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Cost per Genome

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

$1K
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&% Bropoe nokosienne cekBeHaTopoB — NGS — co31aTe/d FTeHOMUKH

Ilumina HiSeq

SOLiD 5500 Ion Proton
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o IIpyHIMI NHPOCEKBEHUPOBAHMS
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.g' 7 Cc T en Nucleotide sequence
~~~~~ G € - A GG

cC

G C T A G

T PPi ,
T : _ Sulfurylase
ATP
Apy-lrase . ) Luciferase

Nucleotide added

peak heights indicate incorporations of two nucleotides in a row.

\ 4

Figure 1 | The principle of Pyrosequencing and the output Pyrogram™. Double

_{
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#% IIupocekBeHUPOBaHHe: IPUIOTOBJICHHE OHOJIHOTEK

DNA Library Preparation

-— '
45 hours ) :

DN A e §STID N A library

Genome fragmented by nebulization

No cloning; no colony picking

sstDMNA library created with adaptors. The adaptors are used as primers, and for binding to beads.
A/B fragments selected using streptavidin-biotin purification
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# IupocexBenupopanue: I[P B sMyabcun

NAA 1), ot et e be il St e SRS By - CEERDTE NCER R i i o S B
UINA LIDrary rFreparadon ana iiraton emPCR sequencing

i — B BEe-
4.5 hour: 10.5 hour 8 hours 5.5 |

/
Anneal sstDNA Emulsify beads and Clonal amplification Break microreactors,
to an excess of PCR reagents in occurs inside enrich for DNA-
DNA Capture water-in-oil microreactors positive beads
Beads microreactors
sstDNA library » Clonally-amplified sstDNA attached to bead

(millions of copies per bead)
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o IIMpocekBeHHPOBAHHE: CEKBEHUPOBAHUE

Amplified sstDNA library beads

€ HUmul' CO PAH

Sequencing

el

5.5 hours

= Well diameter: average of 44 pm

= A single clonally amplified sstDNA
bead is deposited per well

= 200,000 reads obtained in parallel
on large-format PicoTiterPlate device

> Quality reads




o IIMpocekBeHHPOBAHHE: CEKBEHUPOBAHUE

ration and Titration emPCR Sequencing
s -~ .
5.5 hours
& I
o : $8 Sional |
P f At YR = Bases (TACG) are
S e ( sequentially flowed
pY4 (42 times)
\‘ -
\ A Polymerase = Chemiluminescent

signal generation

T = Signal processing
A to determine base

APS sequence and
Annealed i
,——\ PP, et quality score
A\
ATP
Luciferin

IBNEEEEEEEEEEEER

Sulfurylase

DNA Capture Bead Luciferme \———"x/—/
containing millions
of copies of a single Y
clonally amplified Light + Oxy Luciferin
fragment

Amplified sstDNA library beads » Quality reads
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e IIMpocekBEeHHUPOBAHHE: AHAJIN3 PE3yJIbTATOB

Images

GS De Novo Assembler Software
—_— —_—

s

b
—_—

H——'
Overlap and ConsensusGenerator
Contig 1 Contig 2

—r e e

Signal

Contig Ordering =
(Paired End Assembler)

i

7604 575 08

a0

Paired
End Reads

|

l

GS Reference Mapper Software

Reference Genome
—_— —_— —_— 4—}

—-
e

|

ConsensusGenerator

Reference Genome

Consensus Genome

|

MutationDetector
Reference Genome

R

Consensus Genome

Ocob0enHocTH:

1) JIyuiuee Ka4eCcTBO H
BbICOKAS I[€HA

2) HeB03MOKHOCTDH
pa3pelieHus MOJUTPAKTOB
IJIMHHEe 5-7-9 ocH.

3) JliimHHbIe GparMeHThI
(600-800 m.H.) 0e3
HUCMOJIb30BAHMS Mmate-pair
OnodInoTeK

4) AKTUBHO NIPUMEHSJICH J1JIS
CeKBeHMPOBaHus de novo u
METAreHOMOB

PecexBenupoBanue renoma S. cerevisiae - 12,070,820 (12 Mb) npu 20x noKpbITUH
Total Genomic Coverage 95.14%, Number of Contigs — 694, Average Contig Size 16.547 bases
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M SOLID

SOLiD 4 SOLi1D 5500

Oco0eHHoOCTH:

1) Campble koporkue urenusi S0 niam 75 n.H., CMOJIb3YeTCS PU PeCEKBEHUPOBAHUYN M AHAJIN3E
TPAHCKPUIITOMOB

2) EcTb uyTeHue mate-pair 0u0JH0TEK

3) ZlocTaTo4HO BBICOKASI TOYHOCTH MPH UCII0Jb30BAHNM crienuaan3duposannoro IO
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&% Illar 1: MoaroroBka OuGIMOTEK

- — . —

Library molecule ligated
Genomic DNA Sheared DNA with P1-T and barcoded
adaptors

Fragment Library

# Sequence up to 75 bp Sequence up to 35 bp 6’:! q Sequence 5 or 10 bp
P1-T Adaptor DNA Fragment m Barcode | P2 Adaptor
Mate-Paired Library
# Sequence up to 60 bp # Sequence up to 60 bp

P1-T Adaptor Mate Pair Tag EL Mate Pair Tag

P2-T Adaptor

€ HUmL' CO PAH




# SOLID: pesyabrar IIIP B 3Myabcun

RO

Dressman, PNAS 2003
Embleton, 1994

€ HUmL' CO PAH

Emulsion Metrics

Bead size: 1 um
Reactor size: 4 um
Reactor volume: 34 fL

Beads / emulsion o
plate (96-well): 1.6 x 10

Post Enrichment: 150 —300 x 10°







& E-PCR

P1-coupled beads

1) Template Anneals to P1

O 7  2)Polymerase extends from P1

3) Complementary sequence is
extended off bead surface

4) Template disassociates

© UuT CO PAH



#& Illar 3: oGoramenne MoJJy4eHHbIX OHICOB

P2’

P1 7] Large (Su)

—~— T Polystyren ——— N—

e

Centrifuge in * * Supernatant
glycerol gradient Captured beads with

6’* templates

Pellet
Beads with no template
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% Illar 4: 3'-MmonupuKanUsaA KOHIIOB U1 HAHECEeHUe OU/ICOB ‘

O

v

Beads attached to glass
surface in a random array
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# SOLiID: IpoosI ’

1,024 Octamer Probes (4°)
4 Dyes, 4 dinucleotides, 256 probes per dye

2 Base Pair Encoding
Using 4 Dyes
d Red-probe
n
2™ Base SITTT I TT11%
ATzzz
A C G na nT
A
o C Blue-probe |
“% ‘ FITTTITITT?®
"‘>_ m G nnn?TTzz z
T

‘ On our probes the 15t base encoded is

position 4
the 2" base encoded is position 5
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& SOLID

universal seq primer

\

T
14m
bead 5: 31
P1 Adapter 43 Template Sequence
‘ . [ s
5!
rmrr nnnGGzzz
nnn 222
3 5
3 I'I'% mﬂ
nnn 222 nnn S
universal seq primer
1um
bead 53 3’

P1 Adapter 4,5 Template Sequence
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M SOLiID

P1 Adapter Internal Adapter P2 Adapter

1pm
bead

25 base
Tag #1

universal seq primer

SITTTTITTITITTIIT] 45 910 14,15 19,20 24,25
Eeset ,/ universal seq primer n-1
T 34 89 13,14 18,29 23,24

reset / ) .
universal seq primer n-2 23 78 1213 17.18 22.23
IMTTTTTTTTITIM : ’ : ; :

reset '/ ; :
universal seq primer n-3 12 67 1213 1617 21.22
SCLTLLTITT LTI ’ ’ ’ ’ ’

reset / universal seq primer n-4 01 56 1112 1516 20.21
SFTTTTITTITrIrIIn1 L ? ! ? L

€ HUmL' CO PAH

25 base
Tag #2

universal seq primer
SFELLLE LT Lol 45 910 14,15 19,20 24,25

Eeskl ( universal seq primer n-1
ST T T 34 89 13,14 18,29 23,24

reset [ . _
universal seq primer n-2 23 78 1213 17.18 22.23
SITTTTTTTITTITITIT1 ; ; i ’ ’

reset / . )
universal seq primer n-3 12 67 1213 1617 21.22
SMTTTTTTTITITITT ’ ’ ’ ’ ;

Feset v/ universal seq primer n-4
T T T 0,1 5,6 11,12 15,16 20,21




& SOLID read

Insertion / Deletion

SNP




& SOLiD: SNP u omiu0KH UYTeHus .

98% raw base accuracy

\99,99% consensus accuracy (~ 20x coverage)
CITror

SNP

00000000000
SNP 2 colors change
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&% Texuosorus pupmsl [llumina — HiSeq, MySeq, NextSeq, Nova

©2010, lllumina Inc. All rights reserved.

Oco0enHocru:
1)Yrenus 50-300 n.H. npsiMbie 100 NapHbIe
2)Ectb uTeHue mate-pair 0M01H0TEK
3) Jomunupywomas Ha peiHke (80-90%), npumensiercs Be3e.
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#& Illumina

1. PREPARE GENOMIC DNA SAMPLE

2. ATTACH DNA TO SURFACE

3. BRIDGE AMPLIFICATION

-

DNA ﬁ !i

Ve

Adapters

\_ J

J

Randomly fragment genomic DNA
and ligate adapters to both ends of the
fragments.

€ HUmul' CO PAH

Bind single-stranded fragments randomly to
the inside surface of the flow cell channels.

Add unlabeled nucleotides and enzyme to
initiate solid-phase bridge amplification.




#& Illumina

4. FRAGMENTS BECOME DOUBLE 5. DENATURE THE DOUBLE-STRANDED 6. COMPLETE AMPLIFICATION
STRANDED MOLECULES
4 ) 4 ) 4 &
i
2
a2 3
rooes
a3
7/
Altschod Attached
terminus
Attached
i

,

i Clusters
{
The enzyme incorporates nucleotides to Denaturation leaves single-stranded Several million dense clusters of double-
build double-stranded bridges on the solid- templates anchored to the substrate. stranded DNA are generated in each channel

phase substrate. of the flow cell.
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& Illumina

7. DETERMINE FIRST BASE 8. IMAGE FIRST BASE 9. DETERMINE SECOND BASE
a B & N = '

Laser Laser
\ y N S J
First chemistry cycle: to initiate the first After laser excitation, capture the image of Second chemistry cycle: to initiate the
sequencing cycle, add all four labeled reversible emitted fluorescence from each duster on the next sequencing cycle, add all four labeled
terminators, primers and DNA polymerase flow cell. Record the identity of the first base reversible terminators and enzyme to the

enzyme to the flow cell. for each cluster. flow cell.

€ WUl CO PAH



# Illumina GA u HiSeq vs NovaSeq

FIGURE 1: ILLUMINA GENOME
ANALYZER FLOW CELL

Up to eight samples can be loaded onto
the flow cell for simultaneous analysis
on the lllumina Genome Analyzer.

© UuT CO PAH
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#& Illumina NextSeq u Nova Seq

Green
channel

I/ICHOJII)?.leTCH TOJBKO IBa KPaCcuTEC/JIsl 1 JIMHbI
BOJIH
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#% Ion \ Proton Torrent

Ocob0eHHocTH:

1) He ucnosib3yercsi BHICOKOYYBCTBUTE/IbHAS ONITHKA
2) liiunHoe uyrenue (10 400 n.H. HeMOCTOSIHHOM JIJIMHBI)
3) Camas ObICTpPasi CKOPOCTH PadOThI

4) MeHbI1Ias1 TOYHOCTH

€ HUmul' CO PAH



&% Ion )\ Proton Torrent - E-PCR

(2) (3)
) {-

a
In Line Emulsion PCR .~

’
’
.

) W

- © -

OneTouch S > ) Prime and
Clonal Amplification : ' Extend
b Automated ( ) . 3 i
Magnetic o 2
Enrichment ,~ 5 -
(\\r_,.-‘)l @ : 3 @ o . o >

Isolate Positive "~ -
lon Sphere Particles ™. Biotinylated | MyoneBead + ¥ )
B Template + ISP Streptavidin e ISP
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M Ion \ Proton Torrent

Principle and Elements of Semiconductor Sequencing

Simple Natural Chemistry of Sequencing-by-Synthesis with H* release detection

4dNTPs

S~

Sequencing Chip

Semiconductor Packaging

e
Sensing Layer
Sensor Plate
TCGTACC...
orain ] Source Single pH Sensor
Silicon Substrate Chemical to Digital Sequence Semiconductor Design

Nucleotide sequence
G C - A GG cC T

4

Mucleotide added
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A Omudxu u npodaembr NGS

014
llumina (m= 13.00X)
0.13F - Pofsson {1 = 13.00)
L FE 454 FLX (m= 10.78X) o
012 ) m— e i CasA3aHHBIE C POOOIIOATOTOBKOM
011} i A AB SOLID {m = 10.00X)
2 .l T " — — — Poissan (1 = 10.00%) 1) ckakeHus npeacTaBICHHOCTH
o £ . ! \
g 0.09 \ 2)XHUMepHbIE TTOCIIEI0BATEIbHOCTH,
=)
§ 008 OLIHOKH OapPKOAUPOBAHHUS
£ 0.07 3\D o
=
5 o0e )DOHOBBIN IITYM
S 0.05
g
=

I 1 I I 1 b SN

0 2 4 6 B8 10 12 14 16 18 20 22 24 26 28 30
Depth of coverage
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aOmnﬁkn KJIacTepu3anuu U 0apKOAMPOBAHUS, MOJUKIOHAIBHOCT

e O N ¢ . N v .
( )

@ Bridge Oligo Index Read 2 J 6 Sequencing Primer 1 Read 1 ) @ Sequencing Primer Index Read 1 =
_> —— e » -------------------- » —&— - o

3 <= < - = S— S 5 Single Read w Index(es)
i

same cluster after turn-around
(o Sequencing Primer 2 Read 2>
_*» ——————————————————— > 70-)
3 el < <o 2|5  Paired End

[

(« A single cluster that * Duplicates in nearby h
has falsely been called wells on HiSeq
as two by RTA 3000/4000
* During cluster
« Third party tools may report generation a library

Optical Clustering occupies two adjacent

wells

patterned flow cell clusterin
duplicates as optical

duplicates RO
- P i) b -
=
\ e ” O . Y/
('« Duplicate I i omplement strands)

of same library form
independent clusters

molecules that
arise from
amplification
* during sample prep * Treated as duplicates
by some informatic

pipelines
4
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& Omuodxu u npodsembr NGS

600

A lllumina MiSeq B lon Torrent PGM
. 70+ 8
s 604 7
v 1] 3z
§ 504 § ¢ 2
« 404 &t L
o O 4 |
g 30- = 1
[=2] [=2] 3
g ]
= 204 £ 5
3 @
5 104 § 14
a a
0 50 100 150 200 250 0 100 200 300 400 500
Read length Read length
| Before processing | After processing
lllumina MiSeq lon Torrent PGM
P N 40+
2 304 i !' 2 304
o S o
@ W @ 20
204 w n
4 j:
= =
& 10- & 104
0 T T T T v 0 v r T r v
0 50 100 150 200 250 0 100 200 300 400 500
Position in read Position in read
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— 5% ile 25% ile — Median — 75% ile — 95% ile

600

CBsi3aHHBIE C OCOOCHHOCTSIMU METO/1a
1 )ckaxkeHust mpeACTaBICHHOCTH
2)CucremMaTlu4ecKre OIMMOKHU
3)XuMepHbIe KOHTUTH, OIITUOKHU
aHaJIn3a JAaHHBIX
4)HeBepHble aJrOpUTMBbI aHAIA3a




A& Oumudxu u npodsaembl NGS — ananus Q-scores

Quality scores across all bases {Sanger / lllumina 1.9 encoding)

I

e

I

+ MckakeHus1, BHOCUMbIE
AHAJIM30M

123456789 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73

Quality scores across all bases (Sanger / llumina 1.9 encoding)

Position in read (bp)

Quality scores across all bases {Sanger / lllumina 1.9 encoding)

40 34
38 |:| 32
: RO TR T

TR H H H
oh L II 28 Ll H H H H
32 -+ || || I HEH
" || 26 LG LI H H HH H
e [N 24 AWEIBIE LN
" 22 i ¥ [l i

J I d al
24 L 20
22 || i
20 u H M
N 16
16 N . i 1 1 LR Bl A1 ‘I el [ e
14 12 [ T
12 10
10 A
s L

5

6
4
= Al AE — 2
° 0 125256789 11 13 15 17 190 21 23 25 27 20 31 35 35 37 39 41 43 45 47 49 51 53 55 57 50 61 63 65 67 60 71 73 75

1 2 3 45 6 7 8 9 15-19 30-324

HUul' CO PAH

45-49 70-79 100-10%

Position in read (bp)

140-149

180-189

220-229

Position in read (bp)




&% Muposas kapra NGS cucrem

1 pEruiangnn

Poceun
Kasaxcrau e
£ 82
ATNaMvTHUYEeCcCKun i = Kurait o\92 i
OkeaH Wpan :
Anxup NMBUA ! > Nakucran i
. } Vi,
Manu  Hurep Cynan 5" " 20
‘ Yan
Benecysna Hurepus 3uonun
KonymOun e
"""""""""""""""""" i } " 1P Kowro | it
- Bpasuni
Nepy -
Bonuaun 14 - :
Muagnuckun
18 okeaH AscTpanus

IXuu Yunm ATNaHTHYECKHA

‘eaM @ 6 OkeaH
.

44
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Cnacu6o0 3a BHUMAaHHE
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