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-2 million template beads loaded into PTP wells

Flow of single dNTP ty pe across PTP wells ——>

Pyrosquencing

-
B [ '.:-r'..‘_ c

=0T E
""-IF'." -

Roche 454

d Flowgram

TCAGGTTTTTTAACAATCAACTTTTTGCGAT TARAATCTAGATARCTG
CATARATTRAATARCATCACATTACTC TCGATCACTGARTTTAT

6 o & T &-mer
L E-mmier
L 4-mner | APS

T 3-mer PP.
T 2-mer

Polymerase

]-1-mer Sulphurylase ATP

Luciferase Luciferin

Bioinformati
Light and oxyluciferin




Sequencing by synthesis

lllumina Genome Analyzer

b ml
[ .
I : | —* l'ﬂ | i'H —> |
Hvi | i/ 2
Iﬂ lﬂl Eli I II]l | I-I T,ﬁl’
ne | n |

5~ OOOOOOODe

Cycle 1:

Cycle 2-n:

TR XTI > S .”_SJ
PRI TEe 6 eO@Me®W S
o _ 2 e

® ® @

Add sequencing reagents
First base incorporated
Remove unincorporated bases
Detect signal

Add sequencing reagents and repeat



S EEHNF

Next-generation
DNA sequencing

‘ .. CATTCAGTAG ... |
| ... AGCCATTAG ... |

_—— ... GGTAGTTAG ... ‘ | _ GGTAAACTAG ‘
\ ... TATAATTAG ... | | ... CGTACCTAG .. ‘
Genomic millions-billions of reads
DNA ~30-1000 nucleotides

Resequencing De novo assembly

»* *
Align reads to reference
genome and identify variants

Construct genome sequence
from overlaps between reads
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M

De novo sequencing

& PR R

ST RPN : ESERER
ORLZEHHEFELESE (Emergency Genomics)

@ SARSTHE . BRKX. BRK. HiEHmE...
O®&H{XDNA (Ancient DNA)

=4, TOEH, KiIbDEHE, HRE...
&hnE, AER, TE
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ERRNEY

nature
gCﬂCtICS

nature.com » journal home » archive » issue » article » abstract

nature

genetlcs

Journal hame = Archive > Article = Abstract

Saarch RUEILIGE]

Journal content Article abstract
AESSIUSRCIGOF 21 Wil S0 ERSIEdemIRean Paewmlbome o gL s Q)
. ifi i i i & publication
g:lr;i?oes identifies patterns of genetic diversity and | publication S

AE I\

i -
SClenc ARASORG | FEEDBACK | HELF | LIBRARIANS |SC|enceMagazme

[ \PVNYNXJ NEWS SciENCE JOURNALS ' CAREERS BLOGS & COMMUNITIES MULTIMEDIA COLLECT|

ALERTS

natllr e International weekly journal of science

SClenC.e The World's Leading Journal of Original Scientific Research, Global News, and Commentary.

Search

this joumal
Science Home  Current Issue Previous Issues  Science Express  Science Products My Science About the Journal

Home = Science Magazine = 16 October 2009 = Hia ot &f, 326 (53517 433-435 Journal home > Archive > Artide > Abstract
Article Views Fuhblished Online 27 August 2004 < Prev | Table of Contents | Hi Journal content Altl Cle

Science 16 October 2009:
» Abstract Wol. 326 no. 595.1 pp. 433-436 + Jgurnal home . .

DOl 1011 265cience. 11 76620 fature 463, 311-317 (21 January 20100 | doii10,1038/nature08696; Received 19 August
» Full Text : 2009; Accepted 24 Novermber 2009; Published online 12 December 2009

REPORT * Advance online

* Full Test (POF) publication

There is a Corrigendurn (25 February 2010) associated with this document.
> Figures Only Complete Resequencing of 40 Genomes Reveals Domestication Events

* Supporting Onling and Genes in Silkworm (Bombyx)

* Current issue

The sequence and de novo assembly of the giant
panda genome

RE Nt

AR Y
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* Nature News




S HFH (Metagenomics)

OLZMIFEP, EERERDPEFGHIFH
:lkgﬁ?*i_:flﬁéﬁ (Human Microbiome)
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mEZ Vi N0 ol

ONEIEZFPIREERIRERXE
& i 24
SEFE
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ENMF (Resequencing)

O EFBFRT R LN
O HapllFTERAKA—IBoEERF X E B EEEHIH
B E N
& BN ABEEL (1000 Genomes Project)
SIERNEY: SRIEMEERT (Genetic variation) ¥ NH
T2 (Copy number variation) 2
O HEAX -
@ PBFEHBE AT EFE (Reads) TRERIEINGESEEFELA L,
HAEERIRE
& HEFRY & ISNPs#Hlindels
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O EOAANFER179NM AR EEHNF
O FERE-RE-ZTHEEEERRE

O EANFhEEE697 M A BISN B FNIF

nature "

Home | Mews & Comment | Fesearch | Careers

Yiolume 467

eelkly jonrnal of seience

. Johs | Current lssue | Archive | Audio & Yideo | For

previous article next article

A map of human genome variation from population-

scale sequencing

Bioinformatics, 2025, HUST




REMF (Deep Sequencing)

O%NEEEF NRFINE

& BN BEEARHIVEE

R

& R AR P RIRE
P REZHER S

Science Magazine

Science AAAS0RG | FEEDBACK | HELF | LIERARIANS

ALERTS

l‘AAAS NEWS SCIENCE JOURNALS CAREERS BLOGS & COMMUNITIES MULTIMEDIA COLLECT

SClenCC The World's Leading Journal of Original Scientific Research, Global News, and Commentary.

Science Home  Current Issue Previous Issues  Sciewce Express  Sciamce Products My Sciance About the Journal

Home = Sefence Magazine = 16 October 2009 = Mia ef 2/, 326 (5951) 433-436

Article Views

Published Online 27 August 2008
Science 16 October 20049;

Yol 326 no. 5941 pp. 433-436
Dol 1011 26/5cience. 11 TEE20

< Prev | Table of Contents | M

+ Abstract

* Full Text
REPORT
* Full Text (PDF)

* Figures Only Complete Resequencing of 40 Genomes Reveals Domestication Events

» Gupporting Online and Genes in Silkwerm (Bombyx)

ACCEY

SR

nature

genetlcs

nature.com » journal home »

archive » issue » article » abstract

Resequencing of 31 wild and cultivated soybean

genomes identifies patterns of genetic diversity and
selection
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SIS R FEHEK

O Base calling: #R:

O 3 BINGE| &2 3
O£ EFEHAER
O EER (Genotype) FASNPHJIRF

(O RNA-Seq#:
i F

[ Chip-Seq#:

K9 [=] G

B ITHT :

R M EE

D

R

& EIRIR AR E

Elt\ A 4

EHRAYPeak finding, LANSFZIEIEERE
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¢

3 Base calling: \E&HiRnlwEE, HFS

T TA AT ..

//_//'

TR FLOY PO ElOT .1 " e .
B By o ‘O Wy O oS
TTTTTTGT ...
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HIERI: FASTQ

O FASTQREINKFII—REZMEIT

& %—ﬁEE‘@’ﬂ‘!l‘a, [EHRERFIIR
Y S

& %:ﬁ%r‘ 5

& F= EE‘+’3HI“ EHEE A LARE
FF 5']!3’]1’* =2

& FUITREZITHF
(quality values)

FHIAFRESE

(d
NATTARACACTGEETCAGGTCETATGCCETCTTCTECTTEAR AR A AA DR
+
ENEPNWQQOQR™ ™~
(d
NGAGGTAGTAGGTTEGTATGETTATCEGTATGCCETCTTCTECTTEARLD R
+
BELIJIETTTTAAddd[ [ [% ]aaaal ~]
(d
NGAGETAGTAGATTGTATAGTTTCETATGCCETCTTCTGCTTGAR LA DD
+

ERVMNTWWW Vaaaaadddddaaaaa® =

CVIKKSSUUSOXN [WE EEEEEEEEEEEEEE

A1 *+*BEREEEEEEREEEEEEEE

~# ~ BEBEEEEEEEEEEE

@HWI-EAS305:1:1:1:9910/1
GCTGGAGGTTCAGGCTGGCCGGATTTAAACGTAT
+HWI-EAS305:1:1: 1:99160/1
MVXUWVRKTWWULRQQMMWWBBBBBBBEBEBBBB
@HWI-EAS305:1:1:1:2010/1
AAGACAAAGATGTGCTTTCTAAATCTGCACTAAT
+HWI-EAS305:1:1:1:201£0/1
PXX[[[[XTXYXTTWYYY[XXWWW[TMTVXWBBB
@HWI-EAS305:1: 1:1: 7040/ 1
ATGATAATAATACCTCTTGCAGTITGCATCATGT
+HWI-EAS305:1: 1: 1:70£0/1
OYYYY[[Z[YZ[Y[[WYYP[YYYWZTZ[ZYBBBB
@HWI-EAS305:1:1:1:9830/1
ACCCAATACCGGTACAGGAATTGCAGCAATCAAA
+HWI-EAS305:1:1:1:983£0/1
OYYXVVYYYYUVUYXVRSUYYUTUTPVYYYYVVT
@HWI-EAS305:1: 1:1: 1671£0/1
AATTACACAACAAAAGGAGATCAAAGGGATACAA
+HWI-EAS305:1:1: 1: 16710 /1
OY[[[[YXXX[[[ZXUWXZZ[Y[[VITUU[[[YX
@HWI-EAS305:1:1:1:169980/1
GTTGGCTCTACGATCACGTTGCTCACCATGTGGG
+HWI-EAS305:1: 1: 1:169940 /1
ISUSSUWTWWQUUUVVUUUTTTUTUWBBBBBBBB
@HWI-EAS305:1:1:1: 1616 £0/1
ATTGGCGACGATATTCAGGTCCATGTTTCTTGCG
+HWI-EAS305:1:1: 1: 16160 /1
NYYYVRVVVSVYYYYWUNNPWVYBBBBBBBBBBB



Quality values

O REENTEQ

O p: iz EREA AT e
O p=0.058f, Q=13

7 p=0.001, Q=30

O 4xF5: ASCIR

Qsangcr = —10 l{jglﬂp

p=0.05

40

10 20 30

Sanger

s Solexa oe




ASCIIfRESR

ASCIIZ
( American Standard Code for Information Interchange FEHE#IHRHEESAZHFLE )

= oy ASCITEH| 7 Hf ASCITITEHN R

0000 0001 0010 | 0011 | 0100 | o101 0100 0111

0 1 2 % 4 5 6 T
gemnge | n | ot B X e (TR \emi ool B X pmp (LR g U g U e A g 1B gp tBlen o
0000| 0| O "@|NIL| N0 | TFEFRF |16 | p | P |DLE iR | 32 8| ( |64 | (@ |80 | P |96 | " |112| p
0001 1| 1 [ |"A |soH AT | 17 | | *Q (D01 EdEm 1|33 | ! |a9| 1 |65 A(81|Q|97|a|lI3 q
0010/ 2| 2 | @ | "B |SIX ExcFse |18 | | *R|pcz wEEH 2 (34| " (50| 2 (66| B2\ R |98 | b 114] r
00110 3| 3 | W | *C|ETX Exiint |19 | N | A8 (Des WmEEH 3 |35 | H# (51| 3|67 |C 8|S |99 ¢ |115] §
0100/ 4| 4 | ¢ |"D|EOT fE4iss | 20 | € | AT |DCa WEsEH o |36 | § (52| 4 |68|D|[8a| T 100 d |116] ¢
0101/ 5| 5 | e | “E |ENQ =a ] 21 § AU | NAK BERE |37 |04 (53| 5|69 | E |8 | U101 e |117| 1
0110 6 | 6 | & | “F | ACK BERE | 22 | mm| "V | 5TH EETiF (38 | &|54| 6 | 70| F |8 |V 102 f 118 v
0111 7| 7 | @ | *G |BEL| la s 23 1 AW | ETB Bhitkitms (39| Y |55 7 | 71| (3| 87 |[W|103 g 119w
10008 8 |[§ |"H|Bs | B 24 | T | "X |cAN BT 40 ( 56 | 8 72| H |88 | X |104]| h [120] x
100109 | 9 | O| ™ |H |\t |iE@EHFE |25 L[| En iR (41 ) |57 9 |73 J |89 Y |105 j |121]y
1010 & | 10 AJ | LF | \n AT 26 | —»| *Z | SUB B 42 | * |58 | « (74| J |90 | Z |106 J 122| 7
1011 0B 11 | & | *K | vT | W | dhEHlFE | 27 |« | *[ |ESc| \e jim 3+ (59| ;|75 K|9 [ 107| k |123 {
11000€ 12 | Q@ | ~L|FF | | 3T 28| | ™ |Fs IR (24| , |60 | < |76 | L, 92|\ |108 ] |124] |
1101 0D 13 [ | *M | cR | Wr Oz 29 |« | " | G HArfErr (45| - |61 | = | 77 | M| 93 ] 109\ m |125 }
111008 14 [ 7 | *N| 0 FEH 30 | A | ™| RS CFESRRRE (46| , |62 | > |78 | N |94 | A [110| n |126] ~
1111 {8 15 ::"‘Lll o1 A |31 | WA |us BTG (a7 | / 63| 2 (19| Of95| _ |111] o |127] 0 |Rimeon

i RPMASCITFER AR “Alt + MR LS T " Ak . #lfE: NHL 00:1208980380  2013/08/08




152 Ex [a]

[ Genotyping

Bfr: ZTH

GGTATAC...
ATTT CGGTATAC

...CCATAG TATGCGCCC CGGA
...CCAT CTATATGCG TCGGARATT CGGTATAC
...CCAT GGCTATATG CTATCGGAAMA GCGGTATA
...CCA AGGCTATAT CCTATCGGA TTGCGGTA C... |
...CCA AGGCTATAT GCCCTATCG TTTGCGGT C...
...CC _AGGCTATAT GCCCTATCG |AAATTTGC ATAC...
...CC TAGGCTATA GCGCCCTA APATTTGC GTATAC... )

...CCATAGGCTATATGCGCCCTATCGGTAATTTGCGGGTATAC...

0 RNA-seq, ChIP-seq, Methyl-seq

ﬁﬁ: £ EEHpeaks

GAAATTTGC
GGAAATTTG
CGGAAATTT
CGGAAATTT
TCGGAAATT

CTATCGGAAA

CCTATCGGA TTTGCGGT
GCCCTATCG AAATTTGC
...CC GCCCTATCG AAATTTGC ATAC...

...CCATAGGCTATATGC GCCCTATCGGCAATTTGCGGT1\TAC. .
Bioinformatics, 2025, HUS:I'




O AR5

“EROLEY” EEXTER?

& HHM vs. RE vs. BEZE|H]

GGTATAC...
...CCATAG TATGCGCCC CGGAAATTT CGGTATAC
...CCAT CTATATGCG TCGGAAATT  CGGTATAC
...CCAT GGCTATATG CTATCGGAAA GCGGTATA
...CCA AGGCTATAT CCTATCGGA TTGCGGTA C...
...CCA AGGCTATAT GCCCTATCG TTTGCGGT C...
...CC _AGGCTATAT GCCCTATCG AAATTTGC ATAC...
...CC TAGGCTATA GCGCCCTA AAATTTGC GTATAC...

...CCATAGGCTATATGCGCCCTATCGGCAATTTGCGGTATAC...

GAAATTTGC
GGAAATTTG
CGGAAATTT
CGGAAATTT
TCGGAAATT
CTATCGGAAA
CCTATCGGA  TTTGCGGT
GCCCTATCG AAATTTGC

...CC GCCCTATCG AAATTTGC ATAC...
...CCATAGGCTATATGCGCCCTATCGGCAATTTGCGGTATAC...

Bioinformatics, 2025, HUST




15 B EE X

[ Short Read Alignment
& KESERFINFM—RIEE
& FNixk: ZRMEL— “FHY” BEE

3EE X

D “&;E’\J” ttir_l-
& A>T

& RERBEEIRS
& RESHBESBICRRK
. TGATATTA.. .. TGATcaTA..

dAfcat — Petterthan ©oiL, it

Bioinformatics, 2025, HUST




Z 3| (Indexing)

O E[E 2 F0isE
RIE L

O Z5|BAIEY: BANANAS

5814 (Suffix tree)

ZE 3

G2 #4H (Suffix array)

s

MIEXK: PREEZEMTNSH

$

AS

ANAS

ANANAS

BANANAS

NAS$

6
5
3
1
0
4
2

NANA$

Bioinformatics, 2025, HUST

O BAN = 0 O NULL

Ot ana= 1 O |ana=3 O NuLL

O NAN = 2 O NULL

MrFryFH IR (Seed
hash tables



Z 3| (Indexing)

O AEEPE

N

> 35 GBs

(HEZR S MR

N~ ]|O®

$

AS

ANA$
ANANAS
BANANA$
NA$
NANAS

> 12 GBs

—»=| BAN = 0 O NULL

e

—- ANA = 1 O [ANAS 3 O NULL

¢

NAN = 2 OH

> 12 GBs

J8ENEIIKPMHEEERERE
JANERS|: FRESHAEFZIE

Bioinformatics, 2025, HUST
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0 20084F, HEXERE
& Short oligonucleotide alignment program

O “Seed and hash look-up table”
& SR EMFFS: sTEITA
& HIRERS|ILECRIRFT
& RIFRZEAIEECE L (gap)
O fFF% (seed) :
& B8 : L=12Mb, S=10bp, 200 Mb RAM
& A2: L=3Gb, S=12 bp, 14Gb RAM

Program Time consumed (8) Reads aligned (%)
blastn (=F F —W 11) 165 780 85.47

blastn (—F F —W 15) 150 660 84.66

Blat (—tileSize =8) 22032 85.07

Eland 166 88.53

Magq 438 88.39

Soap 134 88.46

Soap iterative 61 90.9

— Soap iterative + gapped 486 91.15




Burrows-Wheeler Transform (BWT)

19944, Michael Burrows#1David Wheeler%Ef
HIREGRFEE (bzip2)

REXBUNFER: BB ERSESR
B—RRBRE-INFHFBRE

widi: EENRE—

$acaacg $acaacg $acaacg
g$acaac aacg$ac aacgbac
cg$acaa acaacg$ acaacg}$
acaacg$>acgbaca>acgbaca>acgbaca->gc$aaac
T aacg$ac caacg$a caacgba BWT(T)
caacg$a cg$acaa <cgbacaa
acaacg$ g%acaac gbacaac

gl HEFF &E—7

Bioinformatics, 2025, HUST
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Burrows-Wheeler Transform g

O BWT vs. 5&#14R (Suffix array, SA)

$ 6| $

aacg?$ o>, aacg$
acaacg?$ o acaacg?$
acg$ 3 acg$
caacg?$ 1, caacg$
cgd 4. ¢cg$

gd 5/9g9%

BWM(T) SA(T)

Bioinformatics, 2025, HUST




Burrows-Wheeler Transform g

O T-ranking: ALTHE—PFFHFEFK (Rank)

$a;cya a,cg
a;a,c,9,9%a,c
a;Cpa;a,C gy d a,Cc,a,;a,c,; g, $
a,c,9,%a,ca,
Cpa;a,c g, 9% a
c,9,%a,¢c5a, a,
do $a,¢ca, a,c,

Bioinformatics, 2025, HUST




Burrows-Wheeler Transform g

0 BWT(T)RY AT
@ RE—JIRIN N HRNFR, RE—JEiHIM

Eye
a, Co
a,
a, a,
a, Co
a, C

Bioinformatics, 2025, HUST




Burrows-Wheeler Transform g

O ETE4E: HEINFERE—E
O BEREa47?
O EXMZES|?

$acaacg
aacgdbac
acaacg?$
acaacg$ —> acg$aca—>gc$aaac
T caacg$a BWT(T)
cgbacaa
gb$acaac

Bioinformatics, 2025, HUST




Run-length encoding

O AIEMRRE GRS R

& WWWWWWWWWWWWBWWWWWWWWWWWWBBB
WWWWWWWWWWWWwWWwWwWWwWWwWWWWWBWWW
WWWWWWWWWWW

& -> 12W1B12W3B24W1B14W
(J acaacg->1alc2alcg

Bioinformatics, 2025, HUST




Move-to-front transform

O BRI SER

YT

st

[ “Recently used symbols”

O A[EEEHR: ME1Eml

acaacg 1 (abcdefghijkilmnopqgrstuvwxyz)
acaacg 1,3 (cabdefghijkilmnopqgrstuvwxyz)
acaacg 1,3,2 (acbdefghijklmnopqrstuvwxyz)
acaacg 1,3,2,1 (acbdefghijkimnopgrstuvwxyz)
acaacg 1,3,2,1,2 (cabdefghijkilmnopqgrstuvwxyz)
acaacg 1,3,2,1,2,7 (gcabdefhijkilmnopqrstuvwxyz)
Final 1,3,2,1,2,7 (gcabdefhijkimnopgrstuvwxyz)

Bioinformatics, 2025, HUST




Burrows-Wheeler Transform g

O “Last first mapping”: BWT(T)8y [ 4
& 5RE—FNMHUNFER, BFE—FIFEiPHINE

e
$a;cpa,a,¢49;
a,a,c,d,%a,c
ag/cpa;a,¢,9, %

2)/Co313,C1 G % > a, €1 9o $ a; ¢ ay
T C,a, a, ¢ g, $[a,

c,go%$a,cpa, a,
do$a,cpa; a,c

Bioinformatics, 2025, HUST




ST ¢

NE—(THIE: $>9, —> § ——> g,

ap -> C, a, —= C,
Co-> a, a, $
%27 A a; 4
%> o Cy = Q
Co=> 3 Ciy=— Q
a, > $

goT>c1

T-a,c,a,a,¢c,9,9%

Bioinformatics, 2025, HUST




BWT(T) -> T

T-a,c,a,a,¢c,9,9%

Bioinformatics, 2025, HUST




ST ¢

O MBWT(T)E#

w0 oo DL

T, EEH

T = BWT[ LF(i) ] + T; i = LF(i)

& LF(i) &

ODDDHLOW W

0 o0 DL,

cg

ODDDDHO

BHRIITREIE—1FA

<]
0O
0 w

)

O DDDDHO

QOO0 DD H
ODDD®HLO

Q@ OO0 DD

aac

0w o

Bioinformatics, 2025, HUST

5 8ifT

I T HIEL

TLECHYAT

caacg

ﬂOOﬂ/ﬂBﬂ
O DD DD&HO

@ O O DD D H



O “FM Index”:
& “FM”: Ferragina & Manzini

& Full-text index in Minute space (#f/MNEEEBERIS

X#&35)
@ ETBWTH %A R FAEMRIFER

0 Z3|W#0ERs: F, L

FRTLUR 53k e %%, 121300, 400, 500, 600,
E—ruin—(A300! C400’ G500! T600

L] LA# £ 48
FE Lk 5 F B ZS (8] 382 /)

Bioinformatics, 2025, HUST

F L
$acaacg

aacgb$ac
acaacg?$
acgbaca
caacg¥da
cgbacaa
g%acaic
|
MREF




ETFMZE 5| 15T LA

l

l

O ESFAHN: ABWT(T)ETHLEEZFEQ
top = LF(top, qc); bot = LF(bot, gc)
& gcEQ (MNBEEL) I T—1FFF

L

& LF(i, gc) BEIITHRHAESERF—1FF5qc MEE

daacC aa a
$ g $ g $ g $
d C d C\ d C —
a $ a $ —_— $/—>a
d d d d a/ d
C d d —3>C d C
C d a/ C d C
J C—>—>g C g c g

Bioinformatics, 2025, HUST
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BT FMZ3| ks A IR &

s
lﬂﬂ
o
oon it

O “BtIRFF" , top & bot PREIIE RHTEE

Bioinformatics, 2025, HUST




BT FMZ3| ks A IR &

cac ca c
$ $ g $ g $ g
a c a c a c a c
a $ a $ — $ a $
a a\ a a/ a\-- a a
c a — a —>c a-.’ c a
c a a/ c a\::“*=nc: a
cC__r—rg c c -,,_”‘9‘ c

O HALEEEAZTE (top = bot), NMFRAAAEE

|
=
cd

Bioinformatics, 2025, HUST




RS ERFIINAE %

0 ?ttii'éﬁi =, WAHEIZERESEFI LR
?

o
o
o
o
o
o

—$ g $ g $ g $ac g
B AN R T
I g D I
C a a/ C a C a

_hl ¢c _—»—49¢ c c c

Bioinformatics, 2025, HUST




ERESZFIINMNE

O FE1: NIHRLE—BEIRBI SRR
0 $H =ERiE

2%, BIRUE = 2

¢ ac

$ g $ d $ g
SN
—»a a a

a a a a a a

c a c a/c a

c a c a c a

g c g c g c

0 BEEHRE~O(N), SXAKELMEHEX - K18

Bioinformatics, 2025, HUST




EERESZFIINVE

0 7R2: BEPNERBEHNERNE, EE

‘EpkBSZFI ERERAE

O AXKEP

$ 6
— C—{ 2 | | EBIRGIE =2
— g $ 0

a a |[3

c a |[1

C a 4

g ¢ |5

A HY

(-

R 912Gb — KX

Bioinformatics, 2025, HUST
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RS FIIMIE &

O REAFR: FEBYEEHARNAZR - “Sample”
O XEZELERsamplef L E

1%
.
c
$ g $ g [6]
— c a c .
—a $ a $
a a a a L
c a c a— [1]} samplefi® =1
c a c a L
g c 9 ¢ ERME =1+1=2

 Bowtie: §32{TI®E—1 samplefuE &
O AEFEE: 12Gb/32 =~ 400Mb

Bioinformatics, 2025, HUST




aac aa

o
1]

——$ g $ g $ g $ g $
a c a c a c — c a
a $ a $ — $— —+a $ a
a a a a/ a/ a a a
c a — a —>C a c a c
c a a/ c a c a c
g c __»—d9 c g c g c g

%E

O B AfHE: “aac”fE£“acaacg”’£EF 5 LAV
NE A2

Bioinformatics, 2025, HUST

ORDEOLHOQ



FMZES|IHERES

O LF(i, gc): TEZMMERI{TqcRIRF

O ¥ S£8top, qcBRF, B#ibot, qcAIXFF,
kEE

3 LF(i, qc)BEfB]| E 2 E~O(N), SXXHRKEL 4
fHx - K18
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: L SRl REE
_>: .......................... ;'
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FMZS|IHIRE S

¢

O FER: MGEEFRIRAAICIGITNHE

O Bowtie: 128{TIXE— LTS
(checkpoint)

oooo#

[ A: 240, C: 225, G: 226, T: 267 ]
4

v.
AP >
A
Q)
>
x
N
i N
N

o,
LI
o,
®e
......
.~ ®eo o
......
e,
e,
o,
°

!

ﬁ A Rank: 309
[ A: 310, C: 299, G: 308, T: 332 ]

—_HOOA-H" >

O LF(i, qc) &R aFITE#H
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FMZ 5| BZRE 88U

O AEEEFEA : 3*109FFF

& First column (F): 4 * 4 integer = 16 bytes
& Last column (L)/BWT: 2 bits * 3*10°= 1/4 bytes
3*10° =750 Mb

& SA sample: 4 bytes * 3*10°*1/32 =~400Mb
& Checkpoints: 4 bytes * 3*10°* 1/128 =~100Mb

[ Total: ~1.65x the size of T (~ 1.25GDb)

6| ¢ O——{ BAN = 0 O NuLL

. [am (o zs: G: 226, T: 267 ] 5 A$

: 3 | ANAS

(ED 1 | ANANAS O ana = 1 O [ aNA= 3 Ofe NULL
£ 0 | BANANAS
E 243, C: 236, G: 220, T: 260 s NAS 4 NA$ O——HNAM=2{}]~F NULL
‘ 2 | NANAS
~1.65x >45x >15x >15x
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O FMZE3S|: RERGERNFIILE, SAAEN

O EEEEX A EE:
& IFERC
& EERESE (Quality value)

[ Smith-Waterman&.;%?
& tLBLASTIE
O BLASTEZ#E:. “seed-and-extend”
& R—I)L
T BowtiefUfRR S E
& EEREHEMEH (backtracking) #%E
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TR : EH &

O #4nET = “acaacg” HFEEQ= “agc”
O “[E#” BlzaiE, HFERAERREE

g
$acaacg” * S$acaacg
aacg$ac aacg$ac
acaacgs acaacg?®
acgSaca acg$aca
——caacg$a caacg$a
“o” cgbacaa cg$Sacaa
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O [BM=E: Q= “age”, T = “acaacg’:

“g”
$acaacg $acaacg
aacg$ac aacg$ac
acaacg$ acaacg$
acg$aca acg$aca
——caacg$a caacg$a
“c” cg%acaa cg$acaa
—gsacaaﬂ gsacaaﬂ® ugcn ?':EfZZlK':F';FT??:E
“;é-'e{‘%”\h TP} “au
$acaacg $acaacg $acaacg
aacgSac aacg$ac ——aacg$ac
acaacgs$ ——>acaacgs$ ——>acaacgs$
acgSaca acg$aca acg$aca
——caacg$a —+caacg$a caacg$a
«c» cg$acaa cg$acaa cg$acaa
——g$acaac g$acaac g$acaac
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acaacgs
acgSaca
=) caacgsa
cg3acaa
=) gSacaac

Sacaacg
aacg$ac
acaacgs
acgSaca
=»> caacgSe
cgSmcaa
=) gS$acaac

S$acaacy
aacgSac
acagcgs
acgSaca
-—pcaacgla
cgSacaa
=p gSacaac

acaacgs
acgSacs
caacg$s
cgSacaa
gSacaac

aacgSac
acaacgs
acgSaca
caacgsa
cgSacan
gSacaac

YB3

Sacaacg =~ A Sacaacg =~ a S$acazacg

aacgSac
acagcgs
acgSaca
=) caacgsa
cg$acaa
—p g$acaac

aacgSac
=—pacaacgs
acgSaca
=P ecaacgsa
cgSacaa
g$acaac

=P aacgSac
=P acagcgs
acgSaca
caacg$a
cgacan
g$acaac

_t

LR
acaacg

agd
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[2]34

O ATREFES TSR

& E.g., Q=“aaa”, T = “acaacg”

Sacaacg

=P aacgSac

“au acagcgs

acgSaca

=P caacgba

cgSacaa

giascaac

“a” “au

$acaacg e Secaacg e Secaacg
aacgfac aacgfac —p azcgfac
acaacgs =P acaacgs —p BCARCGS
acgSaca acgSaca acgSaca
=p CEACGS2 -p caacgla czacgs$s
“C” cg8acaa cgSacaa cgSacaa
—p gSacaac gSacaac gSacaac

acaacg
| |
aaa

“au “au
- A S$acaacg =~ B Sacaacy
=P ascgSac aacg$ac ®

=P acaacgs acaaegs

acglaca acgsaca

ceacg$e cascg$e

cgfacaa cgfacaa

g$acaac g$acaac

“C” “au

S$acaacy 7 Sacaaecg e Sacaaecg
=) azcgbac aacg$ac aacg$ac
TP acaacygd acaacqgs =P acascqgs
a acglaca acgSaca =pacgSaca
=) caacgsa —p caacg$a caacgs$a
cg$acaa —p cgSacaa cg$acaa
gSacaac gSacaac gSacaac

acaacg
|1
aaa
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a Cc

Secaacy e Secaacyg 7} Secaacyg
=) aacgSac —p azcglac aacg$ac
acaacgs =p aCcaacgs acaacgs
acgSaca acgSaca acgSaca
—p cpacgSa cgacgSa =P caacgsda
cg$acaa cg$acaa =P cgSacaa
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Sequence:

Phred Quals:

(higher number =
higher confidence)

: Bowtie N\mRSEILALIAN. RENE
G

40

35(40]|40|40(40|30|30{20|15

15

40

40

40
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15

40

40

40

40

40
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1 BowtieHYEL % &= M|
& RIFIRAEE SN

$ L < LMEES
® HEISMEZM<E: REiLEAIL.

N L E:-n -1, -e

G|C|C|A|T|A|C|G|G|G|C|T|A|G|C
40(40(35|40|40|40]40|30|30[20[15]15]40|25| 5
N— -

-

L=12 E=50, N=2

- ERE S ERAXE

IfN<2 ©
If E < 450
IfL<9andN<2\/

& BowtiefJEt & & (N=2, L=28, E=70)
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http://bowtie-bio.sourceforge.net/index.shtmi

O {#FSegAn* E (http://www.segan.de)

O FIFAPOSIX S H1T4L

e Bowtie JOHNS HOPKINS

An ultrafast memory-efficient short read aligner UNIVERSITY

Bowtie is an ultrafast, memory-efficient short read aligner. It aligns short DNA sequences (reads) to the human genome at a rate of over 25 million 35-bp reads
per hour. Bowtie indexes the genome with a Burrows-Wheeler index to keep its memory footprint small: typically about 2.2 GB for the human genome (2.9 GB for o
paired-end). 0SI certified

SegAn * Home
** Recent news

Home

** Lighter released

Lighter is an extremely fast and memory-efficient program for d W}]at iS SEQ‘A []?
on how error correction can help improve the speed and accur.

Biology. Source and software available at GitHub. Seqdn is an open source C++ library of efficient algorithms and data structures for the

= 1.1.1 - 10/1/2014 analysis of sequences with the focus on biological data. Our library applies a unique generic
Fixed a compiling linkage problem related with Mac 0s X Maver] design that guarantees high performance, generality, extensibility, and integration with other
Improved performance for cases where the reference contains | |ihrarieg. Seqfn is easy to use and simplifies the development of new software tools with a

Some minor automatic tests updates. L
minimal loss of performance.

# 1.1.0 - 7119/2014

Added support for large and small indexes, removing 4-billion-n

. SEQUENCES ‘ SEARCHING ALIGHMENTS IMDICES | GRAPHS BIOLOGICALS
genomes of any size. -
Mo longer releasing 32-bit binaries. Simplified manual and Makef | O O"'\!‘ ,ﬁ
Phased out CygWin support. K *‘:-;___,,.-—-.\‘O
Improved efficiency of index files loading. 'f |
Fixed a bug that made bowtie-inspect fail in some situations. I_ J |_ ] Q_-i—-_"’_ll L

(This release was briefly given version number 2.0.0, but we c




Burrows-Wheeler Aligner (BWA)

[ http://bio-bwa.sourceforge.net
O BWT + 542564
O &% 3MMEEC

o

BEWA is a software package for mapping low-divergent sequences against a large
reference genome, such as the human genome. It consists of three algorithms: BWA-
backtrack, BWA-5W and BWA-MEM. The first algorithm is designed for lllumina
sequence reads up to 100bp, while the rest two for longer sequences ranged from
F0bp to TMbp. BWA-MEM and BEWA-5W share similar features such as long-read
support and split alignment, but BWA-MEM, which is the latest, is generally
recommended for high-quality queries as it is faster and more accurate. BWA-MEM
also has better performance than BWA-backtrack for 70-100bp lllumina reads.

K

Home

BWA:

5F project page
5F download page

Mailing list

BWA maual page

Bepository

Links:

SAMtools
MAQ



Short Oligonucleotide Analysis Package (SOAP3)

O FIAGPUSEMHITHIHE
O =Z475ERE

7 BWT + FMZ 5]

B2 sion Qusspucteotice

SOAP-ICLU SOAP-HLA SOAP-popindel SOAPdenovo-Trans SOAPdenovo2 About

Home SOAPIndel SOAPsnv SOAPsv S0OAPfusion SOAP3-dp SOAPfuse SOAPaligner SOAPsplice SOAPsnp

it Introduction

SOAP3 is a GPU-based software for aligning short reads with a reference sequence It can find all alignments with k
mismatches, where k is chosen from 0 to 3 (see Section 3 2 for other options including finding only the best
System Requirements alignments and trimming the reads). When compared with its previous version SOAP2, SOAP3 can be up to tens of

times faster. For example, when aligning length-100 reads with the human genome, SOAP3 is the first software that
Download can find all 3-mismatch alignments in tens of seconds per one million reads.

Introduction

The alignment program in this package is optimized to work for multi-millions of short reads each time by running a
multi-core CPU and the GPU concurrently.

To exploit the parallelism of the GPU effectively, SOAP3 is using an adapted version of the 2BWT index of SOAP2
(the new index is called the GPU-2BWT). The index and algorithms were developed by the algorithms research
group of the University of Hong Kong (T.\W. Lam, C.M. Liu, Thomas Wong, Edward Wu and S.M. Yiu).

System Requirements

L e T




MEREELEL

& 3/41 5500 -
& 0/2/ $500 -

O EEHIMappingZ SOAP3 S =
O = HERIE]:

SOAP3LLBWAIR >6{Z, BowtieF |8
BowtieEtBWATR, SOAP3tEEBowtief

Table 1. Running time and percentage of aligned reads of SOAP3, BWA and Bowtie on two paired-end datasets with 70.7 M (HiSeq
2000) and 25.3 M (Genome Analyzer II) read pairs. Each time reported below includes index loading time, read loading time (259
sec for 70.7M; 107 sec for 25.3M) and the alignment time. For BWA, we opt for faster speed by disabling the gapped alignment.

4 mismatches

3 mismatches

2 mismatches

1 mismatch

() mismatch

Dataset seconds % seconds o seconds e seconds % seconds e
70.7TM SOAP3 18390  81.46% 1019 79.43% 695  T6.48% 521  T70.94% 452 53.11%
read pairs | BWA 13756 81.03% 10590 79.19% 8920 76.38% 6064  T70.90% 5272 53.11%
Bowtie not supported 20178 7942 % 2082 T76.47% 1570  70.93% 1216 53.10%
253 M SOAP3 735 86.58% 453 85.34% 356 83.46% 201  T79.17% 266 60.30%
read pairs | BWA 4700  86.17% 3803 B85.12% 3298 83.38% 2352 T9.17% 1800  60.30%
Bowtie not supported 0486 85.33% 1431 83.45% 617 T79.17% 484  60.13%
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