Genomics



What we are going to cover

 DNA sequencing technology (1.5)
¢ Sequence assembly (1.5)

* (Gene prediction (2)
* Functional annotation (1)



DNA Sequencing

(also include sequencing of RNA, which could be reverse-
transcribed into cDNA)

http://www.cs.colostate.edu/~cs680/Slides/lecture4.pdf

http://genetics.stanford.edu/gene211/lectures/Lecture1 _Genome Seq
uencing-2013.pdf

http://fenchurch.mc.vanderbilt.edu/lab/bmif310/2012/BMIF310_Ge
nome_Sequencing.pdf

http://www.utwente.nl/tnw/mcbp/education/
Next%20gen%20sequencing.pdf

http://www.ncbi.nlm.nih.gov/books/NBK21129/#A5997




DNA recombination tech



Isolating DNA

 The basic steps:
1. Break the cells open

2. Disrupt cell membranes with a
detergent

3. Remove proteins and other
macromolecules

4. Concentrate the DNA by precipitating it
and re-suspending it in fresh buffer.




Electrophoresis

« Separation of charged
molecules in an electric ®
field.

* Nucleic acids have 1
charged phosphate (-
charge) per nucleotide.

........................

This implies a constant
charge to mass ratio.

Thus, separation is based
almost entirely on length:
longer molecules move
slower.
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RNA

« Gene expression is studied using RNA.
However, RNA has two annoying
properties:

— itis very easily degraded. A desirable

property in the cell: allows rapid response to
environmental changes

— It usually has a lot of secondary structure.
This means that migration speed in
electrophoresis is not proportional to length.
The same problem occurs with proteins.

« For sequencing, RNA is often converted
to DNA (called cDNA).
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cDNA Synthesis
.use oligo-dT primer, W mRNA
which binds to poly-A

A\

tail. RNA
*You can also use I:I I! |!I E :
Reverse transcriptase

random primers (short

oligonucleotides that n ﬁ n E v
cDNA

bind to random

locations on the Ribonuclease digestion of RNA

mRNA). Synthesis of second strand of DNA

*make the first DNA

strand from the RNA Double stranded DNA

using reverse
transcriptase

Reverse sequencing primer

é ‘
5'EST 3'EST

Forward sequencing primer



Expressed Sequence Tags

ESTs are cDNA clones that have has a single round of sequencing
done from one end.

First extract mMRNA from a given tissue and/or environmental
condition. Then convert it to cDNA and clone.

Sequence thousands of EST clones and save the results in a
database.

A search can then show whether your sequence was expressed in
that tissue.

— quantitation issues: some mMRNAs are present in much higher
concentration than others. Many EST libraries are “normalized” by
removing duplicate sequences.

Also can get data on transcription start sites and exon/intron
boundaries by comparing to genomic DNA

— but sometimes need to obtain the clone and sequence the rest of it
yourself.




Cell-Based Molecular Cloning

The original recombinant DNA technique: 1974 by Cohen and
Boyer.

Several key players:

1. restriction enzymes. Cut DNA at specific sequences. e.q.
EcoR1 cuts at GAATTC and BamH1 cuts at GGATCC.

— Used by bacteria to destroy invading DNA: their own DNA has been
modified (methylated) at the corresponding sequences by a methylase.

2. Plasmids: independently replicating DNA circles (only circles
replicate in bacteria). Foreign DNA can be inserted into a plasmid
and replicated.

— Plasmids for cloning carry drug resistance genes that are used for
selection.

— Spread antibiotic resistance genes between bacterial species
3. DNA ligase. Attaches 2 pieces of DNA together.

4. transformation: DNA manipulated in vitro can be put back
into the living cells by a simple process .

— The transformed DNA replicates and expresses its genes.
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Plasmid Vectors

To replicate, a plasmid must be
circular, and it must contain a replicon,
a DNA sequence that DNA
polymerase will bind to and initiate
replication. Also called “ori” (origin of
replication).

— Replicons are usually species-specific.

— Some replicons allow many copies of
the plasmid in a cell, while others limit
the copy number or one or two.

Plasmid cloning vectors must also
carry a selectable marker: drug
resistance. Transformation is
inefficient, so bacteria that aren’t
transformed must be killed.

Most cloning vectors have a multiple
cloning site, a short region of DNA
containing many restriction sites close
together (also called a polylinker).
This allows many different restriction
enzymes to be used.

Most cloning vectors use a system for
detecting the presence of a
recombinant insert, usually the
blue/white beta-galactosidase system.

EcoRI
Sacl
Kpnl
Swmal
BawmHI
Xbal
Sall
Pstd
Sphl
HindIIl

2.686 kb

Aadl
Sspl
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Basic Cloning Process

*Plasmid is cut open with a restriction
enzyme that leaves an overhang: a
sticky end

*Foreign DNA is cut with the same
enzyme.

*The two DNAs are mixed. The sticky
ends anneal together, and DNA ligase
joins them into one recombinant
molecule.

*The recombinant plasmids are
transformed into E. coli using heat
plus calcium chloride.

Cells carrying the plasmid are
selected by adding an antibiotic: the
plasmid carries a gene for antibiotic
resistance.

Foreign DNA

. Plasmid Eco
EcoRI

EcoRI
lEcoRI

m P Sticky ends /\
v Hybridization
+ DNA ligase
Recombinant
DNA
DNA insertion

Bactena Bacterial

cell & :) chromosome
'Q—_I J

EcoRI

Cloning

|
li Pmtei.nsoluﬁoni A
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| hope

DNA Ligase in Action!

| START ANIMATION
PLASMID
STICKY ENDS DNA
4 -~
G ATCCCTA
l 1 mnonom I” I” ”
é M0l ow ow onow
o E
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Cloning Vector Types

 For different sizes of DNA:

— plasmids: up to 5 kb

— phage lambda (A) vectors (also cosmids): up
to 50 kb

— BAC (bacterial artificial chromosome): 300 kb
— YAC (yeast artificial chromosome): 2000 kb

* Expression vectors: make RNA and
protein from the inserted DNA

— shuttle vectors: can grow in two different
species, usually E. coli and something else

14




Hybridization

 The ideais that if DNA is made single stranded
(melted), it will pair up with another DNA (or
RNA) with the complementary sequence. If one
of the DNA molecules is labeled, you can detect
the hybridization.

« Basic applications:

— Southern blot: DNA digested by a restriction enzyme
then separated on an electrophoresis gel

— Northern blot: uses RNA on the gel instead of DNA
— In situ hybridization: probing a tissue

— colony hybridization: detection of clones

— microarrays

15



Labeling

3’ - — )
g o Template DNA

« Several methods. Oneis
random primers labeling:

— use 32P-labeled dNTPs
— short random oligonucleotides

Heat denaturation Generation of single-stranded template

Y gandom primer

as primers (made synthetically) A T T
— single stranded DNA template o st T s,
(made by melting double S 5
Stranded DNA by b0|||ng |t) l‘_ dNTP+ t[tabzaetlr~rg';|§yfaBEgT DNA Polymerase
— DNA polymerase copies the , '
DNA template, making a new > S
strand that incorporates the e —————
label. g
° Can aISO Iabel RN A Heat denaturation|  Separation of labeled DNA and template DNA
(sometimes called riboprobes),
use non-radioactive labels 5’ ST 3
(often a small molecule that s, | T8 O
labeled antibodies bind to, or a gy i . |
fluorescent tag), use other i ]Labe'e"' oA A prebe
labeling methods. l
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Hybridization

All the DNA must be single stranded
(melt at high temp or with NaOH).
Occurs in a high salt solution at say
60°C. Complementary DNAs find each
other and stick. Need to wash off non-
specific binding.

Stringency: how perfectly do the DNA
strands have to match in order to stick
together? Less than perfect matches will
occur at lower stringency (e.g. between
species). Increase stringency by
increasing temp and decreasing salt
concentration.

Rate of hybridization depends on DNA
concentration and time (Cot), as well as
GC content and DNA strand length.

Autoradiography. Put the labeled DNA
PIeXt to X-ray film; the radiation fogs the
iIm.

Process

DNA denaturation

DNA renaturation

Initial renaturation happens
via second order kinetics when
two complementary strands collide

Once the first bases renature,
renaturation occurs like a zipper
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Overview of sequencing

How genomes are sequenced?
— Sample preparation
— Sequencing
— Assembly
Sequence technologies
— Sanger sequencing
— Next generation sequencing (NGS)

Too long to be sequenced

DNA
/

Fragment assembly
cut randomly (Shotgun) l

(an inverse problem)

N

Each short read can be sequenced

18



Clone library preparation

19



Genomes need to be broken into pieces
Limitation on read length (30 — 1000 bp)

Sequencing of long DNA sequences (a chromosome or a
whole genome) relies on sequencing of short segments

Short pieces will have a lot of overlaps and they will be put
into cloning vectors for sequencing

Human genome is 3x10° bases long, so you will have at least

3x108 such pieces. If you want to have 10 coverages
(overlaps for assembly), that is 3x107 pieces to be sequenced

20



Chromosome walking

« DNA is sequenced in very small
fragments: at most, 1000 bp.
Compare this to the size of the

human genome: 3,000,000,000 bp. 5 MARKER ETIRER
How to get the complete sequence? =FF ) DISEASE GENE = ==
* Inthe early days (1980’s), genome lﬁ:ﬁ:& IR E \\\\t\\\\\] T ] L
sequencing was done by proveiom o | ' | | i
chromosome walking (aka primer o T =1 L 1L X *
walking): sequence a region, then pegrenteme (LT3 1 14 1
make primers from the ends to e CILH | ]|
extend the sequence. Repeat until Proestembe St orio I |
the target gene was reached. doned fragments S N AN
— The cystic fibrosis gene was T Ll
identified by walking about 500 kbp Dgl:[] '
from a closely linked genetic =T
marker, a process that took a long L=
time and was very expensive. Sdontiigd tht contains tha 3+ anking mackee L1 11

— Still useful for fairly short DNA
molecules, say 1-10 kbp.

21



Whole Genome Sequencing Approaches

Hierarchical Shotgun Approach  Clone library based

'.A’Q_
v, 7 S S e
w:x:«\\“ :-.‘;& Genomic DNA
N _ — = \/
~— N BAC library
N~ |
R 1
(minimal tiling path) ) Organized, Mapped Large
Clone Contigs
g ’“/7-\ Shotgun Clones

___Reads

oncncAsSEMbIY



EI The linked image cannot be displayed. The file may have been moved, renamed, or deleted. Verify that the link points to the
correct file and location.

A genomic library is a collection of the total genomic DNA from a single organism.
The DNA is stored in a population of identical vectors, each containing a

different insert of DNA. In order to construct a genomic library, the organism's DNA
is extracted from cells and then digested with a restriction enzyme to cut the DNA
into fragments of a specific size. The fragments are then inserted into the vector
using the enzyme, DNA ligase.[1] Next, the vector DNA can be taken up by a host
organism- commonly a population of Escherichia coli or yeast- with each cell
containing only one vector molecule. Using a host cell to carry the vector allows for
easy amplification and retrieval of specific clones from the library for analysis.

Vector type Insert size (thousands

of bases)
Plasmids up to 15
Phage lambda (A) up to 25
Cosmids up to 45
Bacteriophage P1 70 to 100

P1 artificial chromosomes (PACs) 130to 150

Bacterial artificial
chromosomes (BACs)

120to 300

Yeast artificial
chromosomes (YACs)

http://en.wikipedia.org/wiki/Genomic library

250to 2000
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The value of clone libraries in genome projects. The small clone library
shown in this example contains sufficient information for an STS map to

be constructed, and can also be used as the source of the DNA that will
be sequenced

5960 .
OOO O

Use the clone library Sequence the overlapping
j as a mapping reagent \ clones
AB C DE FGH I
- — - T - — . TAGGCATCCATGCCCA...
STS map DNA sequence

The STS (sequence tagged sites) data can be used to anchor
this sequence precisely onto the physical map

24



Physical mapping technique has been responsible for generation of the most
detailed maps of large genomes, e.g. STS mapping. A sequence tagged

site or STS is simply a short DNA sequence, generally between 100 and 500 bp in
length, that is easily recognizable and occurs only once in the chromosome or
genome being studied.

To qualify as an STS, a DNA sequence must satisfy two criteria. The first is that its
sequence must be known, so that a PCR assay can be set up to test for the
presence or absence of the STS on different DNA fragments. The second
requirement is that the STS must have a unique location in

the chromosome being studied, or in the genome as a whole if the DNA fragment
set covers the entire genome.

25



Molecular cloning to insert a genome fragment into ecoli plasmids and propagate

BamH| sites BamHlI site

‘///\)’—-‘ At B /
- \BamHI Q E. coli plasmid
Q ( BamHI

rd

A | &
Animal gene

Ligate

E. coli bacterium

Animal gene
injected into
the plasmid

Transformation

Replicate inside the
bactern

Recombinant — E. coli colony

plasmid inside

the bacterium

Many copies of the
recombinant plasmid

O

Plasmid DNA

O Insert

O http://www.ncbi.nlm.nih.gov/books/NBK21129/#A5997

_~ New DNA

O Replicate inside

new DNA ; bacteria

Bacterial colony

o%o

In essence, DNA cloning results in
the purification of a single
fragment of DNA from a complex
mixture of DNA molecules

It has one major disadvantage:
time-consuming and difficult

procedure
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Region to be amplified http://www.ncbi.nlm.nih.gov/books/NBK21129/#A5997

. :

5 3
SN Target DNA

3' S

1 Denaturation <94 °C

3 PCR complements DNA cloning in that it
"""""""" enables the same result to be achieved -
purification of a specified DNA fragment - but
in @ much shorter time, perhaps just a few
hours (Saiki et al., 1988).

W

1 Cool to 50-60 °C
PCR is complementary to, not a

5 3
TETTTVVTTTI T replacement for, cloning because it has its
_-Primers own limitations, the most important of which
\'.‘..IEL_‘.._._._._“.._._L | is the need to know the sequence of at least
’ : part of the fragment that is to be purified
1 DNA synthesis <72 °C
5" 3
<O ™™
3\ 5
‘Long’ products
5’ 3
e LTI
27
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Cloning vectors

Cloning Vectors: DNA vehicles in which a foreign
DNA can be inserted and stay stable

Various types:

— Cosmid (plasmid, containing 37-52 kbp of DNA)

— BAC (Bacterial Artificial Chromosome; takes in
100-300 kbp of foreign DNA)

— YAC (Yeast Artificial Chromosome)

28



Plasmid DNA
New DNA

o

Insert
new DNA

Replicale inside
badena
Baatenal O
colony
oo
Many copies k/
of DNA O

A bacterial artificial chromosome (BAC) is an engineered DNA molecule used to
clone DNA sequences in bacterial cells (for example, E. coli). BACs are often used in
connection with DNA sequencing. Segments of an organism's DNA, ranging from
100,000 to about 300,000 base pairs, can be inserted into BACs. The BACs, with
their inserted DNA, are then taken up by bacterial cells. As the bacterial cells grow

and divide, they amplify the BAC DNA, which can then be isolated and used in 29
sequencing DNA

Clone foreign DNAs into BAC



Whole Genome Sequencing Approaches

Shotgun Approach

Genomic DNA

A 4

N
~— Ve ~ | Shotgun Clones

- Py

http://www.bio.davidson.edu/genomics/met
hod/shotgun.html

... Reads

ssaceerceacacacacASSEMbly



Haemophilus influenzae

Haemophilus influenzae: the first sequenced
cellular organism ever, in 19995, using WGS

Extract DNA

N
— :{:'.»
f—;/'-_,.ﬁ H. influenzae DNA was sonicated
and fragments with sizes between
Agrsn il lecrioptorid 1.6 and 2.0 kb purified from an
| agarose gel and ligated into a
plasmid vector to produce a clone
library. End sequences were
g =S obtained from clones taken from
f DN this library, and a computer used
E—— _I.’///'/ to identify overlaps between
per sequences. This resulted in 140

sequence contigs, which were
assembled into the complete
genome sequence

Prepare a clone library

Obtain end-sequences

. of DNA inserts
- - -’ ."-
End-sequences . .____}

T A st SRR
—p o
Construct sequence Q:. 3 1

contigs / o ) p
B




(A) Closing a‘sequence gap’

»  Sequence contigs

(B) Closing a ‘physical gap’

wm—— Cloned DNA fragment

Complete the sequence
l with internal primers

emee—
-

-
-
-
-
-
-

Probe a second clone library with

cligonucleotides

4 7 |
L
1

CONCLUSION:
Contigs | and 4 are adjacent

(A) ‘Sequence gaps’ are ones which can be

closed by further sequencing of clones
already present in the library. In this
example, the end-sequences of contigs 1
and 2 lie within the same plasmid clone, so
further sequencing of this DNA insert with
internal primers (see Figure 6.5B) will
provide the sequence to close the gap.
‘Physical gaps’ are stretches of sequence
that are not present in the clone library,
probably because these regions are
unstable in the cloning vector that was
used. Two strategies for closing these gaps
are shown. On the left, a second clone
library, prepared with a bacteriophage A
vector rather than a plasmid vector, is
probed with oligonucleotides corresponding
to the ends of the contigs. Oligonucleotides
1 and 7 both hybridize to the same clone,
whose insert must therefore contain DNA
spanning the gap between contigs 1 and 4.
On the right, PCRs are carried out with
pairs of oligonucleotides. Only numbers 1
and 7 give a PCR product, confirming that
the contig ends represented by these two
oligonucleotides are close together inagm
genome.




Problems with tandemly repeated DNA
DNA

Fragments

I e GATTAGATTAGATTA

Incorrect
overlap

Problem with the shotgun method is that it can lead to errors when repetitive
regions of a genome are analyzed. When a repetitive sequence is broken into
fragments, many of the resulting pieces contain the same, or very similar,

Problems with genome-wide repeats

two genome-wide repeats

{ > DNA
Fragments
GCATAGCT Sequences

GCATAGCT
—_—

Incorrect
overlap

sequence motifs. It would be very easy to reassemble these sequences so that a

portion of a repetitive region is left out, or even to connect together two quite

separate pieces of the same or different chromosomes



The difficulties in applying the shotgun method to a large molecule that has a
significant repetitive DNA content means that this approach cannot be used on its
own to sequence a eukaryotic genome. Instead, a genome map must first be
generated. A genome map provides a guide for the sequencing experiments by
showing the positions of genes and other distinctive features. Once a genome
map is available, the sequencing phase of the project can proceed in either of two
ways (Figure 5.3):

1.By the whole-genome shotgun method (Section 6.2.3), but uses the
distinctive features on the genome map as landmarks to aid assembly of the
master sequence. Reference to the map also ensures that regions containing
repetitive DNA are assembled correctly.

2.By the clone contig approach (Section 6.2.2). In this method the genome is
broken into manageable segments, each a few hundred kb or a few Mb in length,
which are short enough to be sequenced accurately by the shotgun method.
Once the sequence of a segment has been completed, it is positioned at its
correct location on the map. This step-by-step approach takes longer than whole-
genome shotgun sequencing, but is thought to produce a more accurate and
error-free sequence.

34
http://www.ncbi.nlm.nih.gov/books/NBK21129/#A5997




Rationale for Hierarchical Strategy

- Better for a repeat-rich genome

— less misassembly of finished genome
* Jong-range misassembly largely eliminated and short-range reduced

 Better for an outbred organism

— each clone from an individual and no polymorphisms in the
final sequence.

— (Added bonus: get SNPs from regions of overlapping clones)

— Can also get some haplotype information, if individual BACs
shotgun sequenced.

 Better if there are cloning biases
— use minimum tiling path,so the same coverage for each
region
 Easier to identify and fill gaps (from unclonable regions) sooner
BUT

* Time consuming and expensive to make minimum tiling path



De Novo Whole Genome Sequencing

extracted various-sized
gDNA (~50kb) fractions

size-select }o—btg-clo?e_d) Make millions of random
T clones: “Shotgunning”

Plasmid "backbone

sequencing sequencing
primer J |,primer
\ I
\ /
"forward / “reverse
read" read"




Sequencing tech
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Shotgun Sequencing

Hierarchical shotgun sequencing

S )
f‘&/‘?’& 7

Shotgun sequencing is what is
(> ;ﬁ""" -
LI WL WY AL e

typically done today: DNA is

fragmented randomly and Sepemia e %@;ﬁ’?;@f@!}‘
enough fragments are NS =
sequenced so each base is v

read 10 times or more on ooy~ fmﬁv,’}\’fh/
average. The overlapping heaiond ~ = 1\ N B
fragments (“reads”) are then mapped large

assembled into a complete clone contigs : ;

sequence. —— ,

For large genomes, hierarchical sequenced

shotgun sequencing is a useful L v -

technique: first break up the e T e e
genome Into an Ordered Set Of ShOthn ACCGTAAATGGCGCTGATCATGCTTAARA

cloned fragments (ScaffOldS), sequence T P GATCATGOTTAAACCCOTGTGCATCOTACTG . . .
usually BAC clones. Each BAC Assembly .. .ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG. . .
is shotgun sequenced

separately.
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Generations of sequencing technologies

* 1st gen: 1977-2007 Sanger sequencen
= 2nd gen 2007-2013 (Next gen) massive parallel sequencing
= 3rd gen 2012-? Single molecule sequencing

* NGS (2nd gen) platforms
= |llumina (former: Solexa)
= SoLID: Life technlogies (former: Applied Biosystems) (SOLID)
= Roche (Pyrosequencing)
= |on Torrent (semiconductor hydrogen ion detection)
= 3rd gen platforms
= Helicos
= Pac bio
= Oxford Nanopore

39



Four Fundamentally Different Types of Chemistries
for DNA Sequencing

“Chemistry”™. Jargon; meaning the specific molecular biology and chemistry utilized in the sequencing reactions

« Maxam-Gilbert
— chemical degradation of DNA
— obsolete
« Sequencing by synthesis (“SBS”) Aka chain-termination method
— uses DNA polymerase in a primer extension reaction
— most common approach
— Sanger developed it (“Sanger sequencing”)
— 454, lllumina, Pacific Biosciences, lon Torrent
» Ligation-based
— sequencing using short probes that hybridize to the template
— novel approach
— SOLID, Complete Genomics

 Other

— Nanopore 40




1977

Proe. Netl. Acad. Sci. USA
Vol 74, No. 12, pp 5463-5467, December 1977
Biochemistry

DNA sequencing with chain-terminating inhibitors

(DNA pely /nucleotide

q /bacteriophage ¢X174)
F. SANGER, S. NICKLEN, AND A. R. COULSON

Medical I & Council Lab v of Malecul
Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-
quences in DNA is described. It is similar to the “plus and

minus” method [Sanger, F. & Coulson, A. R. (1875) J. Mol. Biol
0, 441448 but makes use of lhot'.z'dum arabinonu-
cleaside of the normal

which act as specific chainterminating inhibitors of DNA

:;drmu The techn has been applied to the DNA of
uiovh OXI'M is more rapid and more accurate than
cither the or the minus meth

dye label

Biology. Cambridge CB2 20H, England

Frederick Sanger

a sterecisomer of ribase in which the 3”-hydroxyl group is ori
ented in trans position with respect to the 2-hydroxyl group
The arabinasyl (ara) nucleotides act as chain terminating in
hibitors of Escherichia coli DNA polymerase | in a manne
comparable to ddT (4), although synthesized chains ending it
3’ araC can be further extended by some mammalian DN/
folym (5). In order to obtain a suitable pattern of band

rom which an extensive sequence can be read it is necessar

cham te rmanation with ddGTF

-

TOCTCCG

3 -GGAGACTTACAGGAAAGAGATTICAGGATTCAGGAGGCCTACCATGAAGATCAAG-5'

Q@  chawmtenmiretion with ddATE

S'- TCCTCCGGA
3" ~GEAGACTTACAGGAAMGAGATTC AGEATTCAGGAGACCTACCATGAAGATCAAG-5'
chain te rroination with ddTTP
- T TCCT

3 ' -GGAGACTTACAGGAAAGAGATTCAGGATICAGGAGGCCTACCATGAAGATCAAG-S '

o

chain te ymination wr h ddCTP

<o

3' ~GGAGACTTACAGGAAAGAGATTCAGGATTCAGGAGGCCTACCATGAAGATCAAG-S '

4040 TT AR
4030 A

4020

4010 AT
4000 7

aaeoct

4980 G110

Al2d(-)

A= T5C

CT TG 3520
aCAAAAT J510
ATA 3500

P, GaaAaG 1460
(T GEL JA00

ln"

(1C

"'1.\ |- 1450
3970 11 1y 7
r A Gs 1440
2060 100 . N :
- Cle-s
an’ A o e AR 5430
3950 ( -,
A
Cf T 3420
940 G7
( rAT-e% o, .
Al 3410
3930 Ct
CCTC = ooennn
. ACA GG 3400
3920 1 G - - 2
-~ A
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Chain Terminator: ddNTP

» Dideoxy nucleotides cannot be further extended, and so
terminate the sequence chain

5 °\I~§-,-;° °§. /° | dideoxy
_____________ ‘/ 0y O Oy \ 3 H7

sahouhdyt

[base]”
~{pase] Apase]
H (o | H/QO | 'H (o | C/O

———————— g o Jo L Co Oo o 0T L £0g

of'/' *\0 § '§o o"/'/'“\o 3
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ddNTP is randomly incorporated and stops the synthesis

— Template (Crick)

Set up four reactions
very low [ I I )
concentration
dATP dATP dATP dATP
of ddNTPs T~ T AIATP dTTP dTTP
aanp dTTP dGTP dGTP
compared to dGTP dGTP dcTP ddGTP
dNTPs dCTP dCTP ddCTP dCTP
A nested series of
(== CGAIT ssCGATGTA **CGATGTAC [seCGATG DNA fragments
Watsons \ W WeCGATGTACGTICTA SeCGATGTACGTC [FSCGATGTACG : -g
l | ending in the base
[**CGATGTACG T [**CGATGTACGTCTAG .
[**CGATGTACG TC T sscaaraTaceTcTAGa | Specified by the
— L | terminator-ddNTP
Primer l l
M M AR -
— C -
—_ i T c
Run a sample of each | == A chA
reaction mixture in — - A ¢ ™~
separate lanes of a - T G P
polyacrylamide gel | — B A <
- A ==
A T G C L
Expose gel to x-ray film (to -
u 9 " Read off sequence: ot
make an “auto-radiogram”) ACATGCAGATCC ;_E

[~]
>
-
(<]
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Each of the 4 ddNTPs is labeled with a Load |
different fluorescent dye (modc(:g macc):r?ingseuse

capillaries, not slab gels)

| ddGTP_

dGTP [ddGTP]O l

dATP + O

dTTP [ddTTP JO e

dCTP ddCTP IC Direction

- of electro-
| — phoresis

One-tube sequencing reaction —
(note: cycle sequencing with modified Tag Polymerase) —

[ TAACG]O
| [AACGT]| O
I [AACGTA] O

__TAACGTATIO
| [A EQQIA_I_G.I O Scanning laser 1

excites fluorescent
[C—_TAACGTATGCIO dyes as DNA Data are sent
fragments pass to a computer

I [AACGTATGCT]| O byduring
electrophoresis 44

Emitted light is
collected by
optical detector




Fluorescent Sanger Sequencing Trace

Lane signal

(Real fluorescent signals from a lane/capillary are much uglier than this).

Various algorithms to boost signal/noise, correct for dye-effects, mobility
differences, etc., generates the ‘final’ trace (for each capillary of the run)

l
- a0
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Base calling: image process to convert optical
signal/noise to a base letter and a score

Sequence trace files contain
the raw data output from
automated sequencing
instruments

| After base calling, sequences
are read out and that’'s why
Base Caller (Phred) they are called “sequence
l reads”

... 44 45 46 47 48 49 50 51 52 53 54 55 ... 718 719 720 ...
e ® 0 N A G C G T T C C G C G L A N N e o 0

.. 0 3 20 25 40 88 95 99 99 99 99 99 ... 10 0 0 ...

Quality score = -10 * log(probability of error)
For Q20, probability of error = 1/100

For Q99, probability of error ~10-10
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Phred: The base-calling program

Algorithm based on ideas about what might go wrong in a sequencing reaction
and in electrophoresis

Tested the algorithm on a huge dataset of “gold standard” sequences (finished
human and C. elegans sequences generated by highly-redundant sequencing)
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FLUORESCENT MARKERS IMPROVE SEQUENCING

EFFICIENCYd.d‘::TP act®  drrp  1.Do one sequencing reaction

ddATP JATP 4dTTP instead of four. Reaction mix
ddGTP dGTp m contains ddATP, ddTTP, ddGTP,
DNA polymﬁase ddCTP with distinct fluorescent
markers. (With radioactive labels,
Template DNA four reactions are needed—one
labeled ddNTP at a time.)
- @ s\ wb]

BA T wssG 2. Fragments that result have
ey o, © distinctive labels.

4

Long =
fragments E

E G 3. Separate fragments via electro-
¢ phoresisin mass-produced, gel-
E filled capillary tubes. Automated
g C sequencing machine reads output.
E T
A
A A
| ¢ T
Short & G
fragments

Capiilfl/ary Output
tube

Figure 20-1 Biological Science, 2/e © 2005 Pearson Prentice Hall, Inc.



Use capillary sequencer to improve throughput

Caplillary

Laser
activates

Detector

TGAGT ATC GGA

Cathode plate CAGTA TCGGS

AGTA T¢

Dunng Process

Capillary sequencers drastically sped up

sequencing by both automation and multiplexing.
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Sequencing Reaction

The template DNA is usually single stranded _
DNA, which can be produced from plasmid ESFogsrasEEResss
cloning vectors that contain the origin of

replication from a single stranded

ba%teriophage such gs M13 or fd. The primer is ez
complementary to the region in the vector

adjacent to the multiple cloning site.

pLitmus28
2823 bp

Sequencing is done by having 4 separate G on amp

reactions, one for each DNA base.

All 4 reactions contain the 4 normal dNTPs, but
each reaction also contains one of the ddNTPs. M13ori

In each reaction, DNA polymerase starts
creating the second strand beginning at the

primer' Location of Thymine bases in DNA template
When DNA polymerase reaches a base for
which some ddNTP is present, the chain will ¥ —’o _ ,
either: S : : PoI;merizatioTn with ;NTP‘s and :
— terminateifa ddNTP is added, or: l small amount of ddATP
— continue if the corresponding dNTP is ddA
added. A ddA
— which one happens is random, based on T
ratio of ANTP to ddNTP in the tube. dA dA - ddA
However, all the second strands in, say, the A
tube will end at some A base: you geta dA dA = dA = ddA
collection of DNAs that end at each of the A's in
dA dA = dA = dA — ddA

the region being sequenced.

Collection of fragments of newly synthesized DNA:
They all end in ddA at locations of complementary T bases in the template




Electrophoresis

The newly synthesized DNA from
the 4 reactions is then run (in
separate lanes) on an
electrophoresis gel.

The DNA bands fall into a ladder-
like sequence, spaced one base
apart. The actual sequence can
be read from the bottom of the gel
up.
Automated sequencers use 4
different fluorescent dyes as tags
attached to the dideoxy
nucleotides and run all 4 reactions
in the same lane of the gel.

— Today’s sequencers use capillary

electrophoresis instead of slab
gels.

— Radioactive nucleotides (3?P) are
used for non-automated
sequencing.

Sequencing reactions usually
produce about 500-1000 bp of
good sequence.

- OO0 - 0P O0O0R

O O -

ddl

O R OO O O - 00606 -

ddTTP

ddGTP  ddCTP

ddATP

>

Direction of electrophoresis




1987 first automated sequencer ABI370

DNA polymerase, dNTP’s
and dye-labeled dideoxy-
nucleotides (terminators)

_. CoubouBitnernioaintis.gic ' * . ™ .
_m \ ™) i . Homozygous C

— c — sl oo
> P> w— AC C £S YR T T HeteagvgeuRCIT
—AccGH e
) A 1 » | Kby Al A Hamozygous T

- — ACCGT- 7080 VN UL KT N L TR T Y A DY

——acccTA @
extension products
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Radioactive AB slab gel sequencers AB capillary sequencers

polyacrylamide (370, 373, 377) (3700, 3730)

slab gel Fluorescent sequencing 1998-now

Low throughput, 1990-1999 24 runs/day

labor intensive 6 runs/day 96 reads/run
96 reads/run 550 - 1,000 bp/read
500 bp/read 1-2 million bp/day
288,000 bp/day

~1,000-fold increase in throughput since 1985 accomplished by
incremental improvements of the same underlying technology

2nd Generation Sequencing Technologies have ~500 - 30,000x more throughput than 3730:
454 Pyrosequencing, lllumina, SOLID ( + PacBio, lon Torrent, Complete Genomicssa)




Celera, the company who competed with the government-
funded human genome sequencing consortium

* 300 ABI DNA sequencing platforms

* 50 production staff

20,000 square feet of wet lab space

* 1 million dollars / year for electrical service
* 10 million dollars in reagents

Total cost of human genome: 2.7 Billion dollars
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High-Throughput DNA Sequencing Technologies

"#'"‘“’—- -

454 | Roche
450 bp 1.5 Gbp / day 150 bp 35 Gbp /day 55bp 4.5Gb/day

-

q

SOLID ABI PacBio
75bp 22 Gbp/day 1000 bp 70 Gbp / day 100 bp 120 Gbp / day




Error rate

Technology Read length (bp)
ABI/Solid 75

llumina/Solexa 100-150
onlorrent ~200

Roche/454 400-600

Sanger Up to ~2,000bp
Pacific Biosciences Up to ~15,0007

Nature Review Genetic, 2013, 14: 157

Error rate
Low (~2%)

Low (<2%)
Medium (~4%)*
Medium (~4%)*
Low (~2%)

High (-18%)
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Different NGS platforms

* 454 Sequencing / Roche
- GS Junior System
- GS FLX+ System
* lllumina (Solexa)
- HiSeq System
- Genome analyzer lIx
- MySeq
*» Applied Biosystems - Life Technologies
- SOLID 5500 System
- SOLID 5500xI System
» lon Torrent - Life Technologies
- Personal Genome Machine (PGM)
- Proton
* Helicos
- Helicos Genetic Analysis System
» Pacific Biosciences
- PacBio RS
» Oxford Nanopore Technologies
- GridlION System
- MinION

Next Generation Sequencing
Amplified Single Molecule Sequencing

Third Generation Sequencing,
Next Next Generation Sequencing,
Single Molecule Sequencing

57



2013 NGS field guide

http://www.molecularecologist.com/next-gen-table-2b-2013/

3730xI (capillary) $144 $2,308 $6 (1%)

454 FLX Titanium $6,200 $12 $2,000 (12%)
PacBio RS > $300¢ $2-17 $500 (100%)
lon Torrent — “316’ chip $739 $1.20 ~$1,000 (100%)
lllumina MiSeq $1,040 $0.70 ~$1,400 (100%)
lon Torrent — “318’ chip $939 $0.60 ~$1,200 (100%)
lon Torrent — Proton | $1,050 $0.094 ? (100%)
SOLID — 5500xI $10,503¢ <$0.07 $2,000 (12%)
lllumina HiSeq 2500 —rapid * $6,145f $0.05 ? (50%)

aIncludes all stages of sample prep. for a single sample (i.e., library prep through
sequencing; capillary = sequencing only)

bTypical full cost (i.e., including labor, service contract, etc.) of the smallest generally
available unit of purchase at an academic core lab provider for the longest available
read (and percentage of reads relative to a full run, rounded to the nearest whole g
percentage)



Throughput

Y

SOLiIS"‘~J;jiSeq

.

.
™

lon Torrent . .
454 PacBio

N,

§énger

-/

Read Length

60%

http://www.allseq.com/knowledgebank/seq
uencing-platforms/

1% 1% 39,

17%

M lllumina

B SOLID

[ 454/Roche
[J lon Torrent
[ PacBio

B Polonator

19%
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The key ideas of NGS to increase the throughput:
You don’t run gel
You sequence a strand of DNA while keeping it held in place

You stick the DNA in a tiny little area on a chip/bead, so that the chip/bead
could hold millions or billions of such dots (high density and throughput)

Each dot will hold many (thousands) molecules of the same DNA strand to
be sequenced as a cluster (high signal/noise ratio)

You even skip the clone library preparation and use PCR to amplify DNA

The rest is similar to Sanger: adding a nt will emit fluorescent light and an
optical devise is used to capture the light signal.

http://www.genetic-inference.co.uk/blog/2009/08/basics-sequencing-dna-part-2/
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Next Generation Sequencing : Amplified Single Molecule Sequencing &l

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing

Reversible terminator sequencing
(lon Torrent) *

(lllumina)

Pyrosequencing Sequencing by ligation
(454) (SOLID)

http://users.ugent.be/~avierstr/nextgen/Next _generation_sequencing_web.pdf 61



Next Generation Sequencing : Amplified Single Molecule Sequencing

(CAVAVAVAVAPAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV LY S
(WAVAPAVAVAPLVAVAVAVAVAVAVAVAVAVAPAVAVAV AV AV S
(POVAvAVAVAPAVAVAVAVAVAVAVAVAVAVAVLVAVAVAV LY S

Fragmentation of DNA
(sonication or enzymatic)

X000

(T aveveveves) OO0
DOOTOOOOIOTOTOTOOTO0
eV vevevevevelllleve QOO0

(Tevevevevew
00O XO00000
OO X000 X000
Ligation of adapter and
primer (or barcode)

20C0COTOSOO000 e PO P LVAVAVAVAVL VLV S
PSS VAVIVAVAVEVAVEVVEVES S)
KOCOCOCOCOCOCOT00  XO0000 KOO0
o
200000000

XO0000

l Size-select the fragments

9/132

Library preparation

Good fragments :

XOCOCOTCOTOTOCO00

L 1 | | |
1 I 1 |

I
Adapter Sequence Barcode Primer




The principle

Detecting base incorporation during DNA strand synthesis at a massively
parallel scale

Base detection and strand synthesis are key differences between competing
technologies

How it works:
1. Physically separate thousands to millions single-stranded DNA fragments
2. Fix the fragments’ location on a substrate & amplify
3. Detect the incorporation of each base in each location through a signal

4. Repeat step #3 for many cycles
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lllunima: we multiply up the DNA molecules as a cluster of them. All molecules
are single stranded and stick on a few bases of “adapter” sequences, which is
attached on the surface of the chip, holding the DNA in place while being
sequenced.

W&&&&B&é
W
W

High density of integration on the chip or bead so that huge amounts of DNA
could be sequenced simultaneously 64




Flood the chip or bead with fluorescent nucleotides (reversible terminator
bases), add a polymerase enzyme, which incorporates the RT-base into the new
strand that is complementary to the template strand
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lllumina Sequencing: Reversible Terminators

Deblock
and Cleave
off Dye

PPP

OH
free 3’ end

3’ OH is blocked Ready for Next Cycle

Detection 56



Box 1 | Modified nucleotides used in next-generation sequencing

a 3'-blocked reversible terminators @
O

HN lllumina/Solexa
(=) o
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If ")
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At the core of most

next-generation sequencing



We then wash away all the RT-bases, leaving just those that were incorporated into
the new strand; we can read off what base this is by looking at the colour of the dye:
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* Finally, we send in the cleavage enzyme, which cuts
off the terminator region and the dye, leaving a
normal base pair. We can then start again to
sequence the next base pair.

* |In asingle lllumina machine we have hundreds of
millions of these clusters; cameras look at all of these
dots and record how they change color over time,
allowing you to determine the sequence of bases of
millions of bits of DNA at once.

* Sequencing method is actually pretty inefficient,
however, the machine is capable of sequencing
millions of fragments of DNA at once.

http://www.genetic-inferenc:e.c:o.uk/bIog/2009/08/basics-sequencing-dna-part-ﬁ?9



Preparation Processing Sequencing Data
Flow cell

Target-specific
oligonucleotide

- N W
o O O
S S 9o

o
o

500

Single-adaptor Distance from
library primer-probe (bp)
Step 1 Step 2 Step 3
Primer probe Target Cluster
preparation capture preparation

1,000

Sequence coverage

4

Hybridization, ;
eé(tension and B
enaturation I l II
B Immobilized primer ‘D’

4 Sequencing primer 1
Immobilized
DNA I ; Sequencing primer 2

70
http://www.nature.com/nbt/journal/v29/n11/full/nbt.1996.htmI?WT.ec id=NBT-201111

B Primer probe

B 'mmobilized primer ‘'C’




a lllumina/Solexa — Reversible terminators

®
@ &, @
C T
® ty
Incorporate
all four
nucleotides,
each label
with a
different dye
C G T
@G [f6G
Wash, four-
colour imaging
C G T

0+

C G
G A

Cleave dye
and terminating
groups, wash
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3 3 & ‘environment
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: 3 '_clean rooms)
§ § » Sequencing
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£ § A the flow cell
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E clusters
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1940 x 2048 (3.97 MPIxels) l

60 tiles/column

X

2 columns/channel
X

8 channels/flow cell

Chiller

http://www.ohsu.edu/xd/research/research-cores/mpssr/project-
design/mpssr sequencing technology.cfm
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lllumina Massively Parallel System

* The idea is to put 2 different T
adapters on each end of the fomboeis . Wl 27
DNA, then bind it to a slide NG e
coated with the N aRe \Mi/“’"m“’““ N
complementary sequences [ a|] ol | ‘
for each primer. This allows : g | A Wil
“bridge PCR”, producing a W L
small spot of amplified DNA & A B[ !
on the slide. }’”d. e barcs o of e e b oo, Ibiot soliphessbridgn sopbiaion.

« The slide contains millions of T
individual DNA spots. The p—
spots are visualized during ey | Gl e N
the sequencing run, using '& 4N A *ifig
the fluorescence of the \ 2B e | [\ B e [\ N
nucleotide being added. |
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7. DETERMINE FIRST BASE

J

First chemistry cycle: to initiate the first
sequencing cycle, add all four labeled reversible
terminators, primers and DNA polymerase
enzyme to the flow cell.

8. IMAGE FIRST BASE

9. DETERMINE SECOND BASE

(

. i
After laser excitation, capture the image of
emitted fluorescence from each cluster on the
flow cell. Record the identity of the first base
for each cluster.

Laser

\_ 4

Second chemistry cycle: to initiate the
next sequencing cycle, add all four labeled
reversible terminators and enzyme to the
flow cell.
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Top: CATCGT
Bottom: CCCCCC

Nature Review Genetics, 2010, 11:31
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454 Pyrosequencing Biochemistry

. In DNA synthesis, a dNTP is attached to the 3’ end of the growing DNA strand. The two phosphatesonthe end are
released as pyrophosphate (PPi).

. ATP sulfurylase uses PPi and adenosine 5’-phosphosulfate to make ATP.

. Luciferase uses luciferin and ATP as substrates, converting luciferin to oxyluciferin and releasing visible light.

. After the reaction has completed, apyrase is added to destroy any leftover dNTPs.

—_— Iterative additions

N > dATP » dCTP —» dGTP » dTTP
dCTP
m...AGCGTCA AAATTG...
TCGCAGT DNA polymerase Pi Pi
A
Primed Template dNTP 4 l) dNDP 4 l’dNMP
PPi ATP ADP AMP

) %d Apyrase
ATP Sulfurylase =4
APS¥) ATP + SO,*

PPi
D-luciferin Mcﬁemse.lucﬁedn-AMP +0,

Luciferase ¢

Luciferase + oxyluciferin + AMP + CO,

1
,_GLrLu_._uuU_UJ_hLuu,Jle_LL — &) — e

Nucileotide addition order photomuliplicator

http://www.pyrosequencing.com/graphics/3019.pdf
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Sample Input & Fragmentation
The GS FLX and GS Junior Systems support the sequencing of samples from a wide

variety of starting materials, including genomic DNA, PCR products, BACs and cDNA.
For shotgun, paired end or cDNA libraries, start with as little as 500 ng of sample
DNA. Nebulize longer DNA samples to create shorter library fragments
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Library Preparation
Ligate Rapid Library Adaptors to the fragments for use in subsequent purification,

quantitation, amplification and sequencing steps. For amplicon libraries, create PCR
products by amplifying with specific fusion primer containing 454 Sequencing adaptor

sequences. 79



One Fragment = One Bead
Attach library to DNA Capture Beads. Each bead carries a unique single-stranded
library fragment. Emulsify beads with amplification reagents in a water-in-oil mixture to
trap individual beads in amplification microreactors.
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emPCR: Emulsion PCR Amplification
Amplify the entire emulsion in parallel to create millions of clonally copies of each

library fragment on each bead. Break the emulsion while the amplified fragments
remain bound to their specific beads.
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Sequencing: One Bead = One Read

Load the beads onto the PicoTiterPlate device, where the surface design
allows for only one bead per well. The PTP Device is then loaded in
instrument for sequencing. Individual nucleotides are flowed in sequence
across the wells. Each incorporation of a nucleotide complementary to the
template strand results in a chemiluminescent light signal recorded by the
camera.
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454 Sequencing / Roche

Pyrosequencing

Load enzyme +
packing beads
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More Pyrosequencing

The four dNTPs are added one at a time, with apyrase
degradation and washing in between.

The amount of light released is proportional to the
number of bases added. Thus, if the sequence has 2
A’s in a row, both get added and twice as much light is
released as would have happened with only 1 A.

The pyrosequencing machine cycles between the 4
dNTPs many times, building up the complete sequence.
About 300 bp of sequence is possible (as compared to
800-1000 bp with Sanger sequencing).

The light is detected with a charge-coupled device (CCD)
camera, similar to those used in astronomy.

YouTube animation (with music!):
http://www.youtube.com/watch?v=kYAGFrbGI6E 84



454 Technology =

To start, the DNA is sheared into 300-800 bp <\v)
fragments, and the ends are “polished” by removing
any unpaired bases at the ends.

Adapters are added to each end. The DNA is made
single stranded at this point.

One adapter contains biotin, which binds to a
streptavidin-coated bead. The ratio of beads to DNA
molecules is controlled so that most beads get only a
single DNA attached to them.

Qil is added to the beads and an emulsion is created.
PCR is then performed, with each aqueous droplet aam. {7
forming its own micro-reactor. Each bead ends up P
coated with about a million identical copies of the oy

original DNA. W



More 454 Technology

After the emulsion PCR has been performed,

the oil is removed, and the beads are put into

a “picotiter” plate. Each well is just big enough

to hold a single bead. “

The pyrosequencing enzymes are attached to
much smaller beads, which are then added to
each well.

poT A

The plate is then repeatedly washed with the 4 PN
each of the four dNTPs, plus other necessary ’; 3 A

reagents, in a repeating cycle. \ AMALRALLLLLERELLEL panns

;},( o £ 1\ i\
v g} Sulfurylase

L Polymerase
¢

The plate is coupled to a fiber optic chip. A
CCD camera records the light flashes from
each well.

Luciferase Luciferin

Light + Oxy Luciferin
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454 Advantages and Limitations

» Advantages

— Fast, accurate

— Great for small, simple genomes

— Reads relatively long now (up to 1000bp)

» Disadvantages

— Doesn’t yet work well for de novo
sequencing of large genomes

— Homopolymer stretches (8+) are difficult
to read
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Pacific Biosciences

* Single Molecule Real Time DNA Sequencing

* Read lengths now averaging ~5kb, max 20kb

» Strobe sequencing

* Observation of DNA modifications

* Throughput per run is low, but run time is short

* |nitial release in late 2010; up to 80,000 reads, of
~1.5kb each in ~15 minutes for $100.

* Error rate is high, though hybrid approaches can
significantly improve assemblies generated by
short reads alone.
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Finishing the Sequence

Shotgun sequencing of random DNA fragments necessarily misses some
regions altogether.

— Also, for sequencing methods that involve cloning (Sanger), certain regions are
impossible to clone: they kill the host bacteria.

Thus it is necessary to close gaps between contigs, and to re-sequence
areas with low quality scores. This process is called finishing. It can take
up to 1/2 of all the effort involved in a genome sequencing project.

Mostly hand work: identify the bad areas and sequence them by primer
walking.
— Sometimes using alternative sequencing chemistries (enzymes, dyes,
terminators, dNTPs) can resolve a problematic region.
Once a sequence is completed, it is usually analyzed by finding the
genes and other features on it: annotation. We will discuss this
later.

Submission of the annotated sequence to Genbank allows
everyone access to it: the final step in the scientific method.
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DNA extraction

1

DNA fragmentation

Clone into Vectors

OOO OOOOO Q ooo

!

Transform bacteria, grow, isolate vector DNA

(Q ) o

http://en.wikipedia.org/wiki/DNA _seque icin
g

Sequence the library

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

Assemble contiguous fragments

Ve e TYaaTee TNaede92

_;»% -»% -»? -»E-»%-» 90

L R A A S N e



