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Improved analytical software

Lower cost per base

Longer read lengths

Greater reproducibility

Less input material required

Reduced platform cost

Higher guality/more reference sequences
Increased number of readsisample

Library preparationfamplification withouwt biases
Better options for data storage

Enhanced reliability

Maore options for protocols and kits for sample
preparation

Sheorter run imes

Single cell sequencing

Decreased data file size/reduced
data storage costs

ther
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ZX: The Globa Outlook for Next Generation Sequencing: Usage, Platform Drivers & Workflow,
Bioinformatics, LLC, 2011
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87141 Jhde] Hadk HEdd

(i) PacBio RS Il (ii)  lMumina Synthetic Long-Reads (Maleculo) (iii) Oxford Nanopare MAP
Mean: 8444 & Mean: 4811 g _
Median: 7625 & _ Median: 3396 8 pnoans 6378
Min: 502 < M\n. IE00 Min: 501
2 Max: 28647 ax: o ;3
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P5-C3 chemistry (10/2013) Long Read Early Access Service (07/2013) Oxford Nanopore MAP R7 Dataset (09/2014)

[17 4] Long read A% &H|o Zo| 2%

Z X : Curr. Opin. Microbiol. 2015, 23:110



O Short read 159 NGS7} tlFsslHA ATV 22 2 59 vAE F3
A =0l AYUAA 4tE= ZA7E AR, long read 71'Hol A3 A

g84go] w9 =2 nearly finished genome FX A4kl M= 7|37} 4|

o] o
=1
[E 3] Long read assemblyE {3F M€ ZXH Z=2=-9| o
oI k) Z| & coverage
- . zk2 oI5t p Mol =& )
Ascsilr:;:er OLC(Overlap-Layout Conse;s;s)le; 2k ol5h A &0 xE PacBio 20x
EcTools Pre-assembled H|O|E{& Ar-g-oroq g_ﬁ_ A E| Celera PacBio 20x
Assembler2 = Illumina 50x
PacBio 50x &=
PBcR Hybrid assemblyE {3F 2| 29| A& X & PacBio 20x
Illumina 50x
PacBio HIO|E{ThE At&St= ASH ZH Y. Long read?] 1w _

HoAP 30j= Celera Assembler® r-g-ézr PacBio 50x
Allpaths-LG 2l B2 overlapping Illumina read?t mate-pair readS A-235t7| PacBio 10x
IF YHOIH 2L long readE A|St= HOZ YAH Tllumina 50x

. . - . PacBio 10x

2 = O|sH JHEFE|

SPAdes A2l single cell genomicsE sl 7HLE de Bruijn assembler. i 50¢

PBJell £ assembler2 Ft=0{2l scaffoldE long read2 HZASH= gap PacBio 5x
Y filler Illumina 50x

AHA Long readE O| &3t scaffolding Z21849| Y%, BambusE PacBio 5x
g8e Illumina 50x

ZX{: Curr. Opin. Microbiol. 2015, 23:110.
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O Anlg st=sojolA & vlolEE AHelstr] fla MEd vxEAe ZH Y=
& o}3tA] Shg(Apache Hadoop)o] @8] AH&HIL Sl

- 32 HDFS #4F 3 Al 283} MapReduce® 73

29 A% 2EUAE s e 2E G249 AL AFEY B0 vk
MEYD 2787 ¥4 91, HolHe $8 A4 Ed 54 A4 wso]
N7} HATAE AEHo R BT

O o]

1] Amazon EC22] AMI(Amazon Machine Image)l} Amazon Elastic MapReduce
£ BolA tedt 22 AYAE £4 28 d8o] Jhsd
- Galaxy: NGS, SNP, GWAS 2] £40] 7I'5d § 7|ie] 9 aE29 AZES 0]
- Crossbow: Bowtie BE E7-9} SoapSNP WHo| &4 T35 Hadoop 7|RFo= A
83tA & = whole-genome resequencing 41§ 3fo| Z )<l
- CloudBurst: MapReduce 7|5t A d BE AZEJ o
- Amazon Elastic Compute Cloud(Amazon EC2)& A¥ 9] ALFS AF-AAZ uf

Tol7he 4% & Yt Amazon 9 MM F S}l

Web interface 53 {bucket) EC12 {instances)
= Simple storage service fRut ca
= Free data transfer S

to and from EC2 T

armne = Cloud computational cluster
= Large-scale computing
h

* Hasts a Hadoop framework
for processing big data

VApplications | —3
i < o

1 FEetting | | [set up buckets ] Upload data and
m“ — : Create accounts i—i- onsi |—b- s 10 53 e
L)
e ~ - 1 - - ;
. [ specify input data. apps . ['Write mapper and ‘ Specify the number ] .

| 2nd sutput location | | reducer scripts and size of instances

Your laptop as your
interface into the cloud

e [ 1 [ Monitar job Retrieve maults
il _;.l Submit jobi flow to EC2 |~ [Bokanns from 53 s

[1H 5] AmazonQ| HIO|2ZEtRE AMH|A

O FHAAE 32 3714 FAATAEALES Tt MBS G4 Bobo) A7
Aol FAHYoH, TZAEAS FRAGAALIY(14~21), & 53 A2e =
ool 7|5E BT Ye



2004 40 WEESlolA &g A thEF A4h Mannheimia succiniciproducens
o] FHA = =Z°] Nature Biotechnology%ﬂ] =38 Ao F4E % A=
S EOoFE "ESIA Il FEI FAA AT AEAHAEAE H2Y

2005 30l= olerE AP Zymomonas mobilis BEA S\ FA T Hahella

chguensis, W3 AvLEH UIH Xanthomonas oryzae®l F+3A 5477 =&

52 B3l 8 MR AU Hush fAA 5 L LY I AA FE 7
AL Hustgs

ool = AT FAA ANE7ed] olF @R, 7HF @ AEe] fHA H5A
o} A& oR MEHT YL
Qe B AR BA AR} ofd 4E AFSI} bR w

A ATNE AFAM v = okt AASHE BT
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O AEAd AHE zE A JEo A AHS 249 7d<s THe=E &4
T=o A AAY S ZFeaL, AR AL Ao Fdof sty EddE
sACR T mAdE FAA s 2 28 AU A&5HE

O MAE #4844 AR F4L5 A% A4 dudF Y, §& vl8o] &85
2 "HolgHolx 75 B £4 AzES M 2 AX=e Zedel nls) of
g HolH, o] 45 97 M4t =zet= ool HIsj A BTt HA e

ghare] e AA HIRD visel vl 57.7%0 W rleAats 4280

2 37k, 53 784 249 d4ZHd DNA d71A4 <2 £417](Sequencer) 2]

749 "= Mluminajil 5 Y4kl AH o2 o&sa &

Hlo] e Fol= I HEE DNARES o] &3

FRA 7les ol&st Thefe dxAlol Bd AFALES —?33’5‘}921: DNA %

OAY PCR, AN A7 EA AHlsS ol &st Tfd a8 ds vxq;él

g B JEE NI, o T FAARE AASS FEATE A EYd E
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O 201097bA] A AAIF o= F2 A3} Aol tisl] 1,000 & o]’de] FxA71 )

Ex9lon dAA M3 F< T2AEL 5000 o Fo o= Aioﬂ% NGS 71%9]
oz FE A AR/ UL O /2 &5 Zolx UL Ao oid

S T A8A fFE HdYEH {314 o

nateg AT AHAY FHA SRS A4 YEAE

N
S 3k A Aol AA A BA

O
o2 N
ox i
tlo 1o

= s 1 Aol Bada, olF 3 v= JGI
o =9 DSMZ7F st A= /A WAAH(GEBA,  Genomic
Encyclopaedia of Bacteria and Archaea) ZEZAHEE FZ3ta glom (F&=/A4
A 5000% 5%&; gLzl AAA A 2009.12 Natureitoll &E), 34 2F 14
A Y(GSC, Genomic Standards Consortium)ol A= 20100l <&z e LAY
= T FAAE 4%t RE/RHAAE st Z2AEQ] ‘AT F<l 1A
& T2 A E(MEP, Microbial Earth Project) & A<

O =3 A4 =3ollA A MSHA F= g vAd=e e FHAARE &
13tz fslAE ‘WERA =9 2 (metagenomics)’ 7]&9] &go] FQIH TR
S8 AEfA oA FH3FE W EFA| 5 (metagenome) ol tHEF i A|EA] ZEAHEV}
o 18 F<

O 1A A% w2 QAA vAEA ZZAHEMHMP, Human Microbiome Project;
EFERFAA 1,0008 H3E), BEUE MetaHIT (1A PAEA 2434 71220
z7] 43} 2010.5 Sciencestoll i), I8l A MAHOZE =A| A P EA
A4 (HMC, International Human Microbiome Consortium)©] #3174 213
Zola, B HAf-od%E TerraGenome & =A HAALAHo] FHI Y. 3+

A, Y] A9 JCVI FEZ v FH S Sargasso Sea HIGHES o= 3t
S Z2AE (20044 Scienceifol T3E)7E 3 H o] % A AMA nittel A s AU H
AE Ak WHiE Fdo] Hat 13y F

O W= Broad Institute: A4 #3°], A=, &= HAAY &+
sequence ¥E3I oM FU FFo] £ T Fo FAA AL £4& SA

[e13
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o

O Genome Institute of Singapore®| 7-¢ A 9 vl 714 28 gt Ad+5

HEstaA AFHA FA7L ol FoIA T g

O WEeE-fAA e A+ 53F
O NIH+= HMP 194 A+ A3} @z A QIZte] Fo 19Fo] |
St o] A ES FHA AFE Fdhe] AA nAyE FAAA =



O AAMAEY FAA FE AT fAAL 3600 o] BTk AL WHOM A 2

°of FRAAZ Altstar, Aol Aasts vl wet JHQdvin A 540

A7 o] THEE vAE dste AFE JAFsH, 53 YAl ES4tel] dgFS
A= A7) PAE, inflammatory bowel disease % 2% Tx®ol| g

olx AT EAT 2 o]l¢} #HH multi-omics ATE FHFHOE FRS
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O o] dA+& Fxst A 71352 VCU Medical Center, GAPPS (Y413} E4h,
Mass. General Hospital, Broad Institute, Washington Univ., UCLA, Emory Univ.

S (IBD), Jackson Lab., Stanford Univ. (3x) 522 T4 ¥

O F AT &S F3Y& 939 metagenome, metatranscriptome, metabolome,
interactome, lipidomes, whole virome 52| multi-omics &4 7|&€5 E33t ©
A x EErlE, GYHME genome % RNA sequencing, DNA methylation
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A
oA MA
EEEL 54 24| e | #EE=E
1 -
Ma/'m.he/m/a R Nat Biotechnol
succiniciproducens SAMAE A KAIST/A| L Bl /AHTH X AEQ16827 (2004.10)
MBEL 55F '
Zymomonas mobilis OF T AN AL o 2 /A Nat Biotechnol
subsp. mobilis ZM4 ==oLE A=A AED08692 (2005.1)
Xanthomonas oryzae pv. sj0Inb2 e warey /o 20 Nucleic Acids Res
oryzae KACC10331 HEUOrEE 2 SaE/0t 3= AED13598 (2005.1)
Hahella chejuensis KCTC |, - =y orp)an .z A H Nucleic Acids Res
z o /22|
23% o Z 5 o] | o= o o |_/—| [ CP000155 (2005.12)
Orientia (Rickettsia) - Proc Natl Acad Sci
ARRIIEANEHAF M=2CH/A| L El
tsutsugamushi Boryong A T2/ = AMAFAATS USA (2006.5)
Leuconostoc citreum | 5210y g oAbz R DQ489736-40 | J Bacteriol (2008.4)
KM20
Neisseria gonorrhoeae o1z 20k PhE) ) L El _ .
NCCP11945 AT R 25/ = CP001050-1 | J Bacteriol (2008.9)
Thermomciv‘j]"”””’”e“s ME|EEF | SHri/OfTEA/7|2% | CPO00SSS | J Bacteriol (2008.11)
Bifidobacterium animalis | .
I ZHIO|QElH AHH O /H
subsp, lactis ADOTT ZH[O| Bl H W /H| I = CP001213 J Bacteriol (2009.1)
Thermotoga neapolitana A A AHAFM| AE A TE | L El Biosci Biotechnol
DSM 4359 FAYLNT KAST/ABLZE/AHE | CPO00YT6 | poo b o)
Rh"d"bacjfg 7;’;”"”9” o1des | msmaE | AMw=E/0|7|91/MZT | CPOO1150-3 | J Bacteriol (2009.2)

Burkholderia glumae BGR]| HYOEE A+ AME0/22dRIH[0| Ell CP001503-8 | J Bacteriol (2009.6)

Escherichia coli BL21(DE3)| THHZIEi5{ &= YA CP001509 | J Mol Biol (2009.12)

Escherichia coli RELS0S | HdZIstR A+ | A4HH/Genoscope/MSU CP000819 | J Mol Biol (2009.12)

Candidatus
Puniceispirillum marinum | Z1R| sl M|+ QISHCY /o A CP001751 J Bacteriol (2010.6)

IMCC1322

Leuconostoc kimchii - MZ0i/0ro| 2 2H| 0t/ .
71| O AL
IMSNUT1754 12| QAL sto CP001753 J Bacteriol (2010.7)
Acinetobacter sp. DR1 O] X 251 o+ 20/ 32A CP002080 J Bacteriol (2010.9)
Halalkalicoccus jeotgali B3| HSAIZO|ME A0/ AMEHA CP002062 J Bacteriol (2010.9)
Faenib ac’gg;p ohmpa | usogMF | AHO/ALE/AAT | CPO00ISA | J Bacteriol (2010.11)
Eubacterium Imosum [ o\ \sterpo| g | D CY/2ZL7| CPO02273 | J Bacteriol (2011.1)
KIST612
_ 7+
Erwinia sp. Eip617 ez | O VNCEMNOrOeN | cpongis | ) Bacteriol (20111
EX: A ML S5 ¥ FuUAN =2 ¢€xF



O Je s FAA 742 TF

O

1996 d A E=ZA 7HF ®WA FHA ALE EAol 945" HAF &
Saccharomyces cerevisiae (Goffeau et al, 1996) A3t AFF 2

° 2 F83 A non-Saccharomyces TFES FAA &4 A7V EASHA
FEo] %=

- EHoRE QA 713 ZAEA8 FBol CGandida & I Cryptococcus neoformans, -
4 B R Schizosaccharomyces pombe V&3 &R Pichia pastorisd]l ¥ 3F
tlolelHlo] 27} 550 Jlom, A A7IAYE AR FH F Hw 74, 19
L o] F Z|Hto 2 Sty AR, @A, thAA To LY~ B4 A &
StAl =3l 5(Engel et al, 2013, Janbon ef al, 2014, Sazer, 2006, Liang et
al, 2012, Breunig et al, 2014)

CGD; http://www.candidagenome.org/

Broad Institute; http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/

PomBase; http://www.pombase.org/
Pichia pastoris Genome Browser; http://www.pichiagenome.org/)

O 714 dx3 0]1 A A= vlo]EjH|o] 22l the Saccharomyces cerevisiae Genome
A
H

Database+= % FAAMEH AP #5, 22l oA EEEH dFES

ol-Z= OY3et AJEQ S cerevisiae FAA AEF B #3 FAAA AR
E A F3 (Engel et al, 2013)
¥ SGD; http://www.yeastgenome.org/
[ 5] HEXQ 2 29F ZEO|S |FHA ME HO|E{Ho] £
Species Genome Database URL
Saccharemyces cerevisiae Saccharomyces Genome Database (SGD)  http://www.yeastgenome.org/
Candida spp. Candida Genome Database (CGD) http://www.candidagenome.org/
Cryptococcus neoformans Broad Institute http://www.broadinstitute.org/annotati
on/genome/cryptococcus_neoformans/
Schizosaccharomyces pombe  PomBase http://www.pombase.org/
Pichia pastoris Pichia pastoris Genome Browser http://www.pichiagenome.org/
O 53] Htzd F f(hemiascomycetous yeast) 18 F o tigt ¥lu FHA £4 AT
ol

st =49 AHE A FSt= The Génolevures online database:= 44 A&
A Q4T ol olF ER FFE9 A FAddAe #I HHE
Al-&3 (Martin et al, 2011)



% The Génolevures online database; http://www.genolevures.org

O HZoE S cerevisiae S288c TFE FHZFAAR 3to] oy 4] ) AR nlol A
2 AsY 22 dF5e] F3A4 4 2 F31A vl £40] s H st
oz ol #33e FEHE Aole Ty elementsd T X JHEﬂ
sinlge-nucleotide polymorphisms (SNPs), 548 55 AUl &= @iz e
b E2A B AR AR FxA o] Wl ZRIgE Al 9}%(Bomeman et
al, 2008). S. cerevisiae &= XA AL FA 0 T3 FTAZAA AHE SGDoNA
AFsta o, F=e Sanger institutedA] FTP3IL U&= Saccharomyces
Genome Reseqeuncing Project& §8ll @AW= 5. cerevisiae 37 &5 S. paradoxus 27

Fol thah e FA vl &4 ZR7F FHRE U=

25% 54 g4 GAR f47 oS

A @ Saccharomyces
GENOME DATABASE
Graghical View of Protein Coding Genss (as of May 24, 2014]

VAL Fon s

= D8ORS 1 o e 3
Saccharomyces cermisioe SIB8C Genome: 0 37 kbo 35t chil 5 123,000 - 160,000 Abol2l YDl

G TE ST e e e
VAGOAIIE

rervasten

VIOO AP0 5YE

LS Genomic environment map

Z Pratain fanllies

[ 71 Saccharomyces Zﬂﬂ C|O|E{H|O| & SGD (A)2b BIZIE #F&(hemiascomycetous
yeast)Q] Q7| C|O|E{H|O| A Génolevures (B)

O 2000thol] RS F8 AV XA/ 5 Aspegillus nidulans, Neurospora crassa ‘&
o] el o] §7A = (Galagan ef al, 2003, 2005) 977} s SaE )



AAERoH, Ho] BAAR] Ho] L AR R HpojedehE HAS T FHOE

O B O¢e 7S o= 84 £4 A7 351 A+

- 7P dEAQD dEA, v A F(DOE, Department of Energy)w ol ]}
HoFE 93 U volem~ 385 HEE Joint Genome Institute(JGI)

Asidla, 7HE A2 AZo] §¥" =%l #8A AL MycoCosm

(http:/ /jgi.doe.gov/fungi)= T3t “Fungal Genomics Program”-& A|2+%}

(Grigoriev et al, 2012)

Number of protein coding genes in:
Specles Assembly  Genome sizo(Mb) [EUCRE (L e feons oy
Candida glabrata Complete 12.3 5210 4869 4850 152 120
Debaryomyces hansenii var. hansenii Complete 122 6286 5213 1155 184 344
Kluyveromyces lactis var. lactis Complete 10.6 5088 4810 4844 150 96
Kluyveromyces thermotolerans Complete 10.4 5105 4898 4937 117
Saccharomyces kluyveri Complete 11.3 5308 5048 5177 133
Yarrowia flipclytica Complete 20.5 6456 5036 699 162 148
Zygosaccharomyces rouxii Complete 9.8 4999 4802 4884 112
Candida tropicalis Partial 15.0 1130 18.1%
Kluyveromyces marxianus Partial 14.0 1546 49.8%
.chhf'a angusta Partial 9.0 2502 18.9%
‘Pichia sorbitophila Partial 13.9 1593 59.2%
Saccharomyces bayanus var. uvarum Partial 11.5 2887 97.9%
.Saccharomyces exiguus Partial 18.0 1600 70.7%
Saccharomyces servazzii Partial 123 1535 70.2%
Saccharomyces cerevisiae Complete 121 5769 5381 54350 172 187
‘Eremothecium (Ashbya) gossypii Complete 87 4718 4474 4584 146 79
Pichia stipitis Complete 15.4 5816
Schizosaccharomyces pombe Complete 141 5004 152

[1& 8] Génolevures Cf|O|E{H|O| A0 M O|& Zfa?t HFAf
T 5E(hemiascomycetous yeasts)?| Q4% HE (Sherman ef a/, 2009)

O o=, A7 odll AAbEet bafst 7/ 3 &, A2 5 ¢aE AFddA F
83 ALE st e BARSC W /A &4 A= FHIA FdHE FAHL
2 AP0 g=d, WFet e HRI FF BE x4 st aRY VT
FAA 2A, AAA 4, @ EA BHe Foll, FF T& AAHo] AFAHA I
FE PA= FAHJ] FRAAEE A, 88 AEe kAl g Aol
gt ARE AT (Novo et al, 2013, Varela et al, 2005, Blein-Nicolas et al,
2013)

O I Wi, 53 dEAAE dF I8 A FdA 23, I8 9 Fvjd AA <
AEE FIeta e AMFE Tl dE AFEc] R —’F B = F
ToM= T e TR el o|&%H 2 Rhizopus chinensis® A A4 &



A A7 X1 FolM(Wang et al, 2013), 53] &A= F7F A=z F&F
2 el A ayzae 770l st LA EQF GEls, G A s sol dHE /A

Zpoll tigt FAATFAR] AFE T3 e (Hata e al, 1991, Maeda et al, 2004,
Machida et al, 2005, Machida et al, 2008)

- A, @39 wge, QB 2F Az Sol A8HE Aspergillus 40 TFE F4
B rEFgole] fAA GIHNES B ol ERIA NF 43

FolAlole] FEFFo] Ao 2 o] vlEdH(Hong et al, 2014)

Exploration of fungal diversity

Pucciniomycotina
Ustilaginamycotina
Agancomycoting
Pazizomycates
Orbilssmycetes
Eurotiomycatas
Dothideomycetes
Lecanoromycetes

Lectiomycetes

Fungal Genomics Resource

Sordarnscmycetes
Xylonomycetes

Taphrenomyooting
Glamearcmyoota

Mucoroemycotinag
Zoopagomycaotina

Entomoghtharomey
= Kickrefomycotina
Blastocladiomycoty
Chytridiomycota
Meocallim
Microsporidia
Cryptomycota

-

Comparative genomics
Identification of metabolic pathways
Analysis of evolutionary relationship

Application of production of useful materials

Saecharomyeotina) 51

Saccharoovycoting

Q Search

TE BLasy

33 Chusters

), Mominsts

Ascosdea rubescens HRFL ¥ 17659 vi 0
Ashbya gossyps ATCC 10895

Babperwnela mostowcda HRFL ¥-12658 v1.0
Candida aratinctemnentars NRRL YE-2248 w1 0
Candikla casemoiics T-17796 w10

Candida banzawasnss MRAL v-17324 1.0
Candida benuis NRFL Y- 1488 w10
Cyberlindnera jading NRRL V- 1542 v1.0
Dedaryoemyces nansamni

Diebkors Brucollensis CES 2498 v2 0
Hanzeniaspora valtrpensis AL ¥- 1826 w1 1
Hansenula potymorpha HEYE 485 lest 1 v2 0
Hyphopichia burtond HRRL V- 16338 v1.0
Fhuyseramyces lactis

Lipormyces starkeys NARL ¥ 11557 v1.0
Hetscheskovss Dncuspedata FNRAL VB-4393 v1 0
Madsonia fulvescens var clongats DSM 6955 w1 0
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TOTAL GLOBAL MOLECULAR DIAGNOSTICS MARKET, 2010-2018
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Genomic Science Program Goal and Objectives

System-Wide Predictive

QENOIME Sequents Biological Investigations Understanding

P28 i

Goal: Achieve a predictive, system-level under- e Objective 2: Develop the experimental
standing of plants, microbes, and biological capabilities and enabling technologies
communities, via integration of fundamental needed to achieve a genome-based, dynamic
science and technology development, to enable system-level understanding of organism and
biological solutions to DOE mission challenges community function,

in energy, environment, and climate.

Objective 3: Develop the knowledgebase,

* Objective 1: Determine the genomic proper- computational infrastructure, and modeling
ties, molecular and regulatory mechanisms, capabilities to advance the understanding,
and resulting functional potential of microbes, prediction, and manipulation of complex
plants, and biclogical communities central to biological systems.

DOE missions.
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2| v}l 2] =-(Corynebacterium sp), B} ] 2~ (Bacillus), & E.(Saccharomyces cerevisiae)
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reaction rules R and screening
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