Visualizing Whole Genomes



Agenda

Molecular biology/single gene questions to
bioinformatic/whole genome questions

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.
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DNA

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

ATG,C
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ACAGTACCAGACCAGACCATACATACCATC 3’
TGTCATGGTCTGGTCTGGTATGTATGGTAG b5’
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ACAGTACCAGACCAGACCATACATACCATC
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Genomic Gene structure of a
typical Eukaryotic gene

e Coding vs. template strand
e Coding regions-Exons or Open Reading Frames (ORF)

e Introns
— Splice site coding region
e GU....CACUGAC.... AG

5" ACAGTACCAGACCAGACCATACATACCATC 37
3" TGTCATGGTCTGGTCTGGTATGTATGGTAG 5’
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Genomic Gene structure of a
typical Eukaryotic gene

e Promoters
— transcription factor binding sites
— Transcription start sites
e Enhancers
e Transcriptional and translational start/stop sites

5" ACAGTACCAGACCAGACCATACATACCATC 37
3" TGTCATGGTCTGGTCTGGTATGTATGGTAG 5’
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Direct Visualization of the
DNA Double Helical Structure (in 2012!)
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Figure 2. TEM image with intensity profile and corresponding FFT pitch calculation of A-DNA fibers. (a) DNA fiber TEM image. The inset shows
higher magnification DNA fiber details; the red arrows point out the 2.7 nm pitch of A double helix. The scale bar corresponds to a length of 20 nm.
In panel b, a white rectangle is superimposed, showing where the intensity profile was measured. The peaks in plot ¢ correspond to the alternation of
bright and dark bands in the original image (b): plot c displays a two-dimensional graph where the Y-axis reports the pixel intensity integrated along
the height of the rectangle and the X-axis represents the distance measured on the rectangle. Plot d shows the FFT of the signal displayed in plot c: a
well-defined maximum is observed at 0.37 + 0.02 1/nm, corresponding to a frequency of 2.7 + 0.2 nm.

Gentile et al. 2012



Single Gene Analysis

W GAAGAGTTGAGGCACAAAATATAATTTAAAGAGTTTACTTGAGCCAGAGTGA
TGGTGTGTGTTAAAGTTGCCTTGGGGAGTGTACCCTCAGCCCTTGTTACAAGCAAAT
GAGAGAACAAGGAGTGGGCTAATACAAAGTTATTTGACAGGAATTCTCAATAGTTGACA
ACAGTGATTGGCTATACATTTTTGAATTAGAGGGTATGAGTTAGGGTGTCCAGCATA
CTCTTCTTGTCAGTTAGCCTAGAGCCCACATAGCAAGTGTCTTCAAGAGATAATTAT
NG GGAGTGATGTGACTGCTGTTTCATTCCAGTGCCTCTCTGGACCTGATAATTTAAACAG
CCTCAGATAAGTGTCTTTTTTTTTTTTTTCCATGCCAGTGTATGCTGTTTTCTGGAGGTAC
GTGACTGAGACTCCCTGCAGCCACACTCACACACAGCTGTATTCCTAGCTCAGGTGACTCT

AGAACTAGCACCTCTCATTTTGCCCCTTGCTTATACTGTGGCAAGAAGTGAATA
AAAACTTGATGGTTACTTTTAATTTGCCTTGTCCTTATTAACCACATCAACACCTGGCGGTTCAACATGT
TATATATTCTGGATATTAGACCCTTATCAGATACATAATTTGCACATATTTTCTCCCACTCTGTAAGTTG
TCTTCACTTTTTGGTAGTATCCTTTGGTGCACAAAAGTTTTTAATTTTGATTATTTATGTATTTTTTTCT
TGCATTGCCCATGCTTTTAAGACTACCTAAGAATCCATTGCCAAACCTAAGGTTATGAAGATTTATCCCA
GTGTTTTCTTCTAACATTTTTATAGTTTTAGCTCTTACAGTTAGGCCATTGATCCATTTTGAGTTAATTT
TTGTATATGATGTAAGGTAAGGGGTCCAGCTTCATTCATGCATTCATCCATCCATATACATGTATGTGGA
TATCAGGTTTTCCTAATAGTATTATTGTTGAAGAGACCATTCTTTCTCCATTGAATGGTCTTAGCATCCT
TGATGAAAATCAGTTGACCATATATGTGAGGGTTTACTTCAGAACTTTTAGTTCTGATTCATTGGATGTC
TGTCTGTCTGCTCATACCAAACTATTTTGGTAATAGTTGCTTTGTAGTGAGTTTTGAAATTGACAAGTGT
AAGTCCTCTAACATTTTCCTTTTTCAAGGTTTTGTTATTTGGGATGCCTTGCAATTCTATCTGAATTTTA
GGATCAGCTTTTCTGTTTCTACAAAAAAGGTTGTTGGGATTTTGATAGAAATTGCATTGACAATGTAGAT
CAGTTTGGGGAGTATTACCATCTTACTAAATATTACAGTCCATTAACATAGGATGCTTTTTCTCTTATTT
AGATATTCTTTAATTTCCTTCAGCAGTGGTTTTTGTTTTTGTTTTTGAGACAGAGTCTCACTCTGTCGCC

R TR S B, CTCACTGCAACCTCTGCCTCTTGGGTTCAAGCAATTTTCCT
AGGTGCACGCCACCAGGCCCGGCTAATTTTTGTATGTTTTT
AGGCTGGTCTCGAACTCCTGACCTTGTGATCTGCCCGCCTC
PTGAGCCACCGCATATGGGCAGTGTACAGGTCTTATACCTCT
CTA' G

Frederick Sanger

Won the Nobel ‘A
Prize in Chemistry. =

Twice! c

CATTCTACAGATTAACCACCAGGTAAAGGAACTTAAGAATGC

GENSCAN 1.8 Date run: 11-0Oct-118
Predicted genes/exons:

Time: 18:59:17
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Gh.Ex Type S .Begin ...End .Len Fr Ph I/Ac Do/T CodRg P.... Tscr..
2.19 PlyA - 7211 7286 6

2.18 Term - 13843 13598 254 2 2 1883 42 118 0.968
2.17 Intr - 15438 15265 174 1 B8 84 181 177 8.992
2.16 Intr - 15685 15584 132 2 @ 652 88 81 8.948
2.15 Intr - 15898 15772 127 1 1 36 98 145 8.995
2.14 Intr - 16113 15992 4122 1 2 89 183 97 8.999
2.13 Intr - 16751 16527 226 @8 B 187 1168 117 ©.999
2.12 Intr - 17118 16939 138 @8 1 78 188 64 8.994
211 Intr - 21198 216878 129 @ @8 96 7% 138 8.711
2.18 Intr - 22694 22569 126 2 @ 68 88 31 8.654
2.89 Intr - 23217 23844 174 8 8 48 116 72 8.846
2.88 Intr - 24438 24356 76 @ 1 78 8@ 80 B.886
2.87 Intr - 24727 24588 178 1 2 72 89 66 8.983
2.86 Intr - 32478 32216 263 1 2 13 76 214 8.578
2.685 Intr - 32668 326088 153 @ @8 78 98 172 @.522
2.84 Intr - 37866 36834 233 @8 2 27 31 286 8.117
2.83 Intr - 37751 37488 264 1 B8 65 45 139 B8.133
2.82 Intr - 42583 423834 128 1 @8 655 48 89 8.886
2.81 Init - 48661 48513 149 1 2 98 42 133 8.361
2.608 Prom - 56983 56869 48

Predicted peptide sequence(s):

> GENSCAN_predicted_peptide_2|10886_aa
MSKLYKIIRRPLKLDSNQALFLYYSRDSLYSISMLIYEVYESEKDEDEFLGSLEFGSPEH
VWOLKGHWELDLFYGTSRI ILGYSPHGLKCASSAWAPTLAALEEPFSPRLHCGSLFLGWP
RPEPAPSACGEVYWRERRGWEPGLPMALEGQREFRYGMGSACPALRAASRPAIPAGPGQYC
ECTNGHSYSGYSGGDLENLCYDTLYLANLYYTWRTFYSRSGIVNAPISILSKRTNOLFYK
WTNRLSYKWTNQODYYSTDWPLYLLLDRSRLPPPSGAFRWADSRPLPPASHRSSRNECFH
LFRDEPDEGDGAARIREEGMAPADGKRYGGAEAYSSSGEAAPSGRRRPLGREARAALGPR
SSAAMYAKLRWRPRAGAGRLGERGGWSPFATLARVCGHEMLAHRAYLACCSPYLFEIFNS
DSDPHGISHYKFDDLNPEAVEYLLNYAYTAQLKADKELYKDYYSAAKKLKMDRYKQYCGD
YLLSRMDYTSCISYRNFASCMGDSRLLNKYDAY IQEHLLQISEEEEFLKLPRLKLEYMLE
DNYCLPSNGKLYTKYINWYORSIWENGDSLEELMEEVQTLYYSADHKLLDGNLLDGQAEY
FGSDDDHIQFYQYHIAQSEKKPPRENGHKQISSSSTGCLSSPNATYOSPKHEWK IVASEK
TSHNTYLCLAYLDGIFCYIFLHGRNSPQSSPTSTPKLSKSLSFEMOQDEL IEKPMSPMQY
ARSGLGTAEMNGKL I AAGGYNREECLRTYECYNPHTDHWSFLAPMRTPRARFQMAYLMGO
LYYYGGSNGHSDDLSCGEMYDSNIDDWIPYPELRTNRCNAGYCALNGKLY IVGGSDPYGO
KGLKNCDYFDPYTKLWTSCAPLNIRRHOSAYCELGGYLY I IGGAESWNCLNTVERYNPEN
NTWTLIAPMNVARRGAGYAVLNGKLFYCGGFDGSHAISCYEMYDPTRNEWKMMGNMTSPR
SNAGIATYGNT IYAVGGFDGNEFLNTYEYYNLESNEWSPYTKIFOF

Mo owm & oM B 5

.85



The WHOLE GENOME SEQUENCING Era
Genome Content, Size, and Organization Varies

* Genome Content
— Number of genes
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Gene Number Estimates in Humans Over Time
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Approximate Number of Genes in the Whole Genome
Sequence of Various Organisms

Bacteria _h4000

Fly 13000
? Chicken -_17000
o Worm | 19000
% Sponges |EEEESESEGEG—_— 20000
é Human - 22000
2 Sea Urchin - 123000

Grape |IEEEE 30000

Rice - 40000

0 10000 20000 30000 40000 50000



Percent Coding DNA

1.5%
Humans, as an example

E Non-Coding DNA
W Coding DNA

98.5%

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

32 0% B Coding DNA

B Transposable Elements

B Non-coding DNA (which
may also include many
66% unrecognizable TEs)

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



What sequencing methods exist?

Sanger

Shotgun

High Throughput
3"d Generation

Machines
Core Facilities
Genome Centers

Cloud Computers

454

Illumina
SOLiD

Single molecule sequencing

Considerations
Time (sample prep, machine time)
Cost
Error rate
Assembly




N\~ 7, "

Dense lawn
of primers

.......
Adapters

IHlumina

Prepare genomic DNA sample

Randomly fragment genomic DNA

and ligate adapters to both ends of
the fragments.

/ - ..’. Nucleotides
®

1]
.y

Attach DNA to surface

Bind single-stranded fragments
randomly to the inside surface
of the flow cell channels.

Bridge amplification
Add unlabeled nucleotides

and enzyme to initiate solid-
phase bridge amplification.

HENE Denature the double
Pyl g ) stranded molecules
by



lllumina, cont.

First chemistry cycle:

determine first base ‘
To initiate the first

sequencing cycle, add

all four labeled reversible G

terminators, primers, and
DNA polymerase enzyme

to the flow cell.

Before initiating the

- Image of first chemistry cycle next chemistry cycle
é'"i"l’ | u ; 11} | i i v After laser excitation, capture the image  The blocked 3' terminus
f;hi]‘ ! i miiﬂ ; of emitted fluorescence from each and the fluorophore
cluster on the flow cell. Record the from each incorporated
| | ' identity of the first base for each cluster. base are removed.

Laser

@ @ ® G @
G ->‘ -». >@ -». —3 GCTGA...

® o ® G ® 0 ® o G G

Sequence read over multiple chemistry cycles

Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.



Different size
fragment libraries

Shotgun Sequencing and Assembly

Actual genome

DNA is sheared and only the ends are Problems:

sequenced. :
G Non-random shearing

These are paired, and the assembly
algorithm makes use of this information in
order to assemble the short reads into Repeats
contigs and scaffolds.

Amplification bias
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Finishing a WGS

Additional paired end sequencing, manual sequencing across gaps, genetic maps, S, time.
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« Gaps
& Alternative loci

Fix (mis)assemblies, closing gaps, linkage group=chromosome

Takes many years and SSS

Less momentum, interest, lower publication value

Certain regions “can’ t” be finished



2 The KicGravi-Hill Companies, Inc. Permission required for reproduction or display.
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Ongoing Issues

Error rates

Problems sequencing heterochromatin

Variable loci
— paralogs versus alleles (heterozygosity)
— heteroplasmy (organellar genomes)

Assembly of short reads
— repetitive DNA



3rd Gen Advances

Single Molecule Real Time
Sequencing

Sequencing Chip ¥

Less reagent and sample preparation
no PCR, no amplification bias
Longer readlengths 100 nm
(average = 1000 bps, but up to 10,000 bps) <
coverage required to assemble or detect
rearrangements

Faster
no flushing, scanning and washing steps




What’s Done With Next Gen Sequencing?

* Whole genomes
* Transcriptomes

* Targeted resequencing

— Tissue comparisons
— Small RNAs

— Population genomics
— Epigenomics

— ChlP-seq

* Metagenomics

| st human genome (13 yrs, $3B)
human genome today ($ 10K, 8 days)
human genome in 3 years ($1K, |5 minutes?)

Number of completed genomes

4'000 et e tes eI seensIdetensren N ieeeientsReteneEEIeNneetnIesIienRInIeerIerIetntINeIEEsIgErees

B Plant

350071 Mammal

B Other vertebrates » Eukaryotes
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3’000 2 SRRl a1 AR R R R < - Lo e sy
Fungus

B Bacteria

B Archaea

B Bacteriophage
Virus Non-cellular

20004 W Archaeal virus

} Prokaryotes

2,500 1+
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1,000 --rereeseenenss
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*Deposited in the International Nucleotide Sequence Database Collaboration




Whole Genome Analysis

Whole-genome 3,300,000,000 nucleotides
sequence in human genome

(gene discovery)

l Gene prediction

Set of * introns
genes e centromeres
* telomeres
* heterochromatin
e chromatin structure
Functi |  functional RNAs (rRNA, tRNA, snRNA...)
unc |o.na * pseudogenes
annotation * antisense RNAs
« amino-acid sequence * microRNAs
* gene structure * transposable elements
* orthologs . . .
* known or predicted function ancient retroviruses
« expression * repetitive elements repetitive elements

. etc. °??



Many Types of Whole Genome Analysis

Protein interactions

» Gene/protein prediction
» Transcription levels (RNA seq)
 |dentify orthologs

* Microarray/chip hybridization
studies

« ChIP
* Phylogenomics

Splicing prediction
Network analysis
Variant analysis
Epigenetic analysis

Also known as PCMT1
Summary Three classes of protein carboxyl methyltransferases, distinguished by their methyl-acceptor substrate specificity, have been found in prokaryotic and eukaryotic cells.
The type Il enzyme catalyzes the transfer of a methyl group from S-adenosyi-L-methionine to the free carboxyl groups of D-aspartyl and L-isoaspartyl residues. These
methyl-accepting residues result from the spontaneous deamidation, isomerization, and racemization of normal L-aspartyl and L-asparaginyl residues and represent sites
of covalent damage to aging proteins PCMT1 (EC 2.1.1.77) is a protein repair enzyme that initiates the conversion of abnormal D-aspartyl and L-isoaspartyl residues to
the normal L-aspartyl form.[supplied by OMIM]

[«] Genomic regions, transcripts, and products &)@
(plus) Go to reference sequence details Go to nucleotide graphics
[150,070 K 150,075 K 150,080 K 150,085 K 150,090 K 150,095 K 150,100 K 150,105 K 150,110 K 150,115 K 150,120 K 150,125 K 150,130 K 150,13
e e I o e e o o B e T I e o o e e o e B o L e e e o o o o o e o LR B s e o o e B o o
ference assembly - Sequence nc_00000611: Homo sapiens chromosome 6, GRCh37 primary reference a
- NCBl'genes
PCMTI 2 ;
||005389.1 > » » >} > » > I o — — » | »—ll NP_DOS3
NUP43 ]
NM_198887.1
= NG Alighiments
- STS Markers
RH37416 | HSCOWD062 | 5T5-TE8453 | FCMT1_4030 1l
G20319) 5TS-D13892)
A005L39 | G54073]

Structure prediction/comparison

Links
Order cDNA clone

BioAssay, by Gene target

CCDS

Conserved Domains
EST

Full text in PMC
GEO Profiles
Genome
HomoloGene

Map Viewer
Nucleotide

OMIM

Peptidome

Probe

Protein

PubChem Compound
PubChem Substance
PubMed

PubMed (GeneRIF)
PubMed (OMIM)
RefSeq Proteins
RefSeq RNAs

SNP



Genome Content

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

— > > (s

Human genome:
« 3,200,000,000 bp of DNA

* 21,500 genes (1 gene per 153,000 nt; <2% coding)

i ——
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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
| Pioneer of shotgun
Your tracks! sequencing, personal

genomics, synthetic
biology.




Genomes Genome Browser Tools

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly

move | <<< | << || < || > || >> | >>> | ZOOM in | 1.5x \\37)(\\ 10x || base | Zoom out | 1.5x H&H 10x

chr21:33,031,597-33,041,570 9,974 bp.

enter position, gene symbol or search terms ’ | go |

chrail (g22.11) 21pi1.2 21021, 216213 T CEETEV 22 . 12 CEENE] 21622.2 EEICEENCE
Scale 2 kb} { heig
] chrat: 133, 832,500 33, 033, 068|33, 833, 500|353, 034, 066| 33, 634, 508| 33, 035, 006| 33, 635, 500|33, 036, 006| 33, 036, 5608| 33, 837, 006| 33, 037,508| 33, 635, 606| 33, 035,506 33, 639, 008|33, 039, 506| 33, 640, 000|33, 046,506]33, 641, 068|33, 841,51
UCSC Genes (RefSeq, GenBank, CCDS, Rfam, TRNAs & Comparative Genomics)
BCO41449 <(jomm
| S0D1 il L i L L
RefSeq Genes
RefSeq Genes =1 1 I - I

Retroposed Genes VS, Including Pseudogenes
Publications: Sequences in scientific articles
HRH t

sequences — R H } } | —
- SNPs | | | | | [ | | | | |
Human mRNAS from GenBank
Human mRNAs — I L L L I
Human ESTs That Have Been Spliced
Spliced EsTs —ill— R t I — . 11 - L T t I
188 H3K27AC Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

Ladered H3K27AC
a _IIl‘. I‘III.‘“II...II'I..I..r__-‘h

Digital DNasel Hupersensitivity Clusters in 125 cell types from ENCODE

DNase Clusters NN I ———
Transcription Factor ChIF-seq from ENCODE
Txn Factor chIF W — n
4.385 188 vertebrates Basewise Conservation by FhyloF

100 vert. cons e !‘JY‘JJ"{T" T Pl gt it e oo At gt by uﬂwm&w\_ﬁ‘.wﬂmaf MN,WMWWWNYIMNMM,thﬂhTWWJMM Ao

-4.5 _

MUt iz Alignments of 186 Vertebrates
I

Rhesus I
Mouse Il

Elephant
Chicken
K_tropicalis
Zebraf ish
Lamprey

Simple Nucleotide Poludmorphisms (dbSNF 138) Found in »>= 17 of Samples
common SNPS(138) Il | I | | | | | 1 | | Il [ | | | | e | |
Repeat ing Elements by RepeatMasker
|

RepeatMasker | H . I | I - | | u I




move | <<< | << || < || > || > || »>> | Z00M in\ 1.5x

Chl’21:33,031 ,597-33,041 ,570 9,974 bp enter position, gene

chral (g22.11) 21p13 21ipi11.2

Scale 2 kbj
chrat: |33, 832,508| 33, 833, 000| 33, 033,500| 33, 034, 006| 33, 034, 500| 33, 035, 0008| 33, 035,500 33, 036, 000|33, 036,

UCSC Genes (RefSeq, GenBank, C
BCA41449 <{}-mm

S0D1 il -
F
RefSeq Genes —— 1
Retroposed Genes
Fublications: Segqu
sequences —JEHE-H i i
SNFs | | |
Human
Human miRNAs — T =
Humah ESTs °
Spliced ESTs —il- E—— IV —
1686 _ H3K27AC Mark (Often Found Near Active

Ladered H3IK27AC
e _ —_—

Digital DNasel Hupersensitivit
DNase Clusters [N I
Txn Factor ChIP [N

Transcription F.

4,35 _ 188 vertebrates Ba
188 Vert, Cons h “

g8 - _'_.lln_‘.*,rrlr..., I|’|_r "'If]'.""'"TW'LTII"'l"""l‘."_‘r.'lﬂ'"."'“"L""ﬂ""."'."'w‘w'b'u‘?"" N ;,ﬂ_._,r'_,w_,_hﬁq'W,T,.'_.w,'ﬁ_._.f,“."ﬁ??"rﬂln"l.'n'.r“._,_._.‘?.rwd 1‘_.,'_‘I._.,l‘.‘.‘r".?“s 'r‘l.n.l

-4.5 _
MUItiz Alighn
Fresus ESSIINEENNEER NS NN NN N NI IUNONE N N NUUINN (NOUN NN N N INSONININ MU U0 NN | I A N
Mouse IITET DR - 1100 TRl T0m IR HIH B ——
Doz [N NI 1 L0 IR DN DR N I R RN N e
E ephant [0 SR B 000 00 0 o W gy m ey Wi n-
Chicken l..:
A_tropicalis Him—

Zebraf ish | L
Lamprey

Simple Nucleotide Folumorphis
Common SNFsS(138) || | I | | | | I

Repeating El
RepeatMasker [ H B I [ [ | [



Comparative Genomics

The Hominidae (great apes)

Rhesus
macaque Gibbon Sumatran Bornean
Macaca Nomascus orang-utan orang-utan Gorilla Human Bonobo Chimpanzee
muiatta leucogenys Pongo abeli Pongo pygmaeus Gonlla goniia Homo sapiens Pan paniscus  Pan troglodytes
0.997 0.996 (ref. 29)
-1 Myr ago -1 Myr ago
0.290
4.5-8 Myr ago
0.984 (ref. 30)
8-8 Myr ago
) 0974
Hylobatidae 12-16 Myr ago
Small apes
. . 0.97
Cercopithecidae 18-20 Myr ago
Old World monkeys
0.949

25-33 Myr ago

Locke et al. 2011
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35 million nucleotide differences
M Deletions M Insertions M Double Breakpoint inversions 5 million indels
— Poricentric versions ?? million rearrangements

— Single breakpoint inversions

Perry et al. 2012



Many tracks in the UCSC Genome
Browser come from data gathered as
part of the ENCODE project

I genome.gov

| il : :
%W National Human Genome Research Institute

National Institutes of Health

The ENCODE Project: ENCyclopedia Of DNA Elements
ENCODE Overview

/rl The National Human Genome Research Institute (NHGRI) launched a public research
/ , ' consortium named ENCODE, the Encyclopedia Of DNA Elements, in September 2003, to
/ carry out a project to identify all functional elements in the human genome sequence. The
project started with two components - a pilot phase and a technology development phase.

The pilot phase tested and compared existing methods to rigorously analyze a defined
portion of the human genome sequence
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Non-sequence data are also visible
in genome browsers

— Microarrays, first published in 1995

— Measure transcription (not REALLY gene
expression) across the genome instead of by gene

— Now used for comparative genomics, DNA capture
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Keep in mind....

— Gene duplication 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 selection
— because more protein product is beneficial
— because copies diversify (neo- or subfunctionalization)

— Pseudogenes are common in the genome

e Can result from
— the retrotransciption of an mRNA
— a “defunctionalizing” mutation in a gene duplicate



Hands-on Exercise

* Using genome browsers to visualize data and
develop hypotheses

e UCSC Genome Browser



