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Cost of Sequencing
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Generations of Sequencing Methods
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ext Gen Sequencing
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Next Gen Sequencing
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Figure 4. Overview of Selected HTS Applications

Publication date of a representative article describing a method versus the number of citations that the article received. Methods are colored by category, and the
size of the data point is proportional to publication rate (citations/months). The inset indicates the color key as well the proportion of methods in each group. For
clarity, seq has been omitted from the labels.
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Structure of DNA
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Structure of DNA

Hydrogen bond

5" end 3" end
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Maxam-Gilbert

ABSTRACT  DNA can be sequenced by a chemical proce-

dmgatheah;fmmakhbhdlz}i&mbwkpuhaﬂy
: at each repetition of a base. labeled fngnents
A new method for sequencing DNA then identify the positions of that . We describe reactions
(DNA chemistry/dimethyl sulfate cleavage/hydrazine/piperidine) that cle:;; RNA pe(emtullm guanines, at adenines, ‘tthe
tosines eqully at cytosines alone. When
ALLAN M. MAXAM AND WALTER GILBERT products of these four reactions are resolved by size, by elec-
Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachus ~ tappiheresis on apolyl?kmndegd,&eDNAnqmcan be
Contributed by Walter Cilbert, December 9, 1976 an radioactive bands. The technique will
’ ’ mdngofatleastlwbam&omthepomtofla-
T —
FAST STRAND SLOW STRAND “CM :
A>GG>A C C+T e s 2 G
m AGG>A C CHT _ A>GG>A C C+#T T
——_ . e - - ;, B e o . A
e Y . W e
- — A
=== —— !
. s :
s o : = A
R il E = S c
s © ~......$ : mwﬁ“‘“‘“’" siop
c R o ¢ T
Maxam Gilbert, PNAS Vol.74,No.2,pp.560-564,February1977 C



Sanger Seguencing



-0

Replicating DNA
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Replicating DNA

On the upper template strand, DNA synthesis
proceeds continuously in the 5’ to 3’ direction,
the same as that of unwinding.
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On the lower template strand, DNA synthesis begins at g
the fork and proceeds in the direction opposite that of <
unwinding; so it soon runs out of template. Lagging strand )
Discontinuous DNA synthesis
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DNA synthesis starts again on the lower strand, DNA synthesis on the lagging strand is‘dnscoptinuous.
at the fork, each time proceeding away from the fork Short fragments of DNA produced by discontinuous
until it runs out of template. synthesis are called Okazaki fragments.

© 2014 Nature Education, Pray, L. (2008) Major molecular events of DNA replication. Nature Education 1(1):99.
An Introduction to Genetic Analysis. 7th edition. Griffiths AJF, Miller JH, Suzuki DT, et al. New York: W. H. Freeman; 2000.



Sanger Seguencing

DNA sequencing with chain-terminating inhibitors ABSTRACT A new method for determining nucleotide se-

(DNA polymerase/nucleotide sequences/bacteriophage $X174) quences in DNA is described. It is Similal’ to 'he “plus ‘nd
F. SANGER. S. NICKLEN. AND A. R. COULSON | | minus” method [Sanger, F. & Coulson, A. R. (1975) J. Mol. Biol.
Medical Researc;\ Council Laborato:'y of Molecular Biology, Cambridge CB2 2QH, England 94’ 441 —448 but makes use Of 'he 2"3'.dideoxy an ll'abil‘lonu-
Contributed by F. Sanger, October 5, 1977 cleoside analogues of the normal deoxynucleoside triphosphates,

which act as specific chain-terminating inhibitors of DNA

E:Iymerase. The technique has been applied to the DNA of
cteriophage $X174 and is more rapid and more accurate than

either the plus or the minus method.
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Chain Termination by ddNTP
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radioactively marked
nucleotides

Sanger Seguencing
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Automated Sanger Sequencing

cycle sequencing region e Cycle sequencing (multiple cycles of

Watson s'-rcceaTaTceTcac-3 primer annealing, primer extension,
Crick 3’-AGCGTATACGAGTGACTATATCGAGCCGAG. . .-5" and denaturation) are performed with
- S /W—/ polymerase, dNTPs, and
known flanking sequence unknown sequence fluorescently |abe|ed ddNTPS (Where

with hybridized primer a different label is present on each
i N .
polymerase species of ddNTP).
TCGCATATGCTCACT-L4 dNTPs
FCGCATATECTEACTE LS L1 - ddATP e Products of the cycle sequencing
FOSERTRTECTERCTER T reaction are run into a capillary
TCGCATATGCTCACTGAT-L4 / L2 - ddGTP

containing a denaturing polymer. This

TCGCATATGCTCACTGATA-L1 L3 - ddCTP . . . .
I yields size-based separation with

TCGCATATGCTCACTGATAT-L4 L4 — ddTTP ) | t) ) | ) 'f] h

TCGCATATGCTCACTGATATG-L2 \_ P single-pbase-pair resolution, with the

AT AT O T ACT AT ATGC 13 shortest fragments running the fastest.

TCGCATATGCTCACTGATATGCT-L4

T CGCATATGCTCACTGATATGCTC L3 e Observation of the emission spectra
TCGCATATGCTCACTGATATGCTCG-L2 in four channels (Corresponding to the
TCGCATATGCTCACTGATATGCTCGG-L2 fluorescent labels for the four ddNTP
TCGCATATGCTCACTGATATGCTCGGC-L3 species) over time, as fragments
TCGCATATGCTCACTGATATGCTCGGCT-L4 emerge from capillary electrophoresis,
TCGCATATGCTCACTGATATGCTCGGCTC-L3 can be used to infer the primary

Shendure, Porreca, and Church, Curr. Protoc. Mol. Biol. 81:7.1.1-7.1.11. sequence of the unknown template.



Automated Sanger Sequencing

cycle sequencing region
Watson 5’-TCGCATATGCTCAC-3’

Crick 3’-AGCGTATACGAGTGACTATATCGAGCCGAG. . .-5"

known flanking sequence unknown sequence
with hybridized primer

4 N

polymerase
TCGCATATGCTCACT-L4 dNTPs
TCGCATATGCTCACTG-L2

L1 - ddATP
TCGCATATGCTCACTGA-L1
TCGCATATGCTCACTGAT-L4 / L2 - ddGTP
TCGCATATGCTCACTGATA-L1 L3 - ddCTP
TCGCATATGCTCACTGATAT-L4 L4 — ddTTP
TCGCATATGCTCACTGATATG-L2 \_ o

TCGCATATGCTCACTGATATGC-L3
TCGCATATGCTCACTGATATGCT-L4
TCGCATATGCTCACTGATATGCTC-L3
TCGCATATGCTCACTGATATGCTCG-L2
TCGCATATGCTCACTGATATGCTCGG-L2
TCGCATATGCTCACTGATATGCTCGGC-L3
TCGCATATGCTCACTGATATGCTCGGCT-L4
TCGCATATGCTCACTGATATGCTCGGCTC-L3

Shendure, Porreca, and Church, Curr. Protoc. Mol. Biol. 81:7.1.1-7.1.11.
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Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Automated Sanger Sequencing

180 190 200 210 220 230 240 250 260
TATTCTATTAATGTCCTGTTATATTTGTCATAATCATAAAGTTGTCACAGTATATT TCAAACCAACTGTTTAAAAACAAACTGAAATAAA
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AAATTTAAATACCCT TATGTAAAATAGGCTTCCCTGGTGGCTCAGGGGTAAAAAACTCGCCCGCCAACGCAGGAGATGTAGATTTGATCCCT
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GGGT TAGGAAGATCCCCTGGAGAAGGAAATGAAAAACCACTCTAGTATTCTTGCCTGGGAAATCCCATGGACAGAGGAGCGTGGAGGGC
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TACAGTCCATGGGAGTCGCAAAAGAGTTGGACATGACTAAACAACAACATATAAAATAACCT TACTCCATAATGTCAAACT TATGTCACAC
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DNA sequence data from an automated sequencing machine

hitp://www.genome.gov/dmd/img.ctm?node=Photos/Graphics&id=85152 Credit: Darry!
Leja, NHGRI
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Sequencing

Sequencing read length (bp)

Minimum run time

Maximum sequencing
throughput
[bases pair reads/day)

Sequencing reagents

Fragment analysis

Minimum run time

Fragment throughput (bp)

Fragment analysis
reagents

Automated Sanger Sequencing

310

up to 600

38 minutes

15k

BigDye® Terminator v1.1
BigDye® Terminator v3.1

30 minutes

up to 920

SNaPshot® Multiplex Kit
GeneScan™ Size Standards

3130/3130x!

up to 950

35 minutes

78 k (3130], 315 k (3130x()

BigDye® Direct
BigDye® Terminatorv1.1
BigDye® Terminator v3.1

20 minutes

up to 3k (3130, 12 k (3130x0)

SNaPshot® Multiplex Kit
GeneScan™ Size Standards

3500/3500xL

up to 850

30 minutes

R

BigDye® Direct
BigDye® Terminator v1.1
BigDye® Terminator v3.1

30 minutes

up to 5 k (35001, 16 k [3500xL]

SNaPshot® Multiplex Kit

GeneScan™ Size Standards

~ Million bp/day

3730/3730x!

up to 900

20 minutes
1.3 M (3130], 2.6 M (3130x)

BigDye® Direct
BigDye® Terminator v1.1
BigDye® Terminator v3.1

20 minutes

up to 10 k (3730), 21 k (3730xl)

AB Capillary Sequencers
Life Technologies
Thermo Scientific

SNaPshot® Multiplex Kit
GeneScan™Size Standards

8-h work day 1920 samples 1.2 megabases MegaBACE Systems d

24-h work day 4600 samples 2.8 megabases

LI-COR

Amersham/GE

limited new instrument availability



Next Generation
Whole Genome Sequencing

» Additional Coverage
* More and longer reads needed for assembly
- Depends on complexity and genome size

No more cloning - nanotechnologies
No more electrophoresis

Initially short reads - now longer as well
Massively Parallel

Digital readout

Next Generation sequencing methods (2nd gen) use PCR amplification. Possible PCR Artifacts:
Exactly duplicated reads

Preferential amplification of low complexity samples

Introduces polymerase substitution errors

CG Bias in bridge amplification



Generations of Sequencing Methods

Sequencing
Methods
1st Generation 2nd Generation 3rd Generation 4th Generation
* Maxam-Gilbert + Solexa- lllumina
(Chemical (SBS) - Nanopores
Degradation) - Pacific Biosciences + Oxford Nanopore
: + lllumina
- Sanger (sequencing (SBS) . Genia
by synthesis [SBS]) - lon Torrent (SBS) . NABsys
- 454-Roche(SBS) . Noblege
. ABI SOLID (ligation
based)
- Complete - Pacific Biosciences (SBS)
Genomics ([CG]

ligation based)
- Helicos




Some Glossary Terms

- Read. A data string of A, T, C, and G bases corresponding to the sample DNA.

- Contigs. A stretch of continuous sequence, in silico, generated by aligning
overlapping sequencing reads.

- Coverage. The average number of sequenced bases that align to each base of the
reference DNA. For example, a whole genome sequenced at 30x coverage means
that, on average, each base in the genome was sequenced 30 times.

- Gb. Gigabase, or one billion nucleotides. The Gb required for a given application
can vary by the size of the genome (e.g. human genome versus a microbe).

- Library. A collection of DNA fragments with adapters ligated to each end.

- Long reads. Sequence reads that generally are at least 400 base pairs long in a
single direction. Long reads make nucleic acid scaffold construction from
subsequences an easier bioinformatic task.

- Mapped read depth. The total number of bases sequenced and aligned at a given
reference base position.

- Reference genome. A reference genome is a fully sequenced and assembled
genome that acts as a scaffold against which new sequence reads are aligned and
compared. Typically, reads generated from a sequencing run are aligned to a
reference genome as a rst step in data analysis. In the absence of a reference
genome, the newly sequenced reads must be constructed by contig assembly (de
NovVo sequencing).

www.illumina.com/technology/next-generation-sequencing.htmi



http://www.illumina.com/technology/next-generation-sequencing.html

Shotgun Sequencing
Shotgun sequencing m

Large DNA molecule

J, fragmentation

yd / AN - Compare with Hierarchical
AN / / \ / Shotgun Sequencing with BAC
N

J sequenced

CATAICACGTAGCTATACG
Assembly of ,
overlapping -
DNA sequencing GCTATCAGGCTAGGTTA
N
'::;32:1'“(’:'2" GCTATCAGGCTAGGTTACAGTGCATGCATACACGTAGCTATACG

Talking Glossary of Genetic Terms
’:.»* .D‘f“ w%é‘ |||II|]||
NATIONAL INSTITUTES OF HEALTH | genome.gov Ilustration by Darryl Leja, NHGRI ﬁ Fepeps®
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lllumina

==
N

=

MiniSeq MiSeq NextSeq HiSeq HiSeq X
2500 4000 X Five X Ten
Output per Run: 7.5Gb 15 Gb 120 Gb 1Thb 1.5Tb 1.8Tb 1.8 Tb

illumina.com
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Step 1 of 4 .
lHlumina

1. Library Preparation—The sequencing library is
prepared by random fragmentation of the DNA or

cDNA sample, followed by 5" and 3" adapter DNA fragments
ligation.
o ° o Blunting by fill-in
®e and exonuclease
| A Phosphorylation
A Addition of
vy A A-overhang

Ligation

1 “%0e,,  to adapters

Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 2013;6:287-303.



Step 1 of 4 .
lHlumina

Figure 2: Nextera Sample Preparation Biochemistry

Transposomes
Genomic DNA
Alternatively, “tagmentation” combines the v
fragmentation and ligation reactions into a single * *
step that greatly increases the efticiency of the ¢
library preparation process. \¢ - 300 bp
¥ Tagmentation
) — =300 b ) —r100
N ¥
ndex N
Adapter-ligated fragments are then PCR Read 2 Sequencing Prmer mmm
amplified and gel purified. R s
mplirication

Sequencing-Ready Fragment

Nextera chemistry simultaneously fragments and tags DNA in a single step.
A simple PCR amplification then appends sequencing adapters and sample
indices to each fragment.



Step 2 of 4

lllumina

2. Cluster Generation—For cluster generation, the
library is loaded into a flow cell where fragments are
captured on a lawn of surface-bound oligos
complementary to the library adapters.

Each fragment is then amplified into distinct, clonal
clusters through bridge amplification. When cluster
generation is complete, the templates are ready for

sequencing.

Flow cell A glass slide with 1, 2, or 8
physically separated lanes,
depending on instrument platform.
Each lane is coated with a lawn of
surface bound, adapter-
complimentary oligos.

A single library or a pool of up to 96
multiplexed libraries can be run per
lane depending on application
parameters.

OH OH \
i — —
i 14 11 1% 1 11t
P7 PS5
Grafted Template Initial Denaturation
flow cell hybridization extension
11 11 11491 |1 1l | |
First First cycle First cycle Second cycle
denaturation annealing extension denaturation
n=35
total
A= = -
(I i () i ‘. mlE il
T
Second cycle Second cycle Second cycle * A

denaturation annealing extension

@ @
[

(-0l

Cluster
amplification

Imearlzatlon ddNTPs

LA

Block with  Denaturation and
sequencing primer

hybridization

Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 2013;6:287-303.



Step 3 of 4 .
lHlumina

3. Sequencing—Illumina SBS technology utilizes a proprietary reversible terminator—-based
method that detects single bases as they are incorporated into DNA template strands. All 4
reversible terminator-bound dNTPs are present during each sequencing cycle.

| 2o o8 oo

Sequence s ¢ ° 60 ¢ 0 oo ¢ $ :

: el e B R & & : : :

‘g pr|mer§ gb(‘ ¢ (E(. %& g Et § % g

s { ¢ & ¢ $o ;

¢ g ¢ § :

$ ¢ : Index 1 g £ ¢ §

¢ : primer §£ 3¢ $

: : : g é :

: ; : Er %
The reverse With each cycle, four fluores- The read Sequence The read
strand is cently tagged nucleotides product is Index1 product is
cleaved and compete for addition to the washed away washed away
washed away growing chain. Only one is

incorporated based on the
sequence of the template.

http://www.illumina.com/libraryprepmethods



Step 3 of 4

lllumina

3. Sequencing—Illumina SBS technology utilizes a proprietary reversible terminator—-based
method that detects single bases as they are incorporated into DNA template strands. All 4

reversible terminator-bound dNTPs are present during each sequencing cycle.

fﬁLu_ g O
{7y Y £y
£ £ £ g : § ¢
¢ ¢ ¢ : 8¢
$ $ $ $ Yo
g g g § Q
< L ,
P P8 P &
- S
Fold over and Deblock P5 Sequence
hybridize to primer and Index2
first primer add unlabeled
bases

http://www.illumina.com/libraryprepmethods

5
1

Synthesize
second
strand

OO C OO COCCOCCOCCOr OO OO

The forward-
strand is
cleaved and
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Read 2
primer
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The second
read is
sequenced
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Step 3 of 4 .
lHlumina

Sequencing reagents, including ity N Ll NV i
fluuorescently labeled nucleotides, are , Y | / ‘
added and the first base is OLYN O N N
incorporated. A g [ L

The flow cell is imaged and the emission Sequencing Cycles (

from each cluster is recorded.

The emission wavelength and intensity
are used to identify the base.
Digital Image

This cycle is repeated “n” times to

‘1 Data is exported to an output f Ie
create a read length of “n” bases.

Cluster 1 > Read 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAC... Text File

www.illumina.com/technology/next-generation-sequencing.html



Step 3 of 4

The sequencing occurs as single-
nucleotide addition reactions because a
blocking group exists at the 3’-OH
position of the ribose sugar, preventing
additional base incorporation reactions
by the polymerase.

In each step:

(a) The nucleotide is added by
polymerase,

(b)unincorporated nucleotides are
washed away

(c) the flow cell is imaged on both inner
surfaces to identify each cluster that
IS reporting a fluorescent signal

(d)the fluorescent groups are chemically
cleaved, and (e) the 3’-OH is
chemically deblocked.

lllumina

OOO0000 v

Py
<’

Emission

Fluor

e
H Cleavage
site
Ppp/w
3 Block

/

Excitation

</ A

£T0 0 A A A AT AT PV W o W LYY ¥V VY Y Y VY YN
9000000000000000000000000 1"
NN NN o SN NN o SN\ NI\ .

o

Incorporate
Detect

Deblock
Cleave fluor

S @Bf "
3.

OH free 3' end

Sequencing by synthesis
with reversible dye

terminators.

Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 2013;6:287-303.




Step 4 of 4

4. Data Analysis — During data
analysis and alignment, the newly
identified sequence reads are then
aligned to a reference genome.
Following alignment, many variations of
analysis are possible such as single
nucleotide polymorphism (SNP) or
insertion-deletion (indel) identification,

Reads

read counting for RNA methods, Reference

phylogenetic or metagenomic analysis, Genome
and more.

www.illumina.com/technology/next-generation-sequencing.html

lllumina

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG

AGATGGTATTG
GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

AGATGGTATTGCAATTTGACAT



Additional
Considerations Hlumina

a Genomic DNA b

DNA

Fragment (200-500 bp) Fragment

(2-5 kb)

Biotinylate
ends

2=\

Ligate adapters

-
-
v
Multiple Kinds of Libraries — ' @

SP2 A2
v
Generate clusters = Fragment
| Z “ —\ (400-600 bp)
SP2 A2 v
° Enrich
biotinylated
Flowcell ¢ fragments
v
A1 SP1
| Ligate
FIIm—m—— adapters
SP1 Sequence first end SP2 A2
A ...... 4 A2 v
SP2 A2

Generate
SP1 A1 clusters
Regerate clusters and

sequence paired end

SP2 \ v
A esccee Al SP1 R
Noeeeee A2 Sequence
first end
v
SP1 — R t
egerate
—_\eeeee Al clusters and
sequence
paired end

Figure 2

Comparison between () paired-end and () mate-pair sequencing library-construction processes.

Mardis ER. Next-generation sequencing plattorms. Annu Rev Anal Chem 2013;6:287-303.



Additional
Considerations
A

Library Preparation

o

Index 1
(CATTCG)

Multiplexing

2]

ey e
Index 2
(AACTGA)

- Library 1 Barcode
-~ Library 2 Barcode
Sequencing Reads

DNA Fragments
Reference Genome

\_

A. Two distinct libraries
attached to unique index
sequences during library
preparation.

lllumina

Pool
~ - - -
\ ———
- / b

—

4
_ 7

”~

B. Libraries pooled
together & loaded

into same flow cell
lane.

D

Sequence Demultiplex
i
~.  — — TT
S -_—
= CATTCG
— — / CATTCG
\\ / [if‘.vT('i /7‘
S >
7/
o

l AACTGA
AACTGA

Sequence Output AACTGA
to Data File AACTGA

CATTCG _ .
AACTGA D. Demultiplexing
AACTGA algorithm sorts
(”T( reads into different
AAL T GA . .

AACTOA f||e§ gocordmg to
CATTCG their indexes.
CATTCC

C. Libraries sequenced
together during single
instrument run.

All sequences exported
to single output file.

www.illumina.com/technology/next-generation-sequencing.html

Align

E. Each set of
reads is aligned to
the appropriate
reference.



Additional
Considerations lHlumina

Short-Insert Paired End Reads De Novo Assembly

Read 2 —
— —
—
Long-Insert Paired End Reads (Mate Pair) S —
Rea I — —
N — —
I —

Mate Pairs and De Novo Assembly—combination of short and long insert sizes with paired-end sequencing
for in maximal coverage the genome for de novo assembly.

Longer inserts - better ability for repetitive sequences and regions.
Shorter inserts can fill in gaps at high depths.

www.illumina.com/technology/next-generation-sequencing.html



Additional
Considerations

[llumina

Target Enriched Workflow

Amplicon Generation Workflow

-~
Pooled Sample Library
—— Use DesignStudio to create custom oligo capture probes
flanking each region of interest
Probe 1 . Probo 2 T A
N Sevenstiere, 00/ SSEs3% -
CAT (custom amplicon tube)
I argeted Denature double-stranded DNA library 1
. 1
Seq u en CI n g CAT probes hybridize to flanking
_1. L. _\. b Biotin probes regions of interest in unfragmented gDNA
1 et S g
Hybridize biotinylated probes to targeted regions Extension/Ligation between Custom Probes
across regions of interest
’ ‘ Streptavidin beads
PCR adds indices and sequencing primers
e P\ /s
- \ Y
Enrichment using streptavidin beads
——— Uniquely tagged amplicon library ready
_‘. for cluster generation and sequencing
s
O,:‘ P7 PS5
— —
Elution from beads
-

www.illumina.com/technology/next-generation-sequencing.html




Additional

Considerations

Key Methods

Sequencers

Maximum Output

Maximum Reads per Run

Maximum Read Length

Run Time

Benchtop Sequencer

System Versions

www.illumina.com

[llumina

MiniSeq System

Amplicon, targeted RNA,
small RNA, and targeted
gene panel sequencing.

7.5Gb

25 million

2 x 150 bp

4-24 hours

Yes

¢ MiniSeq System for
low-throughput
targeted DNA and
RNA sequencing

MiSeq Series
Small genome,
amplicon, and
targeted gene panel
sequencing.
15 Gb
25 million'

2 x 300 bp

4-55 hours

Yes

¢ MiSeq System for

targeted and small
genome
sequencing

o MiSeq FGx

System for
forensic genomics

¢ MiSeqDx System

for molecular
diagnostics

NextSeq Series

Everyday exome,
transcriptome, and
targeted resequencing.

120 Gb
400 million
2 x 150 bp

12-30 hours

Yes

¢ NextSeq 500 System e
for everyday
genomics

¢ NextSeq 550 System
for both sequencing e
and cytogenomic
arrays

HiSeq Series

Production-scale
genome, exome,
transcriptome
sequencing, and more.

1500 Gb
5 billion
2 x 150 bp

<1-3.5 days (HiSeq
3000/HiSeq 4000)
7 hours—6 days (HiSeq
2500)

No

HiSeq 3000/HiSeq
4000 Systems for
production-scale
genomics

HiSeq 2500 Systems
for large-scale
genomics

HiSeq X Series’
Population- and
production-scale whole-
genome sequencing.
1800 Gb
6 billion

2 x 150 bp

<3 days

No

* HiSeq X Five System

for production-scale
whole-genome
sequencing

¢ HiSeq X Ten System

for population-scale
whole-genome
sequencing


http://www.illumina.com
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lon Torrent and pH sensing of nucleotide incorporation

& b

dNTP

/éé 5' e— 3 4 dNTPs 5 — 3

(
- )
;/g& s ( I S 3' mees————— 5
|‘/ “,_/ ,, H*

//J/JJ h B _T_ B oe e

. bead containing . P Protons released
DNA template | a ONO, when nucleotides
| / ( . O . vy . (dNTP) incorporated

Sensing layer d i on the growing DNA

Sensor plate : T strands, changing the
cl | pH of the well (ApH)

= P ¥

- @ eYeYeYoVeXeYoYol

B/ NRCRORCRCRCRORORO
Bulk H Drain H Source === To column I |
Silicone substrate do Tem]plate

pH change induces a change in surface potential of
the metal-oxide-sensing layer, and a change in
potential (AV) of the source terminal of the
underlying field-effect transistor

Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 2013;6:287-303
Rothberg JM et al. W, Rearick TM, Schultz J, Mileski W, et al. Nature 475:348-52 (2011)



lon Torrent and pH sensing of nucleotide incorporation

Emulsion PCR

8 hours ’

Similar to 454

Anneal sstDNA to an excess of Emulsify beads and PCR Clonal amplification occurs Break microreactors and
DNA capture beads reagents in water-in-oil inside microreactors enrich for DNA-positive
microreactors beads Mardis 2008. Annual Rev.

Genetics 9:; 387.

sstDNA library Bead-amplified sstDNA library

Two hydrogen ions
are released

Rothberg JM et al. W, Rearick TM, Schultz J, Mileski W, et al. Nature 475:348-52 (2011)
https://www.thermofisher.com/us/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generatic

sequencing-technology.html (Accessed 3/2016)



https://www.thermofisher.com/us/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-technology.html

lon Torrent Instruments and Chips

Instrument lon Chip Read Length Key Research Applications

lon S5 System lon 520™ Chip Up to 400 bp Targeted DNA sequencing, targeted RNA
sequencing, small RNA sequencing, de
novo microbial sequencing, bacterial typing,

lon 530™ Chip viral typing, metagenomics, sequencing by

genotyping
lon 540™ Chip Up to 200 bp Exome sequencing, transcriptome
— — sequencing, copy number analysis
lon PGM System lon 314™ Chip Up to 400 bp Targeted DNA sequencing, targeted RNA
sequencing, small RNA sequencing, de
ﬂ o novo microbial sequencing, bacterial typing,
i lon 316™ Chip viral typing, metagenomics, sequencing by
. A genotyping
B ;ij lon 318™ Chip
v
lon Proton System lon PI™ Chip Up to 200 bp Exome sequencing, transcriptome

sequencing, copy number analysis

~
https://www.thermofisher.com/us/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generatic
sequencing-workflow/prepare-template/ion-torrent-next-generation-sequencing-ion-chef-system.html.html (3/2016)



https://www.thermofisher.com/us/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-workflow/prepare-template/ion-torrent-next-generation-sequencing-ion-chef-system.html.html

Roche-454

Phased Out



Roche-454

First commercial next gen sequencing system (2004)

Ligation B -Genome fragmented
A . by nebulization
Selection . No cloning; no colony
(isolate AB picking
fragments .  +sstDNA library created
only) with adaptors
A B

-A/B fragments selected
using avidin-biotin
purification

DNA library preparation

4.5 hours

P
w

Mardis 2008. Annual Rev. Genetics 9: 387.



Roche-454

Emulsion PCR

8 hours

Anneal sstDNA to an excess of  Emulsify beads and PCR Clonal amplification occurs  Break microreactors and
DNA capture beads reagents in water-in-oil inside microreactors enrich for DNA-positive
microreactors beads

SStDNA [ibrary se——pp  Bead-amplified sstDNA library

Mardis 2008. Annual Rev. Genetics 9: 387.



Roche-454

Sequencing

e

7.5 hours

-Well diameter: average of 44 um
400,000 reads obtained in parallel

+A single cloned amplified sstDNA
bead is deposited per well

Amplified sstDNA library beads

Quality filtered bases

Mardis 2008. Annual Rev. Genetics 9: 387.



TCAGGTTTTTTAACAATCAACTTTTTGGATTAAAAGTGTAGATAACTGCATAAATTAATAR
CATCACATTAGTCTGATCAGTGAATTTATCAATTTGTTCAATAATAGTTCCAAATG

7

O T e oot o 0P s et ettt .

61 - 6-mer
54 . 5-mer
e e e i e e e e e e s s o G 1]

44 . 4-mer
| T Tt T ST R LI DR )

34 . 3-mer
i T Sy RSN (SN S S LG M SIS IS PRSP U U SIS A S S P S A (N S <

24 , 2-mer
ke | e b G B | DIy SRS—— I e e e b Bl il O SR I AP {

1- . 1-mer
A1 AR AR AR

BTRARCEG

Nucleotides are flowed in the order T, A, C, G. The sequence is shown above the flowgram. The signal value intervals
corresponding to the various homopolymers are indicated on the right. The first four bases (in red, above the flowgram) constitute
the 'key' sequence, used to identify wells containing a DNA-carrying bead.

Margulies et al., Nature 437:376-380 (2005)



ABl SOLID

Phased Out



ABI SOL|

« The ligase-mediated sequencing approach of

the Applied Biosystems SOLID sequencer. In
a manner similar to Roche/454 emulsion
PCR amplification, DNA fragments for SOLID
sequencing are amplified on the surfaces of
1-um magnetic beads to provide sufficient
signal during the sequencing reactions, and
are then deposited onto a flow cell slide.

Ligase-mediated sequencing begins by
annealing a primer to the shared adapter
sequences on each amplified fragment, and
then DNA ligase is provided along with
specific fluorescent- labeled 8mers, whose
4th and 5th bases are encoded by the
attached fluorescent group.

Each ligation step is followed by fluorescence
detection, after which a regeneration step
removes bases from the ligated 8mer
(including the fluorescent group) and
concomitantly prepares the extended primer
for another round of ligation.

Mardis 2008. Annual Rev. Genetics 9: 387.

SOLiD™ substrate

1pm

- JISSTTTNRTNININNTININTINsiT
bead 5 pg adapter Template sequence 3’

Glass slide

1. Prime and ligate

Primer round 1 }m M\ + m
X j 11
Univers.;llseq primer (n) AT *
Tpm , t ARLALLLLLLLRLLLRRLLLLRLLLE, 3'
A 3

P1 adapter TA  Template sequence

2.Image
Excite Fluorescence

3. Cap unextended strands

‘ Phosphatase

PO,
A
/’/,
Y ;
STTTTTTTTTTTTTTTTITTTTITT I T

4, Cleave off fluor

Cleavage agent *

aHorr

AT
T P

Di base probes

* Template
'"""'""1/ i 2nd base
3'TTnnnzzz5'

- ‘ ACGT
e I . -
3'TCnnnzzzs' L1 & ﬁ

/ ——e 2
3 nnnzzzS‘* k‘ . °
rreree? |

3'TAnnnzzz5'
Cleavage site

5. Repeat steps 1-4 to extend sequence

Ligation cycle 1 2 3 4 5 6 7 w.(ncycles)
TRTT TT whb/addd
C G,

'/\Illaelll ALl ||‘=Alll AUSSLAL 3

6. Primer reset

Wm)( T e Y
A
Universal seq primer (n-1) :
3'wyrrererererrerey - 2. Primerreset < 1t Melt off extended

) " sequence
v .

Tpm ALV VUL, 3

bead 2
7. Repeat steps 1-5 with new primer

Primer round 2 m‘I base shift

R
Universal seq primer (n-1) AA A CG AA TA CC
3! T  TTTYYTTY TTTYRTTIYRTTINYITT
Tpm , \7mﬂﬂﬂmmlﬂllﬂl 3
bead T GC TT AT GG

9 [10/11}12(13|14(15/16|17(18|19|20(21|22(23|24|25(26|27|28|29

1 Universal seq primer (n)
3' TITITITITITITITIY

2 Universal seq primer (n-1)
3' T

3 Universal seq primer (n-2)
3' TRITITTTITIIIITY

4 Universal seq primer (n-3)
3' TITTITTITITITITY

Bridge probe

Primer round

Bridge probe

5 Universal seq primer (n-4)
3' Y

Bridge probe|

@ Indicates positions of interrogation  Ligationcycle il 2 3 4 |5 6 @



ABl SOLID

Because each fluorescent group on a ligated
8mer identifies a two-base combination, the
resulting sequence reads can be screened
for base-calling errors versus true
polymorphisms versus single base deletions
by aligning the individual reads to a known
high-quality reference sequence.

Mardis 2008. Annual Rev. Genetics 9: 387.

b Data collection and image analysis Collect Identify Identify
color image beads bead color

BRI e ¢ e R
A= ®e & V@ O (B
Collect ) [, -
colorimage | | ° () @
/ \ - ®e & @ Op
DR '.‘.‘ ° .‘ n
Identi ¢ RIS o CD (R}
entify Identify | ® SR
bead cobbeads ° ® C) e}
Glass slide o ® O C); O YR

Color space for
this sequence

Possible dinucleotides encoded by each color

2nd base

Template sequence
4 A C G T ) .
0000 0000
o
§ C —‘—j AT AC AA GA
o G CA CC TC
- G —— GC GT GG AG
. . . —  TA 16 TT (T

- ) /

Double interrogation
With 2 base encoding each i 9 i _7,-"'
base is defined twice

A T G G ‘J_'A

Decoding

‘Q‘ ‘ ‘:' Color space sequence
TA AC AA Q

G A ccoTC
0SsSible ainucieotiades
6 ar (GG) AG

Base zero T CT

AT GG Decoded sequence
Y Y'Y
AT G G

A Base space sequence

Primerround 1,
ligation cycle 1

Primer round 2,
ligation cycle 1

Primer round 3,

@ ligation cycle 1

Primer round 4,
ligation cycle 1
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Complete Genomics

Fig. 1. Amplified DNA A Lkt ONB
nanoarray platform. (A) prep (B) formation (C)
Schematic flow diagram

of the process used. (B) I
Library construction sche- DNA Nanoarray

matic (fig. S1). rl to r8 formation (C)
are gDNA regions adja-
cent to distinct adapter
ends; Adl to AD4 indi-

Strip anchor-
cate adapters 1 to 4. (C) probe product

DNB production USing Probe-anchor ligation
Phi29 DNA polymerase at one of 70 positions (D)

(fig. S11) and nanoarray
formation (SOM) sche- Imaging
matics. (D) Schematic of

cPAL products (SOM).

Base-calling, mapping
and variant detection

D
Reading bases 1-5, e.g. position 5:
Probe Standard anchor
| |

SNNNNCNNNNACTGCTGACGTACTG
.......... GCTAATCTGGGATACTGACGACTGCATGACGC

t

DNB adaptor/anchor
binding site

Genomic sequence: .54321

Drmanac et al., Science 327(5961) pp. 78-81 (2010)

C

Common Probes
(5th base setshown):

Io— >400 nt genomic DNA fragment _0|
I3 4 ( ( ] 1] 7 r8

=
: o

— — ——
—— — —
Ad1 Ad2 Add4 Ad3 Ad1
inserted replaces inserted
bulk of genomic
DNA

Active site

—
D - with bound
O DNB
-~
O
=
3 | ®
2 o
300 nm
700-1300 nm

Reading bases 6-10, e.g. position 10:

54321 Probe Degenerate anchor Standard anchor
®NNNNANNNN l l l
ZNNNNCNNNN % FNNNANNNNNNNNNACTGCTGACGTAC

4 GUNNNGNNNN 7 s G?TAATCTGGGATACTGACGACTGCAtTGACGC
L g
NNNNTNNNN o omic sequence: 10087854321 DNB adaptor/anchor
binding site
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Viaeo

lllumina

https://youtu.be/HMyCqgWhwB8E
https://youtu.be/pfZp5Vgsbw0

lon Torrent
https://youtu.be/WYBzbxIfuKs

Roche - 454

https://youtu.be/rsJoG-AulNE

lllustrations
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https://youtu.be/WYBzbxIfuKs
https://youtu.be/rsJoG-AulNE
https://youtu.be/pfZp5Vgsbw0

