AKTya/ibHble Npobaembl aHaIN3a
ANaHHbIX NGS-ceKBeHMpPOBaHUA

AHHa AkceHoBa, K.6.H.



Human genome

Four-letter alphabet: 3.2 billion base pairs (~ 2 meters unpacked)
ATG,C
Double helix: 46 chromosomes:

Forward and reverse strands | 22 pairs of autosomes and X, Y
(two directions!!!)

3 %2 |
35
5 342
26
8 24
24
— 22 22
G = C a1
P 16
S I=E-
0.34nm T = A i 12 i3 7
12 12 131 13
AT 14.1 133
55 143 2
5 22 24
24 | 24 5
—_ A 31 24 26.1 28
26.3 312
32 28 pos
ate G = 41 i 3
— 43 %
— .
C = G
= G
(
- 13 4 15 132 )
A f - - @ 12
- - T2 1.2
- 13 12 14 12; )
C=a@a 21 21 :
21 23

T 31 25

-
— |

| 5
3 hydrogen bonds



Sequencing epoch

Next generation sequencing (NGS)

> First generation > Second generation >> Third generation

e

Sanger sequencing 454, Solexa, PacBio
Maxam and Gilbert lon Torrent, Oxford Nanopore
lllumina

Sanger chain termination

Infer nucleotide identity using dNTPs,
then visualize with electrophoresis

500-1,000 bp fragments

High throughput from the
parallelization of sequencing reactions

~50-500 bp fragments

Sequence native DNA in real time
with single-molecule resolution

| | Tens of kb fragments, on average

Short-read sequencing Long-read sequencing

s o . NES __ |
1985
2011 2013
o " 1953 1977 1987 1997 2005
D | mm——— Historical: Double every 7 months 7 1990 2006 | 2012
> ’
— [llumina Estimate: - o
e g ~ > 4 - >
B Double every 12 months . -
g ' iy
b Moore's Law: ’,’ 2 // e ! 1} { ’
- — A
5 £ Double every 18 months Pl Ve o 454
— N -ray anger
3 2 " S = DNAX: S DNA illumina
structure Sequencing Hiseq X
= v
(53 y
g 2R Mi::roarray v
g3 inumina | §
> -
c;' 22— v I__]S""d | PacBio |
ABI370 Human genome
$+ sequencer projectend | Nanopore |
g v
5 _| Human genome
2 projost | lon Torrent

I | | | | |
2000 2005 2010 2015 2020 2025

https://www.pacb.com/blog/the-evolution-of-dna-sequencing-tools/



What do we sequence?

e

Whole genome studies

Whole exome studies

Human genome

percentage
0 10 20 30

40

50 60

|
DNA-only transposon "fossils"J |

Ta rgeted pa nels LINES SINEs introns J
DNA retroviral-like elements proteinl-coding regions |
Analyze epigenetic modifications APt -
Analyze Chromatin simple sequence repeats :ce):t‘[]iprelztll:fr(?:lsig:it()gOhS
segmental duplications —
Il |
REPEATED SEQUENCES UNIQUE SEQUENCES
Analyze 3D genome structure
Whole transcriptome studies
MRNA studies
RNA (cDNA) _ .
Non-coding RNA studies
Targeted RNA studies
—AAAA S I ARAR e —— ——
- CE—— AA S A Inlorg:‘:‘l;::ltc'd aa———— WO
. mANAs Antisense transcripts ;c)
Single- | various studies enabling .- e
cell DNA | ynderstanding variability of S——_S NANN .
an d RN A . L. allscsiiot ositod Intergenic transcripts —
individual cells mANAS sANAS?

—_—



A new routine...

A
Raw data Clean data Features Model Results
ACGTZC
ore. GCGTA | R
IS v\ processing GTCCG extraction craazalsells ,_cfQCSCCQc_c Training Evaluation
—_— _— _—
\@ S T, oo Tl
CGTAG
SCAVETTT, Lo |
GAGAA AAC e
B C D
v ¥ Label o/x
Supervised Unsupervised Raw data Discriminative features /I\I
r'y A
X o
POMG o /x OO E.: O/ © 9 Feature c A
€ ® extraction &
e Linear regression e PCA S? b 4 ® g @ E
e | ogistic regression  ® Factor analysis ® Layer 1 ‘j C,J_; . ‘ MTAI XQATM
e Random Forest e Clustering ®
e SVM ¢ Qutlier detection >
... . ... A Exon Raw data
A B Input 1st convolution 2nd convolution Fully Output
Within-individual sequence layer layer connected layer
P variation o layers
l Y-l - N
Locus 1 Locus 2 Locus 3 e, - —AI:I:L °
Individual 1 /\ 2 YN P o
g N~ T o
LAlTGC|TATIACGCCTGCCG.. A o
T Between- c o > @
. individual G ~ e —> o
Individual 2 /\/'\/\\/\4/\-/\ variation | Convolution \\\‘ [] Pooling + 8
.arcclraradciccTecca.. —_ c — Convolution 9.
L il o
eQTL Thxlas cAC .
i IR xelas || _CALGTeT
Individual 3 /\/\\/\/\\/“\/\_/ sXiVeléls 1O J
~ATGCITATACGCCTGCCG.. 4 < C¢cv
T
ChIP-seq
peak

https://doi.org/10.15252/msb.20156651



https://doi.org/10.15252/msb.20156651

Few slides about technology...




How do we sequence DNA (technology)

Genomic DNA
Fragmentation PCR
=] ] | T
= ] —— (——
Fragmented DNA Amplicons
. " - .
Adapter Ligation,
L

PCR Adapters

Sequencing Library



NGS Sequencing technology (lllumina platform)

Sample extraction | Fragmentation = Cluster Growth
(DNA or RNA) & Adapter Ligation
MM s Ny 2 =
"
Single-end vs.
1 Brid ificati | F Paired-end sequencin
. ge Amplification | g g ® q g
pcrl. D N @
b v Ox TiRE 4
A / II -
| ] : ,
N\ \\ S
Flow Cell Dissociation \

Fluorescent
nucleotides
are detected

Ly

Sequencing by Synthesis
(SBS) AGTACTCAGCATT

overlapping determines
the genome

Zixin Xu/Biorender



https://app.biorender.com/profile/zixin_xu

Paired-end sequencing technology (lllumina platform)

Read 1 Index 1 (i7) Read Index 2 (i5) Read Read 2

iS5 Index

P5 Adapter 4

DNA
Insert

P7 Adapter 4 L

i J : i5 Index
7 Index : 17 Index :

A 15 Index
Primer (Grafted P5)

7l 2I7TI7 7771777777

F
- »————-b >

l Clusters

N . J

—

TS

-



Four channel chemistry in NGS sequencing

Add 4 fi-NTPs and Take 4 Cleave off
Polymerase images terminator and

fluorescent dye

https://www.youtube.com/watch?v=ollaA6h2bFM

10



lllumina four-color sequencing by synthesis

> 750 ym

O 9ol
coiqL

4 mm

https://www.youtube.com/watch?v=tuD-ST5B3QA




Different chemistry and different cells = different errors

4-Channel Chemistry 2-Channel Chemistry 1-Channel Chemistry

¥ T EEE:
| 1 w
A G T C A G T C A G T C
— e ] o [0 o Quality?
Image 3 @ Image 2 @ Image 2 ()
‘Re,sult AlalT!|C Resut | A G T C resit | A G T C

Four-channel SBS Two-channel SBS

» Bases are identified using « Simplified nucleotide

One-channel SBS

« System uses a patterned
flow cell with nanowells
fabncated over a CMOS
chip to determine base calls
using only two iImage:

four different fluorescent detection by using two
dyes. one for each base fluorescent dyes and two

and four images per images to determine all four
sequencing cycle

3> L O o

A Random Flow Cells ., Patterned Flow
NIT R T, é : Cells

And there are other technologies too... 12



How do we make sense of the reads”?

R —— *Genotyping

(Identiﬁcation of genomic variantsj

13



The task of mapping...

Hundreds billions of reads
(100-150 length each, raw)

Reference genome

Mapping
— L — e [ J—
[ e ]
I - I

— o
'.n

GATCAGCAACGTACCG CCAGATACCGGGAACATACCATACGA

I | I |““|| Pl . . N |

001

TAAGCGACGTA GG GCCAACTAC

Readl TTACCAGATAGG T T i
Read2

14



Finding the best position for every read in the reference string

Mz.:\pping Dynamic programming
Alignment (usually)

Reference sequence

e T S i e e Tl e R S—————— Y -
} Sequencing reads

BA M Coverage depth
SAM

Y

Coverage breadth

~~

Genotyping

~

Interpretation

Coverage fig from: https://www.thermofisher.com/es/es/home/life-science/cloning/cloning-learning-center/invitrogen-school-of- 15
molecular-biology/next-generation-sequencing/ngs-data-analysis-illumina.html



SAM file which tells us about fate of each read after alignment

Output for one read

Header
Chr info

aHD VN:1.3 SO:coordinate
@sQ SN:22 LN:51304566
:file: /home/mktrost/sesho

AS:NCBI37 M5:a718acaab135fdca8357d5bfe94211dd UR]
otcloud/ ./reference/chr22/human.glk Mapping to reference info
[B:glk-sc-HGOO553 M: match/mismatch

Read

Group LB.glk sc-HGOO553 A insenic.m. D: deletion
Read Name ' : h -
from FASTQ 9166378 CACTCTCTCTCGCTCTCTCACTCT CTCTCT TCTCTC "BBuS%(, . S68%(*9+8% ' %4<@) $S. ; N@: .
(no '@ ,41',12) 1:32  NM:i:2 00Q:Z:'%%%%.%(, Chromosome/position ;D;@:B7C(9  RG: paired-end, mate chr/pos
466974. ,60M485,0,0; XS5:1:28
ERRO13176.4630188 97 22 16850138 5 29556M295 = 36
Sequence AAATGGAATCGAATGGAATTATCGAATGCAATCGAATGGAATTATCGAATGCAATCGAATAGAATC |
(from FASTQ)"{ ATCGAATGGACTCGAATGACCCCTGGGGTAAGGAGARGCCCA [ T A:=;:9:9; :1:<;;9:<;<:; :801;:0;;::28;3976 |

41:3:6.49.8/0487, -68610704223(/5331. -32+05355//4)56/42) 151316665665/ :
Recalibrated :Z:ACECGHJJGI?KIHFIKKHIJII?LHITJLKIJ@LKHIJHLKITHIKALKFJIKKIK?GIIJILKGKIG=; KKGGBJCHA FBCEF<F
Quality @JGC=(B6B?@B7BC?B;<;@ RG:Z:ERRO13170 XS:1:36 {

percentage

SAM files are often very big:100-500+ Gb ;' — E— /

Even for exome LINEs SINEs

retroviral-like elements

introns
protein-coding regions
DNA-only transposon “fossils” GENES

TRANSPOSONS

nonrepetitive DNA that is
simple sequence repeats neither in introns nor codons
segmental duplications
Il |

REPEATED SEQUENCES UNIQUE SEQUENCES

16



What do we get as a result of mapping?

L
Human hg19 B ox B ohx146993,048-146993678 Co £t « » @ [ X 0 |

B mmmmnnnngin F@

B T TR R S

T
il
II

(I

IGV browser helps to view alignment results

17



A closer look

000 oV, el
Human hg19 B o B h2119479300-19479347 Co B <« » @ 0O X 0 | Bmmnnnnnnj @
AT i T s — T i
“wrp
'.l~. 1 1 » 1 ‘ﬂ". 1 u‘l.. 1 .-l‘-. 1

. TR IR TR T TS ST E SR _oN_5 S :8_9 . VR G A TE BRSO T DN R R e TR e WaE R

IGV browser helps to view alignment results
18



Pipelines are important

Genome Analysis
Toolkit (GATK)

Step 0 Step | Step 2 SNV
Alignment to Variant

De-multiplexing Reference Genome alrl|.an Indel
Adapter trimming Hg19 or GRCh38 calling

Step 3 l N‘[‘epcl
CNV #E#ﬁ;ﬂ‘-“f "

Step 5 ‘ ANNOTATION
v v

&

3
{
§

S— T AR
1

abbdda

Population €.1234G>T
Allele Frequency p.R41IT

Rule out
Benign
polymorphisms

19
Arch Pathol Lab Med. 2020;144(9):1118-1130. doi:10.5858/arpa.2019-0476-RA


https://gatk.broadinstitute.org/hc/en-us
https://gatk.broadinstitute.org/hc/en-us

We need to map and align reads to learn about genotype

Mapped and
aligned reads

VCF

##fileformat=VCFv4.2
##contig=<ID=2,length=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 REF ALT QUAL FILTER INFO FORMAT

2

2
2
2

81170
81171
81182
81204

BCF

N NNN

i

81170
81171
81182
81204

v

CT

G A
A G
T G

-- 00N
4 oo P> -

3

[)

MeHa

KoopauHata

Xpomocoma

Kauyects
PedepeHcHbINO
HYKNeoTua,

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

v

Undopmauusa
0 3ameHe

=)

Genotyping results

Genotyping

* Genotyping

[Identiﬁcation of genomic variants]

Cny»kebHas
nHdopMmaLma
SAMPLE1 SAMPLE2 SAMPLE3 SAMPLE4 SAMPLES SAMPLEG6 SAMPLE?7

GT:DP:GQ 0/0:4:12 0/0:3:9 0/1:1:3 0/1:9:24 1/0:4:12 0/0:5:15 0/0:4:12
GT:DP:GQ 0/1:4:12 0/0:3:9 0/0:1:3 0/0:9:24 0/1:4:12 0/1:5:15 0/0:4:12
GT:DP:GQ 0/0:5:15 0/0:4:12 0/0:5:15 0/0:9:24 0/0:4:12 0/0:4:12 0/0:4:12
GT:DP:GQ 1/0:5:15 0/0:9:27 0/0:10:30 0/0:15:39 0/0:9:27 1/0:13:39 0/1:14:42
GT:0/0:0/6:0/1:0/1:1/0:0/06:6/0 DP:4:3:1:9:4:5:4 GQ:12: 9: 3:24:12:15:12
GT:6/1:0/0:0/0:0/0:6/1:0/1:0/0 DP:4:3:1:9:4:5:4 GQ:12: 9: 3:24:12:15:12
GT:0/0:0/0:0/0:0/0:0/0:0/0:0/0 DP:5:4:5:9:4:4:4 GQ:15:12:15:24:12:12:12
GT:1/0:0/06:0/0:6/0:0/0:1/0:8/1 DP:5:9:10:15:9:13:14 GQ:15:27:30:39:27:39:42

GT - reHotun (0/1 — reteposuroTa; 1/1 — romosuroTHaa sameHa; 0/0 — romosuroTa pedepeHc)
DP — rnybuHa noKpbiTUS

GQ - KayecTBO 20



How are the reads mapped to the genome?

1% seed at
4 location 1
N N 7 -3 : :
reference genome Genome mdexmg
BWT/BWT-FM : Other suffix
Hashing
SA[il BWTIi] Ola,i]
i c S character
0 T 12 seed location list |
Compressed Suffix e e 1 [ 9 [16]30] -
2
Arrays (CSA) 3 | 10 (2 [ 7 o]
. . 41 0
(Grossi and Vitter) 51 4 [l 52|
. 6| 6 X
FM-index - B> o 6%
(Ferragina and s Lz R 6
e ” i g IEHIEEN
Manzini) 10 . 9o || 7 || 5 14
1 9 b 4-.
121 8 seed location at the 16 60 12
reference genome location list
30
seeds
- i - eI e -‘__‘ x / / x
o v —a > 1 [ 9 [16[30]
. d f ion li i
read 1: €C AT -CTA TT sert;adr(;m location list from index data structure

read 2: TAfTcrfacdiAckacTAkcc

read 3: cedici hTA i AcT lREcT |

Modified from: https://doi.org/10.1186/s13059-021-02443-7

X ¢ ¢
$—>( 35 [12]
. R |

reference genome

21



$ ACG|T
0 1 510[§
000O00O0
01000
01010
01110
01210
01220

c

l Occ
C

L

[ mmmntnnnnnn
NMNSSTOWWOWOLWOLWWOWL0
e e e e NN NNANNN M
OO0 000000 ™™ ™ — —

14565

16 characters <T, 2 T's before

s

012345678 91011121314151617181920
F

sleltlclclclclalT]c[TIc[AlT]GITIc|AlGIGIAIE] c(o)

T There are CfT]
16+3

=5 7
i A
I-(J)_-|20
[1]19
216
3N

iStat ]

0

OO —NNMMMEMMMS O WWWWwn
=N NN MMN MmN N M SN OO

T6+2

$ AICIG T
0 1151101
1

1

1

e e e e e e e e NANANNN NN M
OO 0000000000 v« «— — «—

0o00O00O0
01000
01010

froms 1
0

8. The next character is ¢

(o)

L

l QOcc
C

7and t 2

=
oo H[o]o]o]o[H v <] o]u] <] <[ <[ H]H]«[o]v] [Y]
V| <[vlo|u| | Fla]ol o] o] - U]l <] <[ <[]
<| U [ ] | <] <] o] O] [ ] O] H] V] B[ O] V] Bl vblu
o™ = ™ T I I I I I ™ T S
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V||l e| o] o] <<|H V| <[ o] V] -[u]v]u]v]<| +
|| | «| | V| V]| V] B L V| <| O O -] | U] &
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V| U] o] o] <Ju]H U] U] <] U] <[ -] <[ ] U] -] O] O] =
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Table 1: A step of the pattern matching algorithm. On the left, 2 characters { cc) have been processed to give
the start of the interval, and 3 T's before the end of the interval Thus, the new interval (shown on the right) is

the range froms 2

How are the seeds found in the reference?

012345678 91011121314151617181920

F

slalTlclclclelalTlclT[clalT]GITIc[AlGIGIAI® c(o)

BWT/FM index utilizes the underlying properties of the Burrows Wheeler Transform introduced by Burrows and Wheeler and Last-
A

to-first mapping

The algorithm behind the calculation of seeds in BWA-MEM depends on the FM index, a data structure introduced by Ferragina

and Manzini.
FM-index allows searching for any given pattern P in a collection of text in O(|P | log n + occ log2 n) and occupy O(n) bits

0

[T
vl vjulu|o|H Y <|u]u]<| <] <[] w]U[v] [H]
O|<| V| 0|Vl w|u[Hu[u[Hu|o]lu] < <] <|H]Y] [V
<|U[H[u]<| <[ <] | O -] O] - o] Bl U] vl v]olu
V[ <] <[ H]o] o] o] <[] o] o] - o] O] <[ - U] O] w
—[olu]o]o]-[u]o]o] f —[w] <[ —|o]o]u]u] <[ <[~
V||| u]w]o| v <| o] O] <| <| O] <| [ -] -] L] L] O] O
[ <[o]o] <[ o] o] <[ U] O] - u]o]O] <[] w]| =
<| O olol<|—[ o] o] o] O« ool o] <| &
ol [<[-[o]ol o] ool <[] <[ <[] o] Z
TGGGAC$TGTTCACGCCAATGW
V[ u]w| ool <| <[ O] <| | O] =] O] =] U] L] U] V] «| +
| <] O] <| | v u] < H vl ulu] o] <| Bl =] v] -] «w| o] S
<[o[o]o[o]-[o[—[o[d o[ O[#| o[ vo[<[o[<[ ¥
VUV H[V] <| V- Y] | <| V] <| | <] | V| V]O| =
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—olo[o]oju|H u]u|d«|H <[] o] ] <| <[ o] -[H 5
V|| O] = =] <| <| v o] O] <| <| O] = =[] U] U] U] V]V °oq
CEEEEUEEEE CUOTUTE e i e
w - O v o=
R2CroloNmT®nlEnnoTo - n
HAeamsdorwo@odnt @2y
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Different implementations on CPU and GPU

Bowtie is an alignment instrument
that uses the BWM and LF mapping
methods, and performs
backtracking using the greedy
algorithm to cope with inexact or
uncertain matches

—

backtracking

/

Short read alignment algorithms

CpP

VAN

l

hashing

/N

BWA

Bowtie

FM-index
SOAP2 lossy
BFAST

10.1109/ACCESS.2020.3031159

lossless

/

MAQ

PU

N

hashing BWT
GPU-RMAP SOAP3
RMAP SOAP

23




Seed extension and alighment

Pairwise alignment techniques

— T~

DP Non-DP/Mixed
Smith-Waterman 28.3% Hamming distance 19.2%
Needleman-Wunsch 16.2% Heuristic 13.1%
+ Hirschberg's algorithm Multiple Methods 9.1%

(space-efficient version of
the Needleman—Wunsch)

+ Landau-Vishkin

Edit distance:
Levenshtein Distance vs. Hamming Distance

Types of paired alignment:
Pair global Pair local

AAGAAATAAG CAA TTEETCTETTCEHNCCHA T TCTTACATEATTT
AAGAAATT TGACAA CTGTTCGACCAT

Needleman-Wunsch Smith-Waterman

Numbers are from: https://doi.org/10.1186/s13059-021-02443-7 24



Needleman-Wunsch algorithm

The algorithm was developed by Saul B. Needleman and Christian D. Wunsch and
published in 1970. Time complexity is O(mn) for sequences of m and n length.

[ N

«—
M,.J.=max<

A M,’/_|+S(a,,—)
T

M,y +s(=b))

s(a;, =)==2,if b,=— (Insertion)

s(—, bj) =-=2, if a,= — (Deletion)

; .
e i o 8
-|lalelc|a|A

ol -|0|-2|-4|-6]-8][-10

A2 141]|-3|-5]-7

| 2:(C|-4|1(/0|0-2]|4

136-6-30-12-1

JA|l-8|-5]|-2]-1 -'1g

| s{A]10[-7|4|-3]-2[0

M, +s(a;b;) sCapb;)=+1if a;=b; (Match)
s(a,b;)=—1,1if a;#b; (Mismatch)

Alignment 1:

A-CGAA

| 11
AGCGA-

+1-2+1+1+1-2 = ©

j >
0 1 2 3 4 5
-|A|G|C|G A
o/ =|0]|-2|-4|-6|-8][|-10
(A -2 | 141 -3¢-5¢-7
|
20 C | -4 4.1 0, | 05294
i 1
3\G|-6|-3[0]-1]1<-1
4 1
s A|-8|-5[-2|-1]|-1]2
I t
| s|/Al10|-7|-4|-3|-2|0
Alignment 2:
i
AGCG-A

+1-2+1+1-2+1 = O

Score Total & Z Score Match * Z Score Mismatch * Z Score Insertion * Z Score Deletion

25



Smith-Waterman algorithm

The algorithm was first proposed by Temple F. Smith and Michael S. Waterman in 1981.
The main difference to the Needleman—Wunsch algorithm is that negative scoring matrix cells are set to zero.
Can be optimized to O(mn) complexity for sequences of m and n length.

J >

'Mi_l,j_1+s(ai,bj) N -|AIG|C|G|A
’ M;_,;+ s(—,0b;
0””(’7)T (Alo|1|/0]o0|o0]1
\
, :lC|lo|o|lo|1|0]0
s(a;, b;) = +1, if a; = bj (Match) i
s(ai, b;) = —1, if a; # b; (Mismatch) 31G|0j0/1]0 %*_0
8(—,b;) = =2, if a; = — (Insertion) JAlol1/l0l0]o0 3
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Landau-Vishkin algorithm for Approximate String Matching

The parallel algorithm requires O(logm+k) using n processors
The serial algorithm runs in O(nk) time for an alphabet whose size is fixed.

i
0

W
NRNEENN
\\ | o1 “y J’

Ukkonen O(k2) algorithm:

Computes the edit distance.

The way to compute the strokes in diagonal transition
algorithms.

The solid bold line is guaranteed to be part of the new
stroke of e errors, while the dashed part continues as

long as both strings match.

ACM Computing Surveys, Vol. 33, No. 1, March 2001, pp. 31-88
JOURNAL OF ALGORITHMS 10,157-169 (1989)

Landau-Vishkin algorithm:
Dynamic programming matrix is computed diagonal-
wise (i.e. stroke by stroke) instead of column-wise.

A recurrence on diagonals (d) and number of errors (e),
instead of rows (i) and columns (), is set up in the
following way:
L [[3[-2[-1]o]1]2]3[4]5]
0 0 3 0 0 0 0 0 0
1
2

1 1 1 4 5 (31|11
2 2 5 6 6 |6 |3]| 2|3

N OO
NI O~

The diagonal transition matrix to search "survey" in
the text "surgery" with two errors. Bold entries
indicate matching diagonals. The rows are e
values and the columns are the d values.

Li 1 =Ly, = -1, foralle,d
Lijai—2 = |d| =2, for «(k+1)<d < -1
Lija-1 = |d| =1, for —(k+1)=d < -1

La. =i+ mEX(Pi+1--i+zf:Td+i+1..d+i+5)

where i = max(Lg .1+ 1,
Lg_1e-1,Lgs1,e-1+1)
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Variation-aware read alignments with Landau-Vishkin algorithm

deBGA
seeding

VARA
extension

https://doi.org/10.1186/s12911-019-0960-3

reads
! e Tee-o__ Candidate seeds
e Sy il e
b T O TR T ALT |
. | .
Genomic —Se——— : 1 A C | Variant
sequences + - CT | knowledge
. 2 GC G | .
collection e— o . . index
i : P
| 3 ACT (G |
e e e e — = J
\ J
¥
Variation tree
construction
+ Segmental read
I\ |
¥
VARA method
Candidate paths
Optimal alignments
selection and output
_— _:_-__—

AO>=00 =
»-100>6000 @ 100>

==

{

@)

N\
)
_/

)

~

a=»»>

&

—~

Reference Sequence (22 bp)

rAAAAATTACGTCGCGTAGCTAA
AAAAATTACGTGTTACTGTATC
AAAAATTCACCTTCCAAATCGT
AAAAATTCACCTTCCTTCTAGT
CCACGATGCATGCTAGCCGCGA
CCAGGGTTTCGATGCATGCATG
GACTTCAGCTAGCTAGCTAGCT
GACTTTGGGCTAGCTAGCTAGC
GACTTTGGGCTCGCTAGCTAGC
GACTTTGGGCTGGCTAGCTAGC
GACTTTGGGCTTGCTAGCTAGC
GAGCACGATGCTAGCTACGAGA
GAGCACGATGCTAGCTACGATT
GAGTCGTAGCTAGCTACGATCG
LTTGTTGCTAGCTCGTCGTACGT

(0
C ~~ C ~ n T
A {\2/ C (,) G 4 I
C A G
A
= G G T A
913 ® fFO L ® O
c C a ° g A T
\C G G = | I L G Yy~
® A G ©® @ C®c®
| L ¢ ~ A ¢
T a I A E; C E;
¢ T G AG A
T f 5 COORB6 4 T
A G A AACGT g !
G /c T 3666 G ¢
T AT g ctcccec 7
A C 7 _‘L g 4 (R A
G A A A Y s %

4 C T e G G G G Insertion
@ ¢ G ¢c€¢cc { ——  Deletion
G C T T T T T ' iy

C A ok A AA A i —— Treeedge

o Lo 8 g? (C‘ ' L.J Tree node
(] R AN R et S SRl |
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Performance of different alignment algorithms on CPU

p=13x10
'EH:I | i I
77 . p=18x10"
— I 1
g . :
2 o" - ’
E 30 l' *s o ] a I =Ll ] .
L
E 20 _'l_-1_.,_ . * N q‘ ™
“ 10 « ° S S P . ** s .
. —y—
0 Sy
Smith-VWaterman Harnming Distance Meadleman-YWunsch Maon-DF Heuristic Cibver D
Pairwize alignment algorithm
 REMAP I BYVA E SMALT N ShAF Subread B minimap?
N Howtiea . GSMNAP . LAS] Bowhe? Hisat?

From: https://doi.org/10.1186/s13059-021-02443-7
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Combination of algorithms utilized by read alignment tools

Smith-
Waterman

Hamming
Distance

Non-DP
Heuristic

Multiple
Methods

Based on studies of 107 read alignment tools that were designed for the short-
and long-read sequencing technologies and were published from 1988 to 2020

https://doi.org/10.1186/s13059-021-02443-7 30



BWA-MEM Aligner

The conception of seeded alignment:

» Uses FM-index
» The seeds are maximal exact matches (MEMS).
>

MEMSs cannot be extended either forward or backward without creating a

mismatch

» MEM can represent a super-maximal exact match (SMEM) if it is not

contained in any other MEMs on the query sequence.

» The extension of SMEMSs is performed using the Smith-Waterman dynamic

programming algorithm.

READ

_alclel Jols|T

V w_‘
JEE ool

Extend «—— i Extend Extend <

i——» Extend

Seed Generation

Seed Extension

T elelel LT L L el L LT LT

REFERENCE

DOI: 10.13140/RG.2.2.33045.19687
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Influence of Different Alignment Tools on the Results

Preparation
& Reads
Sequencing  Processing

Alignment

Bowtie2 + UG

o
30 @ BWA-sampe + HC
58

308

Novo + UG BWA-sampe + UG

https://doi.org/10.1155/2015/456479

Variant
Calling

Somatic mutations

VarScan

https://doi.org/10.1038/s41598-023-34925-y 32




Several ambiguity problems...
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1. Ambiguity of reference

=== )

Complete human repeat
annotations and discovery

Non-

! Satellites
repetitive Tandem repeats Simple/low complexity
iy - repeats
s COMPOSite elements
Structural RNAs
Class | 'SINE
repeats - SVA
(retroelements) I LINE
LTR

Class Il repeats

9
[ J
read1 read1 read1
] ] [ ]
1 | J
Repeats

* SINEs 12.8%

* Retrotransposon 0.15%
* LINEs 20.7%

* LTRs 8.8%

* DNA transposons 3.6%

« Tandem Simple repeats 8%

TOTAL ~54%.
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Single-end and paired-end philosophy

Paired-end
L F
: - :
. Slngle'end < Pr—
—p — —— = ,
| | I I | |
L | I
repeats repeats



Performance of various aligners on simulated short reads
from human genome

Single-end Paired-end
100 ——mmma . mmas — —— — = 100 T T T T
gem (426s)
bwa-mem (467s) —+—
98 + bowtie2 (582s) —<— 4 98| 4
seqalto (850s)
v cushaw2 (967s) —¥—
O g6 || bwasw(1002s) —B— 1 o6l |
8 bwa (1055s) —4—
o | novoalign (3960s) —&—
) 94 oF 94 .
S
Q_92 92
m -
E o0t 4 90} 4
\o L bwa-mem (497s) —+— | |
o gem (529s)
88 r- 1 88| bowtie2 (545s) —— |
seqalto (879s)
cushaw2 (1026s) —k—
86 1 86 bwa-sw (1043s) —5— |1
L bwa (1092s) —=a— ||
- novoalign (2585s) —&—
B 7 Is . 5 4 I3 84 . s~ - e 0
107 10° 10 10° 10 10 107 10® 10° 10 103 102
#wrong / #mapped (2><1O6 x 101bp SE, 1.5% sub, 0.2% indel; correct = within 20bg #wrong mappings / #mapped (106 x 2x101bp PE, 1.5% sub, 0.2% indel)

From: Li (Broad Institute), http://arxiv.org/pdf/1303.3997v2.pdf *



Most popular DNA aligners do perform paired-end

Software Sequencing platform Ability to perform gapped alignment Quality awareness Ability to align PE reads Reference

BFAST l,4 - - + Homer et al. (2009)

Bowtie 1,4,Sa + + Langmead et al. (2009)
Bowtie 2 I,4,lon - - - Langmead and Salzberg (2012)
BWA 1,4,Sa - - - Li and Durbin (2009)
CloudBurst non-specific + - - Schatz (2009)

GSNAP 1,4,5a,lon - - - Wu and Nacu (2010)

MAQ I + - Li et al. (2008)

MOSAIK 1,4,5a,lon - - - NA

mrFAST I - + + Alkan et al. (2009)
mrsFAST [ - + - Hach et al. (2010)
NextGenMap I,4,lon - - - Sedlazeck et al. (2013)
PASS l,4 + + - Campagna et al. (2009)
RazerS I,4 + — + Weese et al. (2009)
segemehl| 1,4,5a,lon - - - Hoffmann et al. (2009)
SHRIMP l,4 - - - Rumble et al. (2009)
SHRIMP 2 l,4 + - David et al. (2011)

SOAP2 I - - - Li et al. (2009b)

Stampy I - - - Lunter and Goodson (2011)
Abbreviations: |, lllumina; lon, lon Torrent; NA, no publication available; NGS, next-generation sequencing; PE, paired end; Sa, AB| Sanger; 4, Roche 454,

Information obtained from hitp:/Awww.ebi.ac.uk/~ nf/hts_mappers/ (last accessed August 2016). Popularity was assessed by the number of citations of the software.

doi:10.1038/hdy.2016.102
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2. Ambiguity of alignment

Reference CTTTAGTTTCTTTT----CTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC

Reads

CTTTAGTTTCTTTT----GCCGCTTTCTTTCTTTCTT
CTTTAGTTTCTTTT----GCCGCTTTCTTTCTTTCTT
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC

But we can try to shift things around a bit:

Reference CTTTAGTTTCTTTT----CTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC

Reads

CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTT
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTT
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC
CTTTAGTTTCTTTTGCCGCTTTCTTTCTTTCTTTTTTTTTAAGTCTCCCTC

Aligner, like BWA, works on
one read (fragment) at a time,
does not see a bigger
picture...)

This looks better !

Only seen after aligning all
(at least some) reads!
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SNP callers can reevaluate alignment

Software Method Sample Reference

Atlas-SNP2 Bayesian Single Challis et al. (2012)

CRISP Testing Pooled Bansal (2010)

Dindel Hidden Markov model Pooled Albers et al. (2011)

FreeBayes  Bayesian Multiple NA

GATK Bayesian Multiple McKenna et al, (2010)
DePristo et al. (2011) Van der
Auwera et al. (2013)

QCALL Bayesian Multiple Le and Durbin (2011)

SAMtools Bayesian Multiple Li et al. (2009a)

SeqEM Bayesian Multiple Martin et al. (2010)

SLIDERII Counting
SNP-o-matic Counting

SNVer Testing

SOAPsnp Bayesian
SYZYGY Bayesian

Single Malhis and Jones (2010)

Single Manske and Kwiatkowski
(2009b)

Single and Wei et al. (2011)

pooled

Single Li et al. (2009b)

Pooled NA

Abbreviations: NA, no publication available; SNP, single-nucleotide polymorphism.
Popularity was assessed by the number of citations of the software.

https://doi.org/10.1038/hdy.2016.102
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| .

3. Ambiguity of reads

Source of reads

Typical Differences Between Any One Human Being’s Genome
Sequence and the Reference Human Genome

Reference genome

Type of difference

Single-nucleotide
variation (SNV)

Small deletion or
insertion (indel)

Low-complexity simple
sequence repeats
(microsatellite and
satellite DNA repeats)

Mobile-element insertion
(SINE, LINE)

Structural variation
(deletions, duplications,
and inversions)

Karyotypically visible
abnormalities (e.g.,
aneuploidies)

Size in nucleotide pairs

1

1-49

1-200

300-7000

50 to »1,000,000

Chromosome scale

Differences per genome

Courtesy of Greg Cooper and Rick Myers, HudsonAlpha Institute for Biotechnology, Huntsville, AL;
based on H.J. Abel et al., Nature 583:83-88, 2020; gnomAD (https://www.nature.com/immersive
/d42859-020-00002-x/index.html; and https://www.internationalgenome. org).

3—4 million
0.4-0.5 millon The problem get worse for the long reads
00,000 where special tools were also developed
10 kb
| | B il i

2000 (LT BIRL R, MESANRGASRNI e S T
o Sl RPN N
Tens of thousands; length & ;L i S '."':.'.‘:.'.#ff‘ Ty e
is inversely correlated with ::I Tt am I-l b S S Ty TR S :fnl .
foquency i L el e oot i
R T P e 3 e Y w0 amt g E

Very rare; most are lethal — -Tu'::"nE ?I,I,In ,I,;-Illil I an W

AT
40



4. Ambiguity of letters

Errors arising during library preparation

a Index hopping using DNA nanoball =
RCR linear amplification = Signal on

' 4 -
L%, g B S
2 "™~ after index hopping x flow cell

b Index hopping using lllumina’s ExAmp chemistry

No error
amplification

Exponential
error
amplification

RPA amplification Signal on

>
after index hopping flow cell

i N
Il

innn
AR

+ Sequencing errors

Reads may contain errors!!!

https://doi.org/10.1186/512864-019-5569-5 41



What do we know about read quality of reads?

ENCODING EXAMPLE:

T @Ma16872:41 :000000000-A942B:1:7181:171853:2457 1:N:0:1 D
2 GTGCCAGCAGCCGLGETAATACGTAGGTGGCAAGCGTTATCCGGATTTATTGTGE. | .

3+

4 »=1==11=11>>1TEC?E?CFBFAGFCAGB /CGT1EACFE/BFES / /AEGTDF122A . . .

| 1 |

| | L. ¢ - E — 36 Phred Quality Score (Q) — 99.975 Base call accuracy (!
| -6 = 1 = 16 Phred Quality Score (Q) — 97.488 Base call accuracy (P)

L. 6 = > = 29 Phred Quality Score (Q) — 99.874 Base call accuracy (P)

— Pos. #1 | Nuc. G | Character Encoding [>]
Q= ascii -s "=" | awk '{print $2-33}' =29
P=100— (107%% x 100) = 99.874

- Pos. #3 | Nuc. G | Character Encoding [1]
Q= ascii -8 1 | awk '{print $2-33}' =16
P=100— (1071% % 100) = 97.488

- Pos. #14 | Nuc. C | Character Encoding [E]
Q = ascii -s E | awk '{print $2-33}' =36
P=100 — (107%% % 100) = 99.975
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Sequence quality: Phred quality scores, Q

Q=-10log,, P

Phred quality scores are logarithmically linked to error probabilities

Phred Quality Score Probability of incorrect base call Base call accuracy
10 1in 10 90% P = 10'0/10
20 11in 100 99%
30 1 in 1000 99.9%
. An example of a base that has been |
40 1in 10,000 99.99% given a very high Phred score of 50,
. indicating that there is 99.999%
30 1in 100,000 99.999% probability that this base has been
i correctly assigned.
60 1in 1,000,000 99.9999%
An example of a base that has been
/ given a Phred score of 10, indicating
/ that there is only a 90% probability
that this base has been correctly
assigned.

|

.l' An example of a base for which

/ If no Phred score could be

/ / calculated, since the sequencer

/ f | could not determine which base
;' was present (therefore, an ‘N was

/ designated in the sequence).

'4 I“ |
Phred score 20 — ¢ B Tl 5 PO Bl B B e
GAA GGGGGGGINGC T C C A

80 80

60




The good, the bad and the ugly reads

23 5
€ £ =
n o u
! 0 1.000
" 1 0.794
# 2 0.631
$ 3 0.501
% 4 0.398
& |5 0.316
! 6 0.251
( |7 0199
) 8 0.158
* 9 0.126
+ |10 | 0.100

" 0.079
- 12 | 0.063

13 | 0.050
! 14 | 0.040
0 (15 | 0.032
1 16 | 0.025
2 |17 | 0.020
3 |18 0.016
4 19 0.013
5 20 |0.010

23 5
€ = ¢
nh o u
6 21 | 0.008
i 22 | 0.006
8 23 | 0.005
9 24 | 0.004
25 | 0.003
26 | 0.002
< 27 | 0.002
= 28 | 0.001
> 29 | 0.001
? 30 | 0.001
@ 31 |0.0008
A 32 | 0.0006
B 33 | 0.0005
(e 34 | 0.0004
D 35 | 0.0003
E 36 | 0.0002
F 37 | 0.0002
G |38 | 0.0002
H 39 | 0.0001
| 40 | 0.0001

DOI: 10.24918/cs.2021.17

Phred Quality Score . Probability of incorrect base call \ Base call accuracy D, Phiédiscorer Efivop scali
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in :9 o 01 0 [216 @
i 0,
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1in1 9% 3
30 in 1000 %9990 2 # '_ 23 8 &
40 1in 10,000 99.99% 3 $ Q’ 24 9 @
1in 100, .999Y an
750 |7 E 00,000 4799 999% lla % ﬁ 25 : @
Quality scores across all bases {Sanger / lllumina 1.9 encoding)
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http://dx.doi.org/10.24918/cs.2021.17

Incorporating sequence quality data into alighment

Mapping accuracy for 100 000 Mapping accuracy for 100 000

simulated 36-nt reads simulated 51-nt reads
0.2% substitutions 0.5% substitutions 1% substitutions 2% substitutions
§ _ //d”‘r) ) § - = /__7,;’_ T o e PR i (=] __———__7_____ -—
S - S - ~ -
P~ ;o P~ / § 7 / o § b Q/
| J - | / & D . s} o
{ / g / ! /
o I 2 [ 7 [ i ,
8 /o s 4 / / / ,
% s % ./ ‘ 8 rJf . 8 I-’ :
1/ ] f g1 /. g1 /-
o fi o a @ [ 6 @ o
= ) =] { ;
g4 / e84 |- 4 ) 1
S| / 3 I /. [
4/ . . _ s (¢ /
/ — qualities + matrix ‘,.‘;/: g - r|'J" —— qualities + matrix g 14/
§ K --- qu;illltles § iR - | - - - qualities - [
@ matrix . i
T © = a matrix
g oo T J j ! T ! o T ! T ! T ! E ° : T T T T T T ° : T T T T T T
T 0 100 200 300 400 500 600 0 100 200 300 400 500 600 = 0 200 400 600 800 1000 0 200 400 600 800 1000
[=% o1}
o {=1
© T I (=%
E % substitutions 2% substitutions g 5% substitutions 10% substitutions
>
= =
= . 8 g 1
S I . 8 J e 8
8 R e g o , = g |
i T . i / o Q I Q
;oo o L — e
/ J — -
gl gl , {7 - |
2 / 2 {.
B / ) B / o / - . o
1/ 4y sl /e S | I
{ p o / , I=]
(=] / (=] | (2] f o
g | / . g i ‘,." o d / - -
= f ] i 1) 1 e
4 ) 4/ e [ o P
f | = {I = [ o
2|/ g/ g1 /. g1/ -~
=3 o~ | e [
= S %
T T T T T T T T T T T T T T L= L=
0 100 200 300 400 500 600 0 100 200 300 400 500 600 T T ! T T T T ! T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

Incorrectly mapped reads
Incorrectly mapped reads

The reads differ from the genome by a certain rate of ‘real’ substitutions (0.2, 0.5, 1 or 2%) plus sequencer errors. Circles indicate a
score cutoff of 150/or 180. Dotted lines show the accuracy when we model the substitutions but not the sequencer errors. Dashed
lines show the accuracy when we model the sequencer errors but not the substitutions. Solid lines show the accuracy for both.

do0i:10.1093/nar/gkq010 45



Thank you!
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