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Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology

http://www.illumina.com/pages.ilmn?ID=203
http://www.illumina.com/


© Doug Brutlag 2014

Illumina Solexa Sequencing Technology
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Life Sciences 454 Process Overview

4) Perform Sequencing by synthesis
on the 454 Instrument

1) Prepare Adapter Ligated ssDNA Library

2) Clonal Amplif ication 
on 28 µ beads

3) Load beads and enzymes 
in PicoTiter Plate™

http://www.my454.com/
http://www.my454.com/
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Pacifc Biosciences SMRT Sequencing

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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New PacBio Sequencing Technology Video
http://www.pacifcbiosciences.com/products/smrt-technology/

http://www.pacificbiosciences.com/products/smrt-technology/
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Pacifc Biosciences SMRT Sequencing

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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Phospholinked Fluorophores�

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/


© Doug Brutlag 2014

Processive Synthesis

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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Synthesis of Long Duplex DNA

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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Highly Parallel Optics System

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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Circular Templates Gives Redundant
Sequencing and Accuracy

http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/smrt-biology/overview
http://www.pacificbiosciences.com/
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Circular Templates Gives Redundant
Sequencing and Accuracy

http://www.pacificbiosciences.com/
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Ion Torrent Sequencing�

http://www.iontorrent.com/
http://www.iontorrent.com/
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The Human Genome
How fast is the cost going down?

• 2006: $ 50 million
• 2008: $500,000
• 2009: $50,000
• 2010: $20,000
• 2011:  $5,000
• 2012:  $4,000
• 2013:  $3,000
• 2014 $1,700

Thanks to Seraf im Batzoglou
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http://www.genome.gov/sequencingcosts/
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Components of a Typical Human Gene

GeneGene

IntronIntron IntronIntronExonExon ExonExon ExonExonPromoterPromoter TerminatorTerminatorTFBS
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Active Genes are Transcribed into RNA

PrimaryPrimary
TranscriptTranscript

GeneGene

IntronIntron IntronIntronExonExon ExonExon ExonExonPromoterPromoter TerminatorTerminator
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TranscriptTranscript

mRNAmRNA

GeneGene

IntronIntron IntronIntronExonExon ExonExon ExonExonPromoterPromoter TerminatorTerminator

55’’ 33’’

SplicingSplicing

Splicing Transcript Yields Mature mRNA
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Mature mRNA contains Coding Region
and 5’ and 3’ Untranslated Regions

TranscriptTranscript

mRNAmRNA

GeneGene

IntronIntron IntronIntronExonExon ExonExon ExonExonPromoterPromoter TerminatorTerminator

55’’ 33’’

SplicingSplicing

Coding RegionCoding Region55’’UTRUTR 33’’UTRUTR

55’’UTRUTR 33’’UTRUTR
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Mature mRNA contains
7-Methyl-Guanosine 5’ Cap and 3’ Poly A Tail

TranscriptTranscript

mRNAmRNA

GeneGene

IntronIntron IntronIntronExonExon ExonExon ExonExonPromoterPromoter TerminatorTerminator

SplicingSplicing

Coding RegionCoding Region55’’UTRUTR 33’’UTRUTR

55’’UTRUTR 33’’UTRUTR

7-Me-G-Cap7-Me-G-Cap 3’ Poly A Tail3’ Poly A Tail
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ESTs, Full Length cDNA
UniGene & RefSeq Databases

Transcript

mRNA

Gene

Intron IntronExon Exon ExonPromoter Terminator

5’ 3’

3’ ESTs5’ ESTs

Full Length cDNA

Splicing

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene
http://www.ncbi.nlm.nih.gov/RefSeq/
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ESTs, Full Length cDNA
UniGene & RefSeq Databases

Transcript

mRNA

Gene

Intron IntronExon Exon ExonPromoter Terminator

5’ 3’

3’ ESTs5’ ESTs

Full Length cDNA

Splicing

Proteins

5’  UTR

5’  UTR 3’  UTR

3’  UTR

Protein

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene
http://www.ncbi.nlm.nih.gov/RefSeq/
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GENSCAN Gene Model
http://genes.mit.edu/GENSCAN.html

Hidden Markov 
models of gene 

structure

http://genes.mit.edu/GENSCAN.html
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 PromotersE Additional Data

Genomic DNAAssembled
contigs

A Mapping  dbSTS dbSNP

Mouse
ESTs

Human
ESTs

C Expression Data

Entrez Gene
Mouse

RefSeq
Mouse

UniGene
Human

RefSeq
Human Ensembl

cDNA

Genome Databases

nrPROD Protein Similarity pFAM Motifs

GrailEXPB Gene Prediction GenScan FGENESH FGENESH+ GeneMark

F Summary Entrez Gene UCSC Browser Ensembl

http://rulai.cshl.edu/cgi-bin/TRED/tred.cgi?process=home
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists
http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucest
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucest
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucest
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucest
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ensembl.org/
http://www.ensembl.org/
http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi
http://www.ncbi.nlm.nih.gov/sites/entrez?db=Protein&itool=toolbar
http://pfam.sanger.ac.uk/
http://compbio.ornl.gov/grailexp/
http://genes.mit.edu/GENSCAN.html
http://mendel.cs.rhul.ac.uk/mendel.php?topic=fgen-file
http://www.bio.net/bionet/mm/bionews/1999-August/004901.html
http://exon.biology.gatech.edu/
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
http://genome.ucsc.edu/cgi-bin/hgGateway
http://uswest.ensembl.org/Homo_sapiens/Info/Index
http://www.ncbi.nlm.nih.gov/Class/NAWBIS/Modules/Variation/var38.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unists
http://www.ncbi.nlm.nih.gov/Class/NAWBIS/Modules/Variation/var38.html
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Entrez Gene Loci
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene

NR-Pro

Genscan

GrailEXP

FGENESH

Entrez Gene

UniGene

ESTs

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=protein
http://genes.mit.edu/GENSCAN.html
http://compbio.ornl.gov/grailexp/
http://www.bio.net/bionet/mm/bionews/1999-August/004901.html
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucest
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Alternative Splicing Generates
Distinct Proteins in Different Tissues

Transcript

mRNA-1

Gene

Intron IntronExon Exon ExonPromoter Terminator

5’ 3’

Transcript

mRNA-2
5’ 3’

Alternate Splicing

Splicing
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NCBI Genomes
http://www.ncbi.nlm.nih.gov/genome

http://www.ncbi.nlm.nih.gov/genome
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/genome
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Eukaryote Genome s
http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi

http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi
http://www.ncbi.nlm.nih.gov/guide/
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Canis lupus familiaris Genome
http://www.ncbi.nlm.nih.gov/sites/entrez?db=bioproject&cmd=Retrieve&dopt=Overview&list_uids=10726

http://www.ncbi.nlm.nih.gov/sites/entrez?db=bioproject&cmd=Retrieve&dopt=Overview&list_uids=10726
http://www.ncbi.nlm.nih.gov/guide/
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NCBI Entrez Gene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
http://www.ncbi.nlm.nih.gov/guide/
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NCBI Entrez Gene: Human Opsin
http://www.ncbi.nlm.nih.gov/gene?term=human%20opsin

http://www.ncbi.nlm.nih.gov/gene?term=human%20opsin
http://www.ncbi.nlm.nih.gov/guide/
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Entrez Gene: Human Opsin OPN1MW
http://www.ncbi.nlm.nih.gov/gene/2652

http://www.ncbi.nlm.nih.gov/gene/2652
http://www.ncbi.nlm.nih.gov/guide/
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Entrez Gene: Human Opsin OPN1MW
http://www.ncbi.nlm.nih.gov/gene/2652

http://www.ncbi.nlm.nih.gov/gene/2652
http://www.ncbi.nlm.nih.gov/guide/
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MapViewer: Human Opsin OPN1MW
http://www.ncbi.nlm.nih.gov/gene/2652

http://www.ncbi.nlm.nih.gov/gene/2652
http://www.ncbi.nlm.nih.gov/guide/
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Evidence Viewer for OPN1MW
http://www.ncbi.nlm.nih.gov/sutils/evv.cgi?taxid=9606&contig=NT_167198.1&gene=OPN1MW&lid=2652&from=4366022&to=4380289

http://www.ncbi.nlm.nih.gov/sutils/evv.cgi?taxid=9606&contig=NT_167198.1&gene=OPN1MW&lid=2652&from=4366022&to=4380289
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OMIM Home Page
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
http://www.ncbi.nlm.nih.gov/guide/
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Colorblindness in OMIM

http://www.ncbi.nlm.nih.gov/guide/
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Colorblindness in OMIM
http://omim.org/entry/303800

http://omim.org/entry/303800
http://www.ncbi.nlm.nih.gov/guide/
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Human Genome Resources
http://www.ncbi.nlm.nih.gov/genome/guide/human/

http://www.ncbi.nlm.nih.gov/genome/guide/human/
http://www.ncbi.nlm.nih.gov/guide/
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RefSeq
http://www.ncbi.nlm.nih.gov/RefSeq/

http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ncbi.nlm.nih.gov/guide/


© Doug Brutlag 2014

RefSeq Gene
http://www.ncbi.nlm.nih.gov/refseq/rsg/

http://www.ncbi.nlm.nih.gov/refseq/rsg/
http://www.ncbi.nlm.nih.gov/guide/
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NCBI UniGene
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene

http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
http://www.ncbi.nlm.nih.gov/guide/
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NCBI Homologene Database
http://www.ncbi.nlm.nih.gov/homologene

http://www.ncbi.nlm.nih.gov/homologene
http://www.ncbi.nlm.nih.gov/guide/
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Comparative Genomics
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Ensembl Home Page
http://www.ensembl.org/

http://www.genetests.org/
http://www.ensembl.org/
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EBI Genomes Home Page
http://www.ensembl.org/

http://www.genetests.org/
http://www.ensembl.org/
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Ensembl Human Genome
http://www.ensembl.org/Homo_sapiens/

http://www.hgvs.org/
http://www.ensembl.org/
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Ensembl Human Opsin Search
http://uswest.ensembl.org/Homo_sapiens/Search/Results?species=Homo_sapiens;idx=;q=opsin

http://uswest.ensembl.org/Homo_sapiens/Search/Results?species=Homo_sapiens;idx=;q=opsin
http://www.ensembl.org/
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Ensembl Human Opsin Genes
http://uswest.ensembl.org/Homo_sapiens/Search/Results?species=Homo_sapiens;idx=;q=opsin

http://uswest.ensembl.org/Homo_sapiens/Search/Results?species=Homo_sapiens;idx=;q=opsin
http://www.ensembl.org/
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Ensembl Human OPN1MW Gene
http://uswest.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000147380;r=X:153448107-153461633

http://uswest.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000147380;r=X:153448107-153461633
http://uswest.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000147380;r=X:153448107-153461633
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Ensembl Opsin OPN1MW Gene Location
http://uswest.ensembl.org/Homo_sapiens/Location/View?h=Havana%20gene;r=X:153448107-153461633#r=X:153448109-153461632

http://uswest.ensembl.org/Homo_sapiens/Location/View?h=Havana%20gene;r=X:153448107-153461633%23r=X:153448109-153461632
http://www.ensembl.org/
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Ensembl OPN1MW Transcripts
http://uswest.ensembl.org/Homo_sapiens/Location/View?h=Havana%20gene;r=X:153448107-153461633#r=X:153448109-153461632

http://uswest.ensembl.org/Homo_sapiens/Location/View?h=Havana%20gene;r=X:153448107-153461633%23r=X:153448109-153461632
http://www.ensembl.org/
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Ensembl OPN1MW Opsin Protein
http://uswest.ensembl.org/Homo_sapiens/Transcript/ProteinSummary?db=core;g=ENSG00000147380;r=X:153448107-153461633;t=ENST00000369935

http://uswest.ensembl.org/Homo_sapiens/Transcript/ProteinSummary?db=core;g=ENSG00000147380;r=X:153448107-153461633;t=ENST00000369935
http://www.ensembl.org/
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Ensembl Tutorials
http://uswest.ensembl.org/info/website/tutorials/index.html

http://uswest.ensembl.org/info/website/tutorials/index.html
http://www.ensembl.org/
http://uswest.ensembl.org/info/website/tutorials/
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UCSC Genome Home Page
http://genome.ucsc.edu/

http://www.ensembl.org/
http://genome.ucsc.edu/
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UCSC Genome Browser
http://genome.ucsc.edu/cgi-bin/hgGateway

http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/
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UCSC Genome Browser
http://genome.ucsc.edu/cgi-bin/hgGateway

http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/
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UCSC Genome Browser
http://genome.ucsc.edu/cgi-bin/hgTracks?position=chrX:153485203-153499469&hgsid=216983641&knownGene=pack&hgFind.matches=uc004fkd.2,

http://genome.ucsc.edu/cgi-bin/hgTracks?position=chrX:153485203-153499469&hgsid=216983641&knownGene=pack&hgFind.matches=uc004fkd.2,
http://genome.ucsc.edu/
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UCSC Genome Browser
http://genome.ucsc.edu/cgi-bin/hgTracks?position=chrX:153485203-153499469&hgsid=216983641&knownGene=pack&hgFind.matches=uc004fkd.2,

http://genome.ucsc.edu/cgi-bin/hgTracks?position=chrX:153485203-153499469&hgsid=216983641&knownGene=pack&hgFind.matches=uc004fkd.2,
http://genome.ucsc.edu/
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UCSC Proteome Browser
http://genome.ucsc.edu/cgi-bin/pbGateway

http://www.genetests.org/
http://genome.ucsc.edu/
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UCSC Proteome Browser
http://genome.ucsc.edu/cgi-bin/pbGateway

http://www.genetests.org/
http://genome.ucsc.edu/
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UCSC Help File
http://genome.ucsc.edu/goldenPath/help/hgTracksHelp.html

http://genome.ucsc.edu/goldenPath/help/hgTracksHelp.html
http://genome.ucsc.edu/
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Emulsion Based Clonal Amplifcation

Micro-reactors 
Adapter carrying 

library DNA
Anneal DNA template 

to capture beads

Break micro-reactors 
Isolate DNA containing 

beads 

Single test tube generation of millions of clonally amplif ied sequencing templates
No cloning and colony picking

“Water-in-oil” 
emulsion 

+ PCR Reagents 

+  Emulsion Oil 

Perform emulsion 
PCR 

A

B

http://www.my454.com/
http://www.my454.com/
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Depositing DNA Beads into the�
PicoTiter™Plate

Centrifuge Step

Load Enzyme Beads

Load beads into PicoTiter™Plate 

44 � m 

• 70x75mm array of fused optical f ibers with etched wells

• 1.6 million wells monitored optically through f iber

http://www.my454.com/
http://www.my454.com/
http://www.my454.com/
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Sequencing By SynthesisSequencing-By-Synthesis

 Simultaneous sequencing of the entire genome in 
hundreds of thousands of picoliter-size wells

 Pyrophosphate signal generation

http://www.my454.com/
http://www.my454.com/
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T
A
C
G

Flow Order

Flowgrams and BaseCalling

1-mer

2-mer

3-mer

4-mer

http://www.my454.com/
http://www.my454.com/

