
Visualizing*Whole*Genomes*



Agenda*

•  Molecular*biology/single*gene*ques:ons*to*
bioinforma:c/whole*genome*ques:ons*

•  How*high*throughput*sequence*data*is*
generated*

•  Visualizing*whole*genome*sequence*data*

•  Hands@on*Exercise:*Using*Genome*Browsers*



Timeline'
1865 Mendel’s experiments reveal that, in peas, there are two different 
copies (alleles) of each gene and these copies segregate independently 
during meiosis and reunite during fertilization. 
 
1953 DNA structure revealed by X-ray diffraction. 
 
1966 The genetic code deciphered. 
 
1977 Sanger sequencing invented. 
 
1985 PCR invented. 
 
1990 Human genome project started. 
 
1995 First bacterial genome sequenced (H. influenzae). 
1996 First eukaryote sequenced (S. cerevisae). 
1998 First multicellular eukaryote sequenced (C. elegans). 
2001 “Draft” human genome sequenced “finished”. 
 
2012 First photo illustrating DNA double-helical structure obtained. 
 
 
 





Cells*and*DNA*



Stretched end-to-end,  
the DNA in 1 human cell  
would extend >2 meters.  

A, T, G, C 

DNA*
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5’ ACAGTACCAGACCAGACCATACATACCATC 3’ 
3’ TGTCATGGTCTGGTCTGGTATGTATGGTAG 5’ 

ACAGTACCAGACCAGACCATACATACCATC 

DNA*



Genomic*Gene*structure*of*a*
typical*Eukaryo:c*gene*

**
•  Coding*vs.*template*strand*

•  Coding*regions@Exons*or*Open*Reading*Frames*(ORF)*

•  Introns*

–  Splice*site*coding*region*
•  GU....CACUGAC....*AG*

5’ ACAGTACCAGACCAGACCATACATACCATC 3’ 
3’ TGTCATGGTCTGGTCTGGTATGTATGGTAG 5’ 



Genomic*Gene*structure*of*a*
typical*Eukaryo:c*gene*

**
•  Promoters*

–  transcrip:on*factor*binding*sites*
–  Transcrip:on*start*sites*

•  Enhancers*

•  Transcrip:onal*and*transla:onal*start/stop*sites*

5’ ACAGTACCAGACCAGACCATACATACCATC 3’ 
3’ TGTCATGGTCTGGTCTGGTATGTATGGTAG 5’ 



Direct*Visualiza:on*of*the**
DNA*Double*Helical*Structure*(in$2012!)$

Gen:le*et*al.*2012*



Single*Gene*Analysis*

Frederick*Sanger*
*

Won*the*Nobel*
Prize*in*Chemistry.*

*
Twice!*



The*WHOLE*GENOME*SEQUENCING*Era*
Genome*Content,*Size,*and*Organiza:on*Varies*

•  Genome*Content*
– Number*of*genes*
– Number*of*repeats*

•  Genome*size*
– Usually*just*refers*to*the*
nuclear*genome*

•  mtDNA*
•  Chloroplast*
•  Others!*

•  Ploidy*



Genome Size 
Does Not Correlate 
with “Complexity” 

(C-Value Paradox) 

Gregory 2005 Genome Size (logMb) 



Gene Number Estimates in Humans Over Time 

Pertea and Salzberg 2010 
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Approximate*Number*of*Genes*in*the*Whole*Genome*
Sequence*of*Various*Organisms*



98.5%

1.5%

Non-Coding DNA
Coding DNA

Percent*Coding*DNA**

Lander et al. 2001, De Koning et al. 2012 

What*is*the*genome*composed*of,*if*not*genes?*
1.5%*

32.0%*

66%*

Coding*DNA*

Transposable*Elements*

Non@coding*DNA*(which*
may*also*include*many*
unrecognizable*TEs)*

Humans, as an example 



What'sequencing'methods'exist?'

•  Sanger*
•  Shotgun*
•  High*Throughput*
•  3rd*Genera:on*

Considerations 
Time (sample prep, machine time) 

Cost 
Error rate 
Assembly 

•  Machines*

•  Core*Facili:es*
•  Genome*Centers*

•  Cloud*Computers*

454 

Illumina 
SOLiD 

Single molecule sequencing 



Illumina'



Illumina,'cont.'



Shotgun'Sequencing'and'Assembly'
Actual*genome*
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Problems:*

Non@random*shearing*

Amplifica:on*bias*

Repeats*

DNA*is*sheared*and*only*the*ends*are*
sequenced.*

These*are*paired,*and*the*assembly*
algorithm*makes*use*of*this*informa:on*in*
order*to*assemble*the*short*reads*into*

con:gs*and*scaffolds.*



Finishing'a'WGS'

•  Fix*(mis)assemblies,*closing*gaps,*linkage*group=chromosome*
•  Takes*many*years*and*$$$*
•  Less*momentum,*interest,*lower*publica:on*value*
•  Certain*regions*�can�t�*be*finished*

Addi:onal*paired*end*sequencing,*manual*sequencing*across*gaps,*gene:c*maps,*$,*:me.*





Ongoing'Issues'
•  Error*rates*

•  Problems*sequencing*heterochroma:n*

•  Variable*loci*
–  paralogs*versus*alleles*(heterozygosity)*
–  heteroplasmy*(organellar*genomes)*

*
•  Assembly*of*short*reads*

–  repe::ve*DNA**
*



3rd*Gen*Advances*

Less*reagent*and*sample*prepara:on**
no*PCR,*no*amplifica:on*bias**

*
Longer*readlengths**

(average*=*1000*bps,*but*up*to*10,000*bps)*<*
coverage*required*to*assemble*or*detect*

rearrangements*
*

Faster*
no*flushing,*scanning*and*washing*steps*

Single*Molecule*Real*Time*
Sequencing*



What’s'Done'With'Next'Gen'Sequencing?'
•  Whole*genomes*
•  Transcriptomes*
•  Targeted*resequencing*

–  Tissue*comparisons*
–  Small*RNAs*
–  Popula:on*genomics*
–  Epigenomics*
–  ChIP@seq*

•  Metagenomics*

!
1st human genome (13 yrs, $3B)!

human genome today ($10K, 8 days) !
human genome in 3 years ($1K, 15 minutes?)!



Whole-genome!
sequence!

Set of!
protein-coding!

genes!

Functional!
annotation!

•  amino-acid sequence 
•  gene structure 
•  orthologs 
•  known or predicted function 
•  expression 
•  etc. 

3,300,000,000*nucleo:des*
*in*human*genome*

~21,000*genes*

Gene*predic:on*
(gene*discovery)*

• *introns*
• *regulatory*regions*
• *centromeres*
• *telomeres*
• *heterochroma:n*
• *chroma:n*structure*
• *func:onal*RNAs*(rRNA,*tRNA,*snRNA…)*
• *pseudogenes*
• *an:sense*RNAs*
• *microRNAs*
• *transposable*elements*
• *ancient*retroviruses*
• *repe::ve*elements*repe::ve*elements*
• *??*

Whole*Genome*Analysis*



Many*Types*of*Whole*Genome*Analysis*
•  Gene/protein prediction 
•  Transcription levels (RNA seq) 
•  Identify orthologs 
•  Microarray/chip hybridization 

studies 
•  ChIP 
•  Phylogenomics 

•  Protein interactions  
•  Structure prediction/comparison 
•  Splicing prediction 
•  Network analysis 
•  Variant analysis 
•  Epigenetic analysis 
 



Genome*Content*
E.$coli*genome:**
• *4,639,000*bp*of*DNA*
• *4,377*genes*(1*gene*per*1000*nt;*89%*coding)**

Human*genome:**
• *3,200,000,000*bp*of*DNA*
• *21,500*genes*(1*gene*per*153,000*nt;*<2%*coding)**





The*Human*Genome*Project*
Genome*“completed”*in*2000*
*
UCSC*Genome*Browser*built*in*2000*

*Different*versions*of*the*human*genome*
*Many*other*genomes*
*Many*other*datasets*(as*different*“tracks”)*
* *new*mRNA*data*added*each*night*
* *new*EST*data*added*each*week*
*Third*party*tracks*
*Your*tracks!* Pioneer*of*shotgun*

sequencing,*personal*
genomics,*synthe:c*
biology.*







Compara:ve*Genomics*

Locke*et*al.*2011*



CSAC*2005*



35*million*nucleo:de*differences*
5*million*indels*
??*million*rearrangements*
*
Perry*et*al.*2012*



Many*tracks*in*the*UCSC*Genome*
Browser*come*from*data*gathered*as*

part*of*the*ENCODE*project*





Non@sequence*data*are*also*visible*
in*genome*browsers*

– Microarrays,*first*published*in*1995*

– Measure*transcrip:on*(not*REALLY*gene*
expression)*across*the*genome*instead*of*by*gene*

– Now*used*for*compara:ve*genomics,*DNA*capture*

Pat*Brown,*Stanford*



Keep*in*mind….*

– Gene*duplica:on*is*common!*

– Gene*duplicates*can*be*retained*if*
•  They*are*not*too*harmful,*then*they*can*be*retained*by*
chance$

•  They*are*helpful,*then*they*can*be*retained*by*selec3on$
–  because*more*protein*product*is*beneficial*

–  because*copies*diversify*(neo@*or*subfunc:onaliza:on)*

– Pseudogenes*are*common*in*the*genome*
•  Can*result*from**

–  the*retrotranscip:on*of*an*mRNA*

–  a*“defunc:onalizing”*muta:on*in*a*gene*duplicate*



Hands@on*Exercise*

•  Using*genome*browsers*to*visualize*data*and*
develop*hypotheses*

•  UCSC*Genome*Browser*


