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Timeline

1944: Avery, O.T.,et al n S
on the chemical nature of the
substance inducing
transformation of Pneumococcal
typeso

1953: Watson J.D. and Crick
F.H.C. A S$tructure for
Deoxyribose NucleicAc i d n

1953: Watson J.D. and Crick F.H.C.
fGenetical Implications of the
structure of DeoxyribonucleicAc i d i

1959 1 First homeogenous DNA
purified




Timeline

197071 First discovery of type Il
restriction enzymes

1972: sequencing of the first
gene from RNA by Walter Fiers

1976: sequencing of the first
complete genome by Fiers
(Bacteriophage MS2 which infects

1977: Maxam AM, Gilbert W. "A new
method for sequencing DNA".

1977: Sanger F, Nicklen S, Coulson
AR. "DNA sequencing with chain-
terminating inhibitors"

http://1.usa.gov/noyyPOnttp://bit.ly/nHN8Tw



Timeline

1985-86: Leroy Hood use
fluorescently labeled ddNTPs,
set the stage for automated
sequencing

1987: Applied Biosystems
markets first automated
sequencing machine (ABI 370)

1990: National Institutes of
Health (NIH) begins large-scale e
sequencing trials ($0.75/base)

Human Genome Project (HGP)
begins, $3-billion and 15 years

1995: Craig Venter at TIGR
published the Haemophilus
iInfluenzae genome. First use of
whole-genome shotgun
sequencing

http://bit.Iv/2KrFpO http://bit.ly/glOD18
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Timeline

1998: Green & Ewing publish
Aphredo base cal

2000: Sydney Brenner and Lynx
Therapeutics pub
parallelized bead-base

sequencing tech, launches
ANeGdno

2001: HGP/Celera draft assembly
published in Nature/Science

2003: HGP ncompl et

released. ENCODE project
launched

2004: 454 releases pyroseguencer, costs 6-fold
less than automated Sanger sequencing

http://bit.lyv/oNKUDJ



llluminaera Timeline

1998: Shankar
Balasubramanian and David
KI ener man patent 0F

reproducing mol ecul Y

and found Solexa

2001: £12 million series A
funding

2003: Mercier, J.-F., e t a l

2004: Solexa acquires Solid
phase DNA amplification method




llluminaera Timeline

2006: Solexa release Genome
Analyser |

2007: lllumina acquires Solexa

2008: lllumina releases GAIl

2008: Human microbiome
project launched

2010: lllumina HiSeq 2000 released
2011: MiSeq launched
2012: ENCODE publications

2012: lllumina HiSeq 2500 released
2013-2015: RIP 454




Review of Sanger Sequencing




Fred Sanger 1918-2013

Double Nobel laureate and developer of the
dideoxy sequencing method, first published in
December 1977. [Credit: Wellcome Images]

"Fred Sanger is a quiet giant, whose discoveries and inventions

transfor med

our research worl d.

0



The challenge of DNA sequencing

A 1953¢ Double helix discovered
A 1971- First DNA sequence determined (12bp
A 1977¢ Sanger sequencing method published

A Why did it take so long?



Some possible reasons

A The chemical properties of different DNA molecules were so similar that it
appeared difficult to separatdhem

A Thechain length of naturally occurring DNA molecus®such greater
than for proteins and made complete sequencsggmunapproachable.

A The20 amino acid residues found in proteins have widely varying
properties that had proven useful in the separation of peptides.

I Onlyfour bases in DNAadesequencing a more difficult problem for DNA
than for protein.

A NobasespecificDNAasesvere known.

I Proteinsequencing had depended upon proteases that cleave adjacent to
certain aminaoacids

A DNA was considered boring compared to proteins

Clyde A. Hutchison IlI
DNA sequencing: bench to bedside and beyond Nucl. Acids Res. (2007) 35 (18): 6227-6237 a



Steps on the road to sequencing

A 1959¢ Firsthomeogenou®NA purified

A 1970c¢ First discovery of type Il restriction enzymes

A 1972c¢ First RNA gene sequence published (lac
operon)

A 1975¢ Sanger first publishes his plus/minus
method of sequencing (unable to distinguish
homopolymers$

A 1977¢ Maxamé& Gilbert publish their method
(could distinguisthomopolymers

A 1977¢ Sanger publisheBideoxysequencing
method

Clyde A. Hutchison IlI
DNA sequencing: bench to bedside and beyond Nucl. Acids Res. (2007) 35 (18): 6227-6237 a



MaxamGilbert Sequencing

Pi:f Natl. Acad. Sci. USA
Vol. 74, No. 2, pp. 560-564, F 1877
Bmlwmlstry ebruary

A new method for sequencing DNA
(DNA chemistry/dimethyl sulfate cleavage /hydrazine /piperidine)
ALLAN M. MAXAM AND WALTER GILBERT
Department of Biochemistry and Molecalar Biology, Harvard University, Cambridge, Massachusetts 02138
Contributed by Walter Gilbert, December 9, 1976

ﬂﬂtﬂ.ﬁﬂ DNA can be mmnﬁ%‘;}f a chemical prﬂcﬁ:— THE SPECIFIC CHEMISTRY
dure that breaks a terminally labeled molecule parti . .
at each repetition of | %‘ of the labeled f 1 I’r A Guanine/Adenine Cleavage (2). Dimethyl sulfate

then identify the positions of that base, We describe reactions methylates the guanines in DNA at the N7 position and the
that cleave DNA Hﬂhllhll!um:lﬂ,llldmim,ntcy adenines at the N3 (3). T]leg]yt:usidicbﬂnduflm&ﬂ:lylllﬁd

tosines and equally, and at cytosines alone. When the purine is unstable (3, 4) and breaks easily on heating at neutral
mmd&mfmmmmmmhﬂhrsimbrelw pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
‘ragheresis o 1 gel, the DNA sequence can be then will cleave the sugar from the neighboring phosphate

reed dessvrihe pattern of radioactive bands. The technique will
sequencing RS groups. When the resulting end-labeled fragments are resolved
of at least 100 from the point of la- on a polyacrylamide gel, the autoradiograph contains a pattern
of dark and light bands. The dark bands arise from breakage
We have developed a new technique for sequencing DNA at guanines, which methylate 5-fold faster than adenines (3).
melncades. The prosedure determines the nucleotide sequence This strong guanine/weak adenine pattern contains almost
of a terminally labeled DNA molecule by breaking it at ade- half the information necessary for sequencing; however, am-

mime, guanine, cytosipe, or t ine with chemical agents. ties the interpretation of this pattern beca
m-‘-ﬂﬂurmﬂhuma Lﬂ'rt‘rwlmgf:un blgl“ unrir'jm‘u‘l 1 harnde ic rud aaer bn acooee an‘llﬂ’nrrnf




MaxamGilbert Sequencing

Dimethyl

Dimethyl Sulfate Hydrazine
Sulfate + Hydrazine +
Formic Aci NaCl

g Y 1
f—G  f—G Yi—C l )

/ m— oy
Radio label 3 — 3 —
Y pm— Y p—TT

MaxamGilbert sequencing is performed bizain
breakageat specific nucleotides.



MaxamGilbert Sequencing

G G+A T+CC

Longer fragments
 —

Shortest fragments
Hm

UOrPO00100>P2>2002>2>w

Sequencing gels are read framttom to top (5 to 3).



Sanger ddeoxyseguencing method

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

DNA sequencing with chain-terminating inhibitors

(DNA polymerase /nucleotide sequences/bacteriophage $X174)

F. SANGER, S. NICKLEN, aAND A. R. CoUuLSON

Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 20H, England

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. (1975) J. Mol. Bial.
94, 441-4458] but makes use of the 2',3'-dideoxy and arabinonu-
cleoside analogues of the normal deoxynucleoside triphosphates,
which act as specific chain-terminating inhibitors of DNA

lymerase. The technique has been applied to the DNA of
ﬁclericmha ¢X174 and is more rnfid and more accurate than
either the pf:; or the minus method.

The “plus and minus™ method (1) is a relatively rapid and
simple technique that has made possible the determination of
the sequence of the genome of bacteriophage $X174 (2). It
depends on the use of DNA polymerase to transeribe specific
regions of the DNA under controlled conditions. Although the

method is considerably more rapid and simple than other

a sterecisomer of ribose in which the 3-hydroxyl group is ori-
ented in trans position with respect to the 2-hydroxyl group.
The arabinosyl {ara) nucleotides act as chain terminating in-
hibitors of Escherichia coli DNA polymerase [ in a manner
comparable to ddT (4), although synthesized chains ending in
3’ araC can be further extended by some mammalian DNA
polymerases (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary
to have a ratio of terminating triphosphate to normal triphos-
phate such that only partial incorporation of the terminator
occurs. For the dideoxy derivatives this ratio is about 100, and
for the arabinosyl derivatives about 5000.

METHODS



Sangeisequencing

ddATP+
four dNTPs

ddCTP+
four dNTPs

ddGTP+
four dNTPs

ddTTP+
four dNTPs

AGCTGCCCG

ddA
dAdGdCdTdGdCdCdCdG

dAdGIdC
dAdGdCdTdGdIC
dAdGdCdTdGadiC
dAdGdCdTdGdCdGC

dAddG
dAdGdCdddG
dAdGdCdTdGdCdCdi@>

dAdGdCdT
dAdGdCdTdGdCdCdCdG



Sanger ddeoxymethod

ddG ddA ddT ddC

Longer fragments
 — —

Shortest fragments —
e 5

UOrPO00100>P2>2002>2>w



Sanger Sequencing

A With addition of enzyme (DNA polymerase), the
primer Is extended until ddNTRs encountered.

A The chain will end with the incorporation of the
ddNTP

A With the properdNTP:ddNTRatio, the chain will
terminate throughout the length of the template.

A All terminated chains will end in thrddNTPadded to
that reaction.



How Is sequencing terminated at each of
the 4 bases?

The 3-OH group necessary for formation of the
phosphodiestebond is missing IAANTPSs

rowing strand
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Dideoxy
Method

ARun four separate
reactions each with
different ddNTPs
ARun on a gel in four
separate lanes
ARead the gel from
the bottom up




LYLINRGSYSyYyGa 02
method

A Cycle sequencing is chain termination sequencing
performed in a thermal cycler.

I Requires a heastable DNA polymerase.

A Fluorescent dyes amaulticyclicmolecules that
absorb and emit fluorescent light at specific
wavelengths.

I Examples are fluorescein anaodaminederivatives.

I For sequencing applications, these molecules can be
covalently attached to nucleotides.



Dye Terminator Sequencing

Al RAAGAY OO ReéS 2NJ aOoz2ft 21
ddNTP
A Since the terminating nucleotides can be

distinguished by color, all four reactions can be
performed In a single tube.

(O The fragments are
— [AC distinguished by size and
) a02t 2 NI

(0000



Dye Terminator Sequencing

The DNA ladder is resolved in one gel lane or |

a capillary.
%
4

Slab gel Capillary

GA

>O-0-0



Dye Terminator Sequencing

A The DNA ladder is read on aectropherogram.

Slab gel Capillary

Electropherogram

<

5 AGICIG

/Q_I ML GRS,




Automated Version of th®ideoxy
Method




Automated Sequencing

A Dye primer or dye terminator sequencing on capillary
Instruments.

A Sequence analysis software provides analyzed sequence il
text andelectropherogranform.

A Peak patterns reflect mutations or sequence changes.

T/T T/A A/A

|

5 AGTCTG 5 AG(TTH)CIG 5 AGACTG




First generation (Sanger) sequencing

Throughput

Readlength

Accuracy

Priceper raw base

50-100kb, 96 sequences per run

0.5-2kbp

high quality bases99%: ~900bp
very high quality bases99.9%:
~600bp
99.999%: 40400bp

~$200,000/Gb



Sanger Sequencing
Useful videos
A http://www.youtube.com/watch?v=91294ZAG
2hgé&feature=related

A http:// www.youtube.com/watch?v=bEFLBf5W
Etc&feature=fvwrel



http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
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Human Genome Project

- One of the largest scientific endeavors

. Target accuracy 1:10,000 bases

. Started in 1990 by DoE and NIH

- $3Billion and 15 years

. Goal was to identify 25K genes and 3 billion base:

. Used the Sanger sequencing method

. Draft assembly done in 2000, complete
genome by 2003, last chromosome published
In 2006



Human Genome Project

1984 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 200

e

Discussion and debate
in scientific community

MNRC report
1
Bacterial genome sequencing e
= _ H.'fiu E folf A9 species
& 5. ceravisiae sequencing
E C. elegans sequencing
c LB BN EEEEEEEEE=. -
T D. melanogaster sequencing
:'E - ... .. S -
= A. thaliana sequencing
Genelic maps Microsatellites R ShNPs -
% Physical maps e
T Full length
E cDMA sequencing S m— 1 Lt e
Pkl
SECLANCING

|

Genomic saquencing
- Microsatallites SNPs

Genetic maps e
~ | Physical maps
sl — E I
] ESTs Full length
£ | cDNA sequencing } $ - -
T Wark ng
. Pilot project,15% draft, 0% Finishing, -100%
Lenomic saquencing - - — i h"
1 11

Chromosome 22 Chromosoma 21

http://bit.ly/g30sd5



Human Genome Project

=

Per cett of e Gaom e
— [0 B O o] 00D
i O O e O e o O

'Ig;lﬁ IIIII ILL R ey

This blog post indicates ~2.86Gbase/3.1Gbase of the
non-redundant genome has been sequenced in hgl8 or ~92%
centromeres, telomeres, and highly repetitive regions left

http://bit.ly/gML5Uq



How it was Accomplished

- Public Project
. Hierarchical shotgun approach

. Large segments of DNA were cloned via BACs an
ocated along the chromosome

. These BACs where shotgun sequenced
- Celera

. Pure shotgun sequencing

. Used public data (released daily) to help with
assembly




Shotgun Sequencing

- Celera

~ Started in Sept 1999, goal was to do in $300M

and 3 years what the public project was doing for
$3B and 15 years!

- Wholegenome shotgun sequencing

. Used both wholegenome assembly and regional
chromosome assembly

. Incorporated data from the public project

. Raised ethical concerns about the ownership of
the human genome and patentability of genes




Hierarchical Sequencing

Hierarchical shotgun sequencing

e W e
oy i e e s gy il
LI LY AL

Genomic DNA

¥
BAC library r—~ J T A \...-F\-:Z/

T
Organized 4-
mapped large
clone contigs

BAC to be
sequenced
-y e
Shotgun SRR B et B B R R
clones P Rl — A
shotgun . .  ACCGTAAATGGGCTGATCATGCTTAAR
seqguence TGATCATGCTTAAACCCTETGCATCCTACTG., & .
Assembly . ..ACCGTAAATGGGCTGATCATGCTTARACCCTGTGCATCCTACTG. | .

http://bit.ly/qM3Qbk



Celera Shotgun Sequencing

STS
Mapped Genome
Scaffolds: e T P e e
t I I I | L1 | I | |
Scaffold: | I
Read pair (mates) Gap (mean & std. dev. Known)
Contig:

- Consensus

— s ol e

— O =_ Reads (of several haplotypes)

® SNPs
=== BAC Fragments

- Used paireeend strategy with variable insert
size: 2, 10, and 50kbp



HGP Data Access

scale 196 kil i ORIGIN
o ostanel TR manes o NP inierot, SRS s s EAEAEE e conon 157 1 actttccgte tttgttagga tgactggaac ttgtaccact tatctggaag geageceggt
GRERAS L foesfrer + -+ t + # 61 tttgtctatc aaaatgtaaa atgtgagcgg goacaatggt ccaacgocctg taatcccago
CE2BETI2 |
| FefSen Genes 121 actttcggag gccgaggcgg gtggatcace tgaggtcagg agttggagac cagcocctggeco

+
HUMSn MRNAS From GenBank

j | 181 aacatggtga aaccccatct ctactaaaaa tacaaaaatt agccgggogt ggtggottgt
) 241 gcctgtaatc ccagctattc gggaggoctga ggcaggagaa tocgottgaac ccaggaggog

t
Hunan mRNAS ¥

RefSeq Benes !
L

Humian EsTs That Have Besm Spliced

t
spliced ESTs — |+ } } } — }

- ENCODE Enhancer— and Fromoter-fissociated Histone Mark (H3K4Mel) on & Cell Lines 301 gaggttgtag tgagacgaga ttgcgoccatt gcactccage cagtgtgaca agagcaaaac

Ladered Hakdtel h.L ARt 361 tccgtctcaa aaaaaaaaaa agtaaagtaa aatgttcttt aatctagcaa ttttacttct
Lo6 B B R e e e e e T e R e st 421 agaagctaaa cctacagatg tacaccacat gtaagccaga atcgtttaca aagagatata

Layered H3KH1eS 481 tttcaacttg aaaccccgtc tctactaaaa atacaaaaaa ttagctgggeo atggtggcag
8 ot b EWCOOE Di2ital DNasel PUPErSensitivity CIusters 541 gcgectatag tcccageotac tcgggagget gaggcaggag aatggcgtga acccggeagg

ONase Clusters|| | || | 1 I eroooe Tmnsmptlmn Faceor chir-sea 601 cagagcttgc agtgagccga gatcgocgocca ctgcactcca goctgggota cagagcaaga
Trn Factar entf | |1 L L R 0 U 1 bl rhalop | ! 661 ctccatctta aaaaaaaaaa aaaaagggaa tagcaaagac ttggaaataa cgtatatgct

721 cattgaaaag tgaggagtta aataaattat gctacatcta agcaagagaa tactacacag

HAmAT Gans WFFW Mw Mk% 781 cctttcaaaa gaactaggcot catctaaage atctgataac agsaatasaa tacatattat
s .|. 841 gaagttaaaa aatcaatata ctagatgagt aatatccttt ggaaaaggat atttaggtgt

P It iz ﬁngnments of 44 Vertehrates

Fhesus (R SN 8- SARN WS—— - _——-_ 901 gtgtgtctga aaagatacac aagaaataac taggtttctc aacaccgtaa cctgaatgat
E‘Enhammw——ﬂ% ._.;E ﬁ.l—-ztlulz-l: 961 acacatcatc ccgccctttg cctgtaccta gttgactgot tgagocctgot gotaatcatt
Jeozsun ' !II= 1021 ctaatttata ctttatttta atatttttta tgtaactccc actcatttat tttcttttta
chicken 1081 agactcttct tatttttgaa tggcactctt ccaaatgaat ttttaaatca ttttatcaaa

Lizard [ n
H_tropicalis IE =
Srickleback

1141 ttcctaaaag tatcctgttg gacatttgat tagaattata ctggataggec tgggtgtggt
1201 gggtcacacc tgtaatccca gcaatttggg aggccaagga gggaggattg cttgagccca
1261 ggagtttgag actaatctgg gcaacatagc aagacccctc tctacaaaac ttttttaaaa

Name Last modified Size Description

Parent Directory -

chromAgp. tar.gz 20-Mar-2009 ©9:02 538K

chromFa.tar.gz 20-Mar-2089 @9:21 905M 1.00 Mb Ecr Hler ==
ChromFaHaSkEd.tar.gz 20-Mar-2009 09:30 477M 132.60 Mb 132.70 Mb 132.80 Mb 132.90 Mb 132.00 Mb 132.10 Mb 133.20 Mb 133.30 Mb 133.40 Mb 1332.50 Mb
chromQut.tar.gz 20-Mar-2009 ©9:63 163M -
chromTrf.tar.gz 20-Mar-2009 @9:30 7.86M ]

est.fa.gz 11-Aug-2011 18:57 1.4G < RPL23APA6

est.fa.gz.mdS ll—Aug-2@ll 10:57 44 "EEF1A1P36 > b HMGB1P13 "RP11-315RE:1311:EB—/'1_
hgl9.2bit ©8-Mar-2009 15:29 778M RARS = beanGin I T
mdSsum. txt 29-Jul-2009 10:04 457 "RP1-55C23 7 =

mrna.fa.gz 11-Aug-2011 1@:33 197M “< RP11-205F44  'RP1-55C234 3

mrna.fa.gz.md5 11-Aug-2011 18:33 45

refMrna. fa.gz 11-Aug-2011 18:58  39M HCRNA

refMrna. fa.gz.md5 11-Aug-2011 10:58 48

upstreaml0o. fa.gz 85-Aug-2011 16:32 7.5M

. S‘tr’eaml@@@.‘fa. ZImdS GS_AUg-zell 1632 33 132.60 Mb 132.70 Mb 132.80 Mb 132,90 Mb 133.00 Mb 133.10 Mb 133.20 Mb 133.30 Mb 133.40 Mb 133.50 Mb
upstrean2660.fa.gz 05-Aug-2011 16:34  14M Ensembl Homo sapiensversion 63.37 (GRCh37) Chromosome 6 132,589,427 - 133,589,426

upstream2@00.fa.gz.md5 05-Aug-2011 16:34 53 M processed Eranscript merged Ensembl/Havana

upstream5088.fa.gz @5-Aug-2011 16:36  34M =E?\|T::%:HE

upstream5000, fa.gz.md5 ©5-Aug-2011 16:36 53

xenoMrna. fa. gz 11-Aug-2011 18:39 1.4G

xenoMrna. fa. gz, md5 11-Aug-2011 10:39 49

Results in GenBank, UCSC, Ensembl & others



Growth ofGenbank

1,000,000.000,...

100,000,000,0...

10,000,000,000

1,000,000,000

100,000,000

10,000,000

1,000,000

Bases

1985

1990

1995

2000

2005

2010

B GenBank
B WGS

December 2013 156,230,531,562 bases



Outcome of the HGP

Spurred the sequencing of other organisms
oc GO2YLX SGS€é¢ SdzlF N2B20Sa 04Y9H,
MTnn GaO2YLX SGS¢ YAONROAIE 3IS
Hcyp GO2YLX SUSE GANYt 3ASYy2YS.
Enabled a multitude of related projects:
Encode, modEncode
HapMap, doGAP, dbSNP, 1000 Genomes
GenomeWide Association Studies, WTCCC
Medical testing, GeneTests, 23AndMe, personal genomes
Cancer sequencing, COSMIC, TCGA, ICGC

Prowded a context to organize diverse datasets

20110813 http://www.ncbi.nlm.nih.gov/sites/genome



Achievements Since the HGP

LA

Completion of the Mammalian
Gene c«leélan {MGC)

pEfE

R 3
uobm UK Biobank reachies

Human genatic vanation is

Yoruba genome
: breakthrough af the year sequence ————— 500,000 participants
R ANRT G
Honeybes (naturc PRI

First genome-wide
assaciation study
published

genome sequence International data release workshop >1,000 mouse

knockaut mutations

&

Wellcome Trust Case Control
Consortium publication

R =
Rat genome

sequence Platypus genom

‘ i (ENCODE| . 1cone publications
]: e -

ooy
&
o i A
Chimpanzee genome Sidueetin &"i s'-’v
sequence genome sequarice == Saerle Bovine genome sequence NeandariFoY BbaARR e
ENCODE pilat projact complets -
Eirst cancer ganome sequence (AML)
. @ ’
g oo ony
= prog O
s sy % CHy )) a/’
e 2ol oy 1000 Genomes pllot project
First peﬂar‘\ll genome sequenced ﬁ.}-’) ¥ complete
e hanice genamic First hunisn mathylome map

analysis of glioblastoma

Miller syndrome
discovered by

ED Green et al. Nature 470, 204-213 (2011) doi:10.1038/nature09764



Economic Impact of the Project

. Battelle Technology Partnership Practice
released a study in May 2011 that quantifies
the economic impact of the HGP w596
billion!

- Genomics supports:

- >51,000 jobs
 Indirectly, 310,000 jobs
. Adds at least $67 billion to the US economy

http://www.genome.qov/27544383



Second generation segquencing tech




Second generation seguencing definition

ASynchronized reagent wash of nt
by opt i c ailNiedrimghayus, h gtal, Reviews Analytical
Chemistry, 2011, 83 4327-4341




lllumina HiSeq
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lllumina HISegKey Features

A Advantages
I Large volume of data (300Gb per run)
I Short run time (< 1 day)
I Straightforward sample prep
I Well established open source software community

A Disadvantages

I Requires pooling of large numbers of samples to
achieve lowest costs

I Short reads (34.50bp)




lllumina Sequence By Synthesis

A Produces approximately 1.6 billion short reads
(18bp-150bp) perflowcell

A Each run takes-2 days depending on the
configuration

A Eachflowcellis divided into either 2 or 8
separate lanes (channels)

llluminaHiSedrlowcell

=



lllumina HiSeq setup

— !] llluminaHiSegrlowcell

Automated sample preparati l m&; %
—— ‘é o™

cBot Cluster generation
HiSeq2500
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http://www.illumina.com/Documents/products/techspotlights/techspotlight seqguencing.pdf



DNA sample preparation (ovsmplified)

1) Extract DNA

2) Randomly shatter and PC

3) Attach adapter sequendd 1]

e ™



4) Attach to flowcell surface

5) PCRamplify into clusters




Seqguence clusters on the flow cell

adapter
seguence

sequence
fragment <

adapter
P e Nl ST flow-cell
sequence / surface

Cluster 1 Cluster 2 Cluster 3



Seqguencing cycle 1

add free adapters and
dye-labelled bases




Seqguencing cycle 1

add block D




Seqguencing cycle 1

record
intensities

Fire laser




Seqguencing cycle 1

Wash to remove block




Seqguencing cycle 2

add dyelabelled bases




Seqguencing cycle 2

record
intensities

Fire laser




Seqguencing cycle 3

record
intensities

Fire laser

A A




Note

A The schema is oveimplified

A In reality

I Sequencing is done from the top of the strand
down towards the bottom of thélowcell

I Reversible blocking agents are part of the
modifieddNTPFfluorophores



PairedEnd Sequencing

A Provides distance relationship between two reads

A Important for many applications

I Characterise insertions, deletions, copy number
variants, rearrangements

I Required foDe novaassembly
I Enables sequencing across repeats
I Useful for DiTags, cDNA sequencing, etc.
A Enables sample multiplexing (identifier tags)

A Increases output peftowcell



Working with Paired Reads

A Applicable to different fragment size ranges
- up to ~600bp for standard libraries
- 2 - 20kb matepair libraries

Enables alignment software to assign unique positions to previously non-
unigue reads



llluminaPairedEndSequencing

1
Cluster ()
amplification Read 1
1st
L . SN

—— >

! y y/
FLOWCELL ZZZZ ZZ Z 22 FLOWéELL ZZZZ
[ Linearize DNA ] . ( [ Sequence 1st strand ]

; 2 £
FLOWC/ELL ZZZZ
' Strand re-synthesis

1

Read 2

2nd ‘

cut

ZZZZZ FLOWCELL ZZZZ ZZZZ; FLOWCELL 2;;;
Sequence 2nd strand

Linearize DNA




PER FLOW CELL

1.6 BILLION CLUSTERS

ing

O
C
Q
-
O
Q

)

INna

Hlum




Base calling from raw data

TTTTTTAT

The identity of each base of a cluster is read off from sequential images.

Current read lengths 36-150nt
Total sequence data for 1 paireend run with 100bp = 300GDh!



HiSe2000vs 2500flowcells

HiSecr000 HiSeq500
8 lanes 2 lanes

12 day run time 2 day run time



Comparison

APPLICATION RAPID RUN MODE HIGHOUTPUT MODE

ChlIRSeq

Transcription Factor 40 Samples 200 Samples
7 Hours 2 Days

1 x 36bp

RN, 24 Samples 120 Samples

2 X 500p 16 Hours 5 Days

TruSedeExomeSeq

62 MB Region 15 Samples 85 Samples

100x Coverage 27 Hours 12 Days

2 x 100bp

Human Whole Genome
>30x Coverage 1 Sample 5 Samples

2 x 100 bp 27 Hours 12 Days



What does this mean?

48 genomes (£250 per sample) 48 genomes/lane (£210 per
sample)

10 genomes (£510 per sample) 10 genomes/lan€£350 per
sample)

8 genomes (£590 per sample) 8 genomes/lane (£400 per sampl

1 genomeg(£3400) 1 genomeg(£4000)

/_T‘HVERSITY OF P
EXETER "




Potential issues withlumina
seguencing

A Low diversity sequences

I 16Sampliconsequences

i/ dzaG2Y | RFLIWG2NBR 6AGK O
A GC/AT bias

I GC clusters are smaller than AT

I (less of a problem post June 2011)

A Specific motifs which are difficult to sequence

I GGC motif

I Inverted repeats

Nakamura K.,Oshima T., Morimoto, T., Ikeda, S., YoshikawaSHiwa Y., Ishikawa, S., et al.
(2011). Sequenespecific error profile dfluminasequencers. Nucleic acids research, gkr344
Retrieved fromhttp:// nar.oxfordjournals.org/cqgi/content/abstract/gkr344v1



http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1
http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1

Low Diversity samples

a » 29 7
5
= 20 -
=
unbiased  11IBS 218S
b unbiased sample

W [ P

s{'
low complexity sample

R
o | qﬂ"“ﬁ“"\""’?"f’

cycle 1 3 4
2N '“\,
‘ y or 7
.,_.-‘

cluster calling

Krueger F, Andrews SR, Osborne CS (2011) Large Scale Loss of Dafaviarkiyillumina Sequencing Libraries Can Be ReabbgrB®eferred

Cluster Calling. PLoS ONE 6(1): e16607. doi:10.1371/journal.pone.0016607
o
@ PLOS | one
- L]

4

a'”q
S

o R

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0016607



http://www.plosone.org/article/info:doi/10.1371/journal.pone.0016607

ty Example

IVEersl

Low D

A Cycle 1




Low diversity workarounds

A Multiplex with diverse samples and sequence
across multiple lanes/runs

A AddPhiXcontrol

A If dealing withamplicon TraDISr RABseq
material, design multiple offset primers



[ 26 RAODSNEALUE

A llluminaare bringing out two improvements
which are claimed to alleviate the problem

I Softwarefix to prevent quality fall off due to incorrect
phasing estimates. Availabd® MiSegnow.

A Possibility of implementing those same changes on the
HiSeds uncertain

I Orderedflowcells¢ basecaller will knowapriori
where clusters should be



Sequence-specific error motifs (GCC and inverted repeats)

(@) B. subtilis
() Mapping ~

protein
1100 1
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o 50 700 800 90,

500

(ii) Average base call quality
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Nakamura K et al. Nucl. Acids Res. 2011;nar.gkr344

© The Author(s) 2011. Published by Oxford University Press. Nmkic Mds Researd-l



llluminaMiSeq

A Same technology and chemistryHiSeq

. 2X300Dbp reads
15 Gbas#&un
Run48-72 hours
$800-$1000/ run
$100Kinstrument
$50k for additional 2 year service contract

: Capable of sequencing 48 5Mb bacterial genome
per run
. Libraries compatible withiSeq




Futurellluminadevelopments

A 2x250bp readsHiSedast run mode)

A Orderedflowcells

A 2x400bp readsMiSeq

A 10kb synthetic reads (approx-&million per
lane)

I Useful for phasing of haplotypes

I Formed from short reads so repeat spanning Is
still problematic




Other equipment
(optional)

Agilent Bravo liquid handling Agilent Tapestation Covaris96-well sonicator
robot £30k £90k
£85k




Roche 454 Key Features

A Advantages
I Long read lengths (260000bp)
I Multiple samples possible
I Short run time (< 1 day)

A Disadvantages
I Relatively expensive (~£8k per run)
I Low volume of sequence data (100Mksb)
I Complex sample prep
I Roche discontinuing support from 2015



454 Step 1: Sample preparation

One Fragment = One Bead

4. The single stranded DNA

. Genomic DNAis isolated and library is immobilised onto
fragmented. proprietary DNA capture

. Adaptors are ligated to single stranded beads
DNA

. This forms a library



454 Step 2: Amplification

Water-based emulsion PCR

water drop:
beads + DNA template + PCR reagents



454 Step 3: Load emPCR product

5

-

Picotitre plate - enrich for DNA + beads

- diameter of the wells allows for only 1 bead/well

Smaller beads (red) carrying immobilized enzymes required for
pyrophosphate sequencing are deposited into each well.



454 Step 4: Pyrsequencing

1. Nucleotides are pumped
seqguentially across the plate

2. ~ 1 million reads obtained
during 1 run

3. Addition of nucleotides to DNA
on a particular bead generates
a light signal




454 Chemistry

~~» dATP ——» dTTP ——» dGTP —— dCTP -——~
ool e e

polymerase

(DNA),, + dXTP ). (DNA),, 4 + PPi
sulfurylase
PPi ).. ATP _
signal recorded
ATP luciferase ). Light
ATP SP¥YIAS® 3 AMP + 2Pi
apyrase

dXTP P dXTP + 2Pi




SOLID

A Differs fromllluminaand 454
I NodXTHeagents are used
I Oligonucleotide primebased sequencing Is used
I Two bases are read at a time
I High accuracy

BUT¢ Only one colour is emitted
Need several sequencing steps to convert colour to a

sequence



Life TechnologieSOLID

wAdvantages
¢ Two base encoding system
¢ Every base read twice
¢ Large volume of sequence dg&/0Gb per run
possiblg
A Disadvantages
¢ Short read lengths (380bp)
¢ Complex sample prep
¢ Bioinformatics support less comprehensive

¢ Pairedend reads more complex thdhuminaor
454



SOLID: Step 1 Sample Prep

Sheared genomic DNA

—_—

P1 Adapter P2 Adapter
| | J

- E ]

P1 Adapter P2 Adapter
S I 00

clonally-PCR amplified DNA fragments

3 «@=m chem. modification:
covalent bonding to slide




SOLID: Step 2 Attach beads

3-modified beads B
deposited onto glass slide




SOLID: Step 3 Sequencing 1

1. Prime and Ligate

PRIMER ROUND 1 (

Universal seq primer (n)
3[

P1 Adapter  TA  Template Sequence



SOLID: Step 3 Sequencing 2

2. Image
Excite Fluorescence

LI

MJMMB,

3. Cleave off Fluor

Cleavage Agent *

% 3 HOyr

W !



SOLID Step 3 Sequencing 3

4. Repeat steps 1-4 to Extend Sequence

Ligation cycle 1 2 3 4 5 6 7 ...(n cycles)

ITTTTTIT I T T =TT
| T TIT T TIT T I

TA"lAA"l LLI "|AA"| "|CG"| 3

A random primer is ligated to the template only when the labeled nucleotide
complements the fifth nucleotide on the template, counting from the end of the
previously ligated primer.



SOLID Step 3 Sequencing 4

5. Primer Reset

Wmn%mﬁ\ﬂm"’ LA

Universal seg primer (n-1) :
3111111111111111“ 2. Primer reset 1. Melt off extended

sequence
o W/

R |
Y

3



SOLID Step 3 Sequencing 5

1. Prime and Ligate

7~ PORY

PRIMEER ROUND 1 ‘I'I'“'l'i) + @

L

s

Universal seq primer (n) |AT ;*
37
[
‘ AU_ B o \ 3'

P1 Adapter TA Template Sequence

6. Repeat steps 1-5 with new primer

PRIMER ROUND 2

Universal seq primer (n-1) C/ AA TA CC

T GT GC T AT GG



CG GG TG GG TG cG
GC cc AC ccC AC GC
Primer n TA AA CA AA CA TA

T G T T T T AT T
G TG G G G cC G G
cC A C C c c G C C
Primer n-1 AAA  CNA AN NA NA TNA N A

T T T T T T T T T T T T
G G G G G G G G G G G G
cCcC ¢C¢C ¢c C© ¢Cc ¢C ¢C cc cC
Primer n-2 AAA ANNA ANN_- ANNA ANNA ANNA ANNA

S R RRRRERRRNN AR RRR AR RR RN RN R RN RRR RN RN RRR RN

. P1 Adapter 1T 3r

T TT TT T TT TT

G GG GG G GG GG

C ccC cC c CcC cC
Primer n-3 AAA NNNAANNN  NMHNNAANNNA NNNAANNNAAN

S IREEEEEEEEEEEENEREERREEEERRRR RS RERRARRRERRRERRREE

. P1 Adapter TT 3

Primer n-4 AA TGTTTACCTGAAGTTACTTAGGCATGTGCAAG

TTITTTTTTITTTToT TIITTTITTTTITITITIIT I ITI I T T ITITITT

. P1 Adapter TTAGACAAATGGACTTCAATGAATCCGTACACGTTC 37

Template



SoLID Colour space

Possible dinucleotides encoded by each color

2nd Base

Template Sequence

TA AC AA

GA

/ACG

I CG CA CC TC
GC GT GG AG
TA TG TT cCT

1st Base




Common features

A Most 2d generation platforms share the
following:

Adaptor sequences to fix probes to a surface/bead

|
I Amplification

I Use of fluorescent probes/CCD devices or pH sensors
.

|
|

Capable of paire@gnd reads

I Postprocessing software to determine image quality
I Shorter read lengths compared to traditional capillary

based sequencers
Much higher data volumes (~Gb)
Sequence a human genome in a matter of days



ommon features

Aligned Reads

TOCBIMOGC TMU}';GA‘YTOC 'YTAAOGP;CGM

i
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e, o masmeN e itaeTcat:
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Image Analysis
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Base Calling

ATGGCCTGOGCTAGTTTOGATTTACGA
CCTGGGCTAGTTTCGATTTACGATCGA)
GCTAGTTTCGATTTACGATCGATCGTTC
MTCGATCGTTGCATGCTGGGGTAGTG
TTCGATTTACGATCGATCGTTGCATGCY
TCGATTTACGATCGATCGTTGCATGCTC
CTAGTTTCGATTTACGATCGATCGTTG(
CGATTTACGATCGATCGTTGCATGCTO
TACGATCGATCGTTGCATGCTGGGGTA
TCGATCGTTGCATGCTGGOOTAGTOL!
TCGATTTACGATCGATCGTTGCATGCTC
SGATTTACGATCGATCGTTGCATGCTGC
TAGTTTCGATTTACGATCGATCGTTGCY
GATTTACGATCGATCGTTGCATGCTGG
ACGATCGATCGTTGCATGCTGGGGTAC



Phred Score

Phredprogram:
http://en.wikipedia.org/wiki/Phred base calli

ng
- Q=-101l0gl10(P)
P =10MQ/10)

Phred quality scores are logarithmically linked to error probabilities

Phred Quality Score Probabillity of Incorrect base call Base call accuracy

10 1in 10 90 %
20 1in 100 99 %
30 1in 1000 99 .9 %
40 1in 10000 99 .99 %

50 1in 100000 99 999 %


http://en.wikipedia.org/wiki/Phred_base_calling
http://en.wikipedia.org/wiki/Phred_base_calling
http://en.wikipedia.org/wiki/Phred_base_calling

Bioinformatics implications

A 100-10,000 fold increase in data volumes
A Tool development
A Data quality is poorer

A Less bioinformatics manpower available per
seqguencing project

A Finished genomes are usually of poorer quality
OKFY {Fy¥MIINIRENRIOR ISY 2 )

A Due to data volume, other applications have
become feasible

A E.g. RNAeq ChiRseqg Meth-Seq




Benchtop sequencers




The NGS Market

- Currently dominated b{llumina(70%
INnstruments)

. Market split into:

. Low throughput but fast: clinical applications and
sequencer for individual labs

. Very high throughput: genome centers and large
scale projects

- E.gllluminaHISe2000 vsMiSeq
- 300Gbase per 10 day rws 7 Gbasan 48 hours

NiedringhausT. P.Milanova D.,Kerby M. B., Snyder, M. P., & Barron, A. E.
(2011). Landscape of negéneration sequencing technologiesnalytical
chemistry 83(12), 432€¢41. doi:10.1021/ac2010857



Benchtopsequencers

A Roche 454 JuniditjuminaMisegare essentially
miniature versions of the 454 andiSeq

A Life Technologies lon Torrent and lon Proton are
penchtopsequencers derived from 454
pyrosequencing

A Designed for individual groups

A Typical instrument cost is $150k¢3 year
service contract)

A Typical run cost in consumables: $1000/run (at
maximum output)




llluminaMiSeq

A Same technology and chemistryldiSeq
2X250bp
7.5Gbaséun
Run48 hours
$800 / run
$100Kinstrument
$50k for additional 2 year service contract
No additional wetlab equipment required
Capable of sequencing -0 bacterial genomes per run
RNAseqgof up to 6 samples
Libraries compatible withliSeq




Roche 454 Junior

. Same chemistry |
100K reads, 700bp =l
/0 Mbasesgrun

Focus on clinical, 510K validated assays
$1000 per run

$100Kinstrument

- Now uncompetitiveg Roche reviewing future



Life Technology lon Torrent

454-like chemistry without dygabelled

nucleotides ﬁ T
. No optics, CMOS chggnsor =
- Up to400bp reads (singiend) T
. 2 hour runtime (+5 hours on One Touch)
. Output is dependent on chip type (314,
316 or 318)

- 318 (11M wells) >1Gbase im8urs

- $700 perrun

- $50K for theinstrument, plus $75k for
additional One Touch station and Server

. Libraries not compatible with lon Proton

-

Y,
X

L m— |




Life Technology lon Proton

454like chemistry without dydabelled
nucleotides

. No optics, CMOS chgensor

- Up to DO0bp reads (singtend)

. 2 hour runtime (+8 hours on One Touch)
. Output is dependent on chip type (P1 or P2
coming soon)

. 60-80 million reads (P1)

- $1500 per run

~ $150Kfor the instrument, plus $75k for
additional One Touch station and Server

. Libraries not compatible with lon Torrent

—



lon Torrent vs lon Proton

SMALL SETSOF GENE EXPRESSION WHOLE HUMAN HUMAN
GENOMES GENES ChIP-SEQ TRANSCRIPTOMES EXOMES GENOMES

lon PGM™ Sequencer lon Proton™ Sequencer

FEE [ FE FE BiD [

UNIVERSITY OF

EXETER



lon Torrent

Nucleotide incorporates
into DNA

Hydrogen ion
is released




Library prep

A 454 style library using emulsion PCR

water drop:
beads + DNA template + PCR reagents



- enrich for DNA + beads
- diameter of the wells allows for only 1 bead/well

Micro-machined wells

lon-sensitive layer

Proprietary lon sensor ————=




lon System

Two bases ‘ Two hydrogen ions
are incorporated _ / are released ‘




Benchtopsequencers

lon Proton (P1 chip)
. 60-80M reads

. Up to single-end 200
base pair runs

- 16GDb/run

4 hour run time

- $1500/run

- $150K instrument

. One touch system
required

Hlumina MiSeq

. 30M reads

- 2X300bp

- 15 Gbase/run

- Run 48-72 hours

- $1000/ run

- $100K instrument

. No additional
equipment required

Roche 454 Junior

. Same chemistry

. 100K reads, 700bp
- 70 Mbases/run

- Focus on clinical,

510K validated
assays

. $1000 per run

- $100K instrument



Usefulbenchtopreview paper

A Loman, N. JMisra, R. VPallman T. J.,
Constantinidoy C.,Gharbia S. E., Wain, J., &
Pallen M. J. (2012). Performance comparison
of benchtophigh-throughput sequencing
platforms.Nature biotechnology30(5), 434
9. d0i:10.1038/nbt.2198



Possible problems

A These are common to all platforms

I Biases introduced by sample preparation
I Errors in base&alling

I High GC/AT biases can cause difficulties

A 454 and lon Torrent have difficulty sequencirmmopolymeridracts
accurately

A Latest lon Torrent reagent upgrades claim to reduce these

A llluminaalso has specific motifs which are difficult to sequence

Nakamura, K.Oshima T., Morimoto, T., Ikeda, S., YoshikawaSHiwa Y., Ishikawa, S., et
al. (2011). Sequenepecific error profile dfluminasequencers. Nucleic acids research,
gkr344;. Retrieved from http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1



Homopolymererrors

Length ofhomopolymer

;-

0 ||
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

A ?C TT - AAAAA?a

A Different between signal of 1 and signal of 268%.

A Different between signal of 5 and 638%

A More difficult to decide if we have AAAAA or AAAAAA

A Is the final sequence:/ ¢ ¢b! I 1 1! 2NJ ! b¢ ¢! Btc

HA
mC
mT
HG




Third generation sequencers




Third generation sequencers

A My definition: Singlenolecule sequencing

A Currently onlyPacBidRS is commercially
avallable



Pacific Biosciences RS ||




Introd

uction

A Based on monitoring a single molecule of DNA
polymerase within a zero mode waveguide

(ZMW)
I 150,000 ZMWsona S
A Nucleotides witHluoro

MRdwcellon PacBIdRSII
nhoreattached to

phosphate (rather than base) diffuse in and out

of ZMW (microsecono

S)

A As polymerase attaches complementary
nucleotide, fluorescent label Is cleaved off

A Incorporation excitedlurorescentlabel for
milliseconds-> nucleotide recorded



Library prep

Sample Preparation Building of SMRTbell

Genomic DNA
(200bp to 10kb+)

WGA
(10-20 ng)

Targeted
Enrichment Fragment DNA
Products

Ligate Adapters

DNA Sample

WGA
(10-20 ng)

(C‘— ;j’;

.




SMRT Cell




Free nucleotides
Zero mode

waveguide

Immobilised DNA
Laser and detector polymerase



Aluminum

Glass

| Emission

Excitation



Observing a single polymerase

2
v
c
Q
—
E




What it looks like

Sequencing Well BO1, SMRT Cell 1

PacBIiZMWs with single _
DNA strand luminaDNA monecolonalclusters

Ordered Unordered



Output statistics

A Approximately 100,00050,000 sequences per SMRT
flowcell

A 300-500Mb output per SMRffowcell
i $500 per run
A Library prep required
I ~$500 per sample
I ~0.5ug per sample
A Size selection required to get the longest reads
A Read lengths
I Distribution
I Mean 8.5kb up to 2@5kb




Number of Reads
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Novel applications

A Epigenetic changes (e.g. Methylation) affect
the amount of time a fluorophore is held by
the polymerase

A Circularise each DNA fragment and sequence
continuously



Epigenetic changes

\ DNA Methylation
Methyltransferase

SR
PENaBausaRE o

SMRT® DNA Sequencing

DNA Polymerase

" -
HHHH

Zero-Mode
Waveguide

N

B
o
o

w
o
o

Fluorescence
intensity (a.u.)
- N
=} o
o o

o

Polyymerase Dynamics

705 710 715 720 725 730 735 740 745
Time (s)

Analysis of Polymerase Kinetics

J-‘J‘_IJ_-J_UJ_L Forward Strand

G A T C
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ﬁ—.—-—-—-—l—-—r-—'—ﬁ Reverse Strand




Circular consensus sequencing




Circular consensus sequencing

1. generate amplicon 5 forward strand 3

3‘ reverse strand 5°

\ 4
2. ligate adaptors SMRT/:;( > ¢ O

3. sequence template X

DNA
polymerase
";’

4. data analysis v
raw long read — ¥
processed long read -
* o
. Q
single-molecule fragments 2
. \ @
circular consensus sequence (ccs) 7

Fichot E. B., & Norman, R. S. (2013). Microbial phylogenetic profiling with the Pacific Biosciences sequencing platform.
Microbiome 1(1), 10. doi:10.1186/20426181-10



Circular consensus sequencing for
rRNAor microsatellites

microsatellites microsatellites
- . ~ | "

genomic DNA

S
SMRTbell library brary insert M

Q
4
Y
|
0

k .1 D I
circular consensus — —
1 D I—

sequencing read subreads circular consensus

sequence (CCS)
http://www.sciencedirect.com/science/article/pii/S0167701213002728

http://www.biotechniques,com/multimedia/archive/00230/BTN_A 000114104 O 230651a.pdf
p://'www.microbiomejournal.com/content/1/1/10



http://www.sciencedirect.com/science/article/pii/S0167701213002728
http://www.biotechniques.com/multimedia/archive/00230/BTN_A_000114104_O_230651a.pdf
http://www.biotechniques.com/multimedia/archive/00230/BTN_A_000114104_O_230651a.pdf
http://www.biotechniques.com/multimedia/archive/00230/BTN_A_000114104_O_230651a.pdf
http://www.microbiomejournal.com/content/1/1/10

Issues to be aware of

A PCR chimeras (affects all PADplicon
methods)

A Chimeric sequences can be generated during
library preparation

A Shorter sequences can be loaded
preferentially
I Uniformampliconsize reduces this
I PacBidMagbeadioading system



Circular consensus sequencing (CCS

A Raw error rates of a single pass read is high (10
15%)

A It is possible to read the same molecule
repeatedly using CCS mode sequencing

A Can do this up to seven times to reduce error
rates to around 0.90.5%

A Disadvantages

I Reduction in read length proportional to number of
passes€.g /7 passes max read length 3kb).

I Reduction of total number of reads as some ZMW
nolymerases will fall




Pacific Biosciences

A Advantages

Longer reads lengths (median 8.5kb up to 25kb wittCB=chemistry)

" 40 minute run time

|
|
i Cost per run is low ($400 per run plus $400 per library prep)
.
|
|

Same molecule can be sequenced repeatedly
Epigenetic modifications can be detected
Long reads enable haplotype resolution

A Disadvantages

Library prep required (micrograms needed)

If you use PCR based methadsis NO LONGER single molecule
Enzyme based

Only 50,000 reads/run. 40800Mb vyield

High (1815%) error rate per run (but CCS can reduce this to <~1%)

" $750k machine

Lab requirements very stringent



Bioinformatics Implications

A Relatively low data and high per base cost limits
practical widespread use

A Can obtain useful 285kb fragments (C5 chemistry)

A Best used in conjunction with error correction
algorithms utilising shortelPacBiaeads orllumina
data

A Excellent to help scaffold genomes
A Able to generate complete bacterial genomes

koren Sergey;Schatz, Michael QValenz Brian P;Martin, Jeffrey;Howard, Jason T et al. (2012

Hybrid error correction and de novo assembly of singi®lecule sequencing reads
Nature biotechnologyol. 30 (7) p. 69300

Chin C:S., Alexander, D. H., Marks,idammey A. A., Drake, Heinek / KbidachX. (2013)Nonhybrid finished microbial
genome assemblies from lorgad SMRT sequencing daiature methods10(6), 56%9. doi:10.1038/nmeth.2474
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http://dx.doi.org/10.1038/nbt.2280
http://dx.doi.org/10.1038/nbt.2280
http://dx.doi.org/10.1038/nbt.2280
http://dx.doi.org/10.1038/nbt.2280

Hierichicalgenome assembly

HGAP Example - Meiothermus ruber (JGI)
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PacBidraining resources

A https://github.com/PacificBiosciences/Bioinfo
rmatics Training/wiki



https://github.com/PacificBiosciences/Bioinformatics-Training/wiki
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki

Nanoporeseguencing




What is a nanopore?

@ Nanopore= O6very small hol e
@ Electrical current flows through the hole

current

@ Introduce analyte of interestintotheholeC i dent i f vy
the disruption or block to the electrical current
Current
flow
I
4 {
out O
. . I . e
In AWANSNAPAMN




What Is ananoporé?

A Either biological or synthetic

A Biological
I Lipid bilayers with alphaaemlolysimpores
| Best developed
I Pores are stable but bilayers are difficult to maintain

A Synthetic

I Graphene or titanium nitride layer with solidtate
pores

I Less developed
I Theoretically much more robust



Nanoporesequencing

A Theory is quite simple ﬂm,gé“‘“‘”f;};ii\ .
A Feed a 4nm wide DNA molecu -

through a 5nm wide hole P

A As DNA passes through the hoic, R
measure some property to "
determine which base is prese i 2

A Holds the promise of no library L\"M :
prep and enormously parallel — disropkivns

. W
SequenCIng U\sm?bw\lb n crrentc
A In practice this is not easy to
achieve

http://thenerdyvet.com/category/tech/



Nanoporesequencing

A In practice, it is much harder

A Problems:

I DNA moves through the pore
quickly

I Holes are difficult/impossible to
design to be thin enough so that
only one base is physically located
within the hole

I DNA bases are difficult to
distinguish from each other without
some form of labelling

I Electrical noise and quantum
effects make signal to noise ratios
very low

I Search space for DNA to find a pore
IS large




Approaches to simplifganopore
seguencing

A Slow down movement of bases through
nanopore

I Use an enzyme to chop DNA up and seguence
Individual bases as they pass through a pore

I And/oruse an enzyme to slow the progress of DNA
through a pore

I Monitor capacitativechanges in the bilayer

A Hybridize labels to single stranded DNA

I Force the labels to disassociate as they pass through
the pore

I Detect the labels

NiedringhausT. P.Milanova D.,Kerby M. B., Snyder, M. P., & Barron, A. E. (2011).
Landscape of nexgeneration sequencing technologiésalytical chemistry83(12), 432¢
41. doi:10.1021/ac2010857



Companies involved
genio
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Nabsys

NANOPORE

I Company which appears closest to commercialisation

I Two approaches to sequencing

A Exenuclease sequencing (originally part of ansarketing agreement with
lHlumina)

A Strand sequencing

I Both use synthetic membranes compatible with algtzmolysin
derived pores

I Strand sequencing method is being commercialised



Nucleotide Recognition

nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: XX XX 2009 | DOk 10.1038 /NNANO.2005.12

Continuous base identification for single-molecule
nanopore DNA sequencing

James Clarke', Hai-Chen Wu?, Lakmal Jayasinghe'?, Alpesh Patel', Stuart Reid' and Hagan Bayley?*
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Exonucleassequencing

Exonuclease to chop DNA

Alpha-hemolysin protein pore _ ' _
into consitutent nucleotides



Cyclodextrin molecule inside alpha hemolysin Exonuclease

Lipid bilayer

ACyclodextrin inside alpha-hemolysin transiently binds to
DNA base

Alnterrupts the current through the pore

ASignal is indicative of base



