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Figure 2. Historical trends in storage prices versus DNA sequencing costs. The blue squares describe the histeric cost of disk prices in
megabytes per US dollar. The long-term trend (blue line, which is a straight line here because the plot is logarithmic) shows exponential growth
in storage per dollar with a doubling time of roughly 1.5 years. The cost of DNA sequencing, expressed in base pairs per dollar, is shown by the
red triangles. It follows an exponential curve (yellow line) with a doubling time slightly slower than disk storage until 2004, when next generation
seguencing (NGS) causes an inflection in the curve to a doubling time of less than 6 months (red line). These curves are not corrected for inflation
or for the fully loaded' cost of sequencing and disk storage, which would include personnel costs, depreciation and overhead.
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JE=0|A Next-generation sequencing data

0|24t 7|=S HIE2Z Next-generation sequencing data A& 7ts# o= A7 =24
74RO €A QICH & FOoA = ZtEFSHA Next-generation sequencing dataE 0|30
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(1) CloudBurst
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CloudBurst= next-generation sequence dataE Q7 X =2 CHE reference

genomesO0| mappingst=0l XXz E|OJq= HE  read-mapping L1 2|FO|CH
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CloudBurst= SNP discovery, genotyping, personal genomics< LCfst AMEst

At2E £ ULt CloudBurst= RMAPO|2}= short read mapping programs 7|HIOZ
0= O MLt 2 short readE= reference genomeOf mappingst= %12 AHS| A|7HO|

ool 28 £ Q=0 CloudBurst= MapReduce programming paradigm®| open source
implementation?! Hadoop& 7|8t Z Ct4=9| computing nodesOf|A] HE 3|0 AIHSHA
stez M Ol2fst Z2XMTEEZ SiZASHRCt CloudBurste| A& A[Zt2 mappingd{OF St=
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(2) Crossbow

Crossbow= whole genome resequencing0f LC{st 2M 2 3t AZEQ|0| pipelineO|LCt.
Crossbow= = 7| Bowtie?} SoapSNP &= &2 ™50 whole genome resequencing

M
~
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+2SICE Bowties OfR 210 HZ2| E8M0| 2 short read alignerO|
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SoapSNP+= alignZl sequenced|Ao ECt =6t genotypingE gt
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XFEHOZ cloud computing ZHASIA A AlZ £ Q= EO|CH #X Amazonf]
Elastic MapReduceQjAQ] A S XN &St2 RQUX|2t local Hadoop clusterOff ALt 7H 19|
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%= QO AmazonQ| cloud computing 2HASIOA 4070Q| L E, 320742 ZOE Zt=
EHAHE ALBSIH $852| H[Eo=Z 3A[ZH oto] =YZ ez = ACH ofzfe
122 Crossbowl| ZH YRS E= LIEtLH D RUCH AFEXZL YH2ZM SNPE 445t X}
Sl= genome sequencel| short read=2 £ XMA0 O HEIEZ XSt 0|
Q24O 2 Crossbow tool0f| 2{3™ Crossbow= O| shortread=& cloud computing 24
doM 28 7ttt A2z it AlF{A short readE EE Al7|= AHEYS FATHL
O|gA E=HE sequence=0| CHSHA SOAPsnpE HEH=E HAHA|IZ{ LHE genome
sequence0A{ SNPE ZOtU= XS +AStD O[FHA HOoixl SNPEE %T Zit=

D UAARO| MYt AFEALZE CH22E o 5
' Input Filesystem
AN [N

Cluster

=0

Node 2
Nods &

Map
Align reads with Bowtie

)

Alignments

¥

Sort
Bin alignments into referanca partitions

ST

and sort along fonward reference strand

P
Reduce

[Call SNPs in a partition with SOAPsnp

.snps.tar

The user first uploads readsto a ‘
filesystem visible to the Hadoop
cluster. If the Hadoop cluster is in
EC2, the filesystem might be an S3
bucket. If the Hadoop cluster is
lecal, the filesystem might be an
NFS share. |

A cluster may consist of any
number of nodes. Hadoop
handles the details of routing ‘
dato, distributing ond invoking
programs, providing fault
tolerance, etc.
Map step is short read alignment. I
Many instances of Bowtie run in
parallel across the cluster. Input
tuples are reads and output tuples
are alignments.

Sort step bins alignments
according to primary key (genome
partition} and sorts according to a
secondary key (offset intc
partition). This is handled

Reduce step calls SNPs for each "
reference partition. Many
instances of SOAPsnp run in [
paraliel across the cluster. Input
tuples are sorted alignments for a
partition and output tuples are
_SNP calls.

Results are stored in cluster’s \
filesystem, then automatically
archived and downloaded to the
client machine. SNP calls are
{ provided in SOAPsnp’s format.
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MES(ID, password, AtE2SI10X St= nodel| =XH)STH QESHH Crossbow?|
background process?t cloud computing ZtAS ALES7| Qo 2L PSS CHA

siZ=10 QUL A A= Crossbow OQIE{IO|AE O|23t0] OFF ZHEE ZHH|o| FOj

90| = Amazon EC29| X}
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2 Y3 AF238t= H|2Ot2 X|=238t1 short read alignment?}

SNP calings ®#sts g FEIN #As0] HAIZH 245 2tzg + bt

Crossbow= 0|2} Z0| Cloud computing 2tA4S Z2r83}0 next-generation sequencing
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[LHeNé) http://ec2-184-73-43...cgi-bin/crossbow.pl
+ | http://ec2-184-73-43-172.cor & | (Qr Google

AWSID * <YOUR-AWS-1D> ™

AWS Secret Key * veseve

Pre . lr

AWS Keypair Name | gsg-keypair Look it up
Check credentials...

Job name Crossbow-Ecoli

Job type @® Crossbow

0 Just preprocess reads

Input URL * s3n://<YOUR-BUCKET > /example/e_coli/small.manifest
Check that input URL exists...
Output URL * s3n://<YOUR-BUCKET> /fexample/e_coli/output_small

Check that output URL doesn't exist...

Input type ) Preprocessed reads
@ Manifest file
Truncate length 0 (If blank or 0, truncation is disabled)

(= Skip reads shorter than truncate length

Discard fraction 0
Quality encoding Phred+33 §
Genome/Annotation [ E. coli O157:H7 3

() Specify reference jar URL:

s3n://
Check that reference jar URL exists...
Bowtie options -m1

SOAPsnp options -2-u-n-q
Additi SOAPsnp
options for haploids
Additional SOAPSNP
options for diploids
Ch ploidy o All chr are diploid

@ All are haploid

) All are diploid except:

-r 0.0001

-r 0.00005 -e 0.0001

Options

. Keep cluster running after job finishes/aborts

# EC2 instances 1

Instance type cl.xlarge {recommended) %

Made with the help

of
Jdot o

< >l

(3) Taverna

Tavernae 2001HEE A|ZE= myGrid projecte] gztoz Itz QUIEEL
A AHIO|CE AHXY7HK| 72 =l Bioinformatics workflow system ZO|Al 2 E7F &2 MO
Z£3}H Open source ™MMES 7|HIOZ Sl ULt Tavernas JAVAZ JEHE|{/USH

Taverna Engine({AEZS AH), Taverna Workbench(AE=2L =t S AlH

o
o

2
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7 ZEtO[UE), Taverna Server(@dZd =dS fIet MH 0S2|AH0|H) S2=2

O| RO ™ALt Tavernad Al X Eot= 71y 2 SE=S FYEloi2H offet Lt

Fully featured, extensible and scalable scientific workflow management system
Available as a desktop workbench, server, from a command line or through a portal
Access to local and remote resources and analysis tools, web and grid services;
3500+ services available on startup

Not restricted to predetermined services — rapid incorporation of new services
without coding

Extensible service plug-in architecture for adding new service types

Up-to-date R support (version 2.11.1)

Excel and csv spreadsheet support

Secure access to resources on the Web

Packaging of services to allow for customization and sharing of service sets (e.g.
“Taverna for chemists”)

Standards-compliant provenance collection

Graphical workflow designer — drag and drop workflow components

Workflow validation during design time and intermediate values during workflow
runs for debugging workflows

Cross platform (written in Java), open source, LGPL licensed

et &2 7|2™ol EZF 0|20 TavernaOjA{= BioCatalogue?} myExperiment2}
Ze Z2MES & YD ol TRHMES 7t ASZ 9P pluginsSS B
HSotd =2 BE 248 Qg OYst MHASo =2X0 dMEZ2 H35tH
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3.NGs AT E Flet ATEEe 7MY

2 M0|ME= Next-generation sequencingOjA] A=l datase| EXAF 0| 7|HICZ

o MESHESN BN WHSZ %] 8 IT T BHO 0 27| o)
Mgt

(1) Next-generation Sequence datal| &%
Next-generation sequencingd A ML= datas 7|22 Z short read=0| LYt

MY [O|O|E{O|Ct. Next-generation sequencing 7|2 7|2XOZ sequencingst 1At

b

ot= ME2 MERFH =8 W ol SFeh 20| B2l MES YAX= X2

Ao|X0|7| 20| MZE CHEA T ZA HHE MES = short reads 7H0| &K=
2252 0[8dl9 TXN sequenceE YOILHA EICh O[2{gt short read2?| ZO|&=
A2 E|= sequencing 7|=0f 2} CH2CH CHEXMQI NGS 7|=9| short read?| ZO|&=

otz et ZCt.

lllumina/Geno
454 GS FLX Helicos/HeliSc | Complete
me Analyzer, AB/SOLID 4
Titanium ope Genomics
HiSeq2000
Read Length 400-600 bp 100bp 50bp 25-55 bp 35bp

7128 o=2 O0|2{zt short read data= 7|=02| FASTA HEJO| IEHO| O FASTQ
QEie| =S [MEC) FASTQ 20| EQot O|f= sequence?| 2t f{X|0f Cfgt
quality scoreE LtEtL] & =+ QU7 MF0|Ct utHE o= NGS 7|&0| 7|E2| shotgun
sequencing2Ct X 2&HstD W2 7|=0|7|= 3}X|8t sequencing ZADt XIA|Of| error

2t ME0| shotgun sequencing=2LCt O &Ct 7| IIE0 short readE 0|8310 F=
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=4S ?IGHAM 2 basel| qualityE /M M3Eot0] M2=E O =€

4
20
~
of
N
20
_l'_l_

FASTQ ¥Alo| mtQl mBHO| o= Ofz{et ZLCt.

@HWI-EAS209_0006_FC706VJ:5:58:5894:21141#ATCACG/1
TTAATTGGTAAATAAATCTCCTAATAGCTTAGATNTTACCTTNNNNNNNNNNTAGTTTCTT
GAGATTTGTTGGGGGAGACATTTTTGTGATTGCCTTGAT
+HWI-EAS209_0006_FC706VJ:5:58:5894:21141#ATCACG/1

efcfffffcfeefffcffffffddf feed]']_Ba_*__[YBBBBBBBBBBRTT\]|[Jdddd'ddd*"dddadd*"BBEBBBBBB

BBBBBBBBBBBBBBBB

?o oo EH @22 ARk A HRM =2 HXf sequenced CHSH identifier

Jfot
rlo

0|2 ZLEE LIEIHE Aol & B Z1t M YR =& AN sequenceE
LIEFLHCE +2 A|ZtE|= N YR SEHE OHX|2 =KX= sequencel| Zt base0|

S Edt= quality scoreE =X}, 7|3, Lnisioz LIEHH Z{0|Ct O S0f Phred quality

score Q! a2 0~4077}X| 2 % ZA
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