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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.



Overview

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

Genomics ll: (Wednesday's lecture): Focus on
applications of sequencing technology.



Overview

- Sequencing data: from wet lab to fastq.

 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.



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

Data and code availability
M I I r C II o RNA sequencing raw data files have been deposited in NCBI's Gene
o ecu a e Expression Omnibus (GEO) archive, with the accession code GEO:

GSE251957.

¢ Molecular Cell

Meet the author The ribotoxic stress response drives acute
inflammation, cell death, and epidermal thickening in
UV-irradiated skin in vivo

Scope: Format: Amount:

GEO accession: [GsE251957 =

Series GSE251957 Query DataSets for GSE251957
Status Public on Jul 03, 2024
. Title Effects of ZAKalpha on UVB-dependent trancriptional changes in N/TERT-1 cells
Graphical abstract Authors Organism Homo sapiens
. Experiment type  Expression profiling by high throughput sequencing
Most read (laSt 30 days) Anna Constance Vind, Zhenzhen Wu, Summary This study investigates the effect of ZAKalpha kinase in UVB-triggered
. Reads: 26230058 reads
= p Muhammad Jasrie Firdaus, ...,
{ S © pase 100000/2623006 >
Atticle * Open Access e, ¥ i jcati . - - @ quaryscores adncad aptons
p Treating skin cels e jlopksl spolloins Mads Gyrd-Hansen, Franklin L. Zhong, s
The nboto()i(lg stress . Simon Bekker-Jensen memer GAGTCGTTICTCCGTAG Reads (separated) ‘ N
response drives acute e SORIOC RIIORE CAMOE SATIOMET STOACERA ToCHUETeTE
inflammation, cell T CAIECTICIECETAS  GerceranT craTTomen CarTooma ¢ e TeATer
i . One channel quality score
death, and epidermal Correspondence p——— s 30 0305030503030 303030 30303030 30303030 1030
thickening in UV- ) name: Q0552129 HSKHLD9X:1:117: 3013030 3030 30 30 30 30 30 303013030 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
" T vind@sund.ku.dk (A.C.V.), meber GACICGITLCTCCGTAG 3033030303030 303030 30303030 30303030 30 30 30 30 30 0 30 30 30 30 30 30
. . e % & 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Irradlated Skln nvivo franklin ZhOng@ntu edu sg (F L Z ) SRR27301488.999994 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
) . .edu. .L.Z), .
Vind et al. sbj@sund.ku.dk (S.B.-J.) e R o )
o 5 D.J. X ) y: .
Published online: November 25, 2024 RECTACEGG NAGAACTTY CCCCATTAG AGGGTOACHE ACHGECGENT TGACTCN
A RS 7. CTTCANTGTG TCATITCCGG CTGETGTGTG T
s S
In brief b 503030303030 30303030 3030303033030 30 3030 30303030 30303030 3030
303030303030 303030 30 3030 30 30 303030 30 3030 303030 30 30 3030 30 3030
7 3030030303030 303030 3030303033030 30 3030 30303030 30 30 0 30 3030
: . AT ECTEEOAE ™ 303036303030 3030 30 30 3030 30 303030 30 30 30 30 30 3030 30 30 30 30 30 30 30
The acute skin reaction to sunburn, RS 30303030 30 30 30 30 30 30 3030 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 3030
3
encompassing keratinocyte cell death, e DS ISR DR 117
. . . . . e g | TCCOTAC
inflammation, and epidermal thickening, P inias i A
ZIP/Postal code 308232
has traditionally been ascribed to DNA Country Singapore
Infiltration of 1
immune cells damage responses. Using a mouse Platforms (1) GPL20301 Illumina HiSeq 4000 (Homo sapiens)
. model deficient for the Zak gene, Vind Samples (12)  GSM7990569 N/TERT control Sham #1
4 More...
H GSM7990570 N/TERT trol Sh #2
et al. demonstrate that these reactions /TERT control Sham
. . GSM7990571 N/TERT control Sham #3
\ depend on sensing of cytoplasmic RNA

Thickening of the damage rather than nuclear DNA
epidermal layer
damage.

https://www.cell.com/molecular-cell/fulltext/S1097-2765(24)00884-0




Raw data can be found in genomics databases

Experiment attributes:
GEO Accession: GSM4802676

Links:
NCBI link: NCBI Entrez (gds)

Runs: 1 run, 43.5M spots, 3.3G bases, 1.1Gb
Run # of Spots # of Bases

SRR15101033 43,549,074 3.3G

Size Published
1.1Gb 2022-11-10

[ms2598@c16n06 ~]$ head -50 SRR13288692.fastq

@SRR13288692.1 1 length=86
GGATTTATTTTACCATTTTTCTTTTTACGTGCTGAAAACAGCAGACAGTCGCCAGTGTTGGCCAACTTCTNNNNACTNNNNNNNAN
+SRR13288692.1 1 length=86

6AA/AEEEEEEEEAEEE/EEAE6EEEEEEEAEEEEEEEEE /AEEE/<EEE/EEE<A/EEEEE//EEEEEE####6E 6 ###H#H##HE#
@SRR13288692.2 2 length=86
GGGTGAACAGAGCCAAAGTTAATTTGCAGCGACGGCGAAACACTGTCTCTTATACACATCTCCGAGCCCANNNNGAAGNNNNNNAN
+SRR13288692.2 2 length=86
AAAAAE6EEEAEEEEEEEEEAEEEEEEEEEEEEEAEEEEEEEEEEEEEEEEEEEEEAEEEEEAEEEAEEA####AEEEA##AHHES
@SRR13288692.3 3 length=86
GACATTACACATTACGAGGTTTAGAAGCGGGCGCAGCAGCCACAACAGCAACAGCTGTCTCTTATACACANNNNTTGGNNANNCGN
+SRR13288692.3 3 length=86
A/AAREEAEEEEE6EEE6EEE/EEEEE/E//EEEEEEEEEEEEEEEEE/EE/E6EA/E/EAEEEEEE/ / A####AAREA##E##EA#
@SRR13288692.4 4 length=86
ACGTGGTGCTCTCCTCCGATGGCAACTACGCCCTGTCCGGATCCTGGGATCAGACCCTTCGCCTGT Al TCTANNANNGAN
+SRR13288692.4 4 length=86
AAAAGEEEAEEEAA/AAEEE/EEAEEEEEE<EEEAAE</EAEAEEEE/EEAEA<<EAE/EEEEA/EE//A####/E/D##E##/ | #
@SRR13288692.5 5 length=86
CCCGTACCTCCGTCTCGCCCGGGGTGGCGCCGATCAGGCGGCAGCGGTCACCCGTGACGATGGCGGCGCCNNNNCGATNNCNNGTN
+SRR13288692.5 5 length=86
A/AARAE/AAEE/EARAE/</<EEEEEA//E//EE/A//EAE//A/EEA/E/A//<E/EEEA/6/</66<####/E/E##E#H#E6#
@SRR13288692.6 6 length=86
AGTCCCAACTGATGGTTTCAAAAAGGCCGCCAAAGTTGAAAATATCGATATCATGCAGATGATATATCGANNNNGATGNNCTNGAN
+SRR13288692.6 6 length=86
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE ####AEEE##EE#EE#
@SRR13288692.7 7 length=86
GAAGGTAGTCCACAACTACGGCCACGGCGGCTACGGTGTGACCACGGCTCCTGGAACGGCTATGTACGCANNNNTTTGNNTCNATN
+SRR13288692.7 7 length=86
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEAEEEEEEEEEEEEEEEEEEEEEEEE ####AEEE##EE#EE#
@SRR13288692.8 8 length=86
ATTCAGGTACAGATACAGATACACGGCGACGGATACAAAAATACAGCTTGTGGAATATTGTGTTTTCAAANNNNTCATNNGGNTGN
+SRR13288692.8 8 length=86
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEAEEEEEEEEAEAEEEEEEEE ####AEEE##EE#EE#
@SRR13288692.9 9 length=86
CTGCTACACAAAGCAGTTTACACTGCTTGTCTAGTGGATGCACCCGATAAGCTAGCTTGGTGTTCTTAAANNNGAAGGNNAATTGN
+SRR13288692.9 9 length=86
AAAAAREEEEEEEEEEEEEEEAEEEEEEEEEEEEEEEEEEEAEEEEEEEEEEEEEEAEEEEEEEE ###AAAEE##EEEEE#

+ 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.




What is the output from an lllumina sequencing experiment?

One read (fastqg format)

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

+
#1=DDFFFHHHHHIJIJJJIJJJJJIJJII?FHIDGIJ=GIHGIIIHGIJIHEHIHHGFFFFEEEDDDDDDDDDDDD

Read identifier
Sequence

Quiality score identifier “+”
Quality score

W~



Central questions

Where do these data come from?

How does the way we collect it
Influence what we know?



Which best describes your wet lab experience?

(A) | have never conducted research that requires
molecular biology.

(B) I've done a lot of molecular biology (cloning,
etc.) but only worked with Sanger sequencing.

(C) I've generated at least one deep sequencing
data set.

(D) I've done a lot of deep sequencing.



Which best describes your experience with
analysis of sequencing data?

(A) | have no relevant experience with DNA
sequencing data.

(B) I've read/thought about DNA sequencing data
but never worked with It.

(C) I've worked with some DNA sequencing data.

(D) I've worked with a lot of DNA sequencing data.



Workflow

1. Isolation of sample. g
e.g., Isolate DNA and shear.
2. Library preparation < LT

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 1. 1“,1,1 ol Ao dd
NEL T 1| S 0 T 10 0 A A 0 R T b




Metrics for evaluating sequencing technology

Throughput: Cost
e Number of high quality bases per unit time e Per run cost
e Number of independent samples run in parallel e Per base cost
¢ Difficulty of sample preparation e Equipment
e Reagents
e |Labor
¢ Analysis
Yield Quality
e Number of useful reads per sample e Accuracy per base

¢ Read length



What is sequencing?

One-at-a-time methods Short read deep sequencing Long read deep sequencing Spatial -omics
a. Maxam-Gilbert Sequencing a. lllumina Sequencing a. Nanopore based a. DNA probe based
b. Sangar Sequencing b. lon Torrent b. Pacific Bioscience Sequencing b. Antibody probe based

Sequencing technology Platform Data Read length (kb) Read Throughput per Estimated cost per Maximum throughput
type accuracy flow cell (Gb) Gb (US$) per year (Gb)?
%
N50 Maximum (%) Mean Maximum
RS IIb CLR 5415 >60 0.75-15 2 333-933¢ 4,380
Pacific Biosciences Sequel CLR  25-50 >100 87-92 5-10 20 98-195¢ 17,520
(PacBio) Secvel CLR  30-60 5200 50-100 160 13-26¢ 93,440
equel
HiFi  10-20 >20 >99 15-30 35 43-86° 10,220
long 10-60 1,000 2-20 30 50-500° (zc";'r?(g%,‘\"‘)"]"'o"” 109,500
MinlON/GridION
Oxford Nanopore .
Technologies (ONT) l%';g" 100-200 >1500 8798 052 25 500-2,000f ?éﬁ d‘fg‘g')o"” 4,563
PromethION Long  10-60 >1,000 50-100 180 21-42° 3,153,600
Single- 0.075-
o ots 0415 16-30  >30 50-63¢ >47,782
NextSeq 550 oared- | 0076
alrea- A
‘ end 015 (x2) 0152 32-120 120 40-609 570,080
lllumina . >99.9
Single- 005025 0.25 o
NovaSeq 6000 2000  >3000  10-35" 1,194,545
Paired- 0.05-025 55 () 2
end (x2) :

The technology will change, but your need to critically

1 : Logsdon (2020) Nat Rev G '
understand the input and output will not. ogsdon (2020) Nat Fev Genefics

Bressan (2023) Science



The steps of sequencing experiments

1. Sample preparation

Sequencing
a. Isolation
b. Library construction .
Service Yale Rate Non-Yale Rate
. MiSeq 500 Cycle $1,905 $2,485
2. Sequencing
. NextSeq Usage $1,039 $1,358

a. Flow cell loading
b. Cluster generation NovaSeq X Plus 25B 2x150 $2,936 $3,825
c. Sequencing
d. Processing image files NovaSeq SP 2x150 $2,617 $3410

e. De-multiplexing samples
3. Data analysis
a. Read filtering

b. Alignment to a genome
c. Diverse analyses

...per 1.25 billion reads!

Retrieved Jan 27, 2025:

https://medicine.yale.edu/genetics/research/ycga/service-fees/



What is the most raw form of data recorded in an
lllumina sequencing experiment?

(A) A chromatogram.

(B) A string of letters.

(C) A series of images.

(D) A readout of genomic locations.



Where do these reads come from?

A. Library Preparation B. Cluster Amplification C. Sequencing

Genomic DNA

l Fragmentation

f— — l Sequencing Cycles )
Adapters L —
.

f— Bridge Amplification
Cycles
l Ligation e
l Digital Image

Data is exported to an output file l

L —
o L —
seguencing C e— Cluster 1 > Read 1: GAGT...
Library ——— Cluster 2 > Read 2: TTGA...
o i, g2 Cluster 3 > Read 3: CTAG...
e — 1 aald Cluster 4 > Read 4: ATAC...  Text File

Clusters Sequencing reagents, including fluorescently labeled nucleo
tides, are added and the first base is incorporated. The flow
and the fragments are cell is imaged and the emission from each cluster is recorded
The emission wavelength and intensity are used to identify
the base. This cycle is repeated times to create a read
length of “n” bases.

Library is loaded into a floy
hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification

/ is prepared by fragmenting a gDNA sample and
ligating specialized adapters to bath fragment ends

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf



Optional: Library preparation using ligation

\P5

Rd1 SP ®L
T
A

ends polishing

© |

>

Index = unique sequence Index ‘W
key to identify library / Rd2SP

P7

l Ligate o7
P5
N

Rd1 SP Rd2 SP / adapter ligation
Index
Index "R sp Rd1 SP

1.8X SPRI clean-up

A-tailing

1.8X SPRI clean-up

4—

1.6X SPRI clean-up

‘_

P7 PS5 real-time PCR

amplification

l 1.0X SPRI clean-up

and sequencing

l Amplify to create final library quality control

P5 Rd1 SP DNA Insert Index

5 m—— S ==
—

L 5

Rd2 SP’ P7’
12 samples per lane
Potential sources of bias: . .
Challenging but possible to analyze pg

1. Selective PCR amplification (issue of duplicates). quantities of DNA. (In humans, ~6 pg
2. Size selection. DNA/cell).

3. Enzyme specificities.



Optional: Library preparation using tagmentation

Loading of Th5 Tagmentation

purified Tn5 dimer 100 -200 pg cDNA
QOO i
O
+ loaded Tn5 dimer
annealed linker oligos 9@@9@
]
) |k)| |kk)| 3m|nat55°C
30 - 60 min at 23°C Tn5 mactlvatlon
350 rpm 0.2% SDS, |5 min at 80°C
) 5 min at 23°C
loaded Tn5 dimer tagmented cDNA
g R AAAAAA

s — T TTTT

Figure from: Hennig BP, Velten L, Racke I, Tu CS, Thoms M, Rybin V, Besir H, Remans K, Steinmetz LM. G3

PCR and library preparation

gap filling step - 72°C for 3 min

(Tl

inm

e 11

488
AAAAAA
TTTTTT

amplified tagmented cDNA libraries
i5 i7

4mn

AmPure XP bead purification, quality check

(Bethesda). 2018 Jan 4:8(1):79-89. PMID: 29118030.



Cluster amplification.

B. Cluster Amplification
3 f

-

| [ | {
LT | {
oy (U1 L H'I' PR

Bridge Amplification
Cycles

ety il il

B Db
Il}*:ju (_é)i ‘ 'I"t;?le Vol 4566 November 2008|doi:10.1038/nature07517 nature
L 1! I’ ‘“I\~ i i i
Clusters ARTICLES
Library is loaded into a flow cell and the fragments are

hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification.

Flow Cell

5
-

J,

Accurate whole human genome
sequencing using reversible terminator

o chemistry
= Separate eaCh |nd|V|d ual. molecule (randomly). A list of authors and their affiliations appears at the end of the paper

- Give each molecule an address (spatial location).
- Pack as many on as possible but avoid overlaps.

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf




Sequencing by synthesis

Reverse

Add base termination

90 Add next base
4 L
Sequencing @ - z .
by synthesis : N |
with reversible v
dye terminators
Q i
il o Dy :

Laser

1 cycle

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf



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



What limits the insert size and read length?

One read (fastqg format)

QHWI-D00306:498:HBB89ADXX:1:1101:1180:1882 1:N:0:CGATGT
NCATCACTTTCTGCACCAGCCATGACGTCAATCTTCGTCCGAACCCCAAACTCGAGATCGGAAGAGCACACGTCTG
+
#11BBDDDFFDFBFFFIIIIIIITIIIIIIFEGIIIIIFIGAGIIFIII=FEEEEEFFFDDD=Q9A@BBBBB=?BB<

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

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



What is the output from an lllumina sequencing experiment?

Paired read (fastq format)

QHWI-ST1239:178:HOKPNADXX:2:1101:3120:1979 1:N:0:TGACCA
NCTGTAGGCTGCGTAGCCTCCCTGCAGGGTAAGTGGGAGGAGAGAGAGCAGAGGGACTTAGTGGGGCTCCCCAGGG
+
#1=DDFFFHHHHHIJIJJJIJJJJIIJJII?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
Which index for multiplexed read

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

popoTp

-



What is the output from an lllumina sequencing experiment?

Many reads...

QHWI-D00306:498:HBB89ADXX:1:1101:1180:1882 1:N:0:CGATGT
NCATCACTTTCTGCACCAGCCATGACGTCAATCTTCGTCCGAACCCCAAACTCGAGATCGGAAGAGCACACGTCTG
+
#11BBDDDFFDFBFFFIIIIIIITIIIIIIFEGIIIIIFIGAGIIFIII=FEEEEEFFFDDD=Q9A@BBBBB=?BB<

QHWI-D00306:498 :HBB89ADXX:1:1101:1167:1902 1:N:0:CGATGT
TATTGCAATATGTTAACAATCTAACAAGGAAAAAATACCCCACACAAAACAAAACACAACCCTTAGAACTGTGCTG
+
BQ@FFDFFHFHHHJJIJIGITIJJJJJIJIJHFIJJJIIIJIIJEHHIITIIIIIIIJIIIIIGHHHHFBDFFFE>CEEC
QHWI-D00306:498 :HBB89ADXX:1:1101:1190:1928 1:N:0:CGATGT
ACCAAGCCACAATAAGTTAGTGTTTCCATAGTACATGCTGAGTTATTTGATCCCGTATCTATACACTGCTACTGTC
+
@<@DDDDD8CDDDGE?2<AFFBCCEEHEIEGHIIEGEIDDECDGFFFEFIDGCFCDABFG>FBFGFGIEIFFFDDD
QHWI-D00306:498:HBB89ADXX:1:1101:1157:1931 1:N:0:CGATGT
CTGAGATTCTTTGCCATAGTCCTTAACCACTACGCAACTGCAACCAACCACCTTCCGTGGTTTGCCCTCTCGATCG
+
CCCFFFFFHHHHHHIJJIIJJJIIGHHIJGGIJIGIJJIJIJIIIIJIIIJIIIIIJIIIIIIGIIJHCHFBDFFFDDECB

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

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



What do | do with my sequencing reads?

g i e
| THIRK |
gel

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

messssssmm Placental mammals

mmmmm Vertebrates




A 75 nt sequencing read matches to a reference genome perfectly,
except for one mismatch. What might have caused this?

(A) An error introduced during library preparation.
(B) An error in a base call during sequencing.

(C) A single nuc
of the biologica

(D) Any of the a

leotide difference between the genome
| sample and the reference genome.

PDOVe.



There is a wide range of genome sizes.

kb = 1000 bp

Mb = 1x106 bp
Gb = 1x10° 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.

F—e——Mammals
Birds -e—
—e—— Reptiles
Frogs ——
Salamanders =———e———
Lungfishes —e—
Teleost fishes r—— m—
——e— Chondrostean fishes
Cartilaginous fishes ——e———
F—e— Jawless fishes

Non-vertebrate chordates p———e—qi

, { Crustaceans
J

Insects | |
k { Arachnids
Myriapods b——e——
—————— Molluscs
Annelids {
————— Echinoderms

Water bears (Tardigrada) p———o——
Flatworms (Platyhelminthes) b
Rotifers p—e—y{

————6——— Red algae (Rhodophyta)
Green algae (Chlorophyta) F g {
————— Brown algae (Phaeophyta)
Flowering plants (Angiosperms) k - J
Non-flowering seed plants (Gymnosperms) =———————e—-,
Ferns (Monilophytes) | < {
Club mosses (Lycophytes) | > {
—————— Mosses and kin (Bryophytes)
Roundworms (Nematoda) ————

——— Cnidarians
Sponges (Porifera) r————
I { Fungi
Protozoa | {
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Sequencing of the human genome

Victory declared 2003

| | Nati
I\H\“m"mm\\ National Human

I““ Genome Research
||||I‘ Institute

wellcome trust

> sanger

institute

HG % c i
(

uuuuuuuuuuuuuuuuuuuu
;;;;;;;;;;;;;;;

eIndustrialization of Sanger sequencing,
library construction, sample preparation,
analysis, etc.

53 billion total cost

*1 Gb/month at largest centers (2005)

Novaseq 1 billion reads 2x150 bp. $3000 -> <$100/genome.



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
(T (Human: est. 357)

Assemble reads into contigs l 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 _ o - _
—_— 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 long read sequencing

Fig. 2: Overview of long-read sequencing technologies.
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(T COMPLETING THE HUMAN GENOME

The complete sequence of a human genome
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the GRC assembly was constructed from se-
quenced bacterial artificial chromosomes
(BACS) that were ordered and oriented along.
the human genome by means of radiation hy-
brid, genetic linkage, and fingerprint maps.
However, limitations of BAC cloning led to
an underrepresentation of repetitive sequences,
and the opportunistic assembly of BACS de-
rived from multiple individuals resulted in a
mosaic of haplotypes. As a result, several GRC
assembly gaps are unsolvable because of in-
compatible structural polymorphisms on their
flanks, and many other repetitive and poly-
morphic regions were left unfinished or in-
correctly assembled (5).

‘The GRCh38 reference assembly contains
151 mega-base pairs (Mbp) of unknown se-
quence distributed throughout the genome,
including pericentromeric and subtelomeric
regions, recent segmental duplications, ampli-
conic gene arrays, and ribosomal DNA (rDNA)
arrays, all of which are necessary for funda-

ingaise
Brian P. Walenz', Aaron Wenger®®, Jonathan M. nw’mnﬁn‘* Stephanie M.Yan*%,
Aﬁ:c.m"‘ Samantha Zarate®, Urvashi Surti®, Rajiv C. McCoy*, Megan Y. Dennis**,

1A).Some of the
largest reference gaps inchude human satellite
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TCCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGG!
TAAGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTA(
CAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTT
CCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTA
GTAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGGA
ATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGCTC
TATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAAC
TGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGAC!H
CCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGT
TAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATT
GATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGC
GACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCAG
ATTGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTTTA
CGTGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATTA
ACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAGA(
TTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTA
ATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTC
ATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAA
GAGATGAGGGTGGCAGCAGCCTGTTTTAGATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAGA
AAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGGATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATTT]
TTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGAT
ATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATC
AATTCGACTGAGAATAAAACAGACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCA
CTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTT
TCAATAAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGAT
AAACAGACACAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTATCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTCA
TCACATTAATTCCAACATGCAAAGAGGAAATCTCCATATCATGCTTGTCATTCGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGAAT
TGTGGCCAACATGCAAAGAGGAAATCTCCCATCTGTCCAAATCAAACAGTTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTAT
GGATAAGGATAATATACAGAGAACATGCCAAAAGTTTAAGCAAGAAGAAAACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTA
ACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTG!
AAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGG,
GACACTAAACAAGTAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAATGAAACAGAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCT
GATTGGAAGACCTCTCTGAGATTAGTGTCTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAGCATTAAAAACCGTCTAGGCAGAATGAGC!
TGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACT
AGGAACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAA
CAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGA
AAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATG
CATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAAT!
GTTCTAGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACAAACAAGTAAAT
TATCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGATACCATTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATTAATTCCAACATGCAA/
TTCGTTTATCAGAGGCCAAATGTTTTTCTTTGTAAACGTGTGTAAAACATTCTCAGAATTTTAAACAATAACAAATCAGGGCTGAATGTGGCCAACATGCAAAGAGG!
TTGTATTATTAGAAACTGAGGGCTAAAAACTGTGCACATACACAGACACACATATTATTTTAATATAGATTTTCAATAATTGGTCTAGGATAAGGATAATATACAGAGAA
ACAAAGACTGTTACTATGGAAAAATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATT,
ATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGAATAATAAGTC



What types of annotation do we have/want”?

Genes:
Coding, noncoding, miRNA, etc.
Isoforms

ACAATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTG H
ATACCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAAT E X p ression
AAATATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCT

AGGCATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATC

AGATGTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAG

TAAATAAAGTTAATTTCAAGTTGTAATTGATGCTAGAAAGACAATGAAACA G o . o .
GAGCCATGTGACCAATGAGAGAGATGAGGGTGGCAGCAGCCTGTTTTA h h
GATAAGGTACCTGATTGGTGGGATTGGAAGACCTCTCTGAGATTAGTGT e n e c va r I a o n .
CTTCAGATATGCCTTAATGATATGAAAGAACCATTCATGGGAAGGCCTAG

CATTAAAAACCGTCTAGGCAGAATGAGCAGCAAGTGCAAGGGTCCTGG S N P d C N V
ATAGGAATGAGCTGGATATACTCAAGGAAGAAAGAGAAACTATGGAAAA - S an S
ATGAAAATAGATTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTA

CTTTTCTTCTTTCACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACA

ATAAATCACATTAATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATA

CCTTTAAATGTCATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAA

TATTTTTTAGAATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGG S e q u e n ce co n se rv a ti o n

~3 billion bp

CATTGGGGATACCATGTTCACAAGACAGACTATGATTTACAGGATCAGAT
GTGGACTCTCAAATTCGACTGAGAATAAAACAGACACTAAACAAGTAAAT
AAAGTTAATTTCAAGTTGTAATTGATGCTACTATGGAAAAATGAAAATAGA
TTTTAAAACATGTTAATTCACGTTACTTTTTGTTAAATTTACTTTTCTTCTTT
CACTTCTTACCTGTCAATGTTATTAATATTTTTAGGAACAATAAATCACATT .
AATTCCTTATCTCATGTGAAATTTCATATTTATGATTGATACCTTTAAATGT R e g u I a t 0 ry S e q u e n C e S .
CATTTGTTGAAGGAAGATTATTCATTTTTTCATTCAATAAATATTTTTTAGA

ATAATAAGTCCCAGGCACAAGACCAGTATTATGTTCTAGGCATTGGGGAT

ACCATGTTCACAAGACAGACTATGATTTACAGGATCAGATGTGGACTCTC - P rom Ot ers
AAATTCGACTGAGAATAAAACAGACACAAACAAGTAAATAAAGTTAATTT
CAAGTTGTAATTGATGCTATCCCAGGCACAAGACCA. ..

- Enhancers
- Insulators

Epigenetics:
- DNA methylation
- Chromatin



Degrees of genomic annotation vary widely

= Vertebrates

s Placental mammals

EE Primates mmmm

:
i

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
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



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=DDFFFHHHHHIJIJJJIJJJJJIIJJII?FHIDGIJ=GIHGIIIHGIJIHEHIHHGFFFFEEEDDDDDDDDDDDD

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

+
##4<QERRRARRRRA?RRR?REA?22222QA?2QR?2222222222222222>2222222222@>??2?2@AA?2QA?????"7
UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
move <<« << < > > >>> | ZOOM in  1.5x 3x 10x  base Zoom out 15x 3x 10x  100x
Chl’1777,080,957'77102556 21 .600 bp ‘ enter position, gene symbol, HGVS or search terms go
|chr17(q25,3) (7p13 3 ERER 17p13.1 IRESE 17p112 - 17q112 a2 17 E [ PE=EN TRl 242 BERALEN 17g25.1 0
Window Position Human Feb. 2009 (GRCh37/hg19) chr17:77,080,957-77,102,556 (21,600 bp)
J Scale 10kb| { hg19
enGasE KHE-T——— REFDE L ] ]| i ) | )
enGasE| KPP eee——
J REFOX3 E— 1 ) } B } i } N
ol RefSeq Curated ——J— | } i } i i i i
Jl Common sNPs(1STY [ILT T [0 10 1 FICICIEHIED o e A (AN A IIHII A R Y O e eree rie 1 | [ 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. < 20

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



Workflow

1. Isolation of sample. '
e.g., Isolate DNA and shear.

2. Library preparation < LT
e.g., Add known sequences to the ends.

3. Sequencing

e.g., lllumina Novaseq

4. Analysis

e.g., Map to genome and interpret.

i [ e 1. [l ol Ao dd
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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-Seq and TT-Seq to measure RNA in the polymerase active site..

5. How is the genome organized in 3D?

l. 4C/5C/Hi-C to measure chromatin conformation.

Applications of sequencing technology next class.



Conclusions

 Sequencing technology is central to our
understanding of biology.

« The decrease in cost and increase in throughput
make sequencing data increasingly ubiquitous.

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



