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About this Lecture

x  Whatare Genomics
0 TheGenomicRevolution

X Sequencing
0 SamplePreparation
o BasicStepsfor LibrabryPreparation
o DNASequencing
A llluminaShort ReadGequencing
A NanoporeLong Rea&equencing
A DNASegData Analysis
0 RNASequencingTranscriptomice
A RNASegData Analysigiffferencesin comparisorto DNASeq

X Presentationof a real ProjecasExampleéo show
o X how aprojectusingDNAsequencinganlook like
o X whatinformationcanbe drawnfrom sequencinglata
o X whichdownstreamanalysesanbe donewith the variantfile that
we will produceduringthe handson practicalpart
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What are Genomics

Aninterdisciplinary field of biologystudyingthe manyaspectsof genomes

Structuralgenomicsthe studyof the physicalcompositionand organizationof the genomeand 3D-structure of proteins
Functionalgenomics Transcriptomic§Geneexpression)geneand protein function, geneinteractions

Epigenomics heritable changesin gene expressionwithout DNA sequence changes (DNA methylation, histone
modifications)

Comparativegenomics the study of the genomesstructure and function across
different speciesandthe evolutionof genomes

FLAVORS OF GENOMICS

. . o 2 ST 2 an
Population genomics the study of genetic variation within and between e 1B | = |
populations,understandingevolutionaryforces(selection drift, migration) E" WV PL RS TS
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PangenomicsPantranscriptomics the determination of the entirety of genes, e e
transcripts,differential splicingand genomeswithin a certainspecies

And othersX

Metagenomics the study of environmentalsamplescontaininggenetic material
from severalindividualsand species




@&
b il

The Genomic Revolution: Definition

The genomic revolution refers the rapid advancement and widespread application
of technologiesto quickly and affordably obtain arahalyzeentire genomesA
transforming biology, healthcare, agriculture
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Firstsequencingnethodsin 1970s and 1980s: Sanger and Max&tibert Sequencing
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Frederick Sanger
BritishBiochemist
Nobelprize1980
for first-everDNA
sequencing
technique



TheGenomicRevolution BeginningX

Firstcompletegenomesequencedn 1976:BacteriophagaViS2(Emesviruzinder)

Oneof the smallestknowngenomes 3569 singlestrandedRNA
nucleotided

Containsonly 4 proteins:

- coat protein ¢p) A protein shell of the virus, enclosing the genome
First gene to be completely sequenced (1972)

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

- replicase iep) protein A replicates the RNA genome

- lysis ly9) proteinA lysis of infected bacterial cell to release new virions



In 1992 first fully sequencedhromosome
(yeast chromosome IR 315Kbp

IN199% FANRUO 2 NBLl y Aganériea T dzf £ &
(Haemophilusnfluenzae”A 1.8 Mbp)

After that, several other, stitelatively small genome$ollowed (bacteria and archaea)



TheGenomicRevolution «Real» Start

¢ KS awS @@arfedmiti tBeyHaman Genome Project in 1990

Goals:

- determine the complete genome sequence

- identifying, mapping and sequencing all
genesA physical and functional
characteristics

G/ 2 YLI SO SR &92% yf total-ygenome covered

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




TheGenomicRevolution GenomeSizes

Genome size
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TheGenomicRevolution Effects CrST

Key effects of the Genomic Revolution include:
x dramatic cost reductions for sequencing
x advancements in personalized medicine, disease diagnosis and treatment
x agricultural improvements (e.g. higher yield, stress resistatce

Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law
$1,000,000

(Microarrays,
Sequencindpy
SWUESE

$100,000

$10,000

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

Proteomics

Transcriptomics

Metabolomics

Z) =

Emerging omics

Phenomics
Radiomics

Radiogenomics
Pathomics

Microbiomics
Hormonomics
lonomics X

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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TheGenomicRevolution Generegulatory networks

A A predictivemodel connectingthe expressiorof geneswith DNA
variationand phenotypicvariation

A Investigatingall factorsthat influencegeneexpressior(other genes
epigeneticfactors transcriptionfactor, noncodingRNAsproteins

: v
G Primary Terminal

Input regulatory outputs = outputs =

signals network | 2 Changed RNA P> Changed cell
and protein behaviors and

component complements structures
1
A 4 A
1

: feedback circuitry :




The Genomic Revolution: Interactomics

The whole set of molecular interactions in a

cell, e.g. proteirg, protein interactions or
small moleculeg, proteins interactions

A Protein Complex Network
of Drosophila melanogaster

K.G. Guruharsha,'* Jean-Francois Rual,’# Bo Zhai,’ Julian Mintseris,* Pujita Vaidxa,‘ Namita Vaid¥a,‘

Chapman Beekman,' Christina Wong," David Y. Rhee,! Odise Cen?', Emily McKillip,” Saumini Shah,” Mark Stapleton,?
Kenneth H. Wan,* Charles Yu,” Bayan Parsa,” Joseph W. Carlson,* Xiao Chen,* Bhaveen K: adia, K. VijayRaghavan,®
Steven P. Gygi,! Susan E. Celniker,Z Robert A. Obar,’™ and Spyros Artavanis-Tsakonas'-

Department of Cell Biology, Harvard Medical School, Boston, MA 02115, USA

2Berkeley Drosophila Genome Project, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

3National Centre for Biclogical Sciences, Tata Institute of Fundamental Research, Bangalore 560065, India

4These authors contributed equally to this work

*Correspondence: robert_obar@hms.harvard.edu (R.A.Q.), artavanis@hms.harvard.edu (S.A.-T.)

DOI 10.1016/j.cell.2011.08.047
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X Sequencing

o0 SamplePreparation

0 BasicStepsfor LibraryPreparation

o DNASequencing
A llluminaShort Readequencing
A NanoporeLong Rea&equencing
A DNASeqgData Analysis

0 RNASequencingTranscriptomick
A RNASegData Analysigiffferencesin

comparisonto DNASeq




DNASequencingSamplePreparation f-“j

1. Getyour plant material (e.gleaves: 2. Storeyour plant material (f needed:
A Shippedhopefullyfreshandcooled A Shockreezein liquidnitrogen (optional) and
A Harvestedby yourself storein -80°C (20°Cfor short-term)

3. Extractyour DNA:
A DNAextractionkits (containingingredientsand astep by stepmanua) or customized

scripts
A Beforestartingextraction you haveto grindyour material : ‘
»




DNASequencingLibraryPreparation

TosequenceDNA (or RNA), stalledsequencindibrarieshaveto be prepared
(usuallydone by sequencing comparfypm the samples with thgeneticmaterial

¢

* * — , o= == Perform NGS sequencing
o
om0 mmwo



DNASequencingDepth and Coverage

Sequencindepth
Number of times a particular nucleotide is reAdinfluences confidence in the accuracy

Sequencing Coverage

Proportion or percentage of a genome being sequengethfluences general
data (information) availability

Coverage
< E—
o — —
) — —
o) B BN B



DNASequencingCosts

[ SG0&a 02y 3aARSNI -tefom&detudhciigS T2 NJ 6 K2t S

- We have a 300Mbp genome
- A depth obk10 is recommendable.

A 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) P90 000 000 (&bp)

Costsveryroughly between 150 and 1500% (depends on many different factors)

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



DNASequencingPairedend versus singkend libraries

/

single-end sequencing

fragment

Single-end reads

S e e, roforonce
sequence

= DNA fragments
= 9

\

paired-end sequencing

fragment T

Paired-end reads

sequence

20



DNA Sequencing: lllumina sequencing by synth

For a long time the absolute getfandard in sequencing

_ I :
: :
L el o WA B

P | L= ﬁ il} : ' '

A)T
AT
T)A
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DNA Seqguencing: Shens Longreads

Tremendous advancement for transcript detectia longread sequencing
A One read = one transcript (fidngth cDNA) has become reality

Short Reads Long Reads

T
~ 50 to 300 bases Up to 50 kb possible
Reference Genome Reference Genome
e = —
Seqt.ienipe Gaps I
—:Ilmll/_ilﬁ—ﬁlll:—
Gene Gene

22



DNA Sequencing: Lorgad nanopore

23



WD ACTG GIOGAT ACTG GTCGAT
‘ ACTG GIOGAT ACTG GIOGAT
- ACTGATOGAT ACTGATCGAT

ACTGATGGAT ACTGATGGAT
| N B i ACTGGIOGAT ACTGGIOGAT

Quality Control & Alignmentto Quality Control & Variant Calling
Filtering(Fastqe reference Filtering (GATK, Stacks,
Trimmomatic (BWA Bowtie A Qualimap Freebayes
BBDuk BAM) Picard,samtoold bcftoolsA VCEF

RawSequencing
Reads (FASTQ)

-~

24
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DNA Seq Data Analysis: Raw sequencing reads file for

Sequencing services provide datafastg format:

Header «—— [ [@M@4743:199:000000000-CGG4F:1:1101:16145:1655 1:N:0:233
Read sequences—— | GGTGCCAGCCGCCGCGGTAATACGAAGGTGGCAAGCGTTGTTCGGATTCACTGGGCGTACAGGGAGCGTA
Separator/header infoe— | +
Base qualitye—— L ABCCCFFFCADBGGGGGGGGGGHHGHGGFHGHHHGHGGGAF FHGGGGGHHHHHHHHGGGGGHHGGGGGGG
@MP4743:199:000000000-CGGAF:1:1101:18938:1729 1:N:0:233
GGTGCCAGCCGCCGCGGTAATACGTAGGGTGCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCA

Header info: +

A Machine used BBBBBFFFBBBBGGGGGGGGGFHHHHHGGHGGGGGGGGGGGHHGGE GFHHHHHHHHGGGGHFHGGGGGGG
A Flow cell id @MO4743:199:000000000-CGG4F:1:1101:13893:1760 1:N:0:233

A Lane GGTGCCAGCAGCCGCGGTACTACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGTTCGTA
< . -

A Coordlr_lates_ BBBBBFFFB4CCGGGGGGGCFFHGHHHGGHGGGGGGGGGAFGHGG ? EFHF EHHHHHGGGGFHFHFGHGGH
A Read direction

(forward/reverse)
Other optional info

ravels\breedtech 22.09.2025_26.09.2025\lecture_and_handsonlfiles_for lecture\head.txt - Notepad-++

@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: FFFI@ 25
(#A@0618: 277 :HCVGKDSX5:1:1101:4001:1125 - 1:N:0: CCTACTTG+GAGTTCCTIR
CATGCAATGGATGATATTTTTAGGCCAGTGTTCCTGTTTTCTACTATTTTCTGAGAAGTCCTTGAAAAGGGCGATGATTAATATATTGTCCTCTGCCCATTTTGAGGGGAGTGECCCCATCACTATAGCTGTTCCE




<

+

Quiality Control &
Filtering(Fastq¢
Trimmomatic
BBDuk

Ll

v
ACTGGICGAT

ACTGECGAT
ACTGATGGAT
ACTGATGGAT
ACTGECGAT

e

ACTGGICGAT
ACTGGICGAT
ACTGATCGAT
ACTGATGGAT
ACTGGICGAT

Alignmentto Quality Control &
reference Filtering
(BWA Bowtie A (Qualimap
BAM) Picard samtoolg

Variant Calling
(GATK, Stacks,

Freebayes

bcftoolsA VCHk

26



DNA Seq Data Analysis: Raw Reads QC

@Basic Statistics

FaStq CRe port Exam ples Filename good_sequence_short. txt
File type Conventional base calls SodeaSICI nfo’ Ilke
Encoding Illumina 1.5
Basedn the report, readscanbe ot Secvenees oo total readnumber
filtered, e.g. adapter sequences, ot suse: 10 1op andlengthof reads
short reads, low quality reads ST D B T |
Sequence length 40
*GC 45
aPer base sequence quality @Psr base sequence quality
gfﬁﬁﬁﬁﬁﬁ?ﬁﬁﬁfﬁfﬁﬁﬁ%ﬁﬁ :TJTTTmﬁmﬁmm... LTI TIT]
. ° T Il Box plots showing
. . aggregated quality
. 2 I score (Phred score)
N : | statistics at each
f i L position along all
: 12345678910 12 14 16 12 Fa B o4 o 28 3 ” M 36 B 40 zn 123485878910 12 14 16 12 20 -;2---2! i ] 28 20 a2 u -] 32 40 reads in the file 27

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



DNA Seqg Data Analysis: General Steps

ACTGGICGAT ACTGACGAT

ACTGECGAT ACTGACGAT
ACTGATCGAT ACTGATCGAT

ACTGATCGAT ACTGATCGAT
ACTGECGAT ACTGACGAT

Quality Control Alignmentto Quality Control & Variant Calling
RawSequencing Filtering(Fastqe reference Filtering (GATK, Stacks,
Reads (FASTQ) Trimmomatic (BWA Bowtie A (Qualimap Freebayes

BBDuk

BAM) Picard samtoolg bcftoolsA VCHk

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



DNA Seqg Data Analysis: General Steps

ACTGGICGAT
ACTGGICGAT
ACTGATCGAT
ACTGATGGAT
ACTGGICGAT

|
Il
|

Quiality Control & Alignmenttd Quality Control & ariant Calling

RawSequencing Filtering(Fastqc reference Filtering (GATK, Stacks
Reads (FASTQ) Trimmomatic (BWA Bowtie (Qualimap Freebayes

BBDuk BAM) Picard,samtoold bcftoolsA VCEF

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




DNA Seqg Data Analysis: General Steps

ACTGGICGAT

ACTGGICGAT
= ‘ — ACTGATCGAT
A _— - ACTGATGGAT
1 Pttt ACTG GICGAT CTGGIOGAT
Quiality Control & Alignmentto Quality Contipl & Variant Calling
RawSequencing Filtering(Fastqc reference Filtering (GATK, Stacks,
Reads (FASTQ) Trimmomatic (BWA Bowtie A (Qualimap Freebayes
BBDuk BAM) Picard,samtool bcftoolsA VCEF

32



DNA Seq Data Analysis: VCF file for VarightS&i=

##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
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Signal .,

Cytoplasm

Degradated
Protein

Nucleus ™\

Chromatin

\

DNA Gene Available
NN/ for Transcription

Adfive Protein

\ Cleavage Chemical
Modification
Transport to Cellular
Primary
Intron a/\/\/ Transcript Polypeptide
Exon |
RNA Processing o \ w

Destination
mRNA in Nucleus -
Tail /

Cap

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

Activators

RNA polymerase
h Transcription factors
&l
= B Gene
| S |
Enhancer

DNA bending protein Enhancer
Distal control
elements

Transcription
factors and mediator ¢
proteins

But Transcriptomicslo notonlylook at coding
3SySax 35



RNA Sequencing: Coding vs Nooding 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

A 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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Strandedor
unstranded

RawSequencing
Reads (FASTQ)

Quiality Control &
Filtering(Fastq¢
Trimmomatic
BBDuk

Reference
Genomeor
Transcriptome
- -h—— ~ Spapansa;
I B I— e Ty
o Gene expression
Alignmentto Quiality Control & Differential
reference Filtering Quantification Expression
(BWA, STAR, (Qualimap (Read Count)

BBmaph BAM)

Picard samtool9
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Strandedor
unstranded

RawSequencing
Reads (FASTQ)

Quiality Control &
Filtering(Fastq¢
Trimmomatic
BBDuk

Reference

Genomeor
Transcriptome

N S ==

o Gene expression
Alignmentto Quiality Control & Differential

reference Filtering Quantification

(BWA, STAR, (Qualimap (Read Count)

BBmapA BAM) Picard samtool9
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A. Mapped reads from an unstranded library (Both strands sequenced)

=@ Read sequnced from sense strand

Read sequenced from antisense strand

== | |
S E—— —
em W B By W
o E— e m= Unstranded
o e — -— — A Less expensive
- ._:':__."..'.'_':_:':__ m— T A Easier to execute
- - -— —a—tl - A Recommended for well
———— annotated references
—== - EJ A Enough for most differential
— —>| I‘— expression analyses
B. Mapped reads from a stranded library (Either forward or reverse strand sequenced) Stranded:
i O S e A More accurate
— i gy A Identify sense/antisense transcripts
- — W - A Advantageous for annotation and
= — — — -— — novel transcript discovery
o — e el ma T e A Insights into regulatory mechanisms
o - — - m-- il specific to one strand
R— - —— '—i A Information about differential
—= P —lll expression between genes on
— ——l I‘— <J different strands 40



Strandedor
unstranded

RawSequencing
Reads (FASTQ)

Quiality Control &
Filtering(Fastq¢
Trimmomatic
BBDuk

Reference
Genomeor
Transcriptome
| | | | | Ll .
| CCHI1—Genex 1 )
Gene expression

Alignmentto Quiality Control & Differential
reference Filtering Quantification

(BWA, STAR, (Qualimap (Read Count)

BBmaph BAM)

Picard samtool9
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TSS Exon
v

Intron Exon Intron

Exon | TSS Youwill endup with a bamfile

4
-

_|_3' (binarysequencealignmentmap)

5 —{
HIH]
H H]

— H-

......... ]_D [

|
| (]

H H

Mapped to genome Containsnfo about mappedreads
) CcDS (andunmappedreads) amongothers.
SED > PolyA |dentifier for eachread
5) | 3 - Referencesequencename
I:H:l I:H:I I:H: - Positionrespectiveto reference
- Mappingquality
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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 J
[ |
!
}
[N I R B | [ENEN |
| AL
[
| [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

Readscanbe visualizedn genomebrowsers

e.g. IGVshowingcoveragesinglereads
sequencinglifferences genes etc.
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Reference
Strandedor _ Genomeor
unstranded pr— Transcriptome
— e e e S ==
S Gene expression
Quality Control & Alignmentto Quality Control & Differential
RawSequencing Filtering(Fastqc reference Filtering Quantification
Reads (FASTQ) Trimmomatic (BWA, STAR, (Qualimap (Read Count)
BBDuk BBmapA BAM) Picard samtoolg
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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
Sample 1

Gene B
———— -
Exon 1 Exon 2 Exon 3 Exon 1 Exon 2

Gene A Gene B

—_—— TS — = —> | —

Sample 2 _ —— —— ———

Exon 1 Exon 2 Exon 3 Exon 1
A NOTE: counts must lmormalizedaccording to the question to be answered

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

45



Gene X

If you want to compare expression of a LR ST m immm s
- Ao o e el

certain gene between two samples, you Gene Y mEmmmi= |
must normalize for sequencing depth

EOERCIONRONT CBEE swoarororooaemomnoe

Gene /. e o e

Sample A Reads
. T " =, u
If you want to compare expression of ﬁﬁaezaz@.ﬁ_ﬁigggggﬁi
two genes within the same sample you Gene X ;‘*_._;—"_;
must normalize for gene length
=t

46



Reference
Strandedor _ Genomeor
unstranded pr— Transcriptome
— e e e S ==
S Gene expression
Quality Control & Alignmentto Quality Control & Differential
RawSequencing Filtering(Fastqc reference Filtering Quantification
Reads (FASTQ) Trimmomatic (BWA, STAR, (Qualimap (Read Count)
BBDuk BBmapA BAM) Picard samtoolg
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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

=0\

Compare genes or samples in a Differential Gene

Expression (DGE) Analysis:

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

C 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):

A For example, mak&ene Ontology (GO) enrichment
analysisto check for overrepresented gene categories

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

A Enables more precise breeding or
finding cures for diseases 48



x Presentationof a real ProjecasExamplgo show

o X how aprojectusingDNAsequencingan
look like

o X whatinformationcanbe drawnfrom
sequencinglata

o X whichdownstreamanalyse<anbe done
with the variantfile that we will produce
duringthe handson practicalpart




Investigating the Genetic Diversity and the Genetic
Factors influencing Nut Quality in Hazeln@drylus
avellanal.) '

si7%) Sant’Ann

Liida vi School of Advanced Studies - Pisa



Hazelnut Corylus avelland..) is one of the most important edible nut
species in the world

A Large genetic diversity witB00+ hazelnut cultivars

A Nuts are the primary reason for hazelnut cultivatiofood
industry uses them to manufacture differeptoducts

A Nut quality traits, such as nuimorphology and flavour/aroma,
areimportant to the food industry.

Challenges:

A Only 20 cultivars dominate cultivation

A Genetic factorghat influencenut quality traits are unknown

A Lack of toolsto help breeders choose@ccessions that produce
higher quality nuts
51



The reliance on few cultivars is a risk for hazelnut cultivation

. - Explore the genetic diversity to
Reliance on 20 widely grown cultivars Higher vulnerability to stress breed resilient cultivars

52



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

53



Analysis of the genetic diversity

316leaf samples fromvarieties from 15
geographicalprovenanceswvere genotyped

ddRADBseq(double digest Restriction AssociatedDNAsequencing

141 samples and6,378SNPdor the geneticdiversity
analysisafter quality filtering.

Samples were provided by Ferrero Hazelnut Company

Analysis of genetic factors influencing
Nut morphology

Nuts of 151 genotyped samples weareenotyped

&N

(%]
Zz
o

O\\__

Area minimumcaliber, maximum
caliberand perimeter

&

44,757 higlguality SNPs

151 samples and 44753NPdor GWAS to
associatéeSNP$o Hazelnutmorphology
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Genetic diversity in the hazelnut collection

Provenance
Azerbaijan
Breeding
England
Former Yugoslavia
France
Georgia
Germany
Greece

Italy
Romania
Spain

Turkey
United States
Unknown

® Wild type

A Same provenance, higher genetic similarity




How many genetic clusters currently exist in the collection?

Provenance

3 o - = - Breeding
England

/ ° s ® Former Yugoslavia
24 \ France

! % e * Georgia
Germany
14 e o o | Greece
Italy

Romania . .. .. .
Spain Cluster 2Eurasiarvarieties (Azerbaijan, Georgia, and

Turkey Turkey)form a group withunique geneticcharacteristics

v

RN United States ) ] ] o

I i " P B Unknown Cluster 3: Spanish anitalian Samples (Spanishajority)
Mt

® Wild type

3 genetic clusters

Cluster 1: Italian and Spanish (Italian majority)

PC2 (4.38%)
e *
o
o
~ [ ]
.
» > O
o|® o 0 0O

-2 ~ = Cluster

o 1
2 -1 0 1 2 A >
PC1 (6.09%) —_




Estimating Ancestry and Admixture of Samples

a) 490
08
06
04
02
0.0

Ancestry

b)

50°N

Latitude
S
A
=

40°N

England -
France

Azerbaijan -
Former Yugoslavia

ullits ] = N

c g »n [ o
g i £ & & 3§
a i 7] £ z oy
3 = 2 @

=

Population =

. Ancestrdtopulation 1| | Ancestrdtopulation 2. Ancestrdtopulation 3. Ancestrdtopulation 4. Ancestrdtopulation 5

/‘\—:-:nm ..{f ,~ = Mooy l
...... ‘..- 4 - . ;‘fg";\f A
United States (5) - p  Eastern Europe (3)\‘
» . p . ’ ‘ i /
. 34; wpe (4?;)‘:.\_// Bl (1) \"»_5: ... 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 ®
1254 - @ .
3 | ' ’
35 1.00 . .
g - - .
£0.75 1
= . .
< . .- . * 1
0.501 : . % . .
0.25
0.00 1

Genomic Position

Mitochondrial calcium uniporterd calcium signallingnfluencesbud dormancyand cold acclimationin
perennial plantsv variation in this gene might underli@daptations to temperate Eurasian climatés

candidate for explaininglivergence in stress resilienceetween Eurasian and other hazelnut populations
58



Are there loci associated to nut morphological traits?

We measured nut traits and searchedor associatedrariants

Max.Caliber Min. Caliber Perimeter

HSP21s a heat shock protein known to suppaottloroplast functionand
seedling developmentinderheat stressn other species.

A HSP2Inay protect developing nut cellfom environmental stress

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

10 1 Expected —log;g(p)

Observed —logo(p)
0o 1 2 3 4 5 &




Conclusions

A Thegenetic uniqueness of Eurasian accessiaas stimulate researchbout
how the genetic potential can be used in breeding efforts

A GWASesults providedsuggestions for the genetic factors influencing nut
morphologyand enhanced our understanding of genonteait interactions.
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