversity with 300+ hazelnut cultivars

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

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

Challenges:

* Only 20 cultivars dominate cultivation

« Genetic factors that influence nut quality traits are unknown

 Lack of tools to help breeders choose accessions that produce
higher quality nuts
51



The reliance on few cultivars is a risk for hazelnut cultivation

_ N Explore the genetic diversity to
Reliance on 20 widely grown cultivars Higher vulnerability to stress breed resilient cultivars
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Nut morphology matters...

S
_—

Comune di Corylus colurna Cosford Sugranyes
Sicilia INRA N-451 .

Lounge Nociara Barrettona
= D'Espagne

-l

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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Analysis of the genetic diversity

316 leaf samples from varieties from 15
geographical provenances were genotyped

SNP

ddRAD-seq (double digest Restriction Associated DNA sequencing)

141 samples and 16,378 SNPs for the genetic diversity
analysis after quality filtering.

Samples were provided by Ferrero Hazelnut Company

—logiwlp)

Analysis of genetic factors influencing
Nut morphology

Nuts of 151 genotyped samples were phenotyped

&N

(%]
Zz
o

O\\__

Area, minimum caliber, maximum
caliber and perimeter

&

44,757 high-quality SNPs

o
° o
9
o \i 2 i i i ﬁ o i‘; ﬂii ,‘i
I : ' : : v : . I
s " ’ " v oo

a s
Chromosome

151 samples and 44757 SNPs for GWAS to
associate SNPs to Hazelnut morphology
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Genetic diversity in the hazelnut collection

- Same provenance, higher genetic similarity

Provenance
Azerbaijan
Breeding

® England
® Former Yugoslavia

France

Georgia

Germany

Greece

Italy

Romania

Spain

Turkey

United States

Unknown

® Wild type
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How many genetic clusters currently exist in the collection?

PC2 (4.38%)

0 1
PC1 (6.09%)

Provenance
Azerbaijan
Breeding

® England

® Former Yugoslavia
France
Georgia

® Germany

Greece

Italy

Romania

Spain

Turkey

® United States

Unknown
Wild type

D

Cluster
o1
A2
H 3

3 genetic clusters
Cluster 1: Italian and Spanish (Italian majority)

Cluster 2; Eurasian varieties (Azerbaijan, Georgia, and
Turkey) form a group with unique genetic characteristics

Cluster 3: Spanish and Italian Samples (Spanish majority)
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Estimating Ancestry and Admixture of Samples

a) 10
Q 0.8
n 06
3
e 04
< 02
0.0 o
c 0o g g a ® o
8858 5 ¢ £ £ £
£gaf 2 = a £ = 3
< > =
'aE3 Population D
S
w
b) . Ancestral Population 1 | I Ancestral Population 2 . Ancestral Population 3 . Ancestral Population 4 . Ancestral Population 5
\—:—:nu ':‘ - -5 3
500N » . _ iy o L. ._‘_ ’
£ 45°N United States (5) A g .-,Eastefn Eurooe B
3 L B i S e
N . f’ i ‘ ], @ 3 44 -
& Spain (48). i -
¥ ) ;\:__//‘ B ltaly (15) A . Eurasia (30
100°W 80°W 60°W 40°W 20°W 0° 20°E 40°E

Longitude
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Are there loci that are differentially selected in Eurasian samples?

Alpha values of loci indicating direction and strength of selection

1.751 O FsT=034
{ alpha = 1.76
gvalue = 0.0008

1.50+ Mitochondrial calcium uniporter P

125{ - @ .
g : )
51.00 . .
g . L
£0.75 [
2 .
< . - .

0.50 1 °

0.25 1

0.00 1

Genomic Position

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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Are there loci associated to nut morphological traits?

6 We measured 4 nut traits and searched for associated variants

Area Max. Caliber Min. Caliber Perimeter

)

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

- HSP21 may protect developing nut cells from environmental stress.

QJT: Further studies are needed to confirm this hypothesis!
Nut area

[ J e
[ L ry
oo
. i

° ° ° 3 “
L] o 00 © 4 - oo T
° 3 2
0 -
7| T T T T
T T T T T T T T T 0 1 2 3 4
3 4 5 [ 7 B 9 10 1

Expected —log;g(p)

~logyolp)

Observed —logo(p)
0o 1 2 3 4 5 &
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Conclusions

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

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