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What is genomics”

1. The global study of how biological information is encoded in
genome sequence

Genes
Regulatory sequences
Genetic variation

2. How this information is read out to produce distinct biological
outcomes

Gene expression and regulation
Cellular identity, differentiation and development
Phenotypic variation among individuals and species

In practice, many experiments that involve
deep sequencing are considered genomics.



CTCTCAAAT TCGACTGAGAATAAAACAGACACTA
CTTCTTTCACTTCTTACCTGTCAATGTTATTA/
CATTCAATAAATATTTTTTAGAATAATAAGTCCH
ATAAAACAGACACAAACAAGTAAATAAAGTTA
AAATCACATTAATTCCAACATGCAAAGAGGA/
IAATGTGGCCAACATGCAAAGAGGAAATCTC
 TAGGATAAGGATAATATACAGAGAACATGCC
TTCACTTCTTACCTGTCAATGTTATTAATATTT
AATAAATATTTTTTAGAATAATAAGTCCCAGGC
ACAGACACTAAACAAGTAAATAAAGTTAATT
TGGGATTGGAAGACCTCTCTGAGATTAGTGT
iIGAATGAGCTGGATATACTCAAGGAAGAAAG
TTTTAGGAACAATAAATCACATTAATTCCTTAT
SCACAAGACCAGTATTATGTTCTAGGCATTG!
TTCAAGTTGTAATTGATGCTACTATGGAAAAA
CACATTAATTCCTTATCTCATGTGAAATTTCA
ATGTTCTAGGCATTGGGGATACCATGTTCAC
5CTATCCCAGGCACAAGACCAGTATTATGTT(
CATTCGTTTATCAGAGGCCAAATGTTTTTCTT
AGTTGTATTATTAGAAACTGAGGGCTAAAAA
\AAACAAAGACTGTTACTATGGAAAAATGAA/
TAATTCCTTATCTCATGTGAAATTTCATATTT/
CTAGGCATTGGGGATACCATGTTCACAAGAC
sAAAGACAATGAAACAGAGCCATGTGACCAA
ATATGAAAGAACCATTCATGGGAAGGCCTAG
AATAGATTTTAAAACATGTTAATTCACGTTAC
ATGATTGATACCTTTAAATGTCATTTGTTGAA
ACAGACTATGATTTACAGGATCAGATGTGGA!
TJTGTTAATTCACGTTACTTTTTGTTAAATTTAC
AAATGTCATTTGTTGAAGGAAGATTATTCATT
JAGGATCAGATGTGGACTCTCAAATTCGACT
ATTACCTGTCAATGTTATTAATATTTTTAGGAA
ATTCTCAGAATTTTAAACAATAACAAATCAGC




Overview

. Genomics | (today'’s lecture): Focus on
sequencing technology and genomes.

e (Genomics ll: (Friday’s lecture): Focus on
applications of sequencing technology.

Credit: Jim Noonan for many of the slides



Overview

e Sequencing data: from wet lab to fastq.

e Applications to studying genomes and much
much more.

*Sophisticated use of data from genomics requires
an integrated understanding of the biological
experiment, sample preparation and down stream
computational analyses of the data.

Credit: Jim Noonan for many of the slides



Molecular Cell

Importance of genomics data: these data are
central to most biomedical and biological sciences

Proximity RNA Labeling by APEX-Seq Reveals the
Organization of Translation Initiation Complexes and

Repressive RNA Granules
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In Brief

In this issue of Molecular Cell, Padron

et al. develop an RNA proximity labeling
technique that maps subcellular RNA
organization comprehensively. A
powerful aspect of APEX-seq is the ability

The raw sequencing data generated for this study are available at NCBI GEO GSE121575. Scripts to run the analyses mentioned

above are available upon request.




Data can be found in genomics databases

@SRR7458968.1 HISEQ:258:CBBIMACXX:1:1101:1450:1962 length=51
NCATTTTCCATGTTTCTCATTGTAACTCATTGATATACACTGTTCTACAAA|

(
(ﬁ NCBI % +SRR7458968.1 HISEQ:258:CBBIMACXX:1:1101:1450:1962 length=51
Gene Expression Omnibus #1?DFFFFHHHHH]]]]3333331333313333333333333333333333
[HOMES"SEARCHT STTEMAPY GEO Publications | FAQ  MIAME = Email GEO @SRR7458968.2 HISEQ:258:CBBIMACXX:1:1101:1497:1977 length=51

NCBI > GEO > Accession Display 2 Contact: mattsimon9@gmail.com @ | My submissions 2 | Sign Out @

NGGACCAGCGGGCGATTGCCAGCCCTGCCAGCCCGCGCCTTCCATTGCCGG

Status
Title

Organism

Experiment type
Summary

Overall design

GEO help: Mouse over screen elements for information.

Scope: Format: Amount: GEO accession: [GSE121575 5|

Series GSE121575

Query DataSets for GSE121575

Public on Oct 26, 2018

Proximity RNA labeling by APEX-Seq Reveals the Organization of Translation
Initiation Complexes and Repressive RNA Granules

Homo sapiens
Other

Stress granules are dynamic non-membrane bound organelles made up of
untranslating messenger ribonucleoproteins (mRNPs) that form when cells
integrate stressful environmental cues resulting in stalled translation initiation
complexes. Although stress granules dramatically alter mRNA and protein
localization, understanding these complexes has proven to be challenging
through conventional imaging, purification, and crosslinking approaches. We
therefore developed an RNA proximity labeling technique, APEX-Seq, which
uses the ascorbate peroxidase APEX2 to probe the spatial organization of the
transcriptome. We show that APEX-Seq can resolve the localization of RNAs
within the cell and determine their enrichment or depletion near key RNA-
binding proteins. Matching both the spatial transcriptome using APEX-seq, and
the spatial proteome using APEX-mass spectrometry (APEX-MS) provide new
insights into the organization of translation initiation complexes on active
mRNAs, as well as revealing unanticipated complexity in stress granule
contents, and provides a powerful approach to explore the spatial environment
of macromolecules.

APEX-elF4E, APEX-eIF4A, APEX-GFP, C1-APEX, and APEX-CBX1 under Naive
conditions were used to assess within and between compartment differnces
were performed in duplicate with their corresponding input samples using a
Hiseq4000. RNA from APEX-eIF4A under heatshock or hippuristanol samples
were performed in duplicate using a Hiseq4000

+SRR7458968 .2 HISEQ:258:CBBIMACXX:1:1101:1497:1977 length=51
#1 : DDDFDDHADHGHHGBHGIIJJJGGGG@9 ; @AEG : 9> ' 3>C35B@CCHH
@SRR7458968.3 HISEQ:258:CBBIMACXX:1:1101:1624:1943 length=51
NGTTCATAGCAGCCTTATTTATAATAGCCGGAAGCTGGAAAGAACCCAGAT]
+SRR7458968 .3 HISEQ:258:CBBIMACXX:1:1101:1624:1943 length=51
#1=DDFFFHHHHH]13313333333333333333333333333333333331
@SRR7458968 .4 HISEQ:258:CBBIMACXX:1:1101:1688:1958 length=51
NCAGACAGAAAGACACACACACAGAGACACACATACAGACAGAAAGACACA
+SRR7458968 .4 HISEQ:258:CBBIMACXX:1:1101:1688:1958 length=51
#1=DFFFFHHHHHIIJJ1JJJ3JJIJ33333313J113333331333333133]
@SRR7458968.5 HISEQ:258:CBBIMACXX:1:1101:1546:1977 length=51
NACCAAACGAGGAGTTGGTTCTTTGAGAAAATCAACAAGATAGATAAACCC
+SRR7458968 .5 HISEQ:258:CBBIMACXX:1:1101:1546:1977 length=51
#1=DDFFFGHHHHIBFGICGIITIFITITIITIIITIIITIIIIIIIITIITIGI
@SRR7458968.6 HISEQ:258:CBBIMACXX:1:1101:1647:1989 length=51
NAAGACTTGTATTCTAATATGGACTCAGCTTGTTTGTTTAGCCTGCATTCA|
+SRR7458968.6 HISEQ:258:CBBIMACXX:1:1101:1647:1989 length=51
#1=DDDDDHDHHHIIIIIITIIIIITIIITIIIITHITIIIIITIIITIIIIIIIIG
@SRR7458968.7 HISEQ:258:CBBIMACXX:1:1101:1971:1921 length=51
NGTCTTTTCACAAAGATATGTATTTAGAGGTAGCATTTGCCTTTTCATTTG
+SRR7458968 .7 HISEQ:258:CBBIMACXX:1:1101:1971:1921 length=51
#4=DDFFFHHHFDGHGGIJJJJJJIFGIIIAFHIIIIIIIIIIIIIIIIIE
@SRR7458968.8 HISEQ:258:CBBIMACXX:1:1101:1756:1940 length=51
NGGGAGTGAAATATGGCGAGGAAAACTGAAAAAGGTGGAAAATTTAGAAAT]
+SRR7458968 .8 HISEQ:258:CBBIMACXX:1:1101:1756:1940 length=51
#1=DDFDDHHHHH]J]JJ13JJ1JGJJJJJ13]3313JJ?FHGIIIT]]I]IIIIC

* Most journals require authors to submit their data to a database (e.g.,GEO) prior to publication.
» These databases entries contain raw data and processed data.
* These data can be use to examine the authors’ claims, but also to test new hypotheses.



Central questions

e \Where do these data come from??

e How does the way we collect it
influence what we know"?



Workflow

1. Isolation of sample. P
e.q., Isolate DNA and shear.

IIIII

2. Library preparation <. T

e.g., Add known sequences to the ends.

3. Sequencing

e.g., lllumina Novaseq

4. Analysis

e.g., Map to genome and interpret.
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Metrics for evaluating sequencing technology

* Throughput:
e Number of high quality bases per unit time
e Number of independent samples run in parallel
e Difficulty of sample preparation

*Yield
e Number of useful reads per sample
e Read length

e Cost

e Per run cost
e Per base cost
e Equipment

e Reagents

e | abor

e Analysis



What is sequencing?

1. First generation sequencing

a. Maxam-Gilbert Sequencing
b. Sangar Sequencing

2. Second generation sequencing

a. lllumina Sequencing
b. lon Torrent

3. Third generation sequencing

a. Nanopore based
b. Pacific Bioscience Sequencing

The technology will change, but your need to critically
understand the input and output will not.



The steps of sequencing experiments

Yale School of Medicine | W.M. Keck Foundation INFORMATION FOR ~ Q |

1. Sample preparation Yale Center for Genome Analysis (YCGA)

Next-Gen Sequencing ~ Bioinformatics Microarrays ~ Services & Fees ~ Mendelian Center ~ About YCGA ~

a. lIsolation
b. Library construction

I 1 ouhput
2 Se uencin Applications
* q g Sample Requirement
« Sequencer Lane Data Outputs
Pooled Exome Analysis
. HiSeq Sequencer Read #of Clusters per lane Bases per lane
a. Flow cell Ioadlng e . length (millions) @bp)
iSeq
. HiSeq 2500 Rapid 1X75 150 11.25
b. Cluster generation Throughput P *
A o rotacale HiSeq 2500 Rapid 2X75 150 225
C. SequenCIng Data Processing HiSeq 2500 Rapid 2X150 150 45
d. Processing image files S HiSeqzs00Migh b5 200 15
output
e. De-multiplexing samples HSeosoHgh 205 20 "
output
HiSeq 4000 2X100 300 60
.
3. Data ana|y5|s HiSeq 4000 2x150 300 90
NovaSeq S2 2x100 1650 330
. . NovaSeq S2 2x150 1650 500
a‘ Read ﬁlte”ng NovaSeq S4 2x150 2000 600

b. Alignment to a genome
c. Diverse analyses

http://ycga.yale.edu/sequencing/illumina/



What is the output from an lllumina sequencing
experiment”?

One read (fastg format)

@HWI-ST1239:178 :HOKPNADXX:2:1101:3120:1979 1:N:0:TGACCA
NCTGTAGGCTGCGTAGCCTCCCTGCAGGGTAAGTGGGAGGAGAGAGAGCAGAGGGACTTAGTGGGGCTCCCCAGGG

+
#1=DDFFFHHHHHIJIJJJIJJJJJIJJJ?FHIDGIJ=GIHGIIIHGIJIHEHIHHGFFFFEEEDDDDDDDDDDDD

Read identifier

Sequence
Quality score identifier “+”

Quality score

=



What is the output from an lllumina sequencing
experiment”?

Many reads...

@HWI-D00306:498:HBB89ADXX:1:1101:1180:1882 1:N:0:CGATGT
NCATCACTTTCTGCACCAGCCATGACGTCAATCTTCGTCCGAACCCCAAACTCGAGATCGGAAGAGCACACGTCTG
+
#11BBDDDFFDFBFFFIIIIIIIIIIIIIFEGIIIIIFIGAGIIFIII=FEEEEEFFFDDD=@9AQBBBBB=?BB<

@HWI-D00306:498:HBB89ADXX:1:1101:1167:1902 1:N:0:CGATGT
TATTGCAATATGTTAACAATCTAACAAGGAAAAAATACCCCACACAAAACAAAACACAACCCTTAGAACTGTGCTG
+
BQQRFFDFFHFHHHJJIJIGIIJJJJJIJJIHFIJJJIJJIJIJJEHHIJIIJJIIIJIIJJIIIJIGHHHHFBDFFFE>CEEC
@HWI-D00306:498:HBB89ADXX:1:1101:1190:1928 1:N:0:CGATGT
ACCAAGCCACAATAAGTTAGTGTTTCCATAGTACATGCTGAGTTATTTGATCCCGTATCTATACACTGCTACTGTC
+
@<@DDDDDSCDDDGE?2<AFFBCCEEHEIEGHIIEGEIDDQCDGFFFEFIDGCFCDABRFG>FBFGFGIEIFFFDDD
@HWI-D00306:498 :HBB89ADXX:1:1101:1157:1931 1:N:0:CGATGT
CTGAGATTCTTTGCCATAGTCCTTAACCACTACGCAACTGCAACCAACCACCTTCCGTGGETTTGCCCTCTCGATCG
+
CCCFFFFFHHHHHHIJJIIJJJIIGHHIJGGJIGIJJIJIJIJIIJIJIIIIJIIJIIIJIJIJIIIIJGIIJHCHFBDFFFDDECB

Generally ~ 2,000,000,000 reads/sequencing lane

Note: This is for an lllumina NovaSeq with current chemistry, but this number changes



How long are the reads?

TATTGCAATATGTTAACAATCTAACAAGGAAAAAATACCCCACACAAAACAAAACACAACCCTTAGAACTGTGCTG

75 nt

Cd

P
~

While there are other technologies that can give longer read
lengths, lllumina reads are generally 50 nt - 250 nt



Where do these reads come from?

l o
N Ll iat b s
|
Library Preparation Cluster Generation Sequencing by Synthesis CASAVA
~2 h [15 min hands-on (Nextera)] ~5 h (<10 min hands-on) ~1.5to 11 days 2 days (30 min hands-on)

< 6 h [< 3 h hands-on (TruSeq)]

Flow Cell A Flow Cell B

Flow cell

Flow Cell Lever A Flow Cell Lever B



What is a flow cell”?

A flow cell is a thick glass slide
with 8 channels or lanes.

Each lane is randomly coated with
a lawn of oligos that are
complementary to library adapters
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'—occcccccc

CCCCCC“..—((((«(((

k«ccccc«o
‘-ccccccccco
F«cccc«co

€CCcccccce

seesge:
.=(CCCCCC“
fce

P7 oligo

ceececee
LC€ce

ch“ccu fecccc
1cCcCeco .—CCCC((
‘-tcccccccco %«,«“(“
[co

ttps://support.illumina.com.cn/content/illumina-marketing/amr/en/technology/next-generation-sequencing/sequencing-technology/patterned-flow-cell-technology.html



Cluster PCR
on flow cell

(8 lanes)

2\

DN, ﬁ
Adapters

W




Optional: How do you make a sequencing library”?

P5
N
o . Rd1 SP T . (:A) A
ndex = unique sequence Index/_\®
key to identify library Rd2 SP ®
P7
l Ligate
P5 P7
N
Rd1 SP Rd2 SP /
Index
Index R4z Sp Rd1 SP
P7 P5
l Amplify to create final library
P5 Rd1 SP DNA Insert Index
5 m—
|

Rd2 SP’
12 samples per lane

Potential sources of bias:

1. Selective PCR amplification (issue of duplicates).
2. Size selection.

3. Enzyme specificities.

P7’

5

ends polishing j

l 1.8X SPRI clean-up

A-tailing J

l 1.8X SPRI clean-up

[
(
(
(

l 1.6X SPRI clean-up

real-time PCR
amplification

l 1.0X SPRI clean-up

quality control j

and sequencing

Challenging but possible to analyze pg
quantities of DNA. (In humans, ~6 pg
DNA/cell).



Where do these reads come from?

l o
N Ll iat b s
|
Library Preparation Cluster Generation Sequencing by Synthesis CASAVA
~2 h [15 min hands-on (Nextera)] ~5 h (<10 min hands-on) ~1.5to 11 days 2 days (30 min hands-on)

< 6 h [< 3 h hands-on (TruSeq)]

Flow Cell A Flow Cell B

Flow cell

Flow Cell Lever A Flow Cell Lever B



What is the output from an lllumina sequencing experiment?

Paired read (fastqg format)

@HWI-ST1239:178:HOKPNADXX:2:1101:3120:1979 1:N:0:TGACCA
NCTGTAGGCTGCGTAGCCTCCCTGCAGGGTAAGTGGGAGGAGAGAGAGCAGAGGGACTTAGTGGGGCTCCCCAGGG

+
#1=DDFFFHHHHHIJIJJJIJJJJJIJJJ?FHIDGIJ=GIHGIIIHGIJIHEHIHHGFFFFEEEDDDDDDDDDDDD

@HWI-ST1239:178:HOKPNADXX:2:1101:3120:1979 2:N:0:TGACCA
NNACCTAGCCATCTGCAGTCCTCGGTCCTGTGTTAGACCAGAACTAGGTGCCCAGGCCAGGTACCACCTAATCCTT

+

1. Read identifier

a Instrument

b Flow cell

c Read ID

d Coordinates

e Which read from a paired end sample
f. Which index for multiplexed read
Sequence

)

2.
3. Quality score identifier “+’
4. Quality score



What limits the insert size and read length??

One read (fastg format)

@HWI-D00306:498:HBB89ADXX:1:1101:1180:1882 1:N:0:CGATGT
NCATCACTTTCTGCACCAGCCATGACGTCAATCTTCGTCCGAACCCCAAACTCGAGATCGGAAGAGCACACGTCTG
+

#11BBDDDFFDFBFFFIIIIIIIIIIIIIFEGIIIIIFIGAGIIFIII=FEEEEEFFFDDD=@9AQBBBBB=?BB<

e For each single end read: Incomplete incorporation of bases.

e For the size of the insert (especially for paired end analysis):
Ability to get consistent clusters.



What do | do with my sequencing reads”?

il

| THIRK |
KOUKD

Source: Slate via Noonan



Many reference genomes are available

Human
Chimp
Gorilla
Orangutan
Rhesus
Baboon
Marmoset
Tarsier
Mouse lemur
Bushbaby
Tree shrew
Mouse

Rat
Kangaroo rat
Guinea Pig
Squirrel
Rabbit
Pika
Alpaca
Dolphin
Cow

Horse

Cat

Dog
Microbat
Megabat
Hedgehog
Shrew
Elephant
Rock hyrax
Tenrec
Armadillo
Sloth
Wallaby
Opossum
Platypus
Chicken
Zebra finch
Lizard
X.tropicalis
Tetraodon
Fugu
Stickleback
Medaka
Zebrafish
Lamprey

E Primates mmmm

Lrm LT

= Vertebrates
e




There Is a wide range of genome sizes.

kb = 1000 bp

Mb = 1x106 bp
Gb = 1x109 bp
Tb = 1x1012 bp

Human haploid
genome ~ 3 Gb

75 nt x 3x108 reads/lane is
about the right scale, but the
amount of coverage necessary
depends on application.

——e—— Mammals
Birds -e—
—e—— Reptiles
Frogs bP————
Salamanders p————{

Lungdfishes —eo—
Teleost fishes r———tm—
——e— Chondrostean fishes
Cartilaginous fishes =———e—-—
—e— Jawless fishes
Non-vertebrate chordates p——e——

o
r " g

{ Crustaceans

Insects | & {
t = { Arachnids
Myriapods =———e—
f—————— Molluscs

————— Echinoderms
Water bears (Tardigrada) p———o——

Flatworms (Platyhelminthes) | - i

Rotifers p—e—i

e Red algae (Rhodophyta)

— Brown algae (Phaeophyta)
Flowering plants (Angiosperms) | i
Non-flowering seed plants (Gymnosperms) | —

Annelids F

Green algae (Chlorophyta)

Ferns (Monilophytes) | & i
Club mosses (Lycophytes) | > |
————— Mosses and kin (Bryophytes)

Roundworms (Nematoda) |

——— Cnidarians
Sponges (Porifera) | o—]
I * | Fungi
Protozoa } * {
I * { Bacteria
I—O—l Archaea
| [ [ | \ [
0 1 2 3 4 5

Log1g C-value (Mb)

1 Gb 10Gb 100 Gb



Seqguencing of the human genome

Victory declared 2003

|H|\| ‘|]H| National Human

Genome Research
HG C |||||||||I|| Institute

J GI ( & wellcome trust
DOE JoNY CENOME peSTIuTE sanger
sssssssssssssss Institute

Sequencing =Wl s
I = AP

e|Industrialization of Sanger sequencing,
library construction, sample preparation,
analysis, etc.

¢S3 billion total cost

*1 Gb/month at largest centers (2005)

Novaseq 20 billion reads 2x150 bp. $1000 -> $100/genome.



How to assemble a genome

Generate reads

Find overlapping reads l

Assemble reads into contigs l

Assembly quality criteria:

Accuracy: number of errors
(Human << 1/100,000 bp)

Contiguity: number of gaps
(Human: est. 357)

Coverage:
Average number of reads representing a
particular position in the assembly

Human, Mouse, Rat: > 20x

contig Chimpanzee:  ~6x
l Squirrel:  ~2x
Join contigs into
scaffolds — — - —_ —
oo pay scaffold  Scaffold_0: 12,865,123 — 12,965-110
Join scaffolds into
“finished” sequence

anchored on chromosomes

AGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTA 'AATATAGA’ CAATAATTGGTCTAGGATAAGGATAATATACAG

There are various

Chr5: 133,876,119 — 134,876,119



The importance of paired end reads

Paired-End Reads Alignment to the Reference Sequence
L e—
I |
—_— L —
e —————— Reference  m—— = =
v
Read 2

® |ncrease coverage of the insert.

e Particularly helpful when one read maps to multiple
places in the genome.



CCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAG!
\AGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTT
AATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATT
CAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACT
TAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGCG
TATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGC
\TGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGA/
SAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGA
CATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTT(
\GATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAA
ATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAC
ACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCA
[TGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTTT
STGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATT
CATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAG
"TAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCT
TACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCAT
‘GATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACA
AGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAG
AACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATT
TAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTG!
[TATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTA
ATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTC
[TTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCAT
SAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAG!
AACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTC
JACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGA,
STGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTA
GATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGT
CTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTT:!
\ATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTG
ACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGC(
ATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAG!
SAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCAC
SGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAA
AAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACACG
AGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAAT
ATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAA
[TCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAA,
\TCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCA
‘CGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAG!
TGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGA
CAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTAT
"TCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGT




What types of annotation do we have/want?

Genes:

Coding, noncoding, miRNA, etc.
Isoforms

Expression

~3 billion bp

ACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTG
ATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAAT
AAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCT
AGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATC
AGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAG
TAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAATGAAACA G . . . .
GAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTA tl tl
GATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGT e n e c va rl a o n .
CTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAG

CATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGG S N P d C N V
ATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAA = S a N S
ATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTA

CTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACA

ATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATA

CCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAA °
TATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGG S e q u e n c e c o n S e rv a tl o n
CATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGAT

GTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAAT

AAAGTTAATTTCAAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGA

TTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTT

CACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATT .
AATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGT Re g u I a to ry S e q u e n C e S .
CATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGA

ATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGAT

ACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTC - P r‘ O m O t e r‘ S
AAATTCGACTGAGAATAAAACAGACACAAACAAGTAAATAAAGTTAATTT

CAAGTTGTAATTGATGCTATCCCAGGCACAAGACCA....

- Enhancers
- Insulators

Epigenetics:
- DNA methylation
- Chromatin



Degrees of genomic annotation vary widely

s \ertebrates

e Placental mammals

N Primates mmm

Lom LT

(;

L

Human
Chimp
Gorilla
Orangutan
Rhesus
Baboon
Marmoset
Tarsier
Mouse lemur
Bushbaby
Tree shrew
Mouse

Rat
Kangaroo rat
Guinea Pig
Squirrel
Rabbit
Pika
Alpaca
Dolphin
Cow

Horse

Cat

Dog
Microbat
Megabat
Hedgehog
Shrew
Elephant
Rock hyrax
Tenrec
Armadillo
Sloth
Wallaby
Opossum
Platypus
Chicken
Zebra finch
Lizard
XK.tropicalis
Tetraodon
Fugqu
Stickleback
Medaka
Zebrafish
Lamprey

ENCODE and modENCODE

Human, Mouse (Fly, Worm, Yeast):
- Chromosome assemblies
- Dense gene and regulatory maps, variation, etc.

Other models (Dog, Chicken, Zebrafish):
- Chromosome assemblies
- Partial gene maps; variation; little regulatory data

Low coverage vertebrate genomes:
Scaffold assemblies

Few annotated genes

Used for comparative purposes



Where do you look for existing annotations”

UCSC Genome Browser (genome.ucsc.edu):
Visualization, data recovery, simple analysis
(also http://genome-preview.ucsc.edu/)

ENSEMBL (ensembl.org):
Visualization, data recovery, simple analysis

Integrative Genomics Viewer
(broadinstitute.orgsoftware/igv/):
Local genome viewer (visualize local and remote data)

Galaxy (main.g2.bx.psu.edu):
Complex data analysis and workflows



Example of a genome browser track (UCSC)

Chr5: 133,876,119 — 134,876,119




Our specific example:

@HWI-ST1239:178:HOKPNADXX:2:1101:3120:1979 1:N:0:TGACCA
NCTGTAGGCTGCGTAGCCTCCCTGCAGGGTAAGTGGGAGGAGAGAGAGCAGAGGGACTTAGTGGGGCTCCCCAGGG
+
#1=DDFFFHHHHHIJIJJJIJJJJJIJJIJ?FHIDGIJ=GIHGIIIHGIJIHEHIHHGFFFFEEEDDDDDDDDDDDD

@HWI-ST1239:178:HOKPNADXX:2:1101:3120:1979 2:N:0:TGACCA
NNACCTAGCCATCTGCAGTCCTCGGTCCTGTGTTAGACCAGAACTAGGTGCCCAGGCCAGGTACCACCTAATCCTT

+
#H#4<QRQQERREERR?QARR?QAEA???22722@AA?2@A?22227222222222222>2222222222@>??2?2Q@QAR?QAA????227
UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
move <<« << < > »>> | ZOOM iN | 15x | 3x | 10x | base ZOOM out 1.5x 3x  10x  100x
chr1777,080,957-77102556 21,600 bp ‘ enter position, gene symbol, HGVS or search terms
|chrl7(q25.3) [Zp1z3EAER 17p13.1 17pi12 < i7q112  RFCIFINN G202) 1752131 Bikealg21.33 1722 [ PR Tl o242 17925.1 0 Ii7q25.3 |
Window Position Human Feb. 2008 (GRCh37/hg18) chr17.77,080,957-77,102,556 (21,600 bp)
J Scale 10kb | | hgtg
encase K- —— RBFOX3 mffccceccecfeccccedeccecdied] | | ] )
J enGasE | b= eees——
REFOX3 E— i i ! i i ) ] P
o FefSeq Curated — i —————— — i i } B } i i
ﬂ Common sMPs(1S1Y [T [0 [T 1 TIEITHTTIET W e e e e e e e IInII [ I U e AN A N T | [ 1
move start Click on a feature for details. Click or drag in the base position track to zoom in. Click side bars for track options. Drag side bars or labels up or down to reorder move end
< |20 |[ > tracks. Drag tracks left or right to new position. Press "?" for keyboard shortcuts. < 2.0

track search default tracks default order hide all add custom tracks track hubs configure multi-region reverse resize refresh



Workflow

1. Isolation of sample. P
e.q., Isolate DNA and shear.

IIIII

2. Library preparation <. T

e.g., Add known sequences to the ends.

3. Sequencing

e.g., lllumina Novaseq

4. Analysis

e.g., Map to genome and interpret.

. ,H e Ll 1. *L,ji ol
| A || O MmO O O AR m RN 0 1




Using sequencing to annotate the genome

1. Where are the cis-acting regulatory elements in DNA"

A. DNase | hyper-sensitivity mapping (DNase-Seq).
B. FAIRE to map regulatory elements.

2. Where do transcription factors bind"?

C. ChlP-seq of transcription factors (or in high res, ChlP-exo)
D. Nucleosome mapping (MNase-Seq).

3. Where are different histone modifications found?

E. ChIP-Seq of histone modifications.
F. ChIP-Seq of chromatin writers, readers and erasers.

4. Where is RNA polymerase transcribing”

G. ChlIP-Seq of polymerase.
H. GRO-Seq, NET-Seqg and TT-Seq to measure RNA in the polymerase active site..

5. How is the genome organized in 3D?

. A4C/5C/Hi-C to measure chromatin conformation.

Applications of sequencing technology next week.



Conclusions

eHigh-throughput sequencing has become democratized -
moved out of industrial-scale genome centers

eSequence is no longer limiting - next generation of sequencers will
make sequencing very inexpensive

eEarlier methods for counting / resequencing applications are largely obsolete

eScale of data production outstripping our ability to store and analyze it



