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Fragments Add adaptors Attach to flowcell
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PCR extension
Q —_—>
® \>

Bind to primer Dissociation

Il —
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Sequencing

Cluster formation

https://www.illumina.com/systems/sequencing-platforms/novaseq/specifications.html

=

e

Signal scanning

NovaSeq™ 6000

u
illumina

Table 1: NovaSeq 6000 System flow cell specifications

i SP S1 S2 S4
type
Lanes per > > > 4
flow cell
Output per flow cell2P
1 x 35 bp N/A / W\ 280-350 Gb
2x50bp  65-80Gb ;ow‘o Gb N/A
134-167 _ 667-833 1600-2000
sl Gb Gb Gb Gb
— 200-250 400-500 1000-1250 | 2400-3000
P Gb Gb Gb Gb
2x250bp  325-400 Gb N/A N/A N/A
Singlereads ) ocneB  1.3-41.6B 3.3-4.1B 8-10B
CPF
Paired-end
1.3-1.68 2.6-3.2B 6.6-8.2B 16-20B
reads CPF eiell
Quality scores®
1 x 35 bp Q30> 90%
2 x 50 bp Q30> 90%
2 x 100 bp Q302 85%
2 x 150 bp Q30> 85%
2 x 250 bp Q30> 75%
Run time?
1 x 35 bp N/A N/A N/A ~14hr
2 x 50 bp ~13hr ~13hr ~16hr N/A
2 x 100 bp ~19hr ~19hr ~25 hr ~36hr
| 2x150bp ~25hr ~25hr ~36hr ~44 hr
2 x 250 bp ~38hr N/A N/A N/A
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Fragments Add adaptors Attach to flowcell

Table 1: NovaSeq 6000 System flow cell specifications

Il —

Cluster formation

Sequencing

https://www.illumina.com/systems/sequencing-platforms/novaseq/specifications.html

Signal scanning

o SP S S2 S4

type

Lanes per > > > 4

flow cell

Output per flow cell2P

1% 35bp N/A / W\ 280-350 Gb

2x50bp  65-80Gb ;ow‘o Gb N/A

134167 _ 87833 | 16002000

sl Gb Gb Gb Gb

Fr— 200-250 400-500  1000-1250 | 2400-3000
P Gb Gb Gb Gb

2 x 250 bp 325-400 Gb

2\ oryza gativa gen w3V = 90%

2 x Q30> 85%

2 x 150 bp Q30 = 85%

2 x 250 bp Q30> 75%

Run time®

1x 35bp N/A N/A N/A ~14hr

2 x 50bp ~13hr ~13hr ~16hr N/A

2 x 100 bp ~19hr ~19hr ~25 hr ~36 hr
| 2x150bp ~25 hr ~25 hr ~36 hr ~44 hr

2 x 250 bp ~38hr N/A N/A N/A
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< Pipeline for QTL-mapping

Pre-processing

Read alignment

Variant detection

Map construction

QTL analysis

Short reads
sequencing data

v

De-multiplexing
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Quality filtering

v

Mapping to
reference genome

l
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matrix
SNP filtering
]
v
SNP genotyping Linkage mapping

Constructio
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QTL mapping

QTL detection

< Pipeline for GWAS

Short reads
sequencing data

- v
Pre-processing

de-multiplexing

Adapter trimming

Quality filtering

Read alignment

v

Mapping to
reference genome

Variant detection

ALz

v

Construction of
matrix

l

SNP filtering

I
[
v

OJ?\/“ \ ,Z'( wciation Study

GWAS

Selection of
significant SNPs
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Single Nucleotide
Variant
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« https://www.pacbh.com/?page_id=9004

Deletion Insertion
—_—— R
— —_ —
Inversion Translocation
—— — L >
— i —— ] =

Types of Variants
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My Sample
Reference Genome
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Sachidanandam R et al. Nature. 2001;409(6822):928-933
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ACTAGAGAATCTA
T GA ACTAGAGAACTATCGT
T GA ACTAGAGAACTATCSG

Sachidanandam R et al. Nature. 2001;409(6822):928-933



< Insertion (Homozygous)

I l i IGV - u X
File Genomes View Tracks Regions Tools Help
reference.fa ~ | [chrot v chr01:612,282-612,321 G Bt « » @O & 2 | | ERERRARARARNARARAY |
~
1t
41bp
612,290 bp 612,300 bp 612,310 bp. 612,320 bp.
I L | I o
o100 ~
seq_sorted bam Coverage
o
o o
< SNP (Homozygous & Heterozygous) S m
i@ 1IGV - u X 2 -
File Genomes View Tracks Regions Tools Help Insertion (4 bases): TTTC
reference.fa ~ | chro1 v chr01:23,110-23,149 co| it » @ [0 =] [
v
41bp Sequence = |G AACAAATTTACTATTGATTTTTTTTTTTTE CCGCTTTTTTZE CTTCGC A
23,120 bp 23,130 bp 23,140 bp 23
1 I} I} 1
v
[T |3 tracks loaded Elcnrm 612,302 I [p3om of 536m
seq_sorted bam Coverage
- - - -
T T C G C
eem e
T c G c
T c (<] c .
K72
T c s c < Deletion (Homozygous)
S ——)
- - i 1GV - () X
——————————————————— ¢
seq_sorted bam File Genomes View Tracks Regions Tools Help
c G c
T c G = . . . -
— - — reference.fa chrot chr01:3,261,399-3,261,43¢] o B « » O A I Erreereeeneeenni =
T c G c
T G G C 1 ~
C G C
5 S
c
Sequence =[a g a a a cagcoctgaactocaaagctagt agcaaaagctctocctoecactg 41bp
3261400 bp 3261410 0p 3261420 bp 3261430 bp
| 1 | I | v
|3 tracks loaded hr01:23,130 [131M of 536M
S oz I [oms = =
seq_sorted bam Coverage
|__J
seq_sorted bam
|
v

Sequence d

TG6¢CTTTTOCTTTTSGT CCTTCCATTTTTCACTGTATTGTTTG A

I8 tracks loaded

[cnr01:3,254,983 Il

[losm of 536M
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Generation of large F2 population
Extraction of DNA from tissue of each individual

Genotyping using polymorphic primers

Agarose gel electrophoresis of PCR products
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Marker-assisted selection (MAS)

CONVENTIONAL BACKCROSSING

VISUAL SELECTION OF BC1 PLANTS THAT
MOST CLOSELY RESEMBLE RECURRENT

BloTok:

MARKER-ASSISTED BACKCROSSING

N
v ¥
P, I( P,

P X ES
)
BC1

USE ‘BACKGROUND" MARKERS TO SELECT PLANTS

THAT HAVE MOST RP MARKERS AND SMALLEST %
OF DONOR GENOME

JBRGU AT AR R
R840 10
T

« https://jgeb.springeropen.com/articles/10.1186/s43141-021-00231-1 11
«  http://www.knowledgebank.irri.org/ricebreedingcourse/Marker_assisted_breeding.htm
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NGS for Marker Discovery

Whole Genome

Reduced Representation
Sequencing

Amplicon Sequencing Sequencing

Transcriptome Sequencing

WGS (2001)

Amplicon (1992)
RAD-seq (2011)

Designing genome specific
primer

| |
PCR amplication MA S @QWL\AG

Restriction site based
Reduction of complexity

Ko | |

PCR amplication of
resulting fragment

Library preparation cDNA synthesis

Sequencing of amplicons Library sequencing Seq:;?&?%;’gﬁ:;ﬁgﬂe‘j Sequer}t;langgn:) ::tTpl'ﬂed

v

Sequence Alignment and
Marker Discovery

Diversity analysis QTL mapping assfcei::ir::-r‘:a“;:ing Genomic selection Marsk;:catsi.::ted
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MDa Mo Mo Do B Aa Ba A Aa Aa Aa

arker assiste B 56 o

selection (MAS) Marker-assisted
s e backcrossing (MAB)

Linkage Map &

Next-Generation
Sequencing

RM331

Association Mapping SMX| 22 0kA
QTL Mapping

O ]

Scores of PCA

Statistical
association

PC2

58

Likethood ratio ©
38
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< WGS (Whole Genome Sequencing) Ifo| x2}ol < GBS (Genotyping-By-Sequencing) It0| X 2}Ql

Short reads Short reads
sequencing data sequencing data
| , [
o - v
Pre-processing Y Pre-processing
Quality filtering De-multiplexing Adapter trimming > Quality filtering
|
v . i
Read alignment Read alignment
Mapping to Mapping to
reference genome reference genome
| :
Variants detection y Genetic relationship L
Construction of Construction of N _
matrix matrix i SNP filtering
l [
v ¥ v
SNP filtering Principle component Phylogenetic tree Population structure
analysis
I
i v . ;
Specific marker Specific marker ¥
Group common Group POIYmQTPh'C Group common | Group polymorphic
allele selection SNP detection allele selection SNP detection

18
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Pre—processing BloTOK

Short Reads O  AIEA HIO|He MXe| 2p™

= Removal of technical sequences
v

= Quality and length filtering

v

Read Alignment Q o|Ar2Ejs oz

1.  Trimmomatic
v

SNP calling A flexible trimmer for [llumina sequence data

2. FASTQC

\ 4

A quality control tool for high throughput sequence data.

Construction
of matrix
3.  FASTX-Toolkit
v The FASTX-Toolkit is a collection of command line tools for Short-Reads FASTA/FASTQ files preprocessing.
Genetic
Relationship 4. SolexaQA

SolexaQA calculates sequence quality statistics and creates visual representations of data quality for second—-generation sequencing data.
v

Barcode Set

19
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Trimmomatic 4laH BIOTOK:

O Trimmomatic T2 M

*  Phred33

«  Remove adapters (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10)

*  Remove leading low quality or N bases (LEADING:3)

*  Remove trailing low quality or N bases (TRAILING:3)

*  Scan the read with a 4-base wide sliding window, cutting when the average quality per base drops below 15
(SLIDINGWINDOW:4:15)

«  Drop reads below the 36 bases long (MINLEN:36)

## Sequencing Data C|AE2| 2 0| F

cd /home/edu_01/1.rawdata

## Trimmomatic &3

java -jar /home/Trimmomatic-0.39/trimmomatic-0.39.jar PE -threads 10 -phred33 seq_1.fq.gz seq_2.fq.gz seq_pairedl.fq
seq_pairedl_un.fq seq_paired2.fq seq_paired2_un.fg ILLUMINACLIP:/home/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36

20
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7

» FASTQC

K/

Quality scores across all bases (Sanger/lllumina 1.9 encoding)

123456789 14-15 22-23 30-31 38-39 46-47 54-55 62-63 70-71 78-79 86-87 94-95
Pasition in read (bp)

QPer base sequence quality
‘T‘TT’TT‘TT{W;‘T.TT{T’I"TIIIE ‘

1|

https://hbctraining.github.io/Intro-to-rnaseg-hpc-salmon/lessons/qc_fastqc_assessment.html
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic/TrimmomaticManual_V0.32.pdf

** Flow of reads in Trimmomatic Paired End mode

Reverse

_______ Cognate reverse read
below criteria (deldted)

Forward paired

Trimmomatic

Reverse paired
Cognate forward read
below criteria (deleted)
Reverse unpaired

% Trimmomatic Z1} Oj|A|

21
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Short Reads

v

Pre-processing

v

Read Alignment

\ 4

SNP calling

\ 4

Construction
of matrix

v

Genetic

Relationship

v

Barcode Set

O Read Alignment / Read Mapping 2}d

* Read alignment (mapping)= sequencing readsg2 EERMA| ME 1} H| W5t reads?| E7|ME1t LX|ot= X

HEREM MENM He 1Y

i

O 20| AHREl= T2

1. BWA (Burrows—-Wheeler Aligner)
BWA is a software package for mapping low-divergent sequences against a large reference genome, such as
the human genome.

2. Bowtie2
Bowtie 2 is an ultrafast and memory-efficient tool for aligning sequencing reads to long reference
sequences.

3. HISAT2

The HISAT2 is a fast and sensitive alignment program for mapping next—generation sequencing reads (both
DNA and RNA) to a population of human genomes as well as to a single reference genome.

4. RUM, STAR, TopHat2, --
22
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Tool Alignment Reference Description
Bowtie2 Transcriptome Bowtie2 aligns reads by combining full-text
+ Genome minute index and hardware-accelerated

dynamic programming to produce sensitive
and accurate alignments (Langmead and
Salzberg, 2012).

Bwa Genome Bwa aligns short DNA sequences against a
reference genome by constructing a suffix array
and applying Burrows-Wheeler transformation
that matches the sequences using a backward
search (Li et al., 2013).

HiSat2 Genome HISAT aligns reads using an indexing scheme
based on Burrows-Wheeler transform and the
Ferragina-Mangini index (Kim et al., 2015).

RUM Genome + RUM is an alignment and feature quantification
Transcriptome pipeline developed specifically for Illumina
RNAseq data. RUM uses Bowtie algorithm for
alignment (Grant et al., 2015).

STAR Genome or STAR aligns raw reads by using a seed -
Transcriptome extension search based on uncompressed
suffix arrays and detects splice junctions.

TopHat2 Genome TopHat2 has the ability to identify novel splice
sites and mapping directly to known
transcripts that produces sensitive and
accurate alignments (Kim et al., 2013).

23
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Read alignment - IGV &1}

M1 soried bam Coverage o IGV_2.3.34 File GCenomes View Tracks Regions Tools GenomeSpace Help A
- = IGV
]
| D. melanogaster (d... | | chrd +| |chr4:455,579-466,533 Go ﬁ 4 » '
|
|
1]
|
| &
~ 10 kb -
M1_sorted bam 456 kb 458 kb 460 kb 462 kb 464 kb 466 kb
| | | | | | | | | | |
=
0-50) ? !
untreated1_chrd bam Coverage
untreated1_chrd .bam H |
v

untreated3_chrd . bam Coverage

untreated3_chrd .bam

Gene =EEFEEI - BEEEEEE 1 B e
B tracks loaded |lchra:466 236 [ [ loom of 195M 25
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Short

Reads

A

y

Pre-processing

A

y

Read Alignment

A

SNP calling

A

y

y

of m

Construction

atrix

A

y

Genetic
Relationship

A

y

Barcode Set

O Variant Detection 2}
o X

* Read alignment (mapping) 222 0|85t A|ZA MEN BER

ol

| MEute| Xt0| (SNP, In/Del £)& &= 11H

r

Q ol ArEE =2

1. SAMTools
Provides various utilities for manipulating alignments in the SAM/BAM format.

Find variants

2. GATK

A genomic analysis toolkit focused on variant discovery

26
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VCF (Variant Call Format)

[AAcsGCAGCA

IGV

1
;A : Example
; : ##fileformat=VCFv4.0 Mand y header lines
i i ##fileDate=20100707
iai ##source=VCFtools i .
i ##reference=NCBI36 Optional header lines (meta-data
E o ##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Alle about the annotations in the VCF body)
H ##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membersfip">
[ o { ##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype
IAI = ##FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genotyge Quality (phred score)">
Imaml b ##FORMAT=<ID=GL,Number=3, Type=Float,Description="LikeljHoods for RR,RA,AA genotypes (R=ref,A=alt)">
ATl > | ##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Re#d Depth">
IAl ##ALT=<ID=DEL,Description="Deletion">
=A= ##INFO=<ID=SVTYPE,Number=1, Type=String,Descriptig#="Type of structural variant">
P ~§?ﬁ§53'§%2 AT IEEE?&E?E&”?E#S”' o RaT  SAWPLEL sapy g~ Reference slleles (G720
i i > 1 ACG A,AT PASS GT DP 1/2:13 0/0%29
i 'g 1 /T CT PASS H2 AA=T GT:GQ 0]1:100 2/2{05\
inADi @ 1 / ASS GT:GQ [0:77 1/1:9 )
i 1 100 <DEL> SVTYPE=DEL;END=300 GT:GQ:DIV%/I 12:3 0/0:20 Alt_ernate alleles (GT>0 is
i A | - . an index to the ALT column)
CHR POS REF ALT wi1 W1_Depth M1 M1_Depth Gemc/lnterg Feature Description Organism Flanking_600bp
chr01 1181121 T G K 2,1:3 T 3,0:3 SLO00879t0( Intron Glycogen pt Auxenochlor CTTTCTGCACCG
chr01 1272122 T G K 1,2:3 T 9,1:10 SL014053t0( Intron HslV compo Coccomyxa ACAGCTGGTCTG
chr01 2586904 T G K 4,2:6 T 3,0:3 SL012474t0(Intron exocyst com Prunus persi TGCCGCCGGCGC
chr01 3334582 C A M 11,15:26 C 21,0:21 SLO04799t0( Intron hypothetical Chlorella var CTCCGTACCCCCH#
chr01 4136244 C A C 66,0:66 M 73,65:138  Intergenic CATCTCGCAGCT
chr01 128 C A C 29,0:29 M 35,22:57 Intergenic aaacCCTAAACCC
chr01 1041661 A C M 2,2:4 A 4,04 SL002841t0( Intron Thermostabl Auxenochlor TTTGTAGCTTTGA
chr01 324 A C M 33,39:73 A 100,0:100  Intergenic CTAAACCCTAAA

https://davetang.github.io/learning_vcf_file/

SNP matrix

27
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Example
( ##fileformat=VCFv4.0 - Mandatory header lines
##fileDate=20100707
##source=VCFtools
##reference=NCBI36 Optional header lines (meta-data
© | ##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Alle about the annotations in the VCF body)
g ##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membersfiip">
@ { ##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype,
= ##FORMAT=<ID=GQ,Number=1, Type=Integer,Description="Genotyde Quality (phred score)">
& ##FORMAT=<ID=GL,Number=3, Type=Float,Description="LikeljMoods for RR,RA,AA genotypes (R=ref,A=alt)">
> ##FORMAT=<ID=DP,Number=1, Type=Integer,Description="Re#d Depth">
##ALT=<ID=DEL,Description="Deletion">
##INFO=<ID=SVTYPE,Number=1, Type=String,Descriptiga="Type of structural variant">
##INFO=<ID=END,Number=1, Type=Integer,Description="End position of the variant"> -
\ #CHROM POS ID ~ REF ALT  QUAL FILTER INFO FORMAT ~ SAMPLEL SAMP Reference alleles (GT=0)
s (1 i ACG_ A,AT . PASS : GT:DP 1/2:13 0/0:29
'g 1 2 rsl T,CT PASS H2; AA=T GT:GQ 0]1:100 2/2:J0
(-] 1 S A G . ASS : GT:GQ |0:77 1/1:9
1 100 <DEL> B SVTYPE=DEL ; END=300 GT:GQ:DP /1:12:3 0/0:20 Alternate alleles (GT>0 is
an index to the ALT column)
Deletion SNP 1 Insertion Other event Phased data (G and C above
Large SV are on the same chromosome)

28
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VCF

##fileformat=VCFv4.2

##contig=<ID=2,1length=51304566>

##INFO=<ID=AC,Number=A, Type=Integer,Description="Allele count in genotypes">

##INFO=<ID=AN,Number=1, Type=Integer,Description="Total number of alleles in called genotypes"'>
##FORMAT=<ID=GT,Number=1, Type=String,Description="Genotype">
##FORMAT=<ID=DP,Number=1, Type=Integer,Description="Read Depth">
##FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genotype Quality">

#CHROM POS ID

2

2
2
2

811760
81171
81182
81204

BCF

NNNN

81170
81171
81182
81204

C

G
A
T

-0 nNn

REF ALT QUAL FILTER INFO FORMAT

T

A
G
G

OO0 r -

AC=9;AN=7424
AC=6;AN=7446
AC=5;AN=7506
AC=2;AN=7542

AC=9;AN=7424
AC=6;AN=7446
AC=5;AN=7506
AC=2;AN=7542

GT:
GT:
GT:
GT:

GT:
GT:
GT:
GT:

DP:GQ
DP:GQ
DP:GQ
DP:GQ

0/0:0/0:
0/1:0/0:
0/0:0/0:
1/0:0/0:

SAMPLE1 SAMPLE2
0/0:4:12 0/0:3:9
0/1:4:12 0/0:3:9
0/0:5:15 0/0:4:12
1/0:5:15 0/0:9:27

0/1:0/1:1/0:06/0:0/0
0/0:0/0:0/1:0/1:0/0
0/0:0/0:0/0:0/0:0/0
0/0:0/0:0/0:1/0:0/1

SAMPLE3

0/1:
0/0:
0/0:
0/0:

Ll
e
5

3
3
15

10:30

SAMPLE4
0/1:9:24
0/0:9:24
0/0:9:24
0/0:15:39

SAMPLES SAMPLEG6
1/0:4:12 0/0:5:15
0/1:4:12 0/1:5:15
0/0:4:12 0/0:4:12
0/0:9:27 1/0:13:39
GQ:12: 9: 3:24:12:15:
B0 12 9 322421215
015202 152402112
GQ:15:27:30:39:27:39

https://en.wikipedia.org/wiki/Variant_Call _Format

@HoleR |

sloTOk:

SAMPLE7
0/0:4:12
0/0:4:12
0/0:4:12
0/1:14:42

12
12
12

:42
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Short Reads

v

Pre-processing

v

Read Alignment

\ 4

SNP calling

\ 4

Construction
of matrix

v

Genetic
Relationship

v

Barcode Set

Q Variant Filtration 2P°40]] At&|= 7|&

SNPs Low quality

Number of alleles: It is possible to filter out the non—biallelic or the monomorphic SNPs.
High Coverage: It can be false positives due to repetitive regions.

Missing genotypes

Minor Allele Frequency (MAF)

Observed Heterozygosity
By genome localization: exon, UTR, etc,.
Amino—-acid change: We can select the SNPs with large impacts in the coded proteins.

Linkage Disequilibrium: If we have genotype a segregant population it could be useful to filter out the SNPs

that are not in linkage disequilibrium with their closest SNPs.

30
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CHR POS REF ALT Sample1 Sample2 Sample3 Sample4 Sample5 Sample6 Sample7
scaffold0075 870356 G C - C @ C C -
scaffold0058 1663836 T C C C C C T -
scaffold0107 601267 G A G G A - A A -
scaffold0108 1303787 G A G A A A A A -
scaffold0171 50985 A G G A - A A A
scaffold0171 761366 G T T G G - T G
scaffold0171 1459133 T C - T T C C - @

scaffold0144 11553 C T T C - C C C -
scaffold0160 1301533 G A A A G G G G A
scaffold0190 526878 C T - T - - C C T
scaffold0191 652149 G A G A - G A - G
scaffold0708 1251377 G C G - G C G G G
scaffold0711 73459 T C C C T T - C C
scaffold0711 151410 A G - G A G A A G
scaffold0711 151411 A G G A - A G A G

anorg wpazazs = = =

scaffold0777
alfold

U

scaffold0718 586757 G A G G G A A A -
scaffold0719 711767 T G G T T - T G
scaffold0746 9828 A G A A A G - A G
scaffold0747 1208530 G A G G

scaffold0788 601667 G A - G A G G A -
scaffold0797 888578 T C - - C C C - T
scaffold0118 542035 G A - - G A A A
scaffold0170 847416 G A - A - A A A A
scaffold0141 587532 A G A A A A - - A
scaffold0185 731688 G A A A - - A G A
scaffold0185 731747 G A - - G A - G A
scaffold0199 702837 G A A G G G A




Filtering

= &8¢t zE L=
N R o e T
e I N P S == N S S O S B
h 4
CHR scaffold0777 | scaffold0718 | scaffold0776 | scaffold0788
POS 175224 586757 85221 601667
Sample1 T G C -
Sample2 T G A G
Sample3 T G A A
Sample4 T A A G
Sample5 G A C G
Sample6 T A A A
Sample7 G - A -
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arker assiste B 56 o

selection (MAS) Marker-assisted
s e backcrossing (MAB)

Linkage Map &

Next-Generation
Sequencing

RM331

Association Mapping SMX| 22 0kA
QTL Mapping

O ]

Scores of PCA

Statistical
association

PC2

58

Likethood ratio ©
38
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