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What is a genome?



Telomeres
Centromeres
rDNA
Introns
Exons
Promoters
Repetitive DNA
“Junk DNA”
Transposable elements



How do you figure out the
composition of a genome?

How much single copy DNA?
How much repetitive DNA?



What does a mini-prep
do?

How does a mini-prep
work?



ow does a mini-prep work?
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How does a mini-prep
work?

Buffer P1
50 mM Tris-HCl pH 8.0
10 mM EDTA
100 pug/ml RNaseA
Buffer P2

200 mM NaOH
1% SDS

Buffer P3

3.0 M potassium acetate pH 5.5

Spin in centrifuge



mini-prep

Heat or
high pH

O

Cool or
neutral pH



Reassociation Kinetics
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Reassociation Kinetics




How does a mini-prep
work?

Buffer P1
50 mM Tris-HCI pH 8.0
10 mM EDTA
100 pug/ml RNaseA
Buffer P2

200 mM NaOH
1% SDS

Buffer P3

3.0 M potassium acetate pH 5.5

Spin in centrifuge



Reassociation Kinetics
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What would hztlmf)pen if you cut
the plasmid?




Reassociation Kinetics




Reassociation Kinetics

Annealing is sensitive to
concentration and
time

C,t analysis



Fraction reassociatod

Reassociation scales according to

genome size
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Why?



Bigger genomes can have
more combinations of
sequence elements



Not all DNA in the
genome 1s equal !



Why does mouse satellite
DNA reassociate quickly?



Eukaryotic genomes often
contain large quantities of
repetitive DNA sequence.



Composition of eukaryotic genomes
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Composition of eukaryotic genomes
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How do you sequence
DNA?



Preliminaries: Cloning
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Cloning into a plasmid

Sub-clone DNA of interest

Transform bacteria
Pick colony
Miniprep

sequencing




Why clone?



Sanger sequencing

Primer
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Sequencing the human genome

DNA extraction

DNA fragmentation

Clone into Vectors

OOO OOOOO @) OOO

Transform bacteria, grow, isolate vector DNA
Sequence the library

+-9-9-9-3-9-

Assemble contiguous fragments
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High throughput “Deep”
sequencing



High throughput “Deep”
sequencing

The key to deep sequencing is the generation of billions of
individual “clones” without use of microorganisms!



Generating a library
T N N~ ———

Fragment genome

. . ligate ligate ' .
Primer 1 - < Primer 2

| S

Create library

.A “Adaptors ’
Primer 2

Primer 1



Generating a library

Generate a random mixture of sequence elements

W

Create library

How do you clonally amplify and sequence DNA molecules from
the whole population?



[llumina 1
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[llumina 2

of double wanded DNA ore geasrated in ecch

chonnel of #1e flow cell.
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Completion of omplification
On completion, several million dense clusters
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First chemistry cycle:

determine first base

lo n«'nl!h-'uﬂnqw\:ingcydl add all four
st
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Deep sequencing can
generate billions of short
reads

Use a variety of
algorithms to “map” the
sequence reads to the
genome.



FastQ files:

$ head N2-copy-num.R1.fastq

@HWI-D00269:151:C7J39ANXX:8:1101:1471:1979 1:N:0:TCTCGCGC

NGGCCACCATGGCGTATTGAATAAAATGTTGTACCTTACTTTGACAACAA
_l_

#<<Q@BGGGGGGGGGGGGGGGGGGGGGGCGGGGGGEGEEGGGGGEGGGGGGGEGGE

quality value characters in left-to-right increasing order of quality (ASCII):

1"#$%&'()*+,-./0123456789:; <=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]"_ “abcdefghijklmnopqrstuvwxyz{ |}~


https://en.wikipedia.org/wiki/ASCII

Mapping Data

FastQ file Bam/Sam file Processed file for specific purpose
— [—



Read mapping:
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Genome reference sequence



Read length matters!



Can you name a useful
restriction enzyme?



EcoRI

GAATTC
CTTAAG



EcoRI Taql

TCGA

GAATTC AGCT

CTTAAG



How often will you find an
EcoRI site in DNA?

4"°= 4096

GAATTC
CTTAAG



How often will you find a
Taql site?

TCGA
AGCT

474 =250



Why is EcoRI typically
more useful than TaqI?
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Motiflength Possible combinations

1 4

2 16

3 64

4 256

5 1,024

6 4,096

7 16,384

8 65,536

9 262,144

10 1,048,576

1 4,194,304

12 16,777,216

13 67,108,864

14 268,435,456

15 1,073,741,824

16 4,294,967,2906

17 17,179,869,184

18 68,719,476,736

19 274,877,906,944

20 1,099,511,627,776

21 4,398,046,511,104

22 17,592,186,044,416

23 70,368,744,177,664

24 281,474,976,710,656

25 1,125,899,906,842,620
26 4,503,599,627,370,500
27 18,014,398,509,48 2,000
28 72,057,594,037,927,900
29 288,230,376,151,712,000
30 1,152,921,504,606,8 50,000



Why 1is CrisprCas9 such a
useful enzyme?



Why is CrisprCasg such a
useful enzyme?

guide RNA

5=
ISl R et et el e MRt L R IS bl o R
3 ' - NNNNNNNNNNNNNNNNNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNNNNNN-5"
genomic DNA
5'"-NNN " G NNNNNNNNNNNNNNNNNNNN-3'

23 bp target sequence PAM site



Sequence complexity

How long a “read” would you need to match uniquely to the
budding yeast genome?
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Motiflength Possible combinations

e (o
NHO@OO\]O\CTIAOJN

WNNPMNNMNNONNMNNONNNDNS BB 2 e
OO XN OUAWNR QOO NG h W

4

16

64

256

1,024

4,096

16,384

65,536

262,144

1,048,576

4,194,304
16,777,2 1 G
67,108,864
268,435,456
1,073,741,824
4,294,967,296
17,179,869,184
68,719,476,736
274,877,906,944
1,099,511,627,776
4,398,046,511,104
17,592,186,044,416
70,368,744,177,664
281,474,976,710,656
1,125,899,906,842,620
4,503,599,627,370,500
18,014,398,509,482,000
72,057,594,037,927,900
288,230,376,151,712,000

1,152,921,504,606,8 50,000

12bp!



Sequence complexity

Entered nucleotide pattern : GTAGGCAATCTC
Total Hits : 1

Sequences Searched : 17

Dataset: COMPLETE S. cerevisiae Genome DNA
Strand : both strands



Sequence complexity

Entered nucleotide pattern : GGGAAAATTATC
Total Hits: 6

Sequences Searched : 17

Dataset: COMPLETE S. cerevisiae Genome DNA
Strand : both strands



Sequence complexity

Entered nucleotide pattern : AAATTTAAATTT
Total Hits : 34

Sequences Searched : 17

Dataset: COMPLETE S. cerevisiae Genome DNA
Strand :  both strands



Sequence complexity

Genomes are not composed of random sequence: some regions
are very biased in sequence composition so have a low
complexity.

This means that you typically need sequencing reads much longer
than what's predicted just from genome size.



Sequence complexity

Sequence complexity describes the number of possible “word”
combinations within a given sequence

GATAGATAGATCATCA Complex sequence

AAAAAAAAAATTTTTTATTAAAAAAAAA Simple sequence



Sequence complexity

Sequence complexity describes the number of possible “word”
combinations within a given sequence

10kb plasmid composed of GATC:
Need a sequence read of 7bp for a unique match (4°7= 16,384)

10kb plasmid composed of AT only
Need a sequence read of 14bp for a unique match (2”4 = 16,384)



Different regions of the genome have different base composition

GC (%)
(20-kb windows)
W B B O
N O

Sequence complexity

® @

Human Chr14




“mapability”

Mapability is a measure of both sequence complexity and uniqueness.

Typically (but not always) sequences with low complexity have low mapability.

Sequence 1: TGATAGATCGATCGATCGATCGATCGA

Sequence 2: AGTCGATTCGATCGAT



Motiflength Possible combinations

1 4

2 16

3 64

4 256

5 1,024

6 4,096

7 16,384

8 65,536

9 262,144

10 1,048,576

1 4,194,304

12 16,777,216

13 67,108,864

14 268,435,456

15 1,073,741,824

16 4,294,967,296

17 17,179,869,184

18 68,719,476,736

19 274,877,906,944

20 1,099,511,627,776

21 4,398,046,511,104

22 17,592,186,044,416

23 70,368,744,177,664

24 281,474,976,710,656

25 1,125,899,906,842,620
26 4,503,599,627,370,500
27 18,014,398,509,48 2,000
28 72,057,594,037,927,900
29 288,230,376,151,712,000
30 1,152,921,504,606,850,000



Read length and “mappability”

Sequence 1: TGATAGATCGATCGATCGATCGATCGA

Sequence 2: AGTCGATTCGATCGAT

TN TN~~~

9
2, ? DNA

Repetitive DNA



Genomics approaches

Nearly all approaches create a “library” with adapters on either end.



Generating a library
T N N~ ———

Fragment genome

. . ligate ligate ' .
Primer 1 - < Primer 2

| S

Create library

& “Adaptors” PCR amplify to generate “enough” for

sequencin
Pri Primer 2 q &
rimer 1



Barcoding

Most sequencing machines produce a fixed number of reads per flow cell.

What do you do if you are working with a small genome and only need a
few million reads per sample?



Barcoding

Sample 1

W

Fragment genome
- - v o R
- — ~

. ligate
%

e’

d’rimer 2 Barcodet

Primer 1

ligate ,
<

Primer 2 Barcode1

Primer 1

Sample 2

w

Fragment genome

"\ -~ ‘ — -
- \ —
. ligate ligate "
Primer 1 .
» < Primer 2 Barcode 2

[ S

q Primer 2 Barcode 2

Primer 1



Barcoding

Read primer Index Read primer
~ —)

w)



Barcoding

F primer
CATCTCATCCCTGCGTGTC

True-seq F (30nt) H
’

AATGATACGGCGACCACCGAGATCTACACCCATCTCATCCCTGCGTGTC NNNN (
TTACTATGCCGCTGGTGGCTCTAGATGTGGGTAGAGTAGGGACGCACAG NNNN (

Multiplex index primer

5" ATCACCGACTGCCCATAGAGAGGARAGCGG

E—

) NNNN ATCACCGACTGCCCATAGAGAGGAAAGCGGATCACGATCTCGTATGCCGTCTTCTGCTTG
)NNNN TAGTGGCTGACGGGTATCTCTCCTTTCGCCTAGTGCTAGAGCATAC

Barcode I7,

R701
R702
R703
R704
R705
R706
R707
R708

ATCACG
CGATGT
TTAGGC
TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA

Illumina

GGCAGAAGACGAAC
P7



Paired end sequencing
Sequence both ends



Paired end sequencing

Sequence both ends of the
molecule

Read primer Left side of the fragment

~
w) = Sy
Right side of the fragment
v) =) ——
<=

Read primer R

Index Read primer Index (barcode)



Paired end sequencing

Sequence both ends of the molecule!

F primer
CATCTCATCCCTGCGTGTC
True-seq F (30nt) —)
’
AATGATACGGCGACCACCGAGATCTACACCCATCTCATCCCTGCGTGTC NNNN(...... )NNNN ATCACCGACTGCCCATAGAGAGGAAAGCGGATCACGATCTCGTATGCCGTCTTCTGCTTG
TTACTATGCCGCTGGTGGCTCTAGATGTGGGTAGAGTAGGGACGCACAG NNNN(...... )NNNN TAGTGGCTGACGGGTATCTCTCCTTTCGCCTAGTGCTAGAGCATACGGCAGAAGACGAAC
P7
(_ Barcode I7, Illumina
R primer

R701 ATCACG
R702 CGATGT
R703 TTAGGC
R704 TGACCA
R705 ACAGTG
R706 GCCAAT
R707 CAGATC
R708 ACTTGA



Long-read sequencing



Nanopore sequencing

DNA can be sequenced by threading it through a microscopic pore in a membrane.
Bases are identified by the way they affect ions flowing through the pore from one
side of the membrane to the other.

see &

N
DNA DOUBLE o
HELIX 3

© A flow of ions through
the pore creates a current

Each base blocks the
© One protein flow to a different degree,
unzips the altering the current.
DNA helix into
two strands. -
GATATTIGCTTTIGATGCCG
0 Asecond

protein creates

apore in the

membrane

and holds

an “adapter”

molecule. © The adapter molecule
keeps bases in place long
enough for them to be
identified electronically.

Single molecule, Long reads: up to 3MB
Low accuracy, low throughput



DNA methylation

- Unmodified base

. - Modified base

GCAACG”"mC”"GAACT”"mC"GCAAGCG Antibody Modified base
i
w 1
? ‘
Base conversion
GUAAUG”"MC”"GAAUT”"mC"GUAAGUG Immunoprecipitation 1

PCR 1 ol
?

GTAATG"C"GAATT"C"GTAAGTG ® 9

Current

——— Modified
—— Unmodified

I

Fluorescence intensity

Positioninreference

1 &

[
|

G A
G A T  Ouration time mC




PAC Bio

280 Genomics Proteomics Bioinformatics 13 (2015) 278-289

A B

Aluminum

Intensity mp

! Emission

Excitation

Figure 3  Sequencing via light pulses

A. A SMRThbell (gray) diffuses into a ZMW, and the adaptor binds to a polymerase immobilized at the bottom. B. Each of the four
nucleotides is labeled with a different fluorescent dye (indicated in red, yellow, green, and blue, respectively for G, C, T, and A) so that
they have distinct emission spectrums. As a nucleotide is held in the detection volume by the polymerase, a light pulse is produced that
identifies the base. (1) A fluorescently-labeled nucleotide associates with the template in the active site of the polymerase. (2) The
fluorescence output of the color corresponding to the incorporated base (yellow for base C as an example here) is elevated. (3) The dye-
linker-pyrophosphate product is cleaved from the nucleotide and diffuses out of the ZMW, ending the fluorescence pulse. (4) The
polymerase translocates to the next position. (5) The next nucleotide associates with the template in the active site of the polymerase,
initiating the next fluorescence pulse, which corresponds to base A here. The figure is adapted from [4] with permission from The American
Association for the Advancement of Science.



PAC Bio

Start with high-quality Circularized DNA
double stranded DNA is sequenced in

repeated passes

.
Prepare SMRTbell libraries ¢ ™ Y ¢ .
b RN The polymerase reads A D
are trimmed of adapters -

to yield subreads Trmmmmmm—— b
L }

. . Consensus and

Anneal primers and @ e = % methylation status are

bind DNA polymerase -&,f R called from subreads

HiFi read
(99.9% accuracy)



PAC Bio
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Figure 5 Detection of methylated bases using PacBio sequencing
PacBio sequencing can detect modified bases, including m°®A (also known as ™A), by analyzing variation in the time between base
incorporations in the read strand. The figure is adapted with permission from Pacific Biosciences [72]. a.u. stands for arbitrary unit.



Nanopore sequencing

DNA can be sequenced by threading it through a microscopic pore in a membrane.
Bases are identified by the way they affect ions flowing through the pore from one
side of the membrane to the other.

DNA DOUBLE
HELIX

© A flow of ions through
the pore creates a current.

Each base blocks the
© One protein flow to a different degree,
unzips the altering the current.
DNA helix into
two strands.

[GATATTGCTTTIGATGCCG
s

© A second

protein creates

apore in the

membrane

and holds

an "adapter”

molecule. © The adapter molecule
keeps bases in place long
enough for them to be

identified electronically.



SBX Sequencing by Expandomers
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SBX Sequencing by Expandomers

Flow Channel Surface



SBX Sequencing by Expandomers




Some things to consider when
analyzing genomics data.



RNA-seq

AAAAAAAAA 1) PolyA+ RNA captured
1 TTTTTTTTTTTE)

1 — = == 2)RNA fragmented and primed

1

—— 4) Second strand cDNA synthesized
v

=== 3) First strand cDNA synthesized

=

| e—— 5) 3’ ends adenylated and 5" ends repaired
'p

\ M / 6)DNAsequencing adapters ligated

Barcode

Rdl

—
EHNE 4 A0 S

7) Ligated fragments PCR amplified

<—— £——
Rd2  Index



Normalization

PCR is used to amplify the library before sample submission

~20ng of library is usually sufficient for the genomics core facility to work with
your sample.

20ng = 0.1 pMol of library (300bp product)



Normalization

PCR is used to amplify the library before sample submission

~20ng of library is usually sufficient for the genomics core facility to work with
your sample.

20ng = 0.1 pMol of library (300bp product)

~ 60,000,000,000 molecules !

Illumina machines will now produce ~5,000,000,000 reads per flowcell



Normalization?

Imagine you conduct an experiment to compare mRNA in WT and a mutant
of RNA polymerase I

Through other experiments you are fairly convinced that the polymerase
mutant reduces all mMRNA by about 2-fold.



Normalization?

WT Mutant




Normalization?

Mutant

WT Mutant
] You only sequence a - -
fraction of the input molecules >



Normalization?

WT Mutant
"\ “Spike-in” known RNA molecules

/ equally to both RNA samples




Normalization?

WT Mutant

The “spike-in” is mixed equally in the samples




WT

Normalization?

Mutant

WT Mutant
= = = You only sequence a - -
fraction of the input molecules »

|

WT Mutant
Scale the WT up (or mutant down) -

so that the amounts of spike-in match.



Common genomics approaches

ATAC seq

Assay for Transposase-Accessible
Chromatin using sequencing



Generating a library

i N P .

Fragment genome

- - — o—

. . ligate ligate ' .
Primer 1 - € Primer 2

e

! Create library

« “Adaptors”

Primer 1 Primer 2



Common genomics approaches

Tns Transposon

Donor DNA rns Tmnaposon DNA Donor DNA
- ]
[ I

Transposase Binding

Synaptlc Complex
ﬂ Formation
_

Cleavage

Target DNA
Target capture

{ Strand transfer




Common genomics approaches

EZ-Tn5™ TRANSPOSON
ME ME

“ Voo
-

ANY DHA

3' GACAGAGAATATGTGTAGA

\‘_'_'_'_Y_'_'—FH/ \\_____V_____,_/"'

19-bp Mosaic End Sequence 19-bp Mosaic End Sequence

[}
]
- ]
5 CTGTCTCTTATACACATCT {
/e TCTACACATATTCTCTETO

{ AGATGTGTATAAGAGACAG
/i



Common genomics approaches

ATAC seq

,,,,,,,,,,,,,,,,,,,




Common genomics approaches

ATAC seq

RS AW



Common genomics approaches

Cut and Tag
Cut and Run

CUT&Tag (Cleavage Under Targets & Tagmentation)

Antibody

Antibody
'(diffuses in
! th
2 Protein A-TnS
Conk. 'l

Bead pA-TNnS
diffuses in

ng"@sr‘c
1 day from live cells to Jexractona
sequencing-ready libraries — )
.
RAmpIifv

S sequencing ibeary ( (((



Bisulphite sequencing

NH2 2
NF HSO4 OH

NH
| N?K/l\ H,0 HN HN |
- %\ - - A\
o)\N OH 07 N7 s0; i 07 N7 Sso; HSO; o7 ON
H H NH+ H H
4

cytosine uracil

uracil
sulphonate sulphonate

cytosine

NH,
CH :
O)\N OH
H

95-methylcytosine



Bisulphite sequencing

Allele 1 (methylated) Allele 2 (unmethylated)
m
---ACTCCACGG---TCCATCGCT--- ---ACTCCACGG---TCCATCGCT---
---TGAGGTGCC-~-AGGTAGCGA- -~ ---TGAGGTGCC---AGGTAGCGA---

Bisulfite treament
Alkylation
Spontaneous denaturation

---AUTUUAUGG---TUUATCGUT-~~ ---AUTUUAUGG---TUUATUGUT-~~

-—-TGAGGTGUU---AGGTAGCGA——-- -—-TGAGGTGUU---AGGTAGUGA—--

\/

Non-methylation-specific PCR
Methylation-specific PCR

'

Differentiation of bisulfite-generated polymorphisms



Common genomics approaches

Single cell RNA seq

+ +

Reaction 1 O“. T Reagents
+ +

Reaction 2 wmmmmm Reagents
+ + Reagents

Reaction 3 w. Sre sttt



Common genomics approaches

Combinatorial indexing RNA anneali ng

OeO®
WAAAQ4 A \AAAAAGacuaucgaucuagcgaucggauauageuag

Reverse transcription

Om NV "TTrrctgatagctagatcgctagcctatat
P\A'L\AAAAP‘P‘P\'L\’L"L\‘Jélcuaucgaucuagcgaucggauaua

cDNA synthesis
Om ,\i TPTA:TE AN .‘"TT7TCtgatagctagatcgctagcctatat
andPAAngactatcgatctagegatcggata



Common genomics approaches

Combinatorial indexing or Split pool barcoding

ok

______ a
-
—‘—
-

"

____________________
''''
Ss
~

Neeeees/

<
N
N\,
N
q

N

) S

\
~
S
~
N
N
I
<
~
S~
~~~~~~

}

—
)




Common genomics approaches

Combinatorial indexing or Split pool barcoding
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Common genomics approaches

Combinatorial indexing or Split pool barcoding
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Common genomics approaches

Combinatorial indexing or Split pool barcoding
—~ 08—~ —
O @ T T ) O@0

. 1
1}
\
\ \
I\ AY N
\ - N
N - jVid ~
-y - - > X Nemee >
N Ptae \
N .
\ R4 S
_____ . .
N e ~a\
NS -~z
< 3¢
- ~ CHRN
. =~ = N .
» — .~

- \--“--_________._—'Y
| S

Neeees’

O@@® <
C. . .«TTTTNT\'(TTTTT
O..‘ ST S TT7T



Common genomics approaches

Combinatorial indexing

Reaction 1 O... e * *  Reagents
+ +

Reaction 2 Q..‘“TTWT”T Reagents
+ + Reagents

Reaction 3 m. STy <sTTrr



ommon genomics approaches
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carrier oil filters reagents channel outet  jhAINOOslmicrapnARE
B i‘
H e g
/I\I,NW;}%V 6 TPL
[+] NGy
Acrylic phosphoroamidite Fhoto-cleavable - T7 ANAP promater PE1 primer site
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Common genomics approaches

Drop-seq single cell analysis

Cells =

Distinctly
barcoded
beads

¥ o ¥

*

1000s of DNA-barcoded single-cell transcriptomes

x




Common genomics approaches

Chromosome conformation capture (3C)

a Linear genome sequence b Chromosome conformation capture
—o——Is @ j( Cross-linking
L . v

Digestion

Three-dimensional organization v
m Ligation
in trans
v
in cis — P S  Detection by PCR
3C template




Common genomics approaches

Hi-C

Cut with Fill ends
restriction and mark Purify and shear DNA; Sequence using
Crosslink DNA enzyme with biotin Ligate pull down biotin paired-ends
7

1 ' :



Common genomics approaches

Hi-C




Common genomics approaches

Hi-C




Common genomics approaches

Hi-C

B Hindill C Hindlll (repeat) D Ncol

A 1 T e 1 T 1
= | = =1
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: Nucleus e
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Footprint
recovery
e Ribosome
footprints

Linker ligation and
reverse transcription
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Deep
sequencing

Nature Reviews | Genetics



	Slide 1
	Slide 2: Genomes and Genomic Tools
	Slide 3: What is a genome?
	Slide 4: Telomeres Centromeres  rDNA Introns Exons Promoters Repetitive DNA “Junk DNA”  Transposable elements  
	Slide 5: How do you figure out the composition of a genome?
	Slide 6: What does a mini-prep do?  How does a mini-prep work?
	Slide 7: How does a mini-prep work?
	Slide 8: How does a mini-prep work?
	Slide 9: mini-prep
	Slide 10: Reassociation Kinetics
	Slide 11: Reassociation Kinetics
	Slide 12: How does a mini-prep work?
	Slide 13: Reassociation Kinetics
	Slide 14: Reassociation Kinetics
	Slide 15: Reassociation Kinetics   Annealing is sensitive to concentration and  time  Cot analysis 
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74: Long-read sequencing
	Slide 75: Nanopore sequencing
	Slide 76: Nanopore sequencing
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101: Bisulphite sequencing
	Slide 102: Bisulphite sequencing
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117: Ribosome-profiling
	Slide 118: Nanopore sequencing of DNA replication
	Slide 119: Nanopore sequencing of DNA replication
	Slide 120: Nanopore sequencing of DNA replication
	Slide 121: Direct RNA seq
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Slide 132
	Slide 133
	Slide 134
	Slide 135
	Slide 136
	Slide 137
	Slide 138
	Slide 139
	Slide 140
	Slide 141



