TABLE OF CONTENTS

0. Executive SUMMAIY ..cicveirasimsassasassasassasassasansasansasansnsansasansasansasansasansasas 12

1. INtroducCtion .iuvieeeeersssssnnnenssssssnnnnsssssssannnnnssssssnnnnnnsssssannnnnnnsssnnnnnnnnnnnnnnnn 14

Definition and scope of SEqUENCING.....ciiiiiirieieirerrararrara s r s s annnn 14
Historical aspects of seqUENCING .....ciciiiiiiiiiiiieirrrsrsra s s annnn 14
Basics of molecular biology...cicicriririririririsisiirr s, 15
[N PPN 15
1A N oo g 1= = =N 15
RESLrICtiON @NAONUCIEASES ....e.vveieee ittt ettt e et e aeaneienns 15

DINA MEEAYIAEION ....veeeeee e 16

L2 PRSPPI 17

JRd L AN oTe ) g g 1T = X1 == N 17
NON=COING RINAS ..o e ettt ettt ettt e e et et e e eaeaeens 17

[N 7N o = i =T ] o o o o N 18

(@1 o] g aTo 1o ] o 1= PPN 18
1o ] 0 L= =T PP 18

[\ eTel a o] a e L =Y I B 1 PP 19
L= 1= 19
LR L1 =1 [olole o L= 20

(=T g L==0q 5 =Xy (o 20

R =R a0 g =T e [=] o] 0 L= PP 20
Variations in the human genome .....c.ciiiiiiiiiiisiirr i nrananananas 21
Variations iN DNA SEQUENCES .. .uuuriieiiteeieae et e aeeaseaeaaesaasaneaaesaeeaneaneaneaaneaserneaneanseanernernnenes 21
Single nucleotide PolYMOIPRISIMS ...uiiii e e e 22

L =T o) V711 T PPN 22
Complex chromosomal rearrangeMENTS ... .uu ittt et et e e r e e e e reaeeaeens 23
Insertions and deletions in the human gGENOME ... .uiiiii i e es 23
Large scale variation in human geNOME ...t et eeas 24
Variation in copy number in the human geNOME ..ot e 24
Structural variations in the human genomME ... e 25
=1 1] T 1T 1N 26
Retrotransposon Capture SEQUENCING ....uu.ueresse s ssseasesse st saseasesssssssasessnsnssnssnesnnesnssnennnnns 26
Mapping and sequencing of structural variation from human genomes..........cccoviviiiiiiiiiiiiennnns 27
Impact of sequencing on healthcare .....ccciciiiriirs i s s s s s s rnrmnanns 27

2. DNA Sequencing Technologies.......cocccviimncmmsmssmssmsssmssssssssssssasssansns 30

B 00 o ¢ 1T ot o T . 30
DNA extraction and sample preparation ... 31
Apollo 300 System for next generation SEQUENCING ..........uueiuiieisseiiteiit et iaieiaseasaaennens 31
Electrophoresis-based MELAOM ...........uuieiie ettt ettt eaeaaeas 32

0N ONETOUCRH SYSEOIM sttt et ettt et ettt ettt et et et eataaeaaaaennns 32
Microfluidics-based extraction and sample preparation............c.cuveuiiiiiiieiiiseiiisiiiisiiianennnns 33
Pressure CyCling TECANOIOGY ...ttt ettt ettt ettt et e e e a st aaeaaaeaaens 33
Selective immobilization of nucleic acids onto magnetic microparticles..................cccccouvuu.. 33
Targeted and hybridization-based DNA CAPEUI€..........cuiuieiniiii e 33
Sanger-sequencing tE€ChNOIOGY ....u.uiiieii i e 34
Dye-terminator SEQUENCIMG .........uu ittt e ettt e e e aaeaaeas 34

= Tge [=RTor= ) [ T=Te [0 L= o Tol f Yo N 35
Automated DNA-SEGUENCING .......ueneieaie ittt et s et et s e st et s ae e s eaeaaaaenneas 35
Enhancements of SGNGEer-SEQUENCING .........uueesesisesesassesesesstesesssssesesenenesnsnenenenenens 35

ABI PRISM® 310 GENELIC ANGIYZEI .. vttt e ettt et ettt e st e et ataataaaeseaaaannenns 36

Life Technologies’ 3500 DX GeNELIC @NAIYZEI .........oueeieieeeieieieiiee e ietasesetetesenenananaeaeaenenens 36
Limitations of sequencing methods and measures to remedy them........c..cccvimiiiiiiiiiiiniean 36
High-throughput paired end transcriptome SEQUENCING ..........cccuviiiuiiiiiiiiiiiiiiiiiiiiiaienaans 37

Long VS SROIt r€ad IENGEAS ... 37
Emerging sequencing technologies......c.cciciiiiiiiiiriiiiriie s r s n s nanmna s 37
Chemical DNA SE@QUENCING ..cuuiiiiarerierriasasiasasiasassasassasassasassassssassssassssassssassssassssassnsassnsasnnnns 38
Second generation SEQUENCEIS .....ciiiiieirierrimsier s s ssasassassssasassassssassssnssnsassnnasnnnns 39
4300 DN A @NAIY ZOE ottt ittt ettt a et aarans 39

Y oo 1 o TN 010 PP 40
Applied Biosystems 3500 series GenetiC ANAlYzZer...c.viiiiiiiiiiii i e 40
"Color blind" approach to DNA SEQUENCING ....uuiuiuiiiiiiiiiieeeee et e e s e e eaeeaaeeaneneanaens 41

(O3 Ze o= o= ) VA== Te [ U 1=T o Ui 1 T [P 41

[OF =0 R 1010 PP 41
[D1=T=T o] @7 A €] = =Y=Ta [U1=] o ol 1 e [P 41
Electron microscope-based DNA SEQUENCING .....uiueeiniiiiiinieiie et eae e saeesaeaeeaeneaneneanaens 42
(1<t g o] g = o ot BT =T [ T=T o [l ] o PN 42



GS-FLEX system (ROChE/454) ....uiiiiiiiiiiii e 43

Background of sequencing teChANOIOGY ..........oovuiiiiiiiiiisii 43
BT T YT [ =7 oo o e R 44
GS JUNIOE SYSEOIM .. uviiiii ittt sttt st 46
IBS sequencing tE€CHNOIOGY ..cuuuiiiiitiii et ettt et et 47
Tllumina Genome ANalyzZer SYSEEM ... e 47
Ion Torrent's sequencing tECANOIOGY ...uuuiuiiiiiiii e 48
Yo =] =YX @ =Y 0[PP 49
Microdroplet-based PCR for large-scale targeted seqUENCING..........cvvvviiiiiiiiiiiiii s 49
11 L I=T=Te [ U1 g el [ o PP 50
Multiplex amplification of human DNA SEQUENCES ....cuviviiiiiiiiii e eneeeens 50
[N g Lo o1 (I =Y=Te [ U 1< Tol 1n e [N RPN 50
[2e][o] g =N uo] g1 LU [=1 (ol o PP 51
RainStorm™ microdroplet teChNOIOGY ...viuiiei e 52
Y= le (SIS = 1R B ) N PPN 52
SOLID system: sequencing by ligation .......oouiiieiii e 52
PCR-based DNA sequencing t€ChNOIOGIES . ..viuiieii i e eeeas 53
Bridge amplification PCR SYSEEIMI ....c.eneeeieie et 54
COLD-PCR @Nd SEQUENCING .....vverisesieeee et et e ettt ettt ena e enenees 54

[0 e[ 2 |l = O = PP 55
Dual primer @mMUISION PCR .........e.e ettt ettt 55

1= a 1] (o) s N = O = S PP 56
AL 5 L= g = 1 = 56
Nucleic acid sequence-based amplification ........ccoiiiiiiiiii 56
Microarray-based DNA sequencing t€ChNOIOGIES . ...viuiirii i e eas 57
AFTAYIE'S® H2EK .ottt 57
High-throughput array-based reSEGUENCING ...........u et eareaaeaeaenenees 57
HUMA@N €XOME MUCIOGITAYS. ... .esiiiiit ittt e ettt aenaeas 58
Sequencing by NYDFidiZAtiON ............eeeiei e 58
SOLID-System based ChIP-S@QUENCING .......uuuuieeee e e e e e aeaeaeens 59
Companies developing whole genome ChipS/mMiCrOarraysS......c.cuuuueuiiieisieiiseiaseiiaieinaaennnns 60
Next generation sequencing vs microarrays for gene expression profiling.........cccveviiviiiiiiinnnns 60
Third generation SEQUENCING ... .iitiii ittt et e e e e e et et e e e eaen e e eneaneeans 61
Y O3 By V1 =T o S 61
YO B o B V1 = o o S 62
Detection of single molecules for SEQUENCING ...viuiiiiiiiii e eeaas 62
DNA sequence by US€ Of NA@NOPAIICIES .......u.urse ittt ettt ettt ieaeaaeas 63
Denaturation mapping of DNA in nanofluidic channels............ccuvuiiiiiiiiiiiiiiiiiiiiiiiaiennans 64
Helicos™ GEeNELIiC ANAlYSIS SYSEOIM. ...ttt ettt ettt ettt ettt aaeaaeas 64
Lo [=TalV ] L= 1l oY1) 4 T« S 65

\'E Tl s e g =I=T=Te LU L=1 4 Lol o T« H S 65

(0] o)u o= 17 I= ] o o) o Lo I S 66
PNA-based single-molecule detection of specific DNA SEQUENCES ........cccvveiriieiriieisiiiisannnnnns 67
Sequencing-by-synthesis for single-molecule SEQUENCING ..........ccuvevuiiiiiiiiiiiiiiiiiiiisiiinannnnn, 68
Single molecule DNA sequencing by use of carbon nanotubes.............c.ccvviiiiiiiiiniiiiinnnnn, 69
Single molecule sequencing using Qdot NANOCIYSLalS .........ccvuiiiiuiiiiiiiiiiiiiiiieiiaieiaieaa, 69
Single-molecule DNA sequencing in @ STOP chip nanowell ............ccccuvuiiiiiiiiiiiiiiiiiiiiinnnnnnn, 70
Single-molecule real-time SEQUENCING .........u.eiuie sttt ettt ettt et a i eataaeaaaeaaas 70
Single cell DNA SEQUENCING . .uuuiuieiiitiit ittt et et a et st e et ss e sa st aaeeaaaeraaeananens 71
Haplotyping for whole genome SEQUENCING ....v.viiviiiiirinre e e e e e e aenenanns 72
IMMUNOSEQ tECHNOIOGY ..ueiiiiiii e et e e e e e e e e 72
Role of bioinformatics in SEqUENCING ...ciiieieieieiererararrararrassrsssssssssssssasasasasasasasasassssssssssssnnns 73
Growth of the sequenCing database.......vviiieieie e e 73
[ = = =Y 0 o= o [ 73
Bioinformatics challenges of new sequencing teChnNOolOgY ......ovvvivieiiiiiiiiiii e aees 74
Bioinformatic tools for analysis of genomic sequencing data ..........cccoeviiiiiiiiiiiii s 74
Commercially available software for DNA SEQUENCING .........couuieiuiiiiiiiiiiiiiiieiieaieaeienaaas 75
ChIA-PET tool for analysis with paired-end tag SEQUENCING ...........cccvveiuiiiiiiiiiiiiiiiiiiiaieaaans 76
Detection of CNVs and gene dupliCationNsS...........couueiui i 76
Differential expression analysis for sequence CouNt data .........cuvevveiiiiieiieiiiiiiiieiiiiiaainnnns 77
Expression profiling without genome sequence information ..............cccooviiiiiiiiiiiiiiiiiinennan. 77
X N 77
SY=Te [S1<] g ol [ Te le k=) = TE=) o] =T = RPN 78
Sequencing analysis tools at academic organizations ..........ooviuiiiiiii i 78
Accessing DNA sequence information ... ... 79
Analysis of genomic variation by sequencing of large populations...........cocoiiiiiiiiiiiinnnen 79
Fund of research into interpretation of sequencing data ...........ccoiiiiiiiiii i 79
Future challenges for managing sequencing data .........cooviiiiiiiiiii s 80

3. Comparative Analysis of Sequencing Technologies...........c.ccvcrimvrinnenn. 82
General findings of the study .....ciciciiiiiiiiii s 82



Sanger versus second generation marketed SEQUENCEIS......iuiitiiitiiiiiiiiitiieet it aaieaaneanaaens 82

Common features and differences among second generation SEqQUENCErS .........cvcvvvuininiinenenenes 82
Third generation large SEqUENCErS.......civiiiiiisieieieiererrrra s rnnananas 83
SOLID4 versus cOMPeting large SEQUENCEIS ... .uuuiuitiiitieateieateeateeateeaaeeateeaseeasaeaaaneananens 83
Tllumina's HiSeq and MiSeq SEQUENCEIS .....iuuiuiitiiitiiiat ittt e aaeeaa e et eeaseeaeaaerraaeananens 84
Life Technologies’ Benchtop Ion Proton™ SEQUENCET ....c.viuiiiiiiiiiiiieieeie e eneeeees 85
The ideal small SEQUENCEN ....ciciiriririririririirrr s s nananananananas 85
SWOT analysis of small SEQUENCErS ...irrrrririririsisisisrsrrrrssasasssasssssssssssss s sasasasasananas 86
Concluding remarks on SWOT analysSis ..cicrureriririsisismsimmmmemmrsssssssasssssssssnsssssssssrasasasananns 88

4. Research Applications of SequencCing........cvcrvmvrimsrnmsrsssssassasassasassnsas 90

00 e o 1T ot o T 90
Applications in basic research......ccciciiiiiiiiiiiirsrs s 91
ChIA-PET technology for 3D study of the geNOME ....c.iiiiiiiii e 91
ChIP-Seq for study Of gENE EXPIrESSION ..uuuiieiiitiiit ettt ettt e et e s e e seaeeeneeneens 91
Chromatin profiling by direct DNA SEQUENCING ..uviuiiiiiiiiiiii it aeeneaens 92
Discovery of immunoglobulin gene by pyroSequUENCING .........vuvviiiiiiiiiiiiii e 92
Epigenetic modifications analyzed by next generation sequUeNCiNg ........cccviviiiiiiiiiiiinininiiennns 92
Exome sequencing for study of human variation ..........ccooiiiiiiiii s 92
Genome sequencing with combinatorial probe anchor ligation.........cccooviiiiiiiiiie 93
GS-FLX sequencing for simultaneous detection of mutation and CNV ..........cooiiiiiiiiiiiiiiiineens 93
Identifying protein-coding genes in genoMIC SEQUENCES ...cuviuiiriuiitiiiieierteieae et eeneareieeeneaneaens 93

L gL SN T AN =T 1= o o 1 T N 94
Mutation rate measured by direCt SEQUENCING ....vuvuiuiiiiieie e eaeaes 95
Protein-protein interactome Network MappPing ..o iii e 95
Sequencing the transcriptomes of Stem CelIS ...uuiniiiiii e 96
Sequencing and SyNthetic Biology .....cviiiie e 96
Synthetic sequence in @ bacterial Cell ........ ..o inim e 96
Functional SyNtRELtIC PrOteINS .........o.oeeee e aeaenees 97
Sequencing of hUMan ENOMES ...cicierererererarerararsnssssssssrasasasasasasasassssssssssssssssssnsnsasasasasanananss 97
(o] =l e I=YaTo ] g TIRY=To [ T=] [l T [P PP PPN 97
Whole-genome sequencing of MEethylomeE ...t e es 97
Ao ol e I=YaTo ] g T o <Y1 =Yo [ 1=] a Tl o T P PPN 98
=T Ye T b= I e [=Ta o) 0 s TN =Ye [V L=] a Tl T I PPt 98
Sequencing 1000 MUMAN GENOMIES ..ttt ittt ettt a e et e e e e e e s e e e e e eaeraeneenanens 99
MiSSING hUM@N GENOME SEQUENCES . .uiutitiii ittt ettt te e te et e et ae et e e e ae e e sea e e ene et aneneaneneans 99
Role of sequencing in identification of human remains ..o 100
Sequence map of the human Pan-geN0ME ....c.iiuiiiiii e eaaaens 100
SequeNCiNg Of AfIiCAN GEMOMIES ...uiuiitii ittt e e e e e et e e e e eaeraanens 101
SY=Te [S1= g Tel g Yo Be) il NCeT H=T=T a e [=] 0T o 0 1= PPN 101
Sequencing MitoChoNdrial GENOMIE ... vttt e eraaaens 102
SeqUENCING Of @NCIENE GENOMIES ...t ittt et e e ae e aeraaaens 102
Y= (o = Lo [e [=] g o 1 1 =S 102
VT Tgle (=g =1 e I=Ta Lo ) s o I PPN 103
Future prospects of human genome SEQUENCING .. ..iuiieiiiiiii e e eas 103
Sequencing genomes of non-human primates .....cccciciiiiirci s s s s s aas 103
Sequencing genomes of other organiSmsS...c.cciciiiirirerira s s s s s s s s s s ssnsassnsnnnas 104
SequENCING Of the MOUSE GEMOMI. ..ttt et e e r e e e a e aeraeaeraanens 104
IST=Te [UT=Ta Yol ol Je] i a =T Lo e e [=Ta o o o 1= 105
Sequencing the tUrKEY GENOME. .. ... i e e s a e e raaaens 106
Sequencing Of the frOg GENOMIE ... e e e e e e e e e e ees 106
Sequencing the genome Of DoAY [OUSE ....uvieieieie i e e enees 107
Sequencing Of the @Nt GENOME ...iuiiiii e e e e e e e e e eees 107
Sequencing of the genome of Water flea ..o e 108
Applications in drug discovery and development .......c.cccciiiiiiiiniicnins i 108
[REET =T 1= o Lol T P 108
LR AN o o) 117 o PP 109
Transcriptome sequencing for MRNA EXPreSSIiON ......ceiiieiiiieiiieieieere e e e seaaseeaes 110
R YN o] LTSIV T g =] | €= PP 110
Quantitative selection of aptamers through sequencing..........coooiiiiiiiii s 111
Sequencing projects supported by US Government........c.ccvciimiiiimirimnsnssssns s 111
NHGRI'S sequUeNnCiNg INEIatiVes . ...t eeas 111
JGI's Community SEqUENCING PrOgrami. ...ttt et e e e e e e e se e seaeaes 111
Approved medical SEQUENCING PrOJECES ...uuiuieiiie ittt et e e e e e e eaeaaes 112
1000 GENOMES ProjJecCt.....ccciiiiiiiiirsirani s s sas s sassasansasansasansasansasnnsasnnsasnnsanss 112
Findings of some studies of the 1000 geNOMES PrOJECE ...vuiriniiiiiiiiiiiiii et eeas 113
HapMap catalog as @ fouNdation ..........o.oiiiiiiii et e e eas 114
Role of SOLID™ System in 1000 GENOMES ProjeCt....c.iuiiuiiiiiiiiiiiii i eas 114

(o] a0l 18] |1 aTe I /=10 4= o =P 114
Human Variome Project ....ciciciiiiiiririiiiiiiisisisirnrrnnna s s s s s s s s s s s s s snsnsnsnnnnn 114
Academic centers conducting research on seqUENCING....cicriririririiirrrr 115



Important academic collaborations ........vuiuiiiiieiii 116
Scientific Manpower for SEQUENCING .. ..iiiiiiiiii e 117
Large-scale genomic sequencing projects at Joint Genome Institute ........c.cocviiiiiiiiiiiiinnns 117

5. Applications of Sequencing in Healthcare .......ccccvcvevivcsv v v v ennennens 120

B0 o T LT ot e o T 120
Applications of sequencing in molecular diagnostiCs ......ccicvarimrarimrarierarserasserasserassarassaranss 120
Next generation sequencing for detection of solid organ transplant rejection ...............oceveviis 121
Applications of sequencing in ONCOIOGY ...ciiiiiimieierrererararererera s nanas 121
A project to assess sequencing technologies for tumor DNA .......cooiiiiiiiiiiii s 122

PAVa alo] [Tele] aW=T=Ta [WT=T o ol 1 q e 1o o= ol =T oY 122
(01 a (o] g CT=Ta o] 0 s Tl A\ - -SSP PPPTN 122
Detection of cancer BiomMarkers. .. .. i e 123
Sequencing mitochondrial DNA to identify cancer biomarkers ...........cccovuviiiiiiiiiiiiinnninnnn. 123
Biomarkers for personalizing cancer treatment ...........cooueiiiiiiiniiii e 124

Digital proteomics for cancer Profiling ... 125
EpIigenomME Profiling. ..t aas 125
Gaining insights into MuUtational ProCESSES .. .uuiiuiiiiii e e 125
Multiplexed cancer gene mutation @nalySiS ......oviuiiiiiiii i 126
NGS-based molecular profiling of cancer in FFPE SPECIMENS ....civiiiiiiiiiiiiiiiiieieeieeieeeeas 126

[ Y1 =Te BT oo BT =Y [T =T o Lol o o FAr PP 127
Pathology HiSSUE=ChIP . ...t et e e et et e a e e e s e e e e e eeaneneans 128
RNA-Seq to study CanCer tranSCriPtOMIE ..uu ittt e e eneaas 128
SequENCING CANCEE CEI INMES ..uuiuiitiiiti ettt e a e et et e e e e e e e e aaanens 128
Sequencing for studying chromothripsis iN CANCEN ....oviiii i e 129
Sequencing of complex human CanCer GENOMIES .. uuuiui ittt aeraeaeaaanens 129
Sequencing single cells to study evolution of CaNCEr ..o i e 129
Sequencing for assessing resistance to anticancer therapy ......coviiiiiiiiiiniic 130
Sequencing in various types of MalignanCies ......vvuiuiiiiiiiiii e 130

1= 1o 0 2 o) P 130
L= T e Lo~ o 131
Hematological MaligNanCi@S.........uuue ettt ettt ettt ettt ettt ettt et e taseanaaeanens 133

I =]oE1elel=) | [V] = 1ae”= 1aol g Lo ) a1 I B OO 134

LA LT = Vol g - 134
(0272 = o= 4 Lo = 135
02 7= 1= 0= ] o= o 135
Sequencing in genetic diSOrders ......cciciorirarirarierarsere s s s s s s s s s s s s nnnsnnsnrnnnns 136
Array-based whole-exome sequencing in Bartter Syndrome .......cccevviiiiiiiiiiiiiiiir e 136
Detection of X-linked disorder due to N-terminal acetyltransferase deficiency ...........cceevvvnnnns 136
DNA sequencing of maternal plasma for detection of fetal aneuploidy ........c.ccvvviiiiiiiiiiiinn, 137
Exome sequencing for genetic diSOrders ......uiuiiiiiiiiiiii e 138
Discovery of the gene for Miller SYNAIOME.........uiuiiuiii ittt ettt s aaaeaaens 138
Discovery of the gene for Kabuki SyNAromeE ..........uuuiiiuiiiiiiiiissca ittt etaseaaaeaaans 138
Familial combined Ry POliDIAEMUG ..........v.uie ittt a e e s aaaeaaens 139
Familial thoraciC @OIrtiC @NEUIYSITY cu.u..s ettt ettt ettt ettt ettt e taseaaaaeanans 139

e =TV N s Lo (o 1 £ 1= I PPN 139
Sequencing for study Of tranSPOSONS .. ..iuiiiiiiii i e 139
Sequencing of whole genome in Charcot-Marie-Tooth disease........cocoeviiiiiiiiiiiiiiiiicees 140
Sequencing in Muscular dYSErOPRY ..o.uei i 140
Sequencing in HUNEINGTON'S diSEASE ... ..vuii i e 140
Sequencing genomes of the newborn to screen for genetic disorders..........ccovvviviviiieienenenene. 141
Study of rare variants in pinpointing disease-Causing gENES ........vvvererereirieininireririenenenenene 142
Whole genome sequencing for diagnosis of genetic disorders........c.cvcvveiiiiiiiiiiiiiieiineneenes 142
Sequencing for HLA typPing...ciciciierarararararararsrsrsssssssssssasasasasasassssssssssssssssssasasasasasasasasasananss 143
Sequencing for study of the human immune system.....c.cicicreriririririir e 143
Sequencing in neurological diSOrders ........ciciiriiiriierire i s 144
Sequencing for mutations associated with autism spectrum disorders...........ccooviiiiiiiinnnens 144
Sequencing in attention-deficit/hyperactivity disorder..........ccooiiiiiiiiiii 144
Sequencing genomes Of MiCrobes ......ccccviiiiiiiiiiiiiiie i s s s s s s s s nnas 145
DNA sequencing for study of bacterial epidemics........oooiuiiiiiiiiii e 145
Human MiCrobiome ProjecCt.......ueie i ettt e e aeeas 147
Pyrosequencing of microbial flora in 1eg UlCers ..o s 148
Sequencing of gut MICrobes iN ObESITY .....iuiieiiii 148
Sequencing for mapping genomic variation in Mycobacterium ulcerans ..............ccovvviieinanens 149
Sequencing for mapping genetic interactions in bacteria ... 149
Sequencing for study of antibiotic resistance in bacteria..........ccoooiiiiiii 149
Sequencing of DNA from single cells of bacteria........cooviiiiiiiii e 150
Sequencing of the Candida GENOMIE .. ... ittt e e e e e ra e e aaeeaaanens 151
Sequencing of human salivary miCrobiOME .. .. .ouiieieii e 151
Sequencing in the management of HIV/AIDS ... enaeaens 152
Sequencing in the management of HBV ... .o e 152



Sequencing in the management of HCV ... i e e 153

Sequencing genome Of Lassa fEVEN VIFUS ... .iuiiiuiiiiiiiiii e e e e e e ae e raanens 154
Surveillance of HIN1 influenza A virus using resequUEeNCiNg @rrays ......cooveveverninininrnsenenenenerenes 154
Population targeted sequencing studies ........ciciciiiiiirininii 154
Sequencing in aging research ....c.ciciciiiiririii s 155
Next generation sequencing and pharmaceutical industry.......cccvcciimiiirirarnra s s e 155
Next generation sequencing and drug design and diSCOVEIY .......cioiiiiiiiiiiiiiiininrrrrraaaes 155
Next generation sequencing and drug Safely ....coviiiiiiii 156
Next generation sequencing for antibacterial therapeutic discovery ........ccooiiiiiiiiiiiiiiiiiiiinnns 156
Applications of human transcriptome array in clinical trials.............oooiii, 156
Role of sequencing in personalized mediCiNe .....c.cicviririririririinrr e 157
Whole genome sequencing and personalized mediCing ..........cocviviiiiiiiiiiiiiii e 158
Role of sequencing in personalized cancer ManagemeNnt .....o.vviriiiiiiiiiiiiii e eeas 158
Standardization of sequencing for personalized MediCiNg ........ccveiiiiiiiiiiiiiii e 159
Future of sequencing and personalized MediCiNe ........oviuiiiiiiiiii s 159
Future prospects of next generation seqUEeNCING ...ccccvvrimrrrmrrrrarrssrarser s rsnsssnsnsnnsnns 160
Devices for next generation SEQUENCING .....iuiit ittt e e e eeeas 161
Clinical applications Of NGS ....uiuiiiiiiiii ettt e et e e e e r e e e neaaanens 161
6. Markets for SEqQUENCErS .....cvcrimverimrerimse s rsnsa s s ssssasansassnsasannasnnnass 162
B0 o T LT ot T o T 162
Methods used for estimation of sequencer markets .......c.cvriiiiiiiiirs s 162
Currently marketed SEQUENCErS ....iciciirrirririririririii s s s s s s nanananananas 162
Academic and research markets for SeqUENCING ...cccicvrreriririreriri e 162
Factors affecting future development of sequencing markets.........cccocvciiiiriririririninn. 163
Future needs and suppPOrt Of r€SEAICH .. ..iu i i 163
Bioinformatics in relation t0 SEQUENCING ....uiuiiiiii i eas 163
Reducing the cost of human genome SEQUENCING ...uvuiuiiiiiitiie e neas 164
US Government-supported research on SEQUENCING ...........ccueeeiesesineiesiaiiieeiaeeeenss 164
Contribution of American Recovery and Reinvestment ACt.........coovviiiiiiiiiiiiiiniiiienens 166
GENOME X Priz€ FOUNAALION ... vttt ettt ettt ettt ettt ettt ettt e aaeaneas 166
Innovations to reduce cost of whole genome SEQUENCING ........c.cuuueeiiiieiiiiiiiiiiiieiaaieasaiannn, 167
Commercial aspects of low cost genome SEQUENCING ........uuuiieisiieiiieiiseiaseiiaieaaseinaieanans 167
Genome sequencing suitable for personalized MediCing ......covviiiiiiiii 167
The global seqUENCING MaArKEL ....uiuiieiii e e e e aes 168
Marketing potential for SEQUENCErS ....ciciirrieririerrrer s s s s s s s s s s ssasssnssnsassnsnnnnsnnn 169
Challenges to developing market for seqUENCErS....ccciiririerirrere s s s s s s s s rnnnns 170
Recommendations ....ciiirisirrisirrrsn s 170
7. Companies Involved in SeqUeNCING .iiccvieiremramsasssasssasssasssasssasssasssannses 172
018 Yo [T oL o o 172
L0 1 =T o Te T o= 1 ' o 281
b2 T S =) = =T 5 o == 1 -
Tables
Table 1-1: Historical landmarks in DNA SEQUENCING ...uuiiiiiiiiiiiieiea et e e e e enaee e 14
Table 1-2: Genetic variations in the human genomME.... ..o 21
Table 2-1: ChIP detection platforms for SEQUENCING ....ovivirieiiiiiiiiiiier e e nees 60
Table 2-2: Companies developing whole genome chips/miCroarrays .......coovoevuiiiiiiiiiiiiiiii e 60
Table 2-3: Systems for single mMolecule SEQUENCING ... .ouiuiriiiiiiiii e e nees 63
Table 2-4: Companies providing DNA sequenCing SOftWare.......cvvviiiiiririreerreee e enenes 75
Table 3-1: Comparison of a generation I and generation II SEQUENCEIS.......vvvuiririeirininireeieienenerenenes 82
Table 3-2: Similarities and differences between second generation seqUeNCers..........ccveviiiiiiiiiiiennanens 83
LI LI R S L @ o Y = 5 N 86
Table 3-4: SWOT Of IBS SEQUENCING .. uuuiueinit ittt ettt et et e e e st e e e r s e e raeeaa e e anaeaaanens 86
Table 3-5: SWOT of NABsys' Hybridization-Assisted Nanopore SequenCing........c..cccevvviiiiiiiniienniernanens 86
Table 3-6: SWOT of 4300 DNA Analysis SYStem Li=Cor ...ouuiiiiiiiiiiii i e e e 86
Table 3-7: SWOT Of GENMOMELIICA ..uiuiuiiiiiiini e e s 86
Table 3-8: SWOT Of POIONAEOL «iuiuiiiiiii e 87
Table 3-9: SWOT Of GS FLEX JUNIOE 1tuiuiuininiiiiitiniaiaiaitets et s s s s s e e 87
Table 3-10: SWOT of Oxford Nanopore Technologies' nanopore DNA sequenCing ........cccoeevvveiniennanens 87
Table 3-11: SWOT of Ion Torrent™ Personal Genome Machine .......cocvviiiiiiiiiiiiiiii e 87
Table 3-12: SWOT of Pacific BioSciences' single-molecule real-time sequencing..........c.ccccvvvieiiienninens 88
Table 4-1: Number of genes in organisms with fully sequenced genomes.........c.coceiiiiiiiiiiiiiiinenens 90
Table 4-2: Approved medical SEQUENCING PrOJECES ...uuuuuini ittt e e e e e eraseaaeeaaanens 112
Table 4-3: Academic centers conducting research on DNA SEQUENCING ......cvuiiiiiiiieiiiniiiiiiiieieieraeaens 115
Table 4-4: Distribution of scientific manpower for SEqUENCING........ccvuiiiiiiiiiiiii s 117



Table 5-1:
Table 6-1:
Table 6-2:
Table 6-3:
Table 6-4:
Table 6-5:
Table 7-1:
Table 7-2:
Table 7-3:
Table 7-4:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:
Figure 2-7:
Figure 2-8:
Figure 5-1:
Figure 6-1:

Companies involved in application of sequencing in molecular diagnostics .............c.coevenen 120

Marketed next generation SEQUENCEIS ......iui ittt e e e e e aeaeanes 162
De novo sequencing vs resequencing Markets .....ccouiiiiiiiiiiiiiiiiii e 163
Global markets for sequencing services according to geographical regions...............c.c.c.e. 168
Global markets for sequencing services according to applications ..........ccvvviiiiiiiinnninensn 168
Global markets for sequencers from 2011 t0 2021 .. .ciiiiiiiiiiiiiiiirir e 170
Companies developing sequencing technologies and instruments ........c.cocoviiiiiiiiiiiennnnnn 172
Companies that provide SEQUENCING SEIVICES ....iuiuiuiiiniiiiirirrrrr e 173
Companies that provide bioinformatics support for sequencing..........cooooviviiiiiiiiiiiinnenene, 174
Selected collaborations for DNA SEQUENCING .. ..viuiiiiiiiiinirirrir e e 281
Figures

[N VAN =To [ =T o Tol T o [l o] e Lol <=1 31
Comparison of traditional sequencing and next generation sequencing............cccovvveienenene. 38
Watson-Crick Dase Pairing ......cceieiiiie e 39
Genome Sequencer FLX system(ROChE/454) .. ...iuiniiiiiiiiiiie e 44
Workflow of Genome Sequenser FLX SYSteIM ...ttt et e e e eneaaes 45
Sequencing DY lIGation .. ... e 53
Construction of SOLID fragment library using DNA enrichment by ChIP............ccooviiiienene. 59
Single molecule, realtime DNA SEQUENCING «..uiutiiitiiiteeeee et eaeaaes 71
Role of sequencing in the development of personalized medicing .........ccvvviiiiiiiiiinnnnens 157
Global markets for sequencing services according to applications ...........cc.ccocvvviiiiieienenns. 169

-10 -



