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Next generation sequencing (NGS) technologies and their applications in

omics-research
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ABSTRACT

The main objective of Next generation
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sequencing (NGS) technology is to quickly and
efficiently read the underlying sequence of an
organism by means of massively parallel
sequencing. Comparingwith Sanger’'stechnology,
NGS can produce much larger number of
sequence reads that cover huge number of
bases per run. Three major platforms of NGS
technologies are currently in used,

454/Roche, Solexa/lllumina and SOLiD/Life

namely

Technology (ABIl). These platforms differ in
sequencing principles, sequence read formats
and number of read outputs. Moreover, these
platforms are useful in the different applications
in several omic-research domains including de
novo sequencing, target resequencing, RNA
sequencing and metagenomics etc. This review
article presents the overview of the three major
NGS technologies. We cover the principle of
sequencing in three platforms (454/Roche,
Solexa/lllumina and SOLID/ABI), applications,
to discover the

and mapping tools used

variation of read sequences leading to
deciphering the problems in the other research

topics.
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Figure 1 Sequencing chemistry implemented in
next-generation sequencers. (a) Pyrosequenc-
ing approach implemented in 454/Roche. (b)
Sequencing by synthesis in the presence of
four fluorescently labeled nucleotide analogs
that serve as reversible reaction terminators
and special DNA polymerases in the lllumina
sequencing reaction. (c) Helicos single-molecule
utilizes

sequencing sequencing-by-synthesis

methodology. Cy3-labeled DNA templates
bound to immobilized primers on the surface of
the flow cell. The Cy5-labeled nucleotides are
added to the reaction one at a time, and the
detection of incorporated nucleotides is
achieved. (d) Sequencing by ligation approach
implemented in the SOLID method. Two-base
encoding implemented within the system and

final data is reported as standard base calls.

(Image courtesy of Morozova et al., 2009).
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Table 1 Comparing performances and features of Second-generation sequencing platforms; 454/Roche, lllumina, SOLID, Polonator and Third-

generation sequencing platforms of Helicos including single molecular sequencing platform under development of Pacific Biosciences

NGS technology

454/Roche

lllumina/Solexa

SOLID/ABI

Polonator/G.007

Helicos

SMRT (Pacific

Biosciences)

Chemistry

Amplification

Sequence by

synthesis

Paired ends/sep.
Data
production/day
Sequencing/run
Raw accuracy
Read length
Cost per run

(total)

Pyrosequencing

Emulsion PCR

Pyrosequencing

Yes/3 kb
400 Mb/run/7.5
hr
10 hours
99.5%
400 bp
$8439

Polymerase-based

Bridge Amp

Reversible Dye

terminators

Yes/200 bp
3,000 Mb/run/6.5 days

2-5 days
>98.5%
100 bp
$8950

Ligation-based

Emulsion PCR

Oligonucleotide probe

ligation

Yes/3 kb
4,000 Mb/run/6 days

6 days
99.94%
50 bp
$17447

Ligation-base

Emulsion PCR

Sequencing by ligation
using a random arrayed,
bead-based, emulsion
PCR
Yes/13 bp
~16 Gb/run/2.5 days

~80 hours
>98%
26 bp
$3500

Reversible Dye

terminators

No (single molecule)

Single molecule

sequencing

25-55 bp
8 days

12
>99%
35 average length
Lower than second
NGS

Phospho-linked
Fluorescent
Nucleotides

No (single
molecule)

Single molecule

real time

NA
0.02 days

<1
NA
Longer than 1000
Lower than

second NGS
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Figure 2 DNA library preparation to generate single-stranded fragments (sstDNA) using A and B

adaptors. (Image courtesy of Mardis, 2008).
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Figure 3 Pooled amplicons immobilized on magnetic beads are clonally amplified in droplet

emulsions (emulsion PCR). (Image courtesy of Gega and Kozal, 2011).
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Figure 4 Sequencing DNA on a 454/Roche
sequencer. (a) Depositing DNA beads into the
PicoTiterPIatetm (PTP). (b) Placing the PTP into
the 454/Roche instrument and starting the
pyrosequencing enzymatic process. The signals
created are then analysed by the 454
sequencing system’s software to generate bar
graph of light intensities called a “Flow gram”
for each well on the PTP. (Image courtesy of

Gega and Kozal, 2011).
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Uanerisgeddns naanin AansnaudLauie
AMUENILIzANI 150 9 200 GLUR UWIAR UAZ

WNUSImansaduadamaiaNgans

DNA Fragments

Repair ends/Add A overhang

Ligation to adapters

Select ligated DNA

Figure 5 DNA library preparation on lllumina. Genomic DNA is fragmented by nebulization and

adaptors are ligated to both ends of the fragments to create a library. (Image courtesy of Ansorge,

2009).

o 1 A& ¥ Ao .
2. MIAIWNNYBIAIIAIaWAAIL IS bridge
amplification
RRIVINVUADUNITHENFDALEULD 30
A & A ' ' &
Adulaaulas lFaIunLHUWATZANE LAd (flow

cell channels) LUV lasflvaducunIzan
gladpnaiudisalozuduiaas uazazuauLAain
Lﬂu@jauﬁ'u (complementary ~ adapters) G911

widuindawlnsivas o lusi9eInsiNg
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YSuruddul aalunaiaidens (Figure 6a)
MNuuLANiIaalalnauazion oy (NalSNa®
NMILANYIN AL UEENIW (bridge amplification)

A& A A o o & &
nnddwamodpimialuanaaziunulwiives

Wugdazwn ul@3 (double-stranded  bridges)
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A= oA & A A o a =
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AULLUUBNATI KRIIINNITLANUSU TG 8
=Y a A 6 ~ Aq’ £ 1 A &
WARANTATLRSIRY alzvl,@na;maaammama
41NN31 50 a””luﬂeju Imu@iazﬂajuﬂszﬂamhﬂ

FAuInaLanLaUITTN M 1,000 qmluu@iaz"ﬁaa

(Figure 6b) wazlutrsdunaunisuenany (Figure 6c)
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S
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o # I ;‘\I l/ll II 'I‘E“;Illf‘ P
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N L E RS o j1 1 i e
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Figure 6 Cluster generation by bridge amplification of Illlumina. (a) Randomly fragmented genomic

DNA is ligated to adaptors. Single-stranded fragments are bound to the inside of the flow cell

channels. (b) Unlabelled nucleotides and enzyme are added to initiate solid-phase bridge

amplification. After that double-stranded templates are generated. (c) The double-stranded

templates are denatured to form single-stranded templates. Denaturation and extension are

repeated, resulting in localized amplification of single molecules in millions of unique locations

across the flow cell surface. (Image courtesy of www.illumina.com).
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3. MIMIAIAULUE

llumina 1$WanN"3 sequencing by
synthesis (Figure 7a) lasuanansodidulaluud

' a a & & o (%

azngadudidwemeide Ilwiwaidniom
ANAULUAIUNUALEBLONTLWIZRU g THwT29
SNABVDINITAIEIAUILE T siduawlad
DNA polymerase Waziiiadlalndnifiuanaa

AruaTiSosnaIndFa1an ezt  reversible

terminator @807 block Uane 3’OH 15 e
wyANIFIAMzRABGLauea98ulma] DNA
polymerase lumm:‘ﬁﬁqu@msé’aLﬂi']:vi‘mﬂ
dule ﬁaﬂﬁiavlmirﬁleivlﬁﬁ’]ﬂﬁ'ummﬁﬁma@i‘l
ﬁuﬁmﬁaluﬂﬁﬁ%m%gﬂﬁ’maaﬂ WRIAINNTT
nizdudlsusaairat aziinstuiinniwnig
Uaadsaasansisasuadzadiinale indannudas
ﬂajuuuLLNummﬂavla@Tﬁ"l@T [WaTufinaaw
mﬁauﬁ'umaawmnném%’umjm%u6] ANA2L
mzmlaumiﬁﬂ (cleavage) Lﬁﬂﬁ’ﬁ?@l terminator
waz fluorescent dye aan'ld §98nass 9Nt
W@ufiindlaindgalnd uazidulad DNA
polymerase  LWagsLATzdEndIEuadall
vduuuitluiden 9 Tasudazsay (cycle) as
Wuerdinuadieuiuafisnuldlundazass
(Figure 7b)

1a3a9 lllumina HENNNTOEIUANEN
reads l6ifi9 100  giua uazlunmamdauius
witsnss azlddwinaasuannniie 600 Ansium
mmgné’awaamaﬁvlﬁmﬂndﬁaﬂaz 99.5

\@389 SOLID/ABI

T MannIMISIS LALLM T ande
(sequencing by ligation) @ald3nsafeniy
454/Roche  @aan1Iidldwiadanuidada

(magnetic bead) luan1eNiduiingy waziiy

2AE Taun LazAnuy

o A & v “/ leiq’ L3

wInvasfidue lUnian 9nu aﬁu"l,ﬂqmmw
203783870 (Figure 1d) uaadmaiaiuudLue
@Tmmuﬁauma‘hﬁuLua@iau‘*ﬁwzjam’ml,t.azl"ﬁ

a & o &
LIRTUU I@]Uumu@]au@\‘lu

W wn wn wu

VR o Fs %
“3 $ 5is =§ B s
o G Ty
2 Bk & B o 2 €
§ —O 2 P _2 ; O Sy &
B
Q  Addnuceotdes {1 Image aray. Add fresh q
¥  andpoymerase remove label 3 nucleotides and 3
8 8 and terminator 3 polymerase 3

—— —— —— —

@®

'_G‘-

b)©
O]

Top : CATGT

Bottom : TCCCC
Figure 7 Sequencing by synthesis. (a) lllumina
sequencing chemistry (Image courtesy of

Anderson and Schrijver, 2010). (b) The
sequencing cycles are repeated to determine
the sequence of bases in a given fragment a

single base at a time.

1. MTASUNALD WA AL
Tuduaawn1383198L 5o LDy
a1 laresdsduny laun sequencing-
fragment LaE mate-paired library madanld
ifuag’n”ui’mqﬂsmaﬁmaamu?aﬁ'ﬂﬁgﬁﬁ'ﬂauh
TagiBandsazuduiaaigriuaLEuadwLUULeE

datnuisade (Figure 8)

a" A a & 2 & o
2. MANNUINIALaBaABBUIIWINALIA
(emulsion-based clonal
emPCR)

L(?'I%EJN microreactor 11 ﬂi%ﬂ‘izﬂ U

amplification;

a & v C 6 1 =3 =)
ALBLDAIBLLTIL msa:meLWasmm LNAUA
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waz lwsiwas 3nw tNUSu AL B wa U@
JadumnaflaNTans LuNRIDALOULALAZAALEN

& A _ AN i a a a <& @
LN@]U@ﬂiNNﬂ’]SLWNﬂ?quaaﬂ IMNUBW §373
q, {d‘l ! A &

WuﬁZIﬂquau@ﬂajuﬂaqﬁ 3 VIALala

o Aa & A = & .
@uLLuUW@]@U%LN@U@]LLﬂz(ﬂiﬂuua‘lﬂ(ﬂ (Flgure 8)

P1

Beads

Miste-Paired Library

/'\_/‘\/‘-.

.
B
~ 2
§
:

£y

P1 adapter Template sequence ¥

Giass sl

Figure 8 DNA library preparation. Clonal bead
library generation via emulsion PCR and
depositing beads into flow cell. (Redrawn from

http://www.appliedbiosystems.com).

3. MIWIAIALLUAAILIS sequencing by
ligation

A ImisauLugTad SOLID/ABI 1w
MN3BN WAL BILU U HELE WL ULU LT %
§89A39 W3a7150N91 Di-base  sequencing
(Figure 9) lagldmadoudodinlodlnfinnile
vlﬂﬁﬁﬁﬂﬁ (dye-labeled oligonucleotide) @8
WANNIT two-base encoding 738 di-base probe
Sudaelnsiwes wdhsunusinvesesuduiaey
ﬁﬁa"wé’muaﬁm‘fw@;ﬁu Uudtdwaduuuui iy
USanaldn 3Nty di-base probe 1111 44

madaudamansarinlagasfian1saindaiy 5-

PO, w38Ua® 3 -OH natannnulaw sy ligase
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axifan probe fitlsznaudie 8 was dofineid
To'lned 1 uaz 2 %uﬁuﬁmﬁia%@i‘ﬁﬁﬂﬁu
AL NLUUE RN N TR NA TN 9
fluorescence 7ild Famstiufinazifiaduluudas
50U HEINTHABWNTL TN A WM TFATNLUE
§AvNeuad probe §IUBaY probe fldsunsath
dnudidutadunuyldadiidmiz azgniida
28N Law b phosphatase ﬂ:‘lj'ﬁmja\‘iﬁ'umsl
fiswenlisunsn extend lalugnsrasnisidew
(ligation cycle) pan’ld nasaniwia probe 11
FaurufiSwaduuuundy wfnljAsuiedda
Adunianag probe MUS 5 uaz 6 3’;115\1715311
284 fluorescent @2¢ silver ions ﬁﬂﬁLﬁ@m&j&l
UB 5’-PO4 LLa:L%ajmsL%amauﬁaawiavl,ﬂ
FoiiwInTaLTeIMTEaN MITuinAW waz
mea az¥ngn gt awldanuenives reads
Ga9m3 luga9v89 ligation cycle spdiFuianle
\HowauaTud fATouda 92YNUYNBANIIN
pxufLLAD TSR auaAULLY uazsauTiga s
mimdeusiedudglnfivefay o
FIUWUIT n-1 TS UADALERLaRULUDLENT
Lﬁﬂﬂﬁuvlﬁ §1WIUTALVEINTL TN TUANAN
wazMae Liadudn g Uszunm 7 sau azinle
dnlunitslwfines azfadjAsenindew
Uszunm 7 sou aatiw i lnfiwedid
NI IMEAULIU T T AR WD 9 T 22
fimsafarausdszinm 35 Wwafideldanni 99
dsznaudoiindlendrodius o d1une
@199 nudilwdarenuly (Figure oh) & msu
RANNINTNAATRRANALLU RV IALOBLEA UL
daansuiinalalndusnvesazuduinasnen
wazieUILRTaIFen g Mduinldlusuiimae
zfimsuwdavisdmduiua (Figure 10) lawpazil
asanvenisenudnlllduaslafizedlalne

N3 16 WUUNIAFANINY A108191T% 19IaE1e
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Di base probes
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2nd base

3'Tinnnzzz8' |

3" Tnnnzzzs' 2
g
8
3' [Cnnnzzz§'
3'TAmnnzzzs' ~
Cleavage site
a.Prime and ligate ) €. Repeat steps 1-4 to extend sequence

=

Univelsa}l_seq primer (n) Tt

—
Primer round 1 “m + @ Ligationcycle 1 2 3 4 5 6 7 ..(ncycles)
1 *

1pm i 3
bead P1 adapter TA Template sequence

f. Primer reset

Excite Fluorescence Ty, ]
4 J a 6 A

b.Image

* Universal seq primer (n-1)
e / 3 yywTTTITTY . 2. Primer reset 1. Melt off extended
LARLRLRRRRRARIARARLALAARRAR. ¥ ¥ il
TA Tpm D ——
bead
€. Cap unextended strands
‘ Phessphaiass g.Repeat steps 1-5 with new primer
Py i
e -—/ s Primerround2 | 9] base shift
EAAANRMRARAAALAREARARARANAR, &
AN
Universal rimer (n-1)
d. Cleave off fluor 3wmp Tan £G AATA G
N _aHO I'I'/
RS
P
AL A A 1

h. Repeat Reset with , n-2, n-3, n-4 primers

Readpositionle 1|2)3|4|5])6]|7]|8]910[11]12J13{14] 15| 160 17| 18] 19] 20| 21| 22| 23| 244 25| 26] 27| 281 29] 30| 31|32 33| 34| 3.

1 Universal seq primer (n)
B ]

2 Un:‘vegrsal seq primer (n-1)
 FITTTTITTTITY

3 Universal seq primer (n-2)
e ]

Bridge probe

Primer round

4 UniveBrlsaIseq primer (n-3) Igndq, b . sle ole oo oo

5 Universal seq primer (n-4) |
3' v

Bridge prol ole oo ee ele

® Indicates positions of interrogation  Ligationcycle[ll 23 45 6 @

Figure 9 SOLID/ABI system — Sequencing by ligation using di-base labeled probes. (Image
courtesy of Mardis, 2008).
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Ianawminiluainonvad wadeluseled
Wwws T udu F9a389 soLD a8 Tdsunsu
fusuiwnmdudieuiurliuuusaluia

&% 71 di-base probe LT 3TTnnnzzz5 ,
3'TGnnn2225', 3'TCnnn2225' 738 3,TAnnn2225'
Wi Usznoudis wansnuaziuafiges 1w
interrogation  base Fevmt it dounse
hybridize nulwsiwas lagladindlalndaansn
Wulads 16 wuufiswisoneasvadues
fluorescence vlﬁ“ﬂgdﬁi?{ FINVDILUR n LA z ¥10
winfLdn degenerate base FWIULLE z W3e
inosine base az¥WINNIaAANNTUTaUD8Y
probe library LLa:L%au@iama@T’m phosphor-
rothiolate linkage FERIIGIWANILEN 5 uas 6
‘fidﬁ]:gﬂﬁ'@ﬁ’m silver ions

in3a9iadl 814AINBNIV89 reads T
50 ALUR wazlunsmdreuiuanitenss azle
Frwanvasiua 80 fi9 100 Ainzlud ANUYNEaI

PaIUEN lauINNINTasas 99.94

mﬂiuiaﬁﬁn%ﬁagﬂLmuﬁﬁ’@agﬂu
Second generation NGS platform ‘leuria3as
Polonator  }AFnIrdaUIURAI8ATANT
Houdo SuaUNMILASINT8819aLEWaRI8MNT
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(hydroshear) 31N1i4 %‘Iuﬁn&ﬁmaﬁgﬂﬁmw‘h

(Figure 11a) a:gnfﬁauﬁdmﬂmmmuaw A-

'
=

tailed  wazvilAiduldnandls T-tailed 9
FLaeiiuauen 30 fALUF (Figure 11b)
ANtwANYTNI circular DNA U i3
rolling circle amplification uazeasaaLan laa]
Mme1 ¥l la3 luiin@Ldutaninuena 70 @;LUE*T“?II
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libraries N l@T196UNTAIMNEI 70 AlUF U2
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Wandny linker NUas 3 waz 5 ¥inlA library
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A & & A a Y
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a15L 388 InSiesaunuan o dLaulanazLaw Ly
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. 4 .
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Ale ATHIUTUADUBINITAIEIUVDY primer-
fluorescent probe complex MAUNWLEIBEN 1L
Iwfiwaazgnidulni wazldsunanlnives
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by ligation lWATZUIUMIEIALILEASBAL
1A SOLID/ABI  udanuuanederuasdu
32%319 Polonator W&z SOLID @8 101789
qﬂmtﬁ'ﬁ'@‘i’md’] uazldsunsndnag samfens
JaeAduanumzuad open source NN
(Anderson and Schrijver, 2010) 3&ilanansnsn
reads 7131817 26 duws wazlunismday
lwanitenss azld s 8 B9 10 Ansius ud

3'ﬁ'm‘sﬁﬁauﬂ’wa1ﬁﬂmwgnﬁawaa reads N6

1 ada
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b) Circulation and
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Figure 11 Polony-based sequencing by ligation.
(Redrawn from http://www.azcobiotech.com/

polonator/pol-technology.php).
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walagiawzilunvesgailenifivmalng i
TassaafisutontasSiuadniwduiiwinann
aoin dluunuaiidesaduiluuusniinideu
wasamslinaluladiduiies Wasanslued
yalanuazlaseanglisudan (Margulies et
al., 2005; Farrer et al., 2009) §1A3UN13¥1 de
novo sequencing luganilaa Buden i
waluladldudeauNaNHEUALITAIRIEIGL
wakuuusdinas Mlwanaignasue coverage
POIUTINDTAOUTIIM LU F2887198INNTAN
é”lﬁmuamau‘ﬁ?ai’l Grosmannia clavigera
(Diguistini et al., 2009) LRZWTSININULAININ
Cucumis sativus (Huang et al., 2009) agalsn
PRV ﬂvm;ﬂ'uﬁmsw”@ummwmwaa reads
TuisaNuauNsalunIaing paired-end reads
wazsanassulumsrnyszneudesiudauiua
W lUIanNIAUIIWIRNAIANAVR short reads
Aleannaluladiiudios $95Tua GRHGERIG)
gosrRausnidszaunagnse laund nsdnm
@T’luw"'uqﬂﬁwaaé’@ﬁﬁmgﬂ@hstJ @A18N13
#3195 1uw giant panda (Li et al., 2010) @4 reads
I¢annLa%es Solexa uazmMsa193lunaasisa
Sordaria macrospora E'fia reads v[@i”%’mm%‘ad

Solexa
2010)

LLae 454/Roche (Nowrousian et al.,

ognglsfimn mld reads fidaudns
s117 ldann1slEia309 454/Roche i
ANMNFIAYNINAUNIIRIEIAULURUUL de novo
sequencing  LHasannaunsalsznoui3esdu
seuinaiosdu (draft) laodnamiasussla
qmmwﬁg\mdw Punsluisidiafcudanunied
iluuawalng u"'ﬂaxﬁu'%nmﬂgwuaal,uaﬁ%ﬂe]
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Table 2 Applications of next generation

sequencing technologies. The performance for

a variety of applications is displayed by “+”

“yn

symbol (“+++” = good, “++” = average, “+” =

poor). This information is modified from

http://blueseq.com/knowledgebank/sequencing-
platforms/comparison-of-sequencing-

technologies/.

Applications 454/ llumina/  SOLID
Roche Solexa /ABI
Genome :
De novo sequencing
- Small eukaryote +++ ++ "
- Large eukaryote + +++ +
- Prokaryote o+ 4 +
Resequencing + +4++ 4+
Transcriptome analysis ++ +++ 4+
Small RNA sequencing + +++ 4+
Epigenetics :
- ChiP-seq + +++ e+
- Bisulfite sequencing + +++ ++
- MeDIP + +++ +++
Metagenomics +++ ++ +

paired-end sequencing @dfinan iTedu 4

'
a

Uselua i nnuRIITIANTUTDU LT% NBUAS
807 MUz HITURALILEAI8 contig N

1 o v dld IJ o v
p1nin lwle scaffold NRvwalngIu il
FroUveraaanas 13Uz na U eI TwaNa U
Luaﬁﬁiuuﬁﬁqmmwga i vinlvnsuledn
fanlanrsdudiuniinginIadniaatses
FURIUUDIRNAULUR (structural rearrangement)
a &£ ° ' [ o & o A
viaduluduniislalatne a9 n1sle reads 1

an . = @
flaouawiailu paired-end reads G9tlaznaveng
&

long tag ANNENIUTZNN 140 ©19 200 LURDH

14 BruvinlwnseaSuiuaziTanda reads U6n
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mmﬁau"’u’[mzé’uqa &% long span A8
7 20 Alawa Brvlumaszyduniafiiadi g
. val ' I3 @
(repeat region) @@ agnelsfian msldaiu
PIINWANANIY LT 3, 8 WIa 20 NIALUR
gurIneansuutnanilulglun1siasnew
o A o a ' v
anwafsumnzludluudreglaasrananzan
o ox N o
Geudalyle (http://my454.com/applications/

whole-genome-sequencing/index.asp)

Whole genome resequencing
WWATHIRIAUL LRV DIRIDTIAN & U1
Wounualuya198920989 050 NAa AR IN
A a T U ad ldy v
wiadagranuan 35015917 short reads 27N
waluladidudies v lwnsudy (map) nudluw

v

ﬂaﬁdﬁwvl,@i”ﬁwmwm%aﬁuga Famunzriusluy
fflowalng 15w W'mé’m'fl,ﬁvmgﬂﬁwuu 1
fu §raulna reads nuduldunslundreds oz
grplunsiuundiuniinisnananioaiy
(SNP) mswiiuwnsaznameluesus uas copy
number variation (CNV) %3alassa3146199 vin
Twidrlaiuguvasanunandraduilulng
2095907306199 leatetu Tdun uduaana
WANUANENWHUTNTIN MIANIANUFUNUT
AUNIABUAKEIRBEN (Hetherington et  al.,
2002;Auffrayet al., 2010) $1%@% resequencing
vas3lunnymd 1 mamdauwsilusanz
qﬂﬂmlmﬂmm%ﬂ (Wheeler et al., 2008; Wang
etal.,2009) IIUMUNITATITAIAMUAIINAANE
vaslaviaingluilunuysd iguns@nsinig
LﬂﬁimuLL'ﬂaamaw‘"ugmmﬁl,ﬁumm@lﬂuaami

\ialanlunywd (Henn et al., 2010)

Exome/target region sequencing
Exome Uvznauaius1auiua@Lanian

grusnudasnatdulysdule a9t exome

2AE Taun LazAnuy

sequencing 3dtduwnafianldwidrauiuaves
lunluginvosdluungivrsondasnadn
156w nIardusuaadsdruniaNisonin coding
. ¢ A o A A A o o
region Uszlomiiiaduunduninetasnuainu
AaUn@nsan1sialsn 1081991398 1% N1Y
méﬁﬁ'muamawgwﬁﬁﬁmu 50 exome NN
v & & o o ' A & A i
11&mummsﬂium‘l,umiagmnmwuﬂga (Yi
et al., 2010) &I target region sequencing
Wumsszyithwane o laslaloy Y Aunf
aula 11w HLA region, MHC region, QTL region
A a4 va A X
niodunawla lasn131E35 microarray
hybridization %38 solution hybridization A28M3
15 lwsunaanuuy IsaaadaInuUsIAULLRTDI
AuNdluunanlas Uselusinldarnnisnigiau
LU exome/target region mminﬂi:qn@ﬂ"ﬁ‘[u
MIMIANUARMAINYNNNUINTIH 15U aTh
MIANRIoNITUaR8 VIS 1A UL UAALE LD
(InDel) 'lo 7% msmﬁuﬁﬁumm@maamm
a a o a A .
AaUnAN19INUTNITUMLLEULAYY (Mendelian
condition) N1yawn1duNlrdan1siialyaly
mp:;s]( ﬁamimmmmiﬂmUw”uﬁ:maal,ﬁaaaﬂ
TunziSs iuen luAswasaa? 11 NITRAWIRD
LATAINNIEN W UENTTN NITANBIAT U
FTARINITVRIRITTAIAN WIDINUIFLAIUNT
Qs =} v ad o a
ﬂmﬂwuﬂuwm LI UA® ITANTRIR A ULUR
exome 8NNIDLTbnUnaluladidndios laqn
22104 454/Roche, lllumina W&z SOLID/ABI tia

a@ﬁuﬁw,m:vl,@ﬁhmu reads N3N

Transcriptome
unmanasaunIadumigazad RNA
transcript, mRNA a2 non-coding RNA T
ﬁlaﬁ%%Lﬁmm%aﬂfcjuﬂi:“mﬂsmaaéaﬁ%ﬁm@m6]
maienaluladiduiios wdszandldlu

=2 v & [ A '
NIFANBIAT U VLN']W‘GXLﬂ%ﬂW?‘?IﬂH’]ELuﬁ']%TBG
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coding %38 non-coding region Aanw feldiia
Uselowiklun1ss1unn regulatory  RNA W@z
. A & P =2

gene fusion MyAtaTzimaidlunsdnmn
transcriptome resequencing WIDNITAWAN
o ' M ' A @

duntirasdud linuunean S9n3lE cDNA
uduiuy Sumuvadiuada transcript 76w

MAVLURBBNNTUT=ENTATWLNEINE NRINTTD

(A
oA

m“nvl,ﬁdﬂﬁuﬁaﬂﬁinag@‘hl,l,mi,alﬂuuﬁium v

¢ wannhgarinldinannuhlatawauins

4 a

Anaduluszauimadniaiiafiadnsg nians
alsalugsdtsalaundueae Tasinans
283mIAn luIza transcriptome Usznaveay
FUNFUNAN laun (1) Lﬁaﬁ'@uﬂdmjw
transcript nanaaluisagaruriinvesdsitia
‘quﬂ ﬂSaUﬂ§Nﬁd mMRNA, non-coding RNA LLag
small RNA (2) asunnlassainsvasduln
FLAUNTIREATUTH Tuaiuvasdunrlusly
183 E‘ULLU‘LI?JQG splicing LRSNIILNG post-
transcriptional modification W8z (3) Lﬁiaﬁﬂﬂ’l
S UITAUNTUEAIB0NVRIDY IUTEALNI N
&03UT% luzsasmanauw nIaaaldaniie
n19In1uAINKnIan1Inalsa (RNA-seq
quantification) (Zhou et al., 2010) &4 bsAAY
asvinaluladidudeanilenuanudiu
transcriptome  &13130%38 wn130a gap Va9
$lunledfstn 15u nmImdauIDsueLAes
454 g9 EST reads $1143% 391,157 reads
INFNBIIUIEAY transcriptome VIRATINWIN
@8 (Polistes metricus) (Toth et al., 2007) Wath
reads ﬁvlﬁm]’ﬁ;jmmumiﬁ'm%'méﬂﬁuLua
(alignment) fuFlunuazunssdays EST A
(Apis mellifera) waz¥in annotation Naﬁlvl,ﬁwuiﬁ
EST maaé’mﬁﬂmn@iammsnmﬁ@jﬁu mRNA
poaislefisTenas 39 uazfaindnnuiisini

o

nuwagrafineday Nuaasldiduiiszaunns
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v
a 6a

LEAIDANVYDY transcript nnnsmesad Tl
G108199 13988 LT UREP R R
transcriptome i lglunmsaam gene fusion
TurasusiSauaziitasan (Maher et al., 2009)
ag9l3fia1y 1309 llumina  uaz
soLiD fawdwnalulafisusiaailv reads 714
augaoutneas uazld reads AfIWINLIN
Tu3@U 10 &% short reads S9LARNZRLNT
ilulduszlositluinu  gene  expression
profiling NNNFIIENSIE AU LU DAL
128819911798 LTW N1TAINIFANINNTT
usadaanvasbnluirsnsasyiiulavasdad
(Nagalakshmi et al., 2008) %38 IANWITIINT
fialuladaludad (Wihelm et al, 2008) 1iia
ﬁnvl,ﬂajﬂﬁl,"ﬁﬂa]mmamaaﬂmaoﬁuﬁl,ﬁm‘fu
lugravasnsiianawinsang g Taudadnla
ANMNRUNUTVBINTUEAIRaNVaIDuluEINYB S
dlafefiuandranuludeditiaiugde
wenanit Myiemeinediaiaua:
FTFULNA ﬂ‘aam’mnuﬂuﬂuamn@aﬂmyj6]
leun (1) RNA-seq (transcriptome) Efidl,ﬂumi
"jm'sw:ﬁ?ﬁaga@nuimmi’nﬁugmmmﬁuu,a:
wihlwasfin 35iau1savinldmosuuude de
novo transcriptome assembly L transcriptome
resequencing %aaaﬁ%ﬁmmmﬁﬂﬂgjms
AR transcript Alinusnan s1uwnnsiia
splicing Anwranunannanefiadwluszey
transcriptome 134 &l w38 NNIAUR gene
fusion LIuew (2) RNA-seq (quantification) L
mM3ensinmsuaasaanvasfuiaulanisle
FNITANT 9 LTU mﬁmﬁzﬁgmmumi
LEAIBONUDID N133LAIIEHWENT (GO
functional), pathway  ®3I8N1THI9IRIINNG
zpdn9lusaunuluds@u (protein-protein

. . 2 aa A9 o A . o
interaction network) TP I IAHNANAaud9
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windg1gy (3) Small RNA sequencing Tagd
small RNA ﬁmﬁwﬁuﬂmﬁmqu (regulator) 7
granlunanoisasaaunu 1% Kiniaia
\isatesnunisiasanienauinas
(development) madasuudssmelumss (cell
differentiation) uazn134fia apoptosis Aifialwifia
Tsarannraesia @106199M338 L% NILT
L3849 454 Nafnmn small RNA profiling Tuwas
(Physcomitrella patens) (Axtell et al., 2006) N3
141589 llumina waz SOLID tWagi19 small
RNA library JtE98n @283 usns1auius
L8SNIUEAIBBNTEI MIRNA $1WIw 334 Tu 7
NIULFIIINAY mRNA 71 lsinsy $rwan 104
i ﬁ'LLamaaﬂlungﬁmnmmm embryonic

stem cell (Morin et al., 2008) LIue1

Epigenetics
wWuarsdnsinisidfoundaslunis
a s A
WRAIDONWIBNINTINVBIBUNIaN I iny Faidu
A ' A .
mmqa’mmimasmmJawaaﬂavl,ﬂmaG] &9l
EITRINURIAULLAALOULDAILAIVDINWLE I
LALNAINNAITUTULU R ULAZNITAALI Y
o A & A A a & &
Imamw‘ngwu MIURIULY 8INLAAY WY
mauaquﬁamnﬁ@ DNA methylation W&z
& v
histone modification mmuquimmmwaa
ALaute TaNDINTURULUaIUEY  stem cell
N&NVBIRILIARDNNRINAFDNMUINITVDILTA
e o & . .
ATUTaWNIND Y BRZRNITDATNATHNIUILAL
LIRS (cellular aging) ﬁ?ﬂﬂﬁdﬂﬂiﬂizgﬂ@lﬁl“ﬁd’lu
LT% N1INN bisulfite  sequencing, chromatin

immunoprecipitation sequencing (ChlIP-Seq)
WAZN1IAN®1 DNA methylome %38 methylated
DNA immunoprecipitation (MeDIP) L wew
G208 WY LT miﬁﬂwﬁmil,ﬁmv“ua{uf:a

JanwIalTaaNzt5939 1Y (Balch et al., 2009) AT

2AE Taun LazAnuy

WsaULURTa I TaaNsiSIaIsnaluladiaud
g Wataslumidaaulanisaain nlwdnle
maAalsauazidudrdiilunsidenldoni
LAUNERY (Jones et al, 2010) m3ltinadia
ChlP-seq Lﬁaﬁﬂw’m’lﬂﬁ@ post-translational
modification 2a4lUsAudalanuasdiunianiy
Juvedlusdn transcription factor Tuszaudluy

(Neff and Armstrong, 2009)

Metagenomics

@
a6 @

=2 a a
L‘ﬂ%ﬂ'\iﬂﬂ‘iﬂ"l%I%M‘Dadﬁga%‘ﬂiﬂl‘ﬂd%&l@]‘ﬂ

D.

ﬁagluu%ﬁaﬁagmmﬁumﬁ lasladnududas
LLsmLLa:LWW:L‘gﬂaﬁgauﬂ‘%ﬁlﬁiamﬁﬂﬁum Toya
Aleitausain s iduyse lomilunnsdnen
mw‘ﬂmﬂv\mmm:mwé’uw”uﬁmadgﬁuﬂ?ﬁ
Lﬁaﬁﬁvlﬂzjmiﬁuwumw%ﬁ‘ufl,mi LaENTY
Fweninfivasdn Deiionldiadas 454/Roche
T 3@ i a819n 3191919 1 SUUNANY
LANE19VBY ribosomal RNA LT% 16s %38 18s
1{i899nANNE1IV89 reads Nlarautrse1 ¥
I ssaissuazidoudedauluasunTnrinle
atsmuy ok LaenTUTENO VIS T UET LD
mmmmamqudmmaoﬁuﬁmmLLa:Vl;timm
16 §2061991939881 9 13U N1IFITIIAIN
vsmmnmmJaaﬂajuﬂimﬂn%mﬂuﬁumnmu
imzlunzianie eIl ssmnainng tmesening
Uszinamunauazdszinadn (Lim et al, 2010)
wonanit e T swalmduaawnINA8aIng
LW@S8N library AN LATWAIIIITULUATIATIER
nanaNNILaas R danuauisalunsaine
reads fio124wld (Rodrigue et al, 2010)
A288199 11398 LT% N30 short reads 21N
10389 llumina 81 kg lwns@nsunuan
%ﬁwﬁmaamjugﬁuw%rﬂuﬁﬂ&mmmgwﬁ (Qin et
al., 2010)
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ganassanazlidsunsunlglunisda

= o« a &
LIgdaNautUdatania hag

(mapping)
TsunsadwmsulaludsznauiTaeingau
wandwtalnal (assembly)

FIUINUIBUAIAIAVBITOYA reads
ﬂvruummwﬁ@]‘wm@maﬁagamﬁmnmidm
vogasasfildinaluladidusios  (sequencing
error) N817ABLA389 454/Roche  §15AT1AIN
ﬁ@wm@madmnﬁﬂﬁ'ﬂumzmasgw6] Fafiadu
MNMINTITURY Y MV IATesTiRaNaa
BunuSIminin  homopolymer G9tfiadn
SnEMe09UaE 9 209frndleindunis 6
wa Wi TTT Wafisuny TTTT anugnives
homopolymer Mia3asdinssuianwana’ly vinld
ANUYNABIVBITBYAANAY (quality value) &
1w iResnBmensRuwsan1sznanie lve s
§16ULUF reads $9019LaildAaduassan
FIINTA

§M3ULATeY llumina  E1GULLET 89
reads A ldAaug9TwINN Uszans 35 A9 100 i
wa waslunszuiwmIwideuiuaniaass 1o
§IWINVIUFNINGY 1.5 Anziuadeninnin
L1309 454/Roche N IAFIWINVBILURLTZHN b
600 LUNNZIUALAZIAINNENIVBISNALILE 400
gLug eimil,mujmwﬁ@wm@maaéﬁﬁmuaﬁ
AT AAINMIUNUALUE (substitution) 3
LAAIINTHABWTAINTITLANYSTH
(amplification) uaﬂmﬂf: FIHIWVAY reads ‘ﬁlvl,ﬁ
ﬁﬁ‘)’ﬂmumnﬂdwmﬂﬁﬂﬁuq inlwendanis
Aenzidaya Wiasanmeanuanususaln
mstRundevnsluguiidudunififiusdn
F9i U3 AnBuauazs w9 reads ‘ﬁ'm]”']giﬁ'u
ldanvazldlinadrgiuaes reads Puviase

§IULA309 SOLID §N1I0NAA reads
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2 A A9 o P A ' =
waztulnlasdefldinafinvasnsionda T4
ANTRIRIAULURYBIALEULE iNlasn1Te 1w
FIUANVDIUFU BRI ALI WL UTINURDIATI
AIBUNNTEIWINNEN LHaNLATEY ¥inldilAaau
g9on lunisdiuruniiuadiduiafiuiuau
Py a a a @ o A a
1HhaINNFUARSR azmmmamugmaammh
ea L : ~ el [
nanarenn wananflyniwasnmsli®lugas
ATLLIWANIAEGULLE 19 L fUszanTaw
WONALATIVRIAIAUVLUE LT N1TVIAAINY
AL IFY I ITRINNTBUSALIUE ¥

Y Aa a A . . <
Iiiiaanufianaiavasd (missing color) Fardw
v a . A/ 1 a 6
NalWiAa frame-shift Gwluz19v89n131A TR
TaWa
U
a A o Ay o
#ENINANVAANIAVBILATBIAIN b@
N8N AURYL ANURAINRABVBITDYA
. A -
3ua (polymorphism) NIN@UBGINTITNDIG LD
gid nsRnIan1sneante lueddauLue
N13LAa rearrangement  VAITURIBALOULED
' = dl a J [l a A e =3
seninsd luaiiiedu lugramsifiadiauwinsi
ﬁdmém"’mﬂumidaNa@iamﬁmi']:ﬁ"ﬁaga
LBWN
nnuymanantedu Uagiuieldd
a o o Py a a &
nIfadwaTaslan T sawnaiiaduidn
NN 1aUlaNIZINUEIIUANTIALTHILAE
WaNdAafAULLE (alignment reads) mn‘ﬂ”aga
& a A & o @
LOUALOF TITUTWUINYDINITAIRAULLEV DS
Sluundnn (Table 3) tnadianlslunsaaises
LASLTONGORIAUIUR &1NTT0uLILDURDd
. v o oa R L9
AANMIENK fa (1) MIUITdunsalud lua
(index genome) #2835 BWT (Burrows-Wheeler
space transformation) 35%T28aankI8AUIN
\unandian 1w lUsunsay Bowties
SOAP

(hash table) Famansavinlaldusasuuutan g

RS

LA (2) MIRTNAITINE19DIG LA



Table 3 Sequence alignment tools for the analysis of next generation sequencing data.

Software Open source /system Tool support Mapping strategy

SSAHA/SSAHA2 454/Roche,lllumina,

Yes /Linux, Mac Index genome with hash table
(Ning et al., 2001) SOLID/ABI
MAQ

Yes /GPL Illumina, SOLiID/ABI Index read with hash table
(Li et al., 2008)
SOAP Yes /Linux, Unix >14 GB RAM

Illumina, SOLiID/ABI Index genome with hash table

(Li et al., 2008) against human genome
Mosaik 454/Roche, lllumina,

(Michael Stromberg, Boston University)

Bowtie

(Langmead et al., 2009)
PASS

(Campagna et al., 2009)
SHRIMP

(Rumble et al., 2009)
BWA

(Li and Durbin, 2009)
GASSST

(Rizk and Lavenier, 2010)
TAPYR

(Fernandes et al. , 2011)

Yes /Linux, Sun, Win, OSX

Yes /Linux,SRC, Win, MAC

Yes /Linux, Win

Yes /Linux, ICC, Win, OSX

Yes /Linux, Unix 32,64 bit

Yes /Linux, Unix/32,64 bit

Yes /Multiple (C complier only)

SOLID/ABI
454/Roche, lllumina,
SOLID/ABI
454/Roche, Illumina,
SOLID/ABI
454/Roche, Illumina,
SOLID/ABI
454/Roche, lllumina,
SOLID/ABI
454/Roche, lllumina,
SOLID/ABI

454/Roche, lllumina,
lon Torrent and SMRT

Index genome with hash table

Index genome with BWT

Index genome with hash table

Index read with hash table

Index genome with BWT

Index genome with hash table

BWT combined with a flexible

seed based approach
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v
= A o

@285 1A3 Lt JuaI1UI% BIa/AULUR reads
o X4 [% o , g . '
WuAL9% F9n1I8T19A2LIT (index) =TILAA
vatzaInInyduuuiidngiusesdaya
4' a o 1 v =3 1
Wasandnisszydrunislunisduni 394
FNTUFDIFUNUNINNAVDILUR G819 1UTUNTY
Al 5a31991319819896un s uazld reads
WJUAIUIT @28NITAUAN reads WNIUY 18U

. A ' °
MAQ, SHRIMP ka2 Newbler H9%i8A1N3192
g 1 o v a % =
PHDYNUITWI reads Va.FuABD 01 reads X
Frwawdas dnazldiianlunisdrwimun
LI INA IR UNIFIUUNIRYA FIRTU
TusunsunlEas839017198719896 ks wazls
uui eI 15 Bowtie, BWA, Mosaik,
SOAP, PASS, SSAHA2 t1diwniizalIu3n
@iauiwslmy' RINIIDFIUI AU LW b8 39

) A o N ea . oA
wanznuwnlgd lunawmalng laa wmu lu
& o ' = X
vasuned (udu adralsian ldunsumai

A v L3 ldl 1 v e U
fidadas nursldsunsulaldmivayunsldng
ﬂ“’ﬂ"ﬁagaﬁvlﬁmmﬂ%aa 454/Roche +31%h SOAP
waz MAQ vwldsunswlsiuayuansmzuas
iagamaaiha Vi LN AN DLUALAZE LN
sy mvedail §7891N0v09 reads  @addl
mmm’ngqq@lumi?ﬁ'm%mLLa:L%au@iaﬁwﬁu
W& lelwes 500 Alus 1Tu Tusunsy BWA 1T
dudaaiunguiiniduvas Bao et al (2011) ld
Usziinldsunsunlslunisaaisosuazizands
o ‘v v d' 9/0“// 6 W L2
Seuiuatayan ldnivua 9 sawuas daonsld

o a Ay o A . A
Taya reads 13971 1d31niATas llumina G470
v Y té
mMInasaINsliTayauuy single reads (SE) 44
RAMAULUFALEWE NETIIINFIRUANBe 1WA
Munis wuildsunsy SHRIMP 1gaanlunns
Uszunawawiufiga  (8681.61  uwfl) uazld
wihsanuiwnige (26.58 Anzlud) udld
wWasidudnsuddgege (fasaz 86.77)  &u
BWA fulasidudnisudvlnaifusny SHRIMP
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(ouaz 88.67) LA lTLIa1UENIANALIING
SHRIMP (236.36 w11) uazlduniiaanudies
ﬁq@] (3.17 finglud) dmintoya paired-end
reads (PE) &9 PE azdsudmodsznaudiy
read ﬂﬁ\‘]@; lasudas read ﬁlzagﬁﬂmmg\aaaa
ATTUAY UAENINUTZHEANINUIZHING reads
daandna nal PE azvilimaTeuiiauri
1&ddw defivszloadluniswidrauiuanly
303 luuuesFsdiTineg9bs nmMInases
WU31 Mosaik  saudnaldmanisudyl  (Sauaz
83.4) @ni1 BWA (38uaz 80.46) d714 SHRIMP
ramlahidun (Sauaz 53.38) lavasninaw
WU BWA, Mosaik, SHRIMP &2 SOAP
MUNEAUNIST AT BILAZL T oA 0 A UL §T B9
Toyn SE uaz PE fleaniasas llumina lag
BWA I’E%ﬂ'mmmﬁﬁﬁaﬂﬁq@ Laz SOAP §
ﬂi:mumsﬂs:mawm%ﬁqm wenNiifvise
@”&ﬂsmvl,@i”maauLﬁmﬁwﬁwmﬂfﬁaga reads
9NLA3EY 454/Roche sunsUszfiunslgon
Aulysunsy Mosaik, PASS Laz SSAHA2 Wuin
mmgﬂﬁaﬂumiﬁ'@L%ﬂ{lLLa:L%amiaé'wTuma
Alalid ldardszutanawin lugiuzed
T8ya SOLID/ABI ﬁﬁ%mm‘[ﬂmmuaﬁfuagu
L% Mosaik, PASS, Bowtie L8y SHRIMP W11
AU M IS sIuas B afa LIS
Aougnadn ﬂ%]qﬁ‘u flusunsufiiindulng
TAPyR (Fernandes et al., 2011) Gﬁdiﬁvﬁ%mi
NENHRIUUBIRBIDANDI DY mlﬁ'@]miﬁuﬁaga
LBuSLeadInIULA309 llumina  uas 454/Roche
LLa:LLﬁﬂy@MWTaGﬁBHNﬁLﬂu homopolymer @728
mIaiaeataga 93 luw ﬁmﬁugmmmmﬂ%
5% BWT tatausaisaiuasidandadauiusly
far1us1at5) wazaanulsaduinlunig
Uszwana laslginafia multiple seed heuristic

A o o aa v a = '
LNBRIRIAULURNUNITIIALILILRSL DDA D
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ﬁﬁﬂ“muaﬁﬁﬁq@ FeannInassadSouiiiey
auldswnsu BWA, SSAHA2, Newbler, GASSST
uaz Segemehl laulivaya reads RUIGELY
454/Roche 31Na2a819&895550 6 whia wuin
Tusunsu TAPYR lgiianlumsdszunanaisinia
Tusunsndwn Taslusunsn TAPYR ﬁfg‘m@iuﬁ'
FINNIABIRRARIAT NI o (identity) 7
#aInTe 1UsunTn TAPYR F9lvnad luudvas
AMuLIREN LazNTIASLILAsToNdaga L
waldadnigndas waluusvoansasausils
W1 BWA lfﬁmﬂmmﬁwﬁaﬂﬁq@
ldsunsudnsulilunisdsznauisos

[
a o

FuSAULUR (fragment assembly) 91AHRANNTT

)Y

a '

fa m*samn@mmﬁ'umaa%uém”uLuaaLSuLa
8¢ 1% contig 31N contig TIuNWLI contig 7
& { o . 4
8101 NI3aN38nI1 scaffold  Liwadsznauidn
fauiuadswaselny laouwualaidn 2 550
@191 e A de novo approach Waz resequencing
%38 comparative approach
De novo approach ftdnwanawivalalu
mya9dlualng (reconstruction) snansavinle
" Y o = U a 1 é 1
Tag'laidasnsnudrauiugdrsdinnnan ga'ls
WMUawNUATULY comparative approach nUM3
wil1l reads lauidnauiuadnad9dnad
a a A oA ' o @
Wisuiney wwalwladilundandrauiusves
A Adda & 2 aad o o | aa
90T %w  TI35RYle98n9135NTHUL de
novo @4tk NIAunIFalni 9 1835 de novo
= A A o o a &
9 Tu5090718 MIEIRIMNIARAFFAT
Wnvinlaunuazsusan thasanlaniudrau
LUEB198d WATADITN AT dLI89A3Y
» ad A X
RANRANUNITINNNIITIINTG NoNNaUn
TuFITTIa NI BUGIY FINNUTUTIUAINANIN
Wulaaanandani1TIaIzy fAa AINNEIILAL
USNN0U09 reads 18 reads NAAINNLIINRW

o Ao a 3 a & A '
NﬂM@ﬂHm:‘Y]Lﬂ%LUﬁ‘B’]‘] INATBUIN DIINLGAD

2AE Taun LazAnuy

N3l wansUsznauisusbusrausuavinl

'
A

@
Aaudn981n NMTIAMINUUINIUVBS reads Nl
FIUIUNWIAIE AN reads NNALULAE
Lﬁuﬁmaﬁvlﬁﬁauiwaeuagﬁ 35 £19 400 Alua a9
FUNIUNARANITRIE 1T ULUFLUDAILANTALH
reads #A210817 600 119 800 GUR faiaan
FINAAINTITOANLUUNTUIENO VIS DITUEN AL
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o @

A a 2 o« A Ao
AlFlunTUTEna U LI TUEAULR TINTING
nudluundawalng loa 1udu
NN LENEININIRNATIIAN DL L6

dansldinaluladiduiioaludagu dnns
. X L
warngUuuuzaanaluladdunilng gaeng
IR N .
daiitas Matduagiuhnansvainsldnwdu

Qs 1 q;ﬂq: £2 =\ Q = 1
waniglduudainmmTanauwdiudyelusiu
la lad12aziduisasniseanwuulnsunlslu
TuaanmInaaadluiasl Juansaudissan
WNE aaunIINMwWIaanastulni iwaldaay
Ifﬂ‘ﬂiﬂumﬁmi’]:ﬁﬂ]’agmﬁuﬁma #IBNTHA®
gunIntastuayuiaIaslansmisiauiualne g
Lﬁaa@ﬁunummﬁ@ Wudw Nadivanalwiia
ﬂiﬂﬂ‘ﬁﬁgqq@’[umsﬁﬂﬂﬂi:qnmﬂlﬂuamm
dall

LON&E1921999

Anderson, M.\W. and Schrijver, I. 2010. Next
generation DNA sequencing and the future
of Genomic Medicine. Genes 38—69.

Ansorge, W.J. 2009. Next-generation DNA
sequencing techniques. Nat Biotechnol 25:
195-203.

Auffray, C., Charron, D. and Hood, L. 2010.
Predictive, preventive, personalized and
participatory medicine: back to the future.
Genome Med 2: 57.

Axtell, M.J., Jan, C., Rajagopalan, R. and Bartel,
D.P. 2006. A two-hit trigger for siRNA
biogenesis in plants. Cell 127: 565-577.

Balch, C., Fang, F., Matei, D.E., Huang, T.H.



127 Thai J. Genet. 2012, 5(2) : 104-129

and Nephew, K.P. 2009. Minireview:

epigenetic changes in ovarian cancer.
Endocrinology 150: 4003-4011.

Bao, S., Jiang, R., Kwan, W., Wang, B., Ma, X.
and Song, Y.Q. 2011. Evaluation of next-
generation sequencing software in mapping
and assembly.J Hum Genet 56: 406—414.

Bryant, D.W. Jr., Wong, W.K. and Mockler, T.C.
2009. QSRA: a quality-value guided de
novo short read sequence assembler. BMC
Bioinformatics 10: 69.

Campagna, D., Albiero, A., Bilardi, A., Caniato,
E., Forcato, C., Manavski, S., Vitulo, N. and
Valle, G. 2009. PASS: a program to align
shortsequences. Bioinformatics25:967-968.

Diguistini, S., Liao, N.Y., Platt, D., Robertson,
G., Seidel, M., Chan, S.K., et al. 2009. De
novo genome sequence assembly of a
filamentous fungus using Sanger, 454 and
llluminasequencedata. GenomeBiol 10: R94.

R.A., Kemen, E.,

Studholme, D.J. 2009. De novo assembly of

Farrer, Jones, J.D. and
the Pseudomonas syringae pv. syringae
B728a genome using lllumina/Solexa short
sequence reads. FEMS Microbiol Lett 291:
103-111.

Fernandes, F., da Fonseca, P.G., Russo, L.M.,
Oliveira, A.L. and Freitas, A.T. 2011.

Efficient alignment of pyrosequencing reads

for re-sequencing applications. BMC
Bioinformatics 12: 163.

Garber, M., Zody, M.C., Arachchi, H.M., Berlin,
A., Gnerre, S., Green, L.M., Lennon, N. and

Nusbaum, C. 2009. Closing gaps in the

2AE Taun LazAnuy

human genome using sequencing by
synthesis. Genome Biol 10: R60.

Gega, A. and Kozal, M.J. 2011. Technology to
detect low-level drug-resistant HIV variants:
general overview of ultra-deep massively
parallel pyrosequencing: 'ultra-deep
sequencing'. Future Virol 6: 17-26.

Henn, B.M., Gravel, S., Moreno-Estrada, A.,
Acevedo-Acevedo, S. and Bustamante, C.D.
2010. Fine-scale population structure and
the era of next-generation sequencing. Hum
Mol Genet 19: R221-226.

Hetherington, S., Hughes, A.R., Mosteller, M.,
Shortino, D., Baker, K.L., Spreen, W., et al.
2002. Genetic variations in HLA-B region
and hypersensitivity reactions to abacavir.
Lancet 359: 1121-1122.

Hossain, M.S., Azimi, N. and Skiena, S. 2009.
Crystallizing short-read assemblies around
seeds. BMC Bioinformatics 10: S16.

Huang, S, Li, R., Zhang, Z., Li, L., Gu, X., Fan,
W., et al. 2009. The genome of the
cucumber, Cucumis sativus L. Nat Genet
41: 1275-1281.

Jones, S.J., Laskin, J., Li, Y.Y., Griffith, O.L.,
An, J., Bilenky, M., et al. 2010. Evolution of
an adenocarcinoma in response to selection
by targeted kinase inhibitors. Genome Biol
11: R82.

Langmead, B., Trapnell, C., Pop, M. and

Salzberg, S.L. 2009. Ultrafast and memory-

efficient alignment of short DNA sequences

tothehumangenome. Genome Biol 10: R25.

Li, H., Ruan, J. and Durbin, R. 2008. Mapping



BAEN AU LazAU

short DNA sequencing reads and calling
variants using mapping quality scores.
Genome Res 18: 1851-1858.

Li, H. and Durbin, R. 2009. Fast and accurate
short read alignment with Burrows-Wheeler
transform. Bioinformatics 25: 1754—1760.

Li, R., Li, Y., Kristiansen, K. and Wang, J.
2008. SOAP: short oligonucleotide alignment
program. Bioinformatics 24: 713—-714.

Li, R., Fan, W., Tian, G., Zhu, H., He, L., Cai,
J., et al. 2010. The sequence and de novo
assembly of the giant panda genome.
Nature 463: 311-317.

Lim, Y.W,, Kim, B.K,, Kim, C., Jung, H.S., Kim,
B.S., Lee, J.H.and Chun, J.2010. Assessment
of soil fungal
sequencing. J Microbiol 48: 284—289.

Maher, C.A., Cao, X,

communities using pyro

Kumar-Sinha, C.,
Kalyana-Sundaram, S., Han, B., Jing, X,
Sam, L., Barrette, T., Palanisamy, N. and
Chinnaiyan, A.M. 2009. Transcriptome
sequencing to detect
cancer. Nature 458: 97-101.

Mardis, E.R. 2008.

gene fusions in

Next-generation DNA
sequencing methods. Annu Rev Genomics
Hum Genet 9: 387-402.

Margulies, M., Egholm, M., Altman, W.E,
Attiya, S., Bader, J.S., Bemben, L.A., et al.
2005. micro

Genome sequencing in

fabricated high-density picolitre reactors.
Nature 437: 376-380.

Morin, R.D., O'Connor, M.D., Griffith, M.,
Kuchenbauer, F., Delaney, A., Prabhu, A.L.,

Zhao, Y., McDonald, H., Zeng, T., Hirst, M.,

Thai J. Genet. 2012, 5(2) : 104-129 128

Eaves, C.J. and Marra, M.A. 2008.
Application of massively parallel sequencing
to microRNA profiling and discovery in
human embryonic stem cells. Genome Res
18: 610-621.

Morozova, O., Hirst, M. and Marra, M.A. 2009.
Applications of new sequencing technologies
for transcriptome analysis. Annu Rev
Genomics Hum Genet 10: 135-151.

Nagalakshmi, U., Wang, Z., Waern, K., Shou,
C., Raha, D., Gerstein, M. and Snyder, M.
2008. The transcriptional landscape of the
yeast genome defined by RNA sequencing.
Science 320: 1344—1349.

Neff, T. and Armstrong, S.A. 2009. Chromatin
maps, histone modifications and leukemia.
Leukemia 23: 1243-1251.

Ning, Z., Cox, A.J. and Mullikin, J.C. 2001.
SSAHA: a fast search method for large
DNAdatabases. GenomeRes11:1725-1729.

Nowrousian, M., Stajich, J.E., Chu, M., Engh, I,
Espagne, E., Halliday, K., et al. 2010. De
novo assembly of a 40 Mb eukaryotic

from short reads:

genome sequence

Sordaria macrospora, a model organism for

fungal morphogenesis. PLoS Genet 6:
e1000891.
Qin, J., Li, R, Raes, J., Arumugam, M.,

Burgdorf, K.S., Manichanh, C., et al. 2010.
A human gut microbial gene catalogue
established by metagenomic sequencing.
Nature 464: 59-65.
Rizk, G. and Lavenier, D. 2010. GASSST:

global alignment short sequence search



129 Thai J. Genet. 2012, 5(2) : 104-129

tool. Bioinformatics 26: 2534—-2540.

Rodrigue, S., Materna, A.C., Timberlake, S.C.,
Blackburn, M.C., Malmstrom, R.R., Alm,
E.J. and Chisholm, S.W. 2010. Unlocking
short read sequencing for metagenomics.
PLoS One 5: e11840.

Rumble, S.M., Lacroute, P., Dalca, A.V., Fiume,
M., Sidow, A. and Brudno, M. 2009.

SHRIMP: accurate mapping of short color-

space reads. PLoS Comput Biol 5:
€1000386.
Sambrook, J. and Russell D.W. 2006.

Fragmentation of DNA by Nebulization. Cold
Spring Harb Protoc. doi:10.1101/pdb.prot
4539.

Simpson, J.T., Wong, K., Jackman, S.D,

Schein, J.E., Jones, S. J. M. and Birol, I.

2009. ABySS: a parallel assembler for short

read sequence data. Genome Res 19:
1117-1123.

Son, M.S., Taylor, R.K. 20011. Preparing DNA
libraries for multiplexed paired-end deep
sequencing for illumina GA sequencers.
Curr Protoc Microbiol 20: 1E.4.1-1E.4.13.

Toth, A.L., Varala, K., Newman, T.C., Miguez,
F.E., Hutchison, S.K., Willoughby, D.A,
Simons, J.F., Egholm, M., Hunt, J.H,
Hudson, M.E. and Robinson, G.E. 2007.
Wasp gene expression supports an
evolutionary link between maternal behavior
and eusociality. Science 318: 441-444.

Wang, S.W., Tang, X., Fan, Z.H., Wu, X., Lioy,

P.J. and Georgopoulos, P.G. 2009.

Modeling of personal exposures to ambient

air toxics

in Camden, New Jersey: an

2AE Taun LazAnuy

evaluation study. J Air Waste Manag Assoc
59: 733-746.

Wheeler, D.A., Srinivasan, M., Egholm, M.,
Shen, Y., Chen, L., McGuire, A., et al. 2008.
The complete genome of an individual by
massively parallel DNA sequencing. Nature
452: 872-876.

Wilhelm, B.T., Marguerat, S., Watt, S.,
Schubert, F., Wood, V. Goodhead, I.,
Penkett, C.J., Rogers, J. and Bahler, J.
2008. Dynamic repertoire of a eukaryotic
transcriptome surveyed at single-nucleotide
resolution. Nature 453: 1239-1243.

Woollard, P.M., Mehta, N.A., Vamathevan, J.J.,
Van Horn, S., Bonde, B.K. and Dow, D.J.
2011. The application of next-generation
sequencing technologies to drug discovery
and development. Drug Discov Today 16:
512-519.

Yamey, G. 2000. Scientists unveil first draft of
human genome. BMJ 321: 7.

Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X.,
Cuo,Z.X.,Pool, J.E.,et al.2010. Sequencing
of 50 human exomes reveals adaptation to
high altitude. Science 329: 75-78.

Zhang, W., Jiajia, C., Yang, Y., Yifei, T., Jing,
S. and Bairong, S. 2011. A practical
comparison of De Novo genome assembly
software tools for next-generation sequencing
technologies. PLoS ONE 6: e17915.

Zhou, X., Ren, L., Li, Y., Zhang, M., Yu, Y. and
Yu, J. 2010. The next-generation sequencing
technology: a technology review and future

perspective. Sci China Life Sci 53: 44-57.



