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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.
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Overview

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

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

Credit: Jim Noonan for many of the slides



What is sequencing?

)

1. Yesterday (First generation sequencing)

a. Maxam-Gilbert Sequencing
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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 Labor

e Analysis



What is sequencing?
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1. Yesterday (First generation sequencing)

Home MNext-Gen Sequencing

a. Maxam-Gilbert Sequencing
b. Sangar Sequencing

v Illumina

+ Pacific Biosciences
Submit and track requests
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Expand All

2. Today (Second generation sequencing)
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c. Pacific Bioscience Sequencing (3rd-ish)
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3. Tomorrow (Third generation sequencing)

a. Nanopore based
b. Transistor based
c. FRET based
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The technology will change, but your need to critically
understand the input and output will not.
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The steps of sequencing experiments

1. Sample preparation

a. Isolation
b. Library construction

2. Sequencing

a. Flow cell loading

b. Cluster generation

c. Sequencing

d. Processing image files

e. De-multiplexing samples

3. Data analysis

a. Read filtering
b. Alignment to a genome
c. Diverse analyses



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

W=



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=Q@9AQBBBBB=?BB<

@HWI-D00306:498 :HBB89ADXX:1:1101:1167:1902 1:N:0:CGATGT
TATTGCAATATGTTAACAATCTAACAAGGAAAAAATACCCCACACAAAACAAAACACAACCCTTAGAACTGTGCTG
+
BA@@FFDFFHFHHHJJIJIGIIJJJJJIJJIJHFIJJJJIJIJJIJEHHIJJIJJIJIJIIJJIJIJIJIJIGHHHHFBDFFFE>CEEC
@HWI-D00306:498:HBB89ADXX:1:1101:1190:1928 1:N:0:CGATGT
ACCAAGCCACAATAAGTTAGTGTTTCCATAGTACATGCTGAGTTATTTGATCCCGTATCTATACACTGCTACTGTC
+

@<@DDDDDS8CDDDGE?2<AFFBCCEEHEIEGHI IEGEIDDQRCDGFFFEFIDGCFCDABFG>FBFGFGIEIFFFDDD
@HWI-D00306:498 :HBB89ADXX:1:1101:1157:1931 1:N:0:CGATGT
CTGAGATTCTTTGCCATAGTCCTTAACCACTACGCAACTGCAACCAACCACCTTCCGTGGETTTGCCCTCTCGATCG
+
CCCFFFFFHHHHHHIJJIIJJJIIGHHIJGGIJIGIJJIJIJIJIJIJIJIITIJIIJIIJIJIJIIIJGIIJHCHFBDFFFDDECB

Generally ~ 300,000,000 reads/sequencing lane

Note: This is for an lllumina HiSeq 2500 with current chemistry, but this number changes



How long are the reads?

TATTGCAATATGTTAACAATCTAACAAGGAAAAAATACCCCACACAAAACAAAACACAACCCTTAGAACTGTGCTG
€ >

75 nt

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 ?.-vi» F . =
l im0
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|
Library Preparation Cluster Generation Sequencing by Synthesis CASAVA
~2 h [15 min hands-on (Nextera)] ~5 h (<10 min hands-on) ~1.5t0 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?
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How do you make a sequencing library?

N\§
Rd1SP .
Index = unique sequence Index o ==mm—
key to identify library # Rd2SP
P7
&S
Rd1 SP

Index_/Rq2 sp

P7
P5  Rdi1SP
5 m—

12 samples per lane

Potential sources of bias:

1. Selective PCR amplification (issue of duplicates).

2. Size selection.
3. Enzyme specificities.

O W
S O

Ligate
l' J P7

DNA Insert

Rd2 SP /
Index
Rd1 SP

l Amplify to create final library

Index
| |
| |

Rd2 SP’

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

5:

P7’

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

DNA/cell).



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

. Instrument

Flow cell

Read ID

Coordinates

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

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

oo TD

)



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=Q@9AQBBBBB=?BB<

¢ 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”

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
Zebrafinch
Lizard
X.tropicalis
Tetraodon
Fugu
Stickleback
Medaka
Zebrafish
Lamprey

N Primates mmmm

Lrm LT

= Vertebrates
[ T




There Is a wide range of genome sizes.

kb = 1000 bp

Mb = 1x10° bp
Gb = 1x10° bp
Tb = 1x10%2 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.
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Lungfishes —eo—
Teleost fishes |r———tm—{
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I * { Arachnids
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Water bears (Tardigrada) p—o——

Flatworms (Platyhelminthes) * i
Rotifers p—e—q

P Red algae (Rhodophyta)
— Brown algae (Phaeophyta)

Flowering plants (Angiosperms) ¢ i

o ]

Non-flowering seed plants (Gymnosperms) | *—
Ferns (Monilophytes) | = {

o ]

Annelids |

Green algae (Chlorophyta) |

Club mosses (Lycophytes) ¢
—————— Mosses and kin (Bryophytes)

b L]
——— Cnidarians

Roundworms (Nematoda) |

Sponges (Porifera) o—]
I * { Fungi
Protozoa } & ]
I * { Bacteria
I—0—| Archaea
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1Gb 10 Gb 100 Gb



Sequencing of the human genome

Victory declared 2003

H||i |||“H” National Human

“l" “" ||||| Genpme Research
HG C ﬁum Institute

JGIC

DOE JOINT GENOME INSTITUTE
nnnnnnnnnnnnnnnnnn
sssssssssssssss

& wellcome trust

ysanger

institute

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

¢S3 billion total cost

*1 Gb/month at largest centers (2005)

*YCGA =9.6 Tb per month (2011)



Assembling a genome from short reads

111111111

17 18

............ EEEEEEEEEEEE

>>10° sequencing reads



How to assemble a genome

Generate reads Assembly quality criteria:

Accuracy: number of errors

(Human << 1/100,000 bp)
Find overlapping reads l
Contiguity: number of gaps
LT (Human: est. 357)
Assemble reads into contigs 1 Coverage:

Average number of reads representing a
particular position in the assembly

T — — Human, Mouse, Rat: > 20x
contig Chimpanzee:  ~6x
l Squirrel:  ~2x
Join contigs into
scaffolds . — - - - —
— scaffold  Scaffold_0: 12,865,123 — 12,965-110
Join scaffolds into
“finished” sequence

anchored on chromosomes
AGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAG C h r5 : 1 3 3’ 8 7 6’ 1 1 9 - 1 3 4’ 8 7 6’ 1 1 9



The importance of paired end reads

Paired-End Reads Alignment to the Reference Sequence

¢ |[ncrease coverage of the insert.

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



CCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAG!
\AGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTT
AATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATT
CAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACT
TAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGC
[ATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGC
\TGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGA/
SAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGA
CATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTC
\GATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAA
ATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAC
ACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCA
[ TGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTT
STGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATT
CATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAG
TAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCT
[ACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCAT
GATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACA
AGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAG
\ACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATT
TAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTG!
[TATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTA
\TTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTC
[TTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCAT
SAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAG.
\ACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTC
JACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGA
5TGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTA
GATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGT
CTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTT
\ATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTG
ACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCC
ATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAG
SAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCA(
5GAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAA
AAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAC
AGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAAT
ATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAA
[TCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAA.
\TCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCA
‘CGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAG
[GTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGA
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 ° ° °
GAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTA G e n etl c va rl a tl o n 4
GATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGT L]
CTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAG

CATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGG S N P d C N V
ATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAA = S an 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

= \ertebrates

Placental mammals

N Primates mm

Loaah L

S et %JF'%

Human
Chimp
Gorilla
Orangutan
Rhesus
Baboon
Marmoset
Tarsier
Mouse lemur
Bushbhaby
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

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



Degrees of genomic annotation vary widely

= \ertebrates

Placental mammals

N Primates mm

Loaah L

S et %JF'%

Human
Chimp
Gorilla
Orangutan
Rhesus
Baboon
Marmoset
Tarsier
Mouse lemur
Bushbhaby
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

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
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Our specific example:

@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
+

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
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How else can sequence contribute to our
understanding of the regulation of our genomes?

Examine transcription: RNA-seq

. Probe genomic binding sites of proteins (e.g., TFs): ChIP-seq

. Probe histone modifications: ChIP-seq

. Probe DNA-methylation: methyl-Seq

. Examine genomic variation.

. Probe genomic binding sites of RNAs (e.g., TFs): CHART-seq
Examine the conformation of the genome through DNA-DNA
interactions: 4C/5C/Hi-C/&c.

8. Probe RNA-protein interactions. (e.g., CLIP)

NoubhwN R

Applications of sequencing technology next week.



Second-generation sequencing

“Democratizing” sequencing production

eMassive parallelization
eReduction in per-base cost
eEliminate need for huge infrastructure

eMillions of reads - >1Gb sequence per run

Novel sequencing applications

*RNA-seq

*ChlIP-seq Counting applications
eMethyl-seq
e\Whole-genome and targeted resequencing

Challenges

eRead length
eQuality
eData analysis and storage



HiSeq 2500

1 Instrument — 2 Run Modes

High Output Mode Rapid Run Mode
600 Gb in ~10.5 days 120Gb in ~1 day
Current v3 flow cell New 2-lane flow cell
Current v3 reagents New reagents
cBot required No cBot required

— ===

User configurable

Highest Output Fastest turnaround




MiSeq

Run-times

— 50 cycle — 4 hours

— 300 cycle — 27 hours
* Two sequencing options

— 50 cycles

— 300 cycles (2x150 bp)
One lane

— 6-7 million clusters
— Up to 8 billion bases (300 cycles)

Ideal for: R&D, CLIA, small genomes and projects
where longer reads are important



lon Torrent and lon Proton

Sequencing on
semiconductor chip




Micro-machined wells

lon-sensitive layef ———

Proprietary lon sensor ————=

Two bases
are incorporated

lon Torrent sequencing chemistry

When a nucleotide is incorporated into a
strand of DNA, a proton is released as a
byproduct.

The H* ion carries a charge which the PGM'’s
ion sensor can detect as a base.

Two hydrogen ions
are released



Advantages and limitations

Advantages

Low equipment cost
Rapid run times: 3 to 4 hours
Simple Chemistry

Limitations

Homopolymers detection

Error rates

Slow on introducing newer chips: Overpromise
PGM and Proton: two separate systems
Library prep: Emulsion PCR



Toward third-generation sequencing

High-throughput single molecule sequencing in real time at low cost

Pacific Biosciences
eSequence in real time with fluorescent NTPs
eRate limited by processivity of polymerase
*Very long reads possible (6 kb)

*Not well parallelized (few reads)




Sequencing in real time: Pacific Biosciences
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PacBio sequencing strategy

Sample Preparation

Genomic DNA
(200bp to 10kb+)

WGA

(10-20 ng) DNA Sample

WGA
(10-20 nqg)

Targeted

Enrichment Fragment DNA
Products

Repair Ends

Ligate Adapters

Building of SMRTbell




Applications

o Targeted sequencing
o SNP and structure variants detection
o Repetitive regions
o Full length transcript profiling
o De novo assembly and genome finishing
o Bacterial genomes
o Fungal genomes
o Gap-captured sequencing
o Targeted captured sequencing
o Base modifications detection
o Methylation

o DNA damage

YCGA PacBio RS

**Projects at YCGA

Shrikant Mane



PacBio vs lllumina

PacBio RS (Third generation)| ' “Mina HiSeq (Second
generation)

Sequencing Sequencing by synthesis (SBS) : :
Chemistry Single Molecule Real Time (SMRT)  >cduencing by synthesis (SBS)
Sequencing ‘© Smart Cell made up of 2 / Flow cell has made of
substrate O 150,000 ZMWs 8 separate lanes
Data output per 1 to 2 billion/ day. $1.5/ Mb 60 billion/day at a cost of $.06 per
day Mb
Read Length Average up to 5 Kb 50bp to 150bp
Raw: 10-15 %. With 30x coverage: o
Error rates Q50 (< 0.01) 0.5t01 %
SMRT Bell template :
Sample Library (Single-strand circular DNA) 250 bp to BB BRI (76 g te
10 Kb insert )

| —-— -
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Shrikant Mane



Oxford Nanopore
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Advantages and limitations

Nanopores offer a label-free, electrical, single-molecule
DNA sequencing method

No costly fluorescent labeling reagents

No need for expensive optical hardware and sophisticated
instrumentation to detect DNA bases

Runs as long as needed
High error rates ~5%

Not available yet



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

eNext: Applications of the technology



