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RNA-Seq
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RNA-Seq
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RNA-Seq library preparation

fragmentation
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PCR amplification

cDNA synthesis
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barcoding

3 RNA-Seq library prepara@n







RNA-Seq / single-end approach

single-end reads
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RNA-Seq / paired-end approach

paired-end reads
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RNA-Seq

ZYNGDC = RNA-Seq data
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L) (24

e B Y pvBL-EBI . .
RefSeq €/Ensembl QC FastQC Trimmomatic cutadapt

--------------------------- » mapping 'STAR HISAT2 BWA kallisto

san ban |

reference sequence

v
gene annotations -- -------------------- » quantification featureCounts | HTSeq
R/Bioconductor DE analysis clustering modeling

\lR

functional enrichment |R/Bioconductor 11



FASTQ

read sequence » TAAGGAGATCAAGAACGGGCGACTTGCGCTGTTGGCGTT
+
Quality score » @@1BDDDDB??D:CGFIFEBGGABGFGFFFBABBBB?<>

GCCCCAGCCCCAGTCCTAGCCCCAGCTCCAGTTCCGGCT
+
CCCFFFFFHHGHHJJJ3JJJIJJIJJJJJIJJHIDDD@CB

AAAAAAAGGAACAAAAGAGGACAAGACCCAATCCACAAT
+
@@CFDFDFFBHHAGGFHIIGCHJJIGHIEGIJJJEECD:

TTGATGTTAGGCAAAGTCAAGAAGTTCTTGGTGATGTGA

+
CCCFFFFFHHHHHJIJJIJJJJJJJIJIEEDDDDDDDDDB

12



FASTQ
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+
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Quality score =

error rate p

y

(ASCIl code)| - 33
=31
64—33
=10 -10 = 7.9x107*

_Q
p = 10-10
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FASTQ
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error rate p
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(ASCIl code)| - 33
=16
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_Q
p = 10-10
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FASTQ
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Quality control (QC)

Qquality Control (QC) RNA-SIQ data
QC FastQC Trimmomatic cutadapt
« trim poly-A/T

- trim adapter sequences -l

« discard short reads mapping

l

quantification

A/l\A

DE analysis clustering modeling

\l

functional enrichment 16

- trim low quality parts



QC report

@Basic Statistics
@Per base sequence quality

@Per sequence guality scores

@Per base sequence content

@Per sequence GC content

@Per base N content

| 'Sequence Length Distribution

@Sequence Duplication Levels

@Overrepresented sequences

@Adapter Content

QC report was generated by FastQC

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

Per base sequence quality

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-01 96-97

100

90
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0

Position in read (bp)

Percent of seqs remaining if deduplicated 76.76%

. A % Deduplicated sequences
Sequence Duplication Levels s e
1 2 3 4 5 ] 7 8 9 =10 =50 =100 =500 =1k =5k =10k

Sequence Duplication Level
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10

100
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80
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60

50

40

30

20

10

Sequence content across all bases
%T

Per base sequence content

%G

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-91 96-97
Position in read (bp)

% Adapter
lllumina Universal Adapter
Ada ter Content llumina Small RNA 3' Adapter
p lllumina Small RNA S' Adapter

Nextera Transposase Sequence
SOLID Small RNA Adapter

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 1—85 ;

Position in read (bp)



QC report / NG

@ Basic Statistics
@ Per base sequence quality

@ Per sequence quality scores

@ Per base sequence content

@ Per base GC content
@ Per sequence GC content

Q Per base N content

Q Sequence Length Distribution

@ Sequence Duplication Levels

Q) Overrepresented sequences

@ Kmer Content

Relative enrichment over read length
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90
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70
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50

40

30

20

10

12345678¢9

15-19 25-29 35-39 50-59
Position in read {bp}

80-89 150-199 300-349 450-499 700-799

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

Sequence content across all bases

40 | | ] 100
s HHRL AL TS éf base sequence content
36 L LN T - = - I 90 %A
34 ™ || %G
32 80
30 T
28 L = 70
26 — —
24 60
22
20 50
18
16 40
14
12 0
10 —
8 20
5
.
Per base sequence quality '
0 1 23 456 7 8 9 1519 25-29 35-39 50-59 80-89 150-199 300-349 450-499 700-799 1100-1199 0 1 23 456 7 8 9 1519 25-29 35-39 50-59 80-89 150-199 300-349 450-499 700-799 1100-1199

Position in read (bp)

Sequence Duplication Level == 52.6%

Sequence Duplication Levels

%Duplicate relative to unique

Sequence Duplication Level

90

80

70

60

50

40

30

20

k-mer Content

Position in read {bp}

% Adapter

lllumina Universal Adapter
lllumina Small RNA 3' Adapter
lllurnina Small RNA

5' Adapter
Nextera Transposase Sequence
SOLID Small RNA Adapter

1234567891519 30-34 45-49 60-64 75-79 90-94 110-114

135-139 160-164 185-189

Position in read (bn)



C report / before QC

paired-end reads

40

o N & O

90

80

70

60

50

10

]

forward reads

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

reversed reads

Quality scores across all bases {(Sanger / lllumina 1.9 encoding}

28
26
24
22
20
18
16
14
12
10

o N & oo

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-01 96-97

Position in read (bp}

Sequence content across all bases

%C
A

%G

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-91 96-97
Position in read (bp}

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-91 96-97
Position in read (bp}

Sequence content across all bases

90 o0

80

60

50

10

0 1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-91 9

Position in read (bp}



C report / after QC

paired-end reads

forward reads

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

reversed reads

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

a0 HEHHEEHEREHBEE

38

36

. R alam s
o [Ty
30 L1l
28 28

26 26

24 24

22 22

20 20

18 18

16 16

14 14

12 12

10 10

8 8
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4 4

2 2
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S50
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10

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85
Position in read {bp)

Sequence content across all bases

%T
%C

%G

1234567891213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85
Position in read {bp)

S0

80

70

60

50

40

30

20

10

123456789 1213 1819 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85

Position in read (bp)

Sequence content across all bases

123456789 1213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 B84-8!

Position in read (bp)



QC / Trimmomatic

Cut the specified number of bases from

Cut the read to a specified length the start of the read
HEADCROP: 20 CROP:120
y A , ¥ .
> <

LEADING: 30 SLIDINGWINDOW:20:30 TRAILING:30
Cut bases off the start Perform a sliding window Cut dbgfsgs IOff thtehendhor da
of a read, if below a trimming, cutting once the rea 0 IT below a thresno
threshold quality average quality within the quality

window falls below a

threshold.

MINLEN:20 Drop the read if it is below a specified length

21

http://www.usadellab.org/cms/?page=trimmomatic
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Mapping

International S vl 0
) S Vvt " Re
heat Genome Sl Bem—
Sequencing ® -, »;%,.I‘,;:::
Consortium ‘ . R IENN
tair 1

RefSeq €/Ensembl

v

genome sequence -

RNA-Seq data

l

QC

-

------------------------------ » mapping | STAR HISATZ2 | BWA
quantification
DE analysis clustering modeling

\l

functional enrichment
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Genome sequence

e/Ensembl

http://plants.ensembl.org/Arabidopsis_thaliana/Info/Index

Gene annotation Carboxy* CAB

What can | find? Protein-coding and non-coding genes, splice F-box
variants, cDNA and protein sequences, non-coding RNAs.

0 More about this genebuild Example gene
— e

!
@, o

Example transcript

l'!l Download genes, cDNAs, ncRNA, proteins - FASTA - GFF3

\ Update your old Ensembl IDs

.i. Arabidopsis_thaliana.TAIR10.dna.toplevel.fa.gz
&

Arabidopsis_thaliana.TAIR10.47.gff3.9z

International
Mhear Genome
Sequencing
Consortium

IiefSeq

a4
\ \7‘\( il [; ' ,
\\\ \*\’u.O"' -

@ i ==
\/l’-’ /'.:--
— ".. . “‘~ ~

o 7 9o vy

tair 'y

elEnsembl
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Mapping

reads

mapping

\ 4

reference

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
CCTTAGTAAGGGTCGCGC
ATCCCTTTTAGCCCCTT

AGCACCCCAGGEC

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCGCGAAAA

25



Mapping

reads

mapping

\ 4

reference

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
CCTTAGTAAGGGTCGCGC

AGCACCCCAGGEC

ATCCCTTTTAGCCCCTT

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCGCGAAAA

26



Mapping

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA

reads
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
mapping
CCTTAGTAA TCGCGC
v ATCCCTTTTAGCCCCTT
reference AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAAGGGTCGCGCGAAAA

27



Mapping

reads

mapping

\ 4

reference

CCCCA

CCA

AGCACCCCA

CTATC TCCCTTTTAGCCCCTTA
CTATCGAAATC CCCTTTTAGCCCCTTAGT
CTATCGAAATCGA CCTTAGTAA
CTATCGAA ATCCCTTTTAGCCCCTT

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCEC

TCGCGCGAAAA

28



Mapping

paired-end reads

unmapped
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Mapping software

alignment-based ; ;
Bowtie Bowtie2 i |
TopHat ! » TopHat2 » HISAT » HISAT2

i STAR i §

BWA i i pseudoalignment-based i

. RSEM  Kallisto

; ; salmon ;

2010 2015 2020

(Bowtie) Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biology, 10:R25, 20009.

Fast gapped-read alignment with Bowtie 2. Nature Methods, 9:357-359, 2012.

TopHat: Discovering Splice Junctions With RNA-Seq. Bioinformatics, 25(9):1105-11, 2009.

TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biology, 14: R36, 201 3.
HISAT: a fast spliced aligner with low memory requirements. Nature Methods, 12:357-360, 2015.

Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nature Biotechnology, 37:907-915, 2019.

Fast and accurate short read alignment with Burrows-Wheeler Transform. Bioinformatics, 25:1754-60, 20009.

Fast and accurate long-read alignment with Burrows-Wheeler Transform. Bioinformatics, 26:589-595, 2010.

STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 29:1, 2013.

RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinformatics, 12:323, 2011.
(kallisto) Near-optimal probabilistic RNA-seq quantification. Nature Biotechnology, 34:525-527, 2016. 30
Salmon provides fast and bias-aware quantification of transcript expression. Nature Methods, 14,:417-419, 2017.



Mapping software

alignment-based

» HISAT2

Bowtie Bowtie2
TopHat » TopHat2 » HISAT
STAR
BWA

Alignment-based software align reads based on

- text search by FM-index using Burrows-Wheeler transformation text
« local alignment by Smith-Waterman algorithm

31



BWT

The ability to resolve the inherent complexity of gene

families related to important agronomic traits demonstr
ates the impact of IWGSC RefSeq v1.0 on dissecting quan
titative traits genetically and implementing modern bre

eding strategies for future wheat improvement.

Burrows-Wheeler transformation (BWT)

\ 4

fCetyntsnesrfsedotegtyOgsogsedyceqelt.vSW Gf.I p rrcf

tuelrrta i1 aene oe hnhhvvrhsterRtrvidggrmmshdiitrnlooe
nnn eaTttwnmtglimb ttd dtaaxlteppiiaoleeoa eiioii
roaeeiiiiooaeeeattm snc rmfprmmmmme ottttub e egpotete

esei nnnacnriaaa encna ssiiuiigqtf 1io eltt

« high compression ratio
« high-performance text searching

32



BWT

acaacg$y —

acaacg$
caacgfa
aacgs$ac
acgfaca
cg$acaa
g$acaac
$acaacg

$acaacg
aacgs$ac
acaacg$
acgfaca
caacg$a
cg$acaa
g$acaac

>

gc$aaac

33



BWT

acaacg$y —

acaacg$
caacgfa
aacgs$ac
acgfaca
cg$acaa
g$acaac
$acaacg

suffix array

$

aacg$
acaacg$
acg$
caacg$
cg$

g$

VTR =2 W ONOD

—_—

acaacg$
1234560

gc$aaac

34



BWT

?

v

acaacg$

decryption

BWT

>

gc$aaac

35



BWT / decryption

g
C
$
«— aACg?77a «—aCg?7??? «—aaC???? «—aC???7?7a «—aC????? «—aa????? «—a????7a «—a
a
a
C

F L F L F L
$ac???g $ac??7?? g$a???? $a????g $a??77?7? g$?777?7?7? $777779

aac???c aac???? caa???? aa???7c aa????77? ca????? a????7c

aca???$ aca???? $ac???? ac????$ ac????? $a??7?77?7? a???7?7?7$

caa???a caa??7?? aca???? ca????a ca???7?? ac???7?? c??7?77?7a

cg$???a cg$?77?7?7? acg???? cg???7a cg??7?7?? ac???7?? c??7?77?7a

g$a???c  g$a????  cg$????  @g$???7c  g$7????  cg?????  g?PP?PC

F-column equals to L-column sorted in ascended rank
L-column equals to BW translated string when F-column is sorted in ascending rank

36



LF mapping

LF mapping is an algorithm mapping
from the last column of the BWT to the

first column.

F

37



LF mapping

LF mapping is an algorithm mapping
from the last column of the BWT to the
first column.

T

L YV L A

N QL Y W A(N)Q
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BWT

aaacg$

aaacg$
Baacg$a
aacg$a@
acg$a@a
cg$aaa
g$a@aac
$aaacg

F L

$aaacg
aacg$ag
affaacg$
acg$a@a
Baacg$a
cg$aaa
g$a@aac

focus on last "c¢" l

at each row

aacg$ag
g$aaac

» gc$aaac

shift 1 letter
Baacg$a
>
cg$aaa
39




LF mapping

LF mapping is an algorithm mapping
from the last column of the BWT to the

first column.

-
—

L YV L A
L Y A \@.
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LF mapping

LF mapping is an algorithm mapping
from the last column of the BWT to the

first column.

@ n n()()@E)e

O OO
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LF mapping

LF mapping is an algorithm mapping from the F L

last column of the BWT to the first coumn. 7 - """~

LF(i) = C[LIil] + ooc(LI[il, O, i) a?7?777a

CI[s] and occ(s, from, to) can be

l \iculated before the analysis.
CL$]

C[al

cr

C

C[s] index into F column where ¢ begin

$] =0 occ(g, 0, 0) =1
ooc(s, from, to)  a function that calculates the al = 1 occ(c, 0, 1) =1
number of occurrences of c] = 4 occ($, 0, 2) =1
character s between from and to gl =6 occ(a, 0, 3) =1
occ(a, 0, 4) =2
occ(a, 0, 5) =3
occ(c, 0, 6) = &2



LF mapping

LF mapping is an algorithm mapping from the F L
last column of the BWT to the first column. 277779
a?7??7c
i i i i a?????%
LF(i) = C[L[il] + ooc(L][i], O, i) 17772773
c??77?777?a
Compute LF(i) wheni=0,1, 2, .., 6 c??77?777?a
g??7?77cC
LF(0) = C[g] + ooc(g, 0, 0) =6 +1 =7
LF(1) = C[c] + ooc(c, 0, 1) =4 +1 =5 l \
LF(2) = C[$] + ooc($, 0, 2) =0+1 =1 cr$] = 0 occ(g,
LF(3) = c[a] + ooc(a, 0, 3) =1+1=2 Cla] =1 occ(c,
4) = 0. 4) =142 <3 Clc] =4 occ($,
LF(4) = C[a] + ooc(a, 0, 4) =1+ 2 = Cl[g] = 6 occ(a,
LF(5) = C[a] + ooc(a, 0, 5) =1+ 3 =4 occ(a,
occ(a,
LF(6) = C[c] + ooc(c, 0, 6) =4 + 2 =6 occ(c,

o NN Qv  V AT
N 9V OV Y AN Q™

I T T T T TR
NWNRRRR

coocooooo
W



LF mapping

-4 DD UVU» © © ©

C

LF mapping

L&A @O © @ U U O
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LF mapping
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LF mapping
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LF mapping
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LF mapping
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LF mapping
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LF mapping

$gcaac

4 O @M @© © U

il

L& @0 @ © U U O
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LF mapping

o1



LF mapping

N L 9 VAN Q-

]

O N N vV V V A T

$gcaaca

reverse

>

acaacg$
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BWT

v

acaacg$

LF mapping

BWT

>

gc$aaac
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suffix array

Query = aac

acaacg$

BWT / suffix array

$

aacg$
acaacg$
acg$
caacg$
cg$

g$

U1l-h =R WONO

24



FM index

Query = aac

acaacg$

BWT

o N N Y Y YV AT
N Y U V AN QI
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FM index

Query = aac
4—

acaacg$

BWT

o N N Y Y YV AT
N L U 9V AN QI
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FM index

Query = aac
4—

acaacg$

BWT

O N N Y YV YV AT
N L U O AN QI
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FM index

Query = aac

acaacg$

B
N

o N N Y Y YV AT
N Y U 9V AN QI
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FM index

Query = aac

acaacg$

B
N

o N N Y Y YV AT
N Y U 9V AN QI

suffix array

$

aacg$
acaacg$
acg$
caacg$
cg$

g$

U1 W ODNO
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FM index

Query = aac

acaacg$

B
N

o N N Y Y YV AT
N Y U 9V AN QI

suffix array

$ 6
acaacg$ O
caacg$a 1
g$ 5
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FM index

Query = aac

acaacg$

BWT

o N N Y Y YV AT
N Y U 9V AN QI

>

suffix array

$ 6
acaacg$ O
caacg$a 1
g$ 5
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FM index

Query = aac

acaacg$

BWT
F L suffix array
$ g $ 6
a C [ —1
a $ acaacg$ O T l
a a i
C a » caacg$a 1 -2
C a
g C g% 5
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Smith-Waterman algorithm

Reference

a c aa‘tocg

O/0(0(01010]0]0
> a K¢

)

= 2 K¢
c Ko

[ | 0 \

F(i,j) = max Fe _Fl(,i] B 11’1.;_5?"'3] 2

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1



Smith-Waterman algorithm

Reference
a caa¢tocug
olojojojofo|0]|O
3 2 02
)
= 2 K¢
c Ko
[ | 0 \
F(i,j) = max Fe _Fl(,i] B 11’1.;_5?"'3] 2

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1



Smith-Waterman algorithm

Reference
d
010
> -l 0| 2-
o +2-1
S BN 012
Cc HO

( 0 )

o F(i—1,j—1)+ s(x;,y;)

F(i,j) = max- F(i—lj)—dl 77

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1



Smith-Waterman algorithm

Reference
a c aa¢tcgog
O\O O/0[0(00!O0
> -l 0 | 21
S g
S BEN 0|2
c Ko
[ | 0 \
F(i,j) = max Fe _Fl(,i] B 11’1.;_5?"'3] 2

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1



Smith-Waterman algorithm

Reference
d
0,0/0/9
sl 0| 212
?,’ -
= 2 K¢ 2411
o 011
( 0 )
F(i—1,j—1)+s(x;,y;
F(i,j) = max4 ( F(i]—l,i')—sglx y’)>

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1



Smith-Waterman algorithm

Reference

( 0 )
o Fi—1,j—1)+ s(x;,y))
F(i,j) = max- Fli—1,) —d >

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d=1
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Smith-Waterman algorithm

Reference

( 0 )
o Fi—1,j—1)+ s(x;,y))
F(i,j) = max- Fli—1,) —d >

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d

Il
—
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Smith-Waterman algorithm

Reference

( 0 )
o Fi—1,j—1)+ s(x;,y))
F(i,j) = max- Fli—1,) —d >

. FGj-1)-d

s(C,C) =2 s(C,"C) = =2 d

Il
—

acaatcg

dd-C
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Bowtie

backtracking search double index

QU er y = g g ta Forward read Reverse-complement read

Exact :

. .......... : 1\ hi-half  lo-half — A lo-half  hi-half
: : : [acga..] [ ..gccg| [cggc.. | [.-tcgt]

Phase 1

x 266, 266

' i/ ; ' 0 | L—so—"_ oo 1o
Mismatch allowance Mismatch allowance
Forward index
Mirror index
Inexact 88,88 1,30 /—— 1,104 4\ o
- 104, 124 104, 184 g [gceg... | [..agcal [tgct..] [ ..cggc
g t a g L—so—~ g21-o
x 266, 266 | 184, 184 184, 278 o .
396, 396 " 278,290 [ 278, 401 Mirror index
) Forward index :
60, 60 1,30 1,104 |a—_ :
¥ . [cogc.. | ..tcgt]
145, 145 A 104, 124 [4—] 104, 184
g C a - L _,o——1 FromPhase2
203, 203 184, 184 184, 278 . J
X 1 2
390, 390 278, 290 278, 401 @
E “~
r . [acga..] | ..gccg| [cggc.. | [..tcgt]
51,51 .30 — 1,104 ‘
1 k " "\ e Rl ' 20 Ly Ly
140, 140 104, 124 a 104, 184 :
X | 184,184 | e g 184, 184 184, 278 . Forwardindex .
 — Mirror index
278, 278 278, 290 .
) lgccg... | ..agcal
75,75 102, 103 80, 88 1,104 < L 50 ____| FromPhase 3
0}
160, 160 349, 349 167,174 104, 184 g
g t g g
V| 26126 1 g -] 270.273 | g 240, 266 [ ¥— 184,278 [ o
396, 396 396, 399 "~ w02 278,40 loceg. | |20 ; I.I
’ : ’ 78, 401
L | 1 | 1_]

=0



Bowtie2

- Similar to Bowtie, Bowtie2 uses BWT

index and use 16 bases as a seed

- Extend seed to both ends with Smith-
Waterman algorithm
- allow gaps

by
3
@
w
8
k7
w

. Align witt FM Index

2

esolve

-
N
5
o

3

4. Extend

Read Read (‘everse comolement)

CCASTAGCTCTCAGCCTTATTTTACCCAGGCCTGTA TACAGGCCTGGGTAAAATAAGGCTGAGAGCTACTGS

Policy: extract 16 nt seed every 10 nt
Sceds

+, 0: CCAGTAGCTCTCAGCC
+, 10: TCAGCCTTATTTTACC
+, 20: TTTACCCAGGCCTGTA

-, 0: TACAGGCCTGGGTAAA
-, 10! GGTAAAATAA G2
-, 20: GGCTGAGAGCTACTGG

Seeds ( 3 Seed alignments
Ungapped 2
+,0: CCAGTAGCTCTCAGCC alignment with (as Burrows-Wheeler ranges)

FM Index { [211, 212], [212, 214] }
{ [653, 654], [651, 653] }
—> ( [6B4, 635] )
{)

4, 10: TCAGCCTTATTTTACC
+,20: TTTACCCAGGCCTGTA

-, 0: TACAGGCCTGGGTAAA
-, 10: GGTAAAATAAGGCTGA I_—_—_:

-, 20: GGCTGAGAGCTACTGG

{ [624, 625] )

Seead alignments (as BW ranges) — Extension candidates

{ [211, 212], [212, 214] } W:_"a"leféwiﬁ
{ 1653, 654], [651, 653] } ndex BW row:684: chrl2:1955

{ 1684, 685] ) BW row:0644: chrZ:462
=% BW row:211: chr4:762

9
i T I : BW row:213: chrl2:1935
—_— - e "
( [624, 625] ) p c BW row:652: chrl2:1945
H
Ex:ension cancidates 3\ SAM alignments
SIMD dynamic
BW row:684: chrl2:1955 programming rik o chrl2 1936 ()
aligner 36M » ] (/]

BW row:624: chr2:462
BW row:211: chr4:762
BW row:213: chrl2:1935
BW row:652: chrl2:1945

CCAGTAGCTCTCAGCCTTATTTTACCCAGGCCTGTA
Rl =% IIIIIIIIIITITIIIIIIIIIIIIIIIIIIINININI
5| AS:i:0 XS:i:=2 XN:i:0

XM:i:0 X0:1:0 XG:1:0

NM:i:@ MD:Z:36 YT:Z:WU

g 79




HISATZ2

« Alignment with FM index algorithm
« global FM index
« local FM index
« generated from 64,000 bp
subsequences of genome
« overlap is 1024 bp between two
subsegeuences
« covered whole genome

« Find alignemnt candidates with global FM
index and build a correct alignment with

local FM index

Reads

N e
=]

| R ——

e .

1. Reference sequence (6 bp long)

\

2. Graphical representation (original graph)
1-bp deletion

O—P—O—C A —9

O 2
SNP

1-bp insertion

Prefix doubling and pruning ‘

3. Prefix-sorted graph

1. HFGM
Global index Local indexes

GFM index

GFM index
Alignment for chr. 1 from 56,000 to
113,000
— GFM index
GFM index

for the entire human genome
and ~12.3 million SNPs

e Y

169,000

) GFM index
\ / for chr. Y from 1 to 57,000
" 4 .

Reads mapped to <5 locations

3. Alignment information

ead ID romosome or Posi
repeat

Read 1 Chromosome 10 76,822,302
Read 2 Chromosome 17 69,091,764
Read 3 Repeat 14,916,723
Read 4 Repeat 1,780,959 }

for chr. 1 from 1 to 57,000

for chr. 1 from 112,000 to

4. Tabular representation of
the prefix-sorted graph

Outgoing Incoming
edge(s) edge(s)
Node First Last Node
rank rank
1 A G 1
2 A T 2
C Pl G 3
3 [} 4 z 4
C \ A 5
i
4 G | T
'
5 G oz 6
I
6 G ! A
7 G ] c 7
I
8 T B T
'
9 T ' c 8
10 T 'r’ G 9
z |/ c 10
1 /
z |, G 1
K
/
/
.
2. Repeat index
D=~ e N
FM index
for repeat sequences
J ——- 4

~55,000
indexes

Reads potentially mapped
to 25 locations

Minimizer table
for repeat sequences

4. Alignment information
(expanded when needed)

Expanding repeat alignments
via APIs (C++, Python and Java)

Read 1 Chromosome 10 76,822,302

Read 2 Chromosome 17 69,091,764

Read 3 Chromosome 4 122,942,920

Read 3 Chromosome 4 123,001,589

- Read 3 Chromosome 4 127,862,299
Read 3 Chromosome 9 89,130,544

Read 3 Chromosome 20 16,910,713

Read 4 Chromosome 1 102,931,088

Read 4 Chromosome 2 105,208,801

Read 4 Chromosome 3 174,262,680

-~ Read 4 Chromosome 4 ,84°,480
Read 4 Chromosome X ,816

L Read 4 Chromosome Y 22,342,611




STAR

« STAR consists of two major steps: seed

searching and clustering/stitching/scoring

- seed searching

search MMP (Maximal Mappable Prefix)
from 5'-end

then, search MMP from the unmapped
position of the given read

trim poly-A tails and poor quality tails

« clustering/stitching/scoring

intron size
mismatches

gaps

(a) Map
MMP 1

Map again
MMP 2

RNA-seq read

- el e e l‘-

exons in the genome

(b) (c)
Map Map
MMP 1  Extend _ MMP1  Trim

110 L

mismatches A-tail, or adapter,
or poor quality tail
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SAM format

B HEADER

@HD
@so
@so
@so
@RG
@rG

B RECORDS

VN:l.
SN:
SN:
SN:
ID:
ID:

QNAME

LN:30427671
LN:19698289
LN:23459830
PL:ILLUMINA
PN:bwa

LB:IL200 SM:Co1-0
VN:0.6.2

FLAG MAPQ CIGAR
SRR7508939. 23 . 1 3848 60 66M82N22MI-. GCC...GAG HIJ...DD@ AS:i:0 XN:i:0 XM:1:0 ... NH:i:1

RNAME POS

MRNM MPOS ISIZE

SEQ

QUAL

fastq.
!

mapping

!
sambam
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SAM format

FLAG

CIGAR

1
2
5
10

1 read paired

2 read mapped in proper pair

4 read unmapped

8 mate unmapped

16 read being reverse complemented
32 mate being reverse complemented
64 first in the template

28 last 1n the template

56 not primary alignment

12 not passing platform/vendor quality checks
24 read 1s PCR or optical duplicate

2048 supplementary alignment

T nNnNZ20HX<Z

alignment match (can be a sequence match or mismatch)
insertion to the reference

deletion from the reference

skipped region from the reference

soft clipping (clipped sequences present in SEQ)

hard clipping (clipped sequences NOT present in SEQ)

alignment score

number of best hits

number of mismatches in the alignment

number of reported alignments that contain the query in the current record

76



BAM

mapping — > —

—_ - —
Lsan ban =
—>-----——

sort reads by the
chromosome coordinates

sorting samtools

—_—) - 4
—l - - - - - 4

indexing ' samtools



Chr2

8,547 bp

AT2G40930.1

AT2G40935.2 AT2G40940.1

AT2G40950.1

17,081,000 bp 17,083,000 bp 17,084,000 bp 17,085,000 bp 17,086,000 bp 17,087,000 bp 17,088,000 bp 17,089,0(
| | | | | | | | | | | | | |
]
SRR7508939.bam Coverage
- | | ] = i | | ]
—— 80 I I & B — — ] K
——— I 2 | —IEB . i E L [ & | — X B
| 3 || ] | K
& | L | K | L | [ 3E | »
4 | | N \ =
— —il - —— —a | [ ]
— b 4+ K ———— = | & = | | B |
| B L | all L | 4 ] [ 4
48 a I B I . |
a B | | | . i
— ———— | ——iR| — L | = o= - - a
—— l— IO | —— — ' a 4l 8 —l | [
—4——1— |1 ] — — | B ——  EE SN 1 - 1. L |
; L | | L = 1 Il L 4 [
- B = 3 - -
B | ] I 1 2 ] | & 0 L = ] Il |
— B » 4+—B - | — — — L | L |
i — o —— — — L | E @& L |
\ L | | | E & | B | -
| B ol | 4 | ] -
SRR7508939.bam [ | 4 i L = | L | .|
—— L | B I — — | |
—— & — — — - 4 a 1 aE
: [ N i E Lol K # BEE ]
¢ ' I » 4+n |
L | B4 | L | . -
—— — — - — — B B E B
—— —1 L | — A — — B a .|
—4—a | | - —— 3l - — — — | B
-2 B | | L =4 |
a1 | ] [ K \ I & - | |
- [ |
—— — 4—A 0 — —i — ] |
—— 4+—ElT- | 4 — & . | ]
t D || & & - |
B L | | an |l | ] L I
I | | I \ L | & | | B |
—— [ ] .- — — B
—— L ] L D L | — i ] -
| ] L | L | B = I . I
[ ] | o |
2. - | = B
- - = -
— ——i—. < il ——alll-—— =
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Quantification

RNA-Seq data

1 Ilz'i;ema;iana/ O \\\\‘LL .‘f R l
eat Genome S e
Sequencing ® a E}..“{i oy
N s Consortium ‘ tair ’ ,":\‘\
RefSeq €/Ensembl Qf
genome sequence mapping
* sanban |
gene annotations - - -------------------- » quantification featureCounts HTSeq
DE analysis clustering modeling

\l

functional enrichment



Quantification

reference

. <
annotations LEY

U AN PR
A

quantification
featureCounts HTSeq

gene | count

LFY 2
STM 1
FT 2
EIN3 3

FT

EIN3

.Y
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Gene annotation

« Gene annotations are recorded by GTF
or GFF3 format
- tab delimited text file
« hine columns records chromosome
name, feature, position, strand, gene
ID, exon ID, and so on

elEnsembl

http://plants.ensembl.org/Arabidopsis_thaliana/Info/Index

Gene annotation Carboxy* CAB

What can | find? Protein-coding and non-coding genes, splice F-box
variants, cDNA and protein sequences, non-coding RNAs.

0 More about this genebuild Example gene
r!I Download genes, cDNAs, ncRNA, proteins - FASTA - GFF3 SN KIS

‘k Update your old Ensembl IDs , g l‘

Example transcript

.i. Arabidopsis_thaliana.TAIR10.dna.toplevel.fa.gz

¥, Arabidopsis_thaliana. TAIR10.47.gff3.gz
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GTF/GFF format

GTF (Gene Transfer Format)

chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl

at
at
at
at
at
at
at
at

exon
CDS
exon
CDS
exon
CDS
exon
CDS

9873504
9873504
9877488
9877488
9888412
9888412
9891475
9891475

9874841 .
9874841 .
9877679 .
9877679 .
9888586 .
9888586 .
9891998 .
9891995 .

+ . gene_id "GO1"; transcript_id
+ gene_id "GO1"; transcript_id
+ . gene_id "GO1"; transcript_id
+ gene_id "GO1"; transcript_id
+ . gene_id "GO1"; transcript_id
+ gene_id "GO1"; transcript_id
+ . gene_id "GO1"; transcript_id
+ gene_id "GO1"; transcript_id

GTF (General Feature Format)

ctgl23
ctgl23
ctgl23
ctgl23
ctgl23
ctgl23
ctgl23
ctgl23
ctgl23

at
at
at
at
at
at
at
at
at

MRNA
exon
exon
CDS
exon
CDS
exon
CDS
exon

1300
1300
3000
3301
5000
5000
7000
7000
9400

9950 .
1500 .
3902 .
3902 .
5500 .
5500 .
9000 .
7600 .
9950 .

+ 4+ 4+ + + 4+ + + +

. ID=t_012143;gene_name=EDEN

Parent=t_012143
Parent=t_012143
Parent=t_012143
Parent=t_012143
Parent=t_012143
Parent=t_012143
Parent=t_012143
Parent=t_012143

"TO1";
"TO1";
"TO1";
"TO1";
"TO1";
"TO1";
"TO1";
"TO1";

gene_name
gene_name
gene_name
gene_name
gene_name
gene_name
gene_name
gene_name

"ZNF366";
"ZNF366";
"ZNF366";
"ZNF366";
"ZNF366";
"ZNF366";
"ZNF366";
"ZNF366";
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Data analysis

RNA-Seq data

l

QC

l

mapping

R Bioconductor l

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS quantlflcatlon

e

StringTie edgeR DESeq2 DE analysis clustering modeling

\l k_means WAD

functional enrichment GO KEGG GSEA 84




RNA-Seq

O Introduction

O Quality control

(O Mapping and quantification
(O Assembly



Assembly

86



de novo assembly

AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

l seqguencing

CCCCAGGC CTATC TCCCTTTTAGCCCCTTA

C CTATCGAAATC CCCTTTTAGCCCCTTAGT
C CTATCGAAATCGA CCTTAGTAA TCGCGC
CCAGGC CTATCGAA ATCCCTTTTAGCCCCTT

TCGCGCGAAAA
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de novo assembly

AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA TCGCGCGAAAA

l seqguencing

CCCCAGGC CTATC TCCCTTTTAGCCCCTTA
C CTATCGAAATC CCCTTTTAGCCCCTTAGT
C CTATCGAAATCGA CCTTAGTAA TCGCGC

CCAGGC CTATCGAA ATCCCTTTTAGCCCCTT
l assembly
CCCCAGGC CTATC TCCCTTTTAGCCCCTTA
C CTATCGAAATC CCCTTTTAGCCCCTTAGT
C CTATCGAAATCGA CCTTAGTAAGGGTCGCGC

CCAGGC CTATCGAA ATCCCTTTTAGCCCCTT

AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA TCGCGCGAAAA



de novo assembly

Hamiltonian path problem

ATGATCCTAGACCCTGAT

|

ATGATCC CCTGAT
CCTAGA GACCC

l

—+ CCTAGA \
GACCC —/—

2

ATGATCC
% CCTGAT /

|

89




de novo assembly

Hamiltonian path problem

RONINGSHENGA

a.,"v\*'r .-,{ -
lmai\&-* g IAE
AR S R

A L ‘-'
(2N Y
AT

- " -
y J e . “we
> - - -
h A= T Sy
T v .
‘ ’ v
» - . '
i Sy

=3

(c) wikipedia

Eulerian path

C
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de novo genome assembly

CCTAGA CC CcT TA AG GA
CCTGAT CC —> CT —> TG —> GA —> AT
ATGATCC AT —» TG —» GA —> AT —> TC —> CC
GACCC GA —> AC —» CC —» CC

« Eulerian path

AC
‘ 11 TA AG Y
CC ., CT

TG > GA —3 AT
: |
TC

91



de novo assembly

—_— > > — e ——
e —— —_— _— — @ —
—_— —
read —_— — > > —>
—_— —_— —_— —> @ —
—_— — > > —_— > > —
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de novo assembly

—> < - —— — - —
— - —— —_— e <+ — > ——
— - — —> - ——
read —_— - — —> < P —
-------- < —- - o ——
—> -« - -— —> -« P -——
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de novo assembly

—> < - —— — - —
— - —— —_— e - — > ——
— - — —> - ——
read —_— - — —> < P —
-------- < — - P ——
—> -« - -—— —> -« P -——
ScaffOId . EWIWvNys |
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assembly quality

Table 1. Assembly statistics of IWGSC RefSeq v1.0.

Assembly characteristics Values g e nom e
Assembly size ) 145 Gb

Number of scaffolds 138,665

Size of assembly in scaffolds = 100 kb 14.2 Gb .
Number of scaffolds = 100 kb 4,443 conti gs
N50 contig length 51.8 kb

Contig L50 number 81,427

N9O contig length 11.7 kb

Contig L90 number 294,934

Largest contig 580.5 kb

Ns in contigs ) 0

N50 scaffold length 7.0 Mb

Scaffold L0 number 571

N90 scaffold length 1.2 Mb

Scaffold LSO number 2,390

Largest scaffold " 45.8 Mb

Ns in scaffolds 261.9 Mb

Gaps filled with BAC sequences 183 (1.7 Mb)

Average size of inserted BAC sequence 9.5 kb

N50 superscaffold length 22.8 Mb

Superscaffold L50 number 166

N90 superscaffold Ie:ngth 4.1 Mb

Superscaffold L90 number 718

Largest superscaffold 165.9 Mb

Sequence assigned to chromosomes 14.1 Gb (96.8%)

Sequence =100 kb assigned to chromosomes 14.1 Gb (99.1%)

Number of superscaffolds on chromosomes 1,601

Number of oriented éuperscaffolds 1,243

Length of oriented sequence

13.8 Gb (95%)

Length of oriented sequence =100 kb

13.8 Gb (97.3%)

90k

60k

40k 38k

Smallest number of superscaffolds per subgénome chromosome 35 (7A), 68 (2B), 36 (1D)
Largest number of superscaffolds per subgenome chromosome 111 (4A), 176 (3B), 90 (3D)
Average number of superscaffolds per chromosome 76

IWGSC. Shifting the limits in wheat research and breeding using a fully annotated reference genome. Science 361, eaar7191, 2018.

N50 = 40k
L50 =3
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reference-guided assembly

reference

reads <

f

alternative

AA

AA

AA

AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

AGCAC CTATCGAA ATTCCTTTTAGC AA

AGCACECC CGAAATCGATTC  TTAGCCCCTTA
CuCCAGGC AAATCGATTCCT TTAGTAA
ACGCCAGGC |
v v

AGCAC[ECCAGGC CTATCGAAATCGATYCCTTTTAGCCCCTTAGTAA

TCGCGC
TCGCGC

TC

TCGCGC
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Expression analysis

(O DE analysis

(O Functional analysis



DE analysis

expression

100

50

A FT
O
-
8 ¢
»
control cold

4 Cold treatment enhanced FT, whereas suppressed ETRI1.

A ETRI
%
—.—
Ps »
control cold
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DE analysis

count-based

:
count matrix
.

normalization

v

dispersion estimation

.

statistical test

:
DEGS.

StringTie-Ballgown

Reference |
annotation i

—_—_—
I RNA-seq reads

Steps 1 and 2

Step 3 StringTie

I Assembled
transcripts

Step 4 StringTie --merge

—

Step 5 gffcampare

Transcript
statistics

No transcript assembl%H\‘

Step 6 String Tie -eB

- Read coveragé
d tables

Steps 7-21 Ballgown

Plots and
differential
expression tables

https://doi.org/10.1038/nprot.2016.095
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DE analysis

N

normalization

|

dispersion estimation

|

statistical test

|

100



DE analysis / normalization

normalization

|

dispersion estimation

|

statistical test

|

“gene | ctri1 | c2 | o3 | coldl | cold2 | cold3
FT 12 11 6 29 26 19

LFY 42 36 18 84 58 52
STM 3 4 1 17 33 23
PIN 32 23 14 42 38 25
EIN3 231 364 107 553 371 429
ERSI 96 103 45 182 91 85

Q Most genes are up-regulated by cold treatment?
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DE analysis / normalization

normalization

|

dispersion estimation

|

statistical test

|

“gene | ctri1 | c2 | o3 | coldl | cold2 | cold3
FT 12 11 6 29 26 19

LFY 42 36 18 84 58 52
STM 3 4 1 17 33 23

PIN 32 23 14 42 38 25
EIN3 231 364 107 553 371 429
ERSI 103 182

‘ normalization

oene Lov) Loz Loni3 [eod i | cad2 Lcad3

28.8 20.4 31.4 32.0 42.1 30.0

LFY 101.0 66.5 94.2 93.0 94.0 82.1
STM 7.2 7.4 5.3 18.7 53.5 36.3
PIN 76.9 42.5 73.3 45.3 61.6 39.5

EIN3 555.3 672.8 560.2 609.3 601.3 677.8
ERSI 230.8 190.4 235.6 201.7 147.5 134.3




MA plot

m

28.8 20.4

LFY 101.0 66.5

STM 7.2 7.4

PIN 76.9 42.5

EIN3 555.3 672.8

ERSI1 230.8 190.4

oene L orl | cod

26.9 34.0
LFY 87.2 89.7
STM 6.6 36.2
PIN 64.2 48.8
EIN3 642.3 629.5
ERS1 218.9 161.2

31.4
94.2
5.3
73.3
560.2
235.6

32.0 42.1 30.0
93.0 94.0 82.1
18.7 53.5 36.3
45.3 61.6 39.5
609.3 601.3 677.8
201.7 147.5 134.3
mm
30.5 0.34
LFY 88.5 0.04
STM 21.4 2.46
PIN 56.5 -0.396
EIN3 6359 -0.029
ERSI 190.1 -0.441

MA plot
® STM
FT
® LFY
_____ : R e LD bl
oy @ ERST EIN3
0 mean 600




DE analysis / count-based normalization

l

logFC

normalization

|

dispersion estimation

|

statistical test

|

DEGs. 104




DE analysis / count-based normalization

l

logFC

normalization

|

dispersion estimation TMM normalization ‘

|

statistical test

|

logFC




DE analysis / variance

normalization

|

dispersion estimation

|

statistical test

|

Are LEC and AUX up-regulated in cold condition?

control cold
LEC
| |
counts 50 100
AUX
| |
counts 50 100

>
106



DE analysis / variance

normalization

|

dispersion estimation

|

statistical test

|

Estimating the variance with biological replicates is required!

cold

odo

control
LEC
obe
counts 50
AUX
counts

50

100

l—‘—l.—‘

100

=
107



DE analysis / variance

_ dispersion will be an important factor for DEGs identificcation
l control cold
normalization LEC
l significant !
: : : : >
dispersion estimation counts 50 100
statistical test AUX

l variance

- counts 50 100 108



DE analysis / variance

l 108
normalization
| .
(@)
=
dispersion estimation 0 _
S V=u
l > Poisson dist
statistical test

mean 105

0
- 109



DE analysis / variance

l 108
normalization
| .
(@)
=
dispersion estimation 0 _
S V=u
l > Poisson dist
statistical test

mean 105

0
- 110



DE analysis / variance

l 108
normalization
| .
(@)
=
dispersion estimation 0 _
S V=u
l > Poisson dist
statistical test

0 mean 105

- 111



DE analysis / dispersion

l 10-2
normalization
l °
C
O
dispersion estimation ‘GL’J
o
0
1 2
statistical test
l 0 mean 105

- 112



DE analysis / dispersion

l 10-2
gene-wised
normalization
g O O
| -
)
o
K2
1 2
statistical test
l 0 mean 105

DEGs. 113



DE analysis / statistical test

statistical test will be performed against all genes independently

l

control cold
normalization LEC
i i _ _ .
dispersion estimation counts 50 R
statistical test AUX
l variance

- counts 50 100 114



statistical test / GLM

How do we compare the expression between groups?

A LEC

.

100 _.1
.

50 + 5
L
\ 4
control cold

Assume that

Elctrl] = B,
E[cold] = B,

then, test the null hypothesis p; = .

115



statistical test / GLM

How do we compare the expression between groups?

A LEC Assume that
Elctrl] = B,

100 E[cold] = p, + P
co =
® |5 Lo
50| + ———————————————————————————— then, test the null hypothesis s, = 0.

control cold

116



statistical test / GLM

How do we compare the expression between groups?

A LEC Assume that
O
Elctrl] =
i
cold] =
® 5 L o2
50| + ———————————————————————————— then, test the null hypothesis s, = 0.
I b1 In this experiment, we have 6 replicates,
E|rl] =
control cold T b1
E_TZ_ = ﬁl
E[r4] = B, + B
E[r5] = B1 + B2
E[r6] = B, + B 117



statistical test / GLM

How do we compare the expression between groups?

control

cold

Assume that

Elctrl] = B,
Elcold] = B1 + B>

then, test the null hypothesis g, = 0.
In this experiment, we have 6 replicates,

(E[rl] E[r2] E[r3] E[r4] E[r5] E[r6]) =

S S = G S G
_ =0 OO

(5
1
design matrix

118



statistical test / GLM

How do we compare the expression between groups?

control

cold

To test null hypothesis g, = 0, we create two
models and decide which one is better.

full model 1 0

1 0
(E[r1] E[(2] E[3] Elr4] E[rS] ElréD=|; | (gi)

1 1

1 1
reduced model 1 0

1 0
(E[r1] E[r2] E[r3] E[r4] E[r5] E[r6])= 1 8 (/ﬁi)

1 0

1



statistical test / GLM

How do we compare the expression between groups?

To test null hypothesis g, = 0, we create two
4 LEC models and decide which one is better.

100 reduced model
1
® 5 full model
o| $ 8

0

N Y = =y
oo ocooOooO

control cold

—>
[y
N S G S G S
N W W

the null hypothesis g, = 0 can be rejected ¢

Likelihood ratio test (LRT) and Wald test can
be used for comparing the two models. 1 20



Multiple testing corrections

If we test a null hypothesis with cutoff 0.05,
the type | error rate should be less than

0.05

If we test two null hypotheses with cutoff
0.05 indenpendently, the type | error rate

error rate

should be less than

1—(1-0.05)%=0.0975

test times



FDR

probability

Hq H, - Type |l error
- the ratio of the orange area
diveided by the grey area

« FDR (flase discovery rate)
- the ratio of the orange area

V, diveded by the blue area on
the right side of red line
A cutoff

statistic values
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DE analysis

volcano plot

)
=
Q >
o) 2
O o
o
O
1
0
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Normalization / TPM

FT | | EIN3

« long genes are expected to have a large number of reads
« normalize read counts by both gene length and library size
1. normalize gene length to 1 kbp

2. normalize library size to 1 million

124



Normalization / count-based normalization

control
g > g >
FT ! : EIN3
cold
< > < >
FT ! : EIN3

- gene length between control and cold treatment are same
- to identify differentially expressed genes between groups
« normalize by library size is enough

125



Expression analysis

(O DE analysis

(O Functional analysis



Gene ontology

AT1G62360 (STM)

BP

CC

MF

gene ontology

carpel development, cytokinin biosynthetic process, floral meristem determinacy,
plasmodesmata-mediated intercellular transport, regulation of meristem structural

organization, regulation of transcription by RNA polymerase Il, stem cell population
maintenance

cytoplasm, cytoplasm, endosome, microtubule cytoskeleton, nucleus, plasma membrane,
plasmodesma

DNA-binding transcription factor activity, DNA-binding transcription factor activity, RNA
polymerase llI-specific, RNA binding, RNA polymerase |l cis-regulatory region sequence-
specific DNA binding, protein binding, protein homodimerization activity
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Gene ontology

GO ID
GO term

GO:0010582

floral
meristem
determinacy

G0:0008150

biological
process

GO0:0032502 GO:0000003
de\llgll%pcr:sesnta reproduction
G0:0048856 G0:0022414
anatomical ;
reproductive
structure process

development

G0:0007275

multicellular
organism
development

2l
il

G0:0048731 GO:0003006
developmenta

BP

G0:0032501

multicellular
organismal
process

—/

G0O:0009888

tissue
development

G0O:0048507

meristem
development

G0:0048608 G0:0048367

reproductive
structure
development

system I
process
development involved in
G0:0061458 GO:0009791
reproductive post-embryoni
system
development development

shoot system
development

G0:0010073

meristem
maintenance

_—

G0:0090567

reproductive
shoot system

G0:0010022

meristem
determinacy

development

G0:0009908

flower
development

G0:0010582

floral
meristem
determinacy

QuickGO - https://www.ebi.ac.uk/QuickGO

—Y

| A ! Isa )
Part of
|A ! art o
R lat

o] e

A Positively regulates

| A ! Negatively regulates
A

Y

Occurs in

Y

[+]

Capable of

Y

e =]

[*]
e}
)
'
=
‘o
=3
D
N
. 9,
Y
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Enrichment analysis

What functions are these DEGs related to?

DEGs non-DEGs

129



Enrichment analysis

What functions are these DEGs related to?

DEGs non-DEGs

G0O:0010582
G0O:0009723
GO:0009415
G0O:0008150

130



Enrichment analysis

What functions are these DEGs related 10?

DEGs non-DEGs

s

N-m

<
m{
\

G0O:0009723
GO:0009415
G0O:0008150

without GO:0010582

with GO:0010582
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Enrichment analysis

What functions are these DEGs related to?

DEGs non-DEGs
N-m< without GO:0010582
m { k with GO:0010582
\ JAN J
Y Y
n N-n

I =N IR Fisher's exact test
k m - k m

m\ /N —m
RN Nomonek Nem o pco iy - 0 nok)
v Nen N M) e




GSEA (gene set enrichment analysis)

DEGs non-DEGs Focus on DEGs annotated

ofIHHH-H- 1
Enrichment | |

with specific GO terms.

Focus on all genes ranked by

O-IH-l—H—Hl I I 1 the statistics, and check

whether the gene is

ES annotated with specific GO
terms or not from the top

GSEA THEIN | | | | untill the bottom of the rank.
NI |

ES W
— 133



GWAS

O Introduction

O Mapping
(O Variant calling



Genomic variants

Chr 1 Chr 3
T T TCG A G

A 1/1 A,G 1/2 TG 1/1 AT 1/1 c 0/1 —
SNP deletion insertion ——

J \. J

Y Y
short variants copy number variants (germline) structure variants
copy nhumber alterations (somatic)

135



GWAS

Ancestor REF

Cardamine amara
inhabits in water

Cardamine rivularis
inhabits in glassland

GGGAACCCCAGGGCTATCGAAATCGATCCCAA

GGGAACCGECAGGGCAATCGAAATCGACCCCAA
GGGAACCGECAGGGCAATCGAAATCGACCCCAA
GGGAACCCCAGGGCAATCGAAATCGACCCCAA
GGGAACCCCAGGGCAATCGAAATCGACCCCAA
GGGAACCCCAGGGCAATCGAAATCGACCCCAA

GGGAACCCCAAGGCTATCGTAATCGACCCCAA
GGGAACCCCAAGGCTATCGTAATCGACCCCAA
GGGAACCCCAAGGCTATCGTAATCGACCCCAA
GGGAACCCCAGGGCTATCGTAATCGACCCCAA
GGGAACCCCAGGGCTATCGTAATCGACCCCAA

A A

contribute water-stress tolerance?

136



REF

XI-1A.1
XI-1A.2
XI-1B.1
XI-1B.2
XI-2.1
XI-2.2
XI-2.3

Admix. 3

GGGAACCCCAGGGCTATCGAAATCGATCCCAA

GGGAACCCECAGGGCAATCGAAATCGACCCCAA
GGGAACCCECAGGGCAATCGAAATCGACCCCAA
GGCAACCCCAGGGCAATCGAAATCGACCCCAA
GGCAACCCCAGGGCAATCGAAATCGACCCCAA
GGGAACCCCAAGGGTATCGAAA-CGATCGCAA
GGGAACCCCAAGGCTATCGTAA-CGATCGCAA
GGGAACCCCAAGGCTATCGTAA-CGATCGCAA
GGGAACCCCAAGGCTATCGTAATCGATCGCAA
GGGAACCCCAGGGCTATCGTAATCGATCCCAA
GGGAACCCCAGGGCTATCGTAATCGATCCCAA

= XI-1A
m XI-1B
m X|-2

m XI-3

@ Xl-adm
@ GJ-adm
= GJ-trp
| GJ-sbtrp
@ GJ-tmp
@ cA

m cB

@ Admix

Fig. 1: Unweighted neighbour-joining tree based on 3,010 samples and

computed on a simple matching distance matrix for filtered SNPs. A\
Wang, W., Mauleon, R., Hu, Z. et al. Genomic variation in 3,010 diverse 4 A\
accessions of Asian cultivated rice. Nature 557, 43-49 (2018). N = 7

https://doi.org/10.1038/s41586-018-0063-9



GWAS

O Introduction

O Mapping
(O Variant calling



Variant calling

read data
QC Trimmomatic

-

mapping » variant calling » data analysis
BWA STAR GATK PLINK BEAGLE IMPUTE R
pre-processing variant calling
mark duplicates variant calling
local re-alignment variant filtering
base quality recalibration (BQSR) VQSR

139



Mapping

reads

mapping

\ 4

reference

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
CCTTAGTAAGGGTCGCGC
ATCCCTTTTAGCCCCTT

AGCACCCCAGGEC

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCGCGAAAA

140



Mapping

reads

mapping

\ 4

reference

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
CCTTAGTAAGGGTCGCGC

AGCACCCCAGGEC

ATCCCTTTTAGCCCCTT

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCGCGAAAA
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Mapping

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA

reads
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
mapping
CCTTAGTAA TCGCGC
v ATCCCTTTTAGCCCCTT
reference AGCACCCCAGGC CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAAGGGTCGCGCGAAAA

142



Mapping

reads

mapping

\ 4

reference

TCCCTTTTAGCCCCTTA
C CTATCGAAATCGA
CCCCAGGC CTATC
CCAGGC CTATCGAA
CCCTTTTAGCCCCTTAGT
C CTATCGAAATC
CCTTAGTAAGGGTCGCGC
ATCCCTTTTAGCCCCTT

CCCCA

CCA

AGCACCCCA

CTATC TCCCTTTTAGCCCCTTA
CTATCGAAATC CCCTTTTAGCCCCTTAGT
CTATCGAAATCGA CCTTAGTAA
CTATCGAA ATCCCTTTTAGCCCCTT

CTATCGAAATCGATCCCTTTTAGCCCCTTAGTAA

TCGCGC

TCGCGCGAAAA
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STAR

« STAR consists of two major steps: seed

searching and clustering/stitching/scoring

- seed searching

search MMP (Maximal Mappable Prefix)
from 5'-end

then, search MMP from the unmapped
position of the given read

trim poly-A tails and poor-quality tails

« clustering/stitching/scoring

intron size
mismatches

gaps

(a) Map
MMP 1

Map again
MMP 2

RNA-seq read

- el e e l‘-

exons in the genome

(b) (c)
Map Map
MMP 1  Extend _ MMP1  Trim

110 L

mismatches A-tail, or adapter,
or poor quality tail
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BWA

« There are three alignment modes

« short reads (< 100 bp)
BWA-backtrack
« long reads (70 < 1M bp)

BWA-SW
BWA-MEM

10i[googol$ 0 i6i[$googo 1
11iloogol$g 1 :3i/gol$go o
121logol$go . . 2 i@i|googol $
i St Sort |
'31/gol$goo ring Sorting 5 '5:1{1$goog o
'4il01$goog I 4 i2ilogol$g o
'5:[1$googo 5 i4!lol$goo g
161|$googol 6 i1liloogol$ g
Pos i S(i) B[i]
X = googol$ Lo$oogg

(6’3)0’5’2’4’1)

\
;1 O
|
(55
I
\ G
\,\\—'
|
A O G l\)
A

B-E-=6-0-



SAM format

B HEADER

@HD
@so
@so
@so
@RG
@rG

B RECORDS

VN:Il.
SN:
SN:
SN:
ID:
ID:

QNAME

SRR7508939. 23 . 1 3848 60 66M82N22MI-. GCC...GAG HIJ...DD@ AS:i:0 XN:i:0 XM:i:0 ...

LN:30427671
LN:19698289
LN:23459830
PL:ILLUMINA
PN:bwa

LB:IL200 SM:Co1-0
VN:0.6.2

FLAG MAPQ CIGAR

RNAME POS

MRNM MPOS ISIZE

SEQ

QUAL

NH:7:1
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SAM format

FLAG

CIGAR

1
2
5
10

1 read paired

2 read mapped in proper pair

4 read unmapped

8 mate unmapped

16 read being reverse complemented
32 mate being reverse complemented
64 first in the template

28 last 1n the template

56 not primary alignment

12 not passing platform/vendor quality checks
24 read 1s PCR or optical duplicate

2048 supplementary alignment

T nNnNZ20HX<Z

alignment match (can be a sequence match or mismatch)
insertion to the reference

deletion from the reference

skipped region from the reference

soft clipping (clipped sequences present in SEQ)

hard clipping (clipped sequences NOT present in SEQ)

alignment score

number of best hits

number of mismatches in the alignment

number of reported alignments that contain the query in the current record
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GWAS

O Introduction

O Mapping
(O Variant calling

O



Variant calling

read data
QC Trimmomatic

-

mapping » variant calling » data analysis
BWA STAR GATK PLINK BEAGLE IMPUTE R
pre-processing variant calling
mark duplicates variant calling
local re-alignment variant filtering
base quality recalibration (BQSR) VQSR

149



pre-processing / mark duplicates

ban
l

mark duplicates

l

local realignment

l

BQSR

l
ban

reference

reads

reference

reads

A 0/]1 Sm— G,C 1/2
T 1/1
‘ mark duplicates
T A A
SooooIIiioi A 0/1 -2271277iics G,C 1/2



pre-processing / local realignment

ban
l

mark duplicates

l

local realignment

l

BQSR

l
ban

CACGACTGACCCAAACCATTTTTTCT. TACATT
reference CC CTAAAAGCGTACATTCTACGAATA

CGACTGACCCTAACCATTTTTCTA
GACTGACCCTAACCATTTTTCTAA
reads ACTGACCCTAACCATTTTTCTAAA
CTGACCCTAACCATTTTTCTAAAA
AACCCATTTTTCTAAAACCGTACAT
ACCCATTTTTCTAAAACCGTACATT
CCCATTTTTCTAAAACCGTACATTC
CCATTTTTCTAAAACCGTACATTCT

local realignment

CACGACTGACCCAAACCATTTTTTCT. TACATT
reference CC CTAAAAGCGTACATTCTACGAATA

CGACTGACCCTAACCA-TTTTTCTA
GACTGACCCTAACCA-TTTTTCTAA
reads ACTGACCCTAACCA-TTTTTCTAAA
CTGACCCTAACCA-TTTTTCTAAAA
AACCCA-TTTTTCTAAAAGCGTACAT
ACCCA-TTTTTCTAAAAGCGTACATT
CCCA-TTTTTCTAAAAGCGTACATTC
CCA-TTTTTCTAAAAGCGTACATTCT
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pre-processing / BQSR

@HWI:2:2102
- CTGACCCAAACCATCGTGTTCTAAAAGCGTACA AACCCACGTGTCTAAAA
CTGACCCTAACCATCGTGCTA +
l TGACCCTAACCATCGTGCTAA @@1B+IDDB??D:CGFI?<>
GACCCTAACCATCGTGCTAAA « )
CCCTAACCATCGTGCTAAAA @HWI:2:1102
AACCCACGTGTCTAAAAGCG ACCCACGTGTCTAAAAGCGT
mark duplicates ACCCACGTGTCTAAAAGCGT +
CCCACGTGTCTAAAAGCGTA CCC+IIFFHHGHHIJJJJJB
- CCACGTGTCTAAAAGCGTAC @HWI:2:1324
l l \ CCCACGTGTCTAAAAGCGTA
+
. : DD+I?7?D:CGFFFFHIJJFF
local realignment quality score 10 40 @HWI :2:6229
l arror rate 10% 0.01% ECACGTGTCTAAAAGCGTAC
F+IFHJBA@@@1BDDDDB??
BQSR l
l Should we trust these quality score?
- « Sequencers make systematic errors in base calling

- PCR-based errors are not considerated 152



pre-processing / BQSR

@HWI:2:2102
- CTGACCCAAACCATCGTGTTCTAAAAGCGTACA AACCCACGTGTCTAAAA
CTGACCCTAACCATCGTGCTA +
l TGACCCTAACCATCGTGCTAA ?72772722222722777777
GACCCTAACCATCGTGCTAAA ).
CCCTAACCATCGTGCTAAAA @HWI:2:1102
AACCCACGTGTCTAAAAGCG ACCCACGTGTCTAAAAGCGT
mark duplicates ACCCACGTGTCTAAAAGCGT +
CCCACGTGTCTAAAAGCGTA ?72772722222722777777
- CCACGTGTCTAAAAGCGTAC @HWI:2:1324
l CCCACGTGTCTAAAAGCGTA
+
. : ?72772722222722777777
local realignment quality score 30  @guur:2:6229
error rate 0.1% $CACGTGTCTAAAAGCGTAC
?72772722222722777777
\ 4
BQSR .
- After we performed QC, the bases are expected to containe
l 0.1% error due to quality score
- - If we sequenced 4.1 Gb (135Mb x 30), the result is expected

i |
to contain 4 Mb errors! -I 53



pre-processing / BQSR

- Base Quality Score Recalibration
« Build a correction model with non-variants loci
l « Use @RG metadata to correct the reported quality score
mark duplicates - BQSR can performed iteratively until covergence

l

40
] CTGACCCAAACCATCGTGTTCAAAAGCGTAC
local realignment
>
£ .0‘
_,l T 3®
O e°
© "
O
BQSR = ©
Q ®
_l e o
L v
v
- build a model : > 0 reported quality 40
correction
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pre-processing / BQSR

l We need variants information before BQSR!
« We can download these information from database
mark duplicates - We can provisionally perform variant calling

l

local realignment

CTGACCCAAACCATCGTGTTCAAAAGCGTAC
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pre-processing / BQSR

ban
l

mark duplicates

l

local realignment

'

variant calling

-

-bam
:

mark duplicates GATK:MarkDuplicates

.

local realignment

.

GATK:HaplotypeCaller
GATK : CombineGVCFs

—» variant Ca"ing GATK:GenotypeGVCFs

.
vef
:

BQSR

:
-bam

GATK:Selectvariants
GATK:VariantFiltration

— final results

GATK:BaseRecalibrator
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Variant calling

variant calling

l

genotyping

GATK : CombineGVCFs
GATK:GenotypeGVCFs

variant selection GATK:Selectvariants

l

variant filtration

-bam
:

mark duplicates GATK

.

local realignment

BQSR GATK :

:
-bam

:MarkDuplicates

R GATK:HaplotypeCaller
Y l GATK: CombineGVCFs
—» variant calling GATK:GenotypeGVCFs
e GATK:Selectvariants
l GATK:variantFiltration
- — final results

BaseRecalibrator
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Variant calling

Define active region

ban
l

variant calling - local realignment of atcive regions with Smith-Waterman

l - algorithm

genotyping  identify possible haplotypes

l

variant selection

Determine haplotypes by assembly of the active region

Determine likelihoods of the haplotypes given the read data
« pairwise alignment of each read against each ahplotype with
l PairHMM algorithm
variant filtration - ouput likelihoods of alleles for each potential variants
l Assign sample genotypes
- - calculate likehoods of each genotype per sample with Baye}'@@



Variant calling

- @)\ single sample genotyping

variant calling

____________________________________

genotyping

l

________________________________________________________________________________

. . genotyping
variant selection _ _
variant selection
l variant filtration

variant filtration

ver B e e




Variant calling

- @)\ joint genotyping

variant calling

[ ovef

joint genotyping

|

* %k * %
Et Et
guilian mulliay

erge
variant selection

l genotyping
variant filtration variant selection

iltration

=K 0

l variant
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Variant calling

ban
l

variant calling

[ ovef

joint genotyping

|

variant selection

l

variant filtration

l
e,

@)\ joint genotyping

reference

sample #1

error

SgNp €rror SNP error

161



Variant calling

ban
l

variant calling

[ ovef

joint genotyping

|

variant selection

l

variant filtration

l
e,

@)\ joint genotyping

reference

sample #1

Z
=

SNP SNP SNP S error

sample #2

sample #3
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Variant calling

- GATK outputs five major types of variant

l

variant calling
l I « INDEL: insetion and deletion

« SNP: single nucleotide polymorphism

« MIXED: combination of SNPs and indels at a single position
Joint genotyping «  MNP: multi-nucleotidde polymorphism

l e . SYMBOLIC

variant selection

variant filtration

}
vef 163



Variant calling

ban
l

variant calling

[ ovef

joint genotyping

|

variant selection

variant filtration

l
e,

SNP

l

hard-filtering

QD < 2.0 QUAL < 30.0
FS > 60.0 SOR > 3.0
MQ < 40.0

l

VQSR

=
-—

(machine learning) «— dbSNP

SNP
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VCF format

##fileformat=vCFv4.0

##f1ileDate=20090805

##source=myImputationProgramv3.1l

##reference=1000GenomesPilot-NCBI36

##phasing=partial

##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples with Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=. ,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2 ,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=ql0,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1, Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1, Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1, Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT

20 14370 . G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ
20 17330 . T A 3 qlo NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ
20 1110696 . A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ
20 1230237 . T . 47 PASS NS=3;DP=13;AA=T GT:GQ:DP:HQ
20 1234567 . GTCT G,GTACT 50 PASS NS=3;DP=9;AA=G GT:GQ:DP
CHROM REF ALT INFO

NA0OOO1
0/0:48:1:51,51
0/0:49:3:58,50

1|2:21:6;23,27
0/0:54:7:56,60
0/1:35:4

NA00002
1/0:48:8:51,51
0]/1:3:5:65,3
2]1:2:0:18,2
0/0:48:4:51,51
0/2:17:2

NA000O03
1/1:43:5:.
0/0:41:3:.
2/2:35:4:.
0/0:61:2:.
1/1:40:3

20 - . I A . PASS NS=3:DP=14;AF=0.5:DB:H2 GT:GQ:DP:HQ 0]0:48:1:51,51 1]0:48:8:51,51

POS ID QUAL
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