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Percent of DNANot Coding for Pratain

Prokaryotes One-celled Fungis Irvertebrates Chordates  Vertebrates Hurmans
sukaryotes FPlants
HOMPROTEIN-CODING SEQUENCES make up only a small fraction of the DNA of prokaryotes. Among
eukaryotes, as theircomplexity increases, generally so, oo, does the proportion of their DNA thart
does not code for protein. The noncoding sequences have been considered junk, but perhaps it
actually helps w explain organisms’ complaxity.
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o
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AXREEETYIER/R: UKE

+ BMEEI: MAR/EEiS (linkage map) | rer -
FEEEEIDNARSERER LREIMESE & :
[iizE2 3 é Lt

12 i aos Y| ETE

. yEEERE: LIEAOONARCESImSTSIE i o
Bt%, LIDNASIRKEEIbp, Kb, MoREEE | i
Eﬁ%k E\lE 11-:23 i :: 375 é

. EREE: FIBESTIENRCIERIIS TiE e Ao T\
e i

. FHIENS: EEEEANREEN, LA, T, I
G. CHtnCRMAEEEDNARS! I :

a. Cytogenetic map b. Linkage map c. Physical map d. Sequence map
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= EEFIIEENS

. EEERE (Genetic Map): F—HIRHI WGIATSHETS

genome. gov

BIRELE (FENE) | SErlRE
EF/EEEtRCHERIE. FRCEER

B (EZEIR) FRED RPHIAHRT GeneticMap
FHRN, BAIHEREE (centi-Morgan,
CM) ’$1TLE}%§E¥731%3‘5}§$° Cytogenetic Map

Physical Map

- YIEELE (Physical Map): ZEDNAF—
SaliRBIRtRC BRFIMEESTI=. &
EIZ%)7EDNA EAUIBE, EiE2E
KERM, MREANTRX. ZEEXd

RS,

DNA Sequence ....GATCTGCATGCATGCTAGCTAGCTAGCTAGCTAGAGCITCG....

https://www.genome.gov/genetics-glossary/Genetic-Map
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B EELE (genetic map) EERdERE (linkage map)
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= ENStEE

=EEEtSEPRFETLIERIRIFRC (marker) , SAEERCHIDNARIC

- EEtFRC
= MAREMERERFIRC, RIEENSIRRER S ITER ZERNENR RAIEEERS,
R HIEMENS

- DNAtRiC

« [REIFHHEESZZE (RFLP, Restriction Fragment Length Polymorphism) | # 1% 5 E&
KEZZE (AFLP, Amplified Fragment Length Polymorphism) | BEHY &S SIEDNA
(RAPD, Random Amplified Polymorphic DNA)

» MBERSIRC: BREESFYI (STR, Short Tandem Repeat) | ERESFS
(SSR, Simple Sequence Repeat)

= BHIZHERZZS (SNP, Single Nucleotide Polymorphism)
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VADNARSIRZSEE/mEEImC

» &5 (Polymorphism) : DNARSI_EISE L B MEESHIT
55 (variation) , FHRREEZEREENERFERIELSTFH, BE
7r HAVNEU%%H HARRE, BTSRRI

Y =k
» RZAEFRIMERIPR S
s BAERNEREA, HELR
AR
» BAFAENTEFE, S5MUTF
- HEM, eI SIRFIZEEIR
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Chr2 -

copyl

Chr 2
copy?2

Chr2 -

copyl

Chr 2
copy?2

BHEZ A (Polymorphism)
BIZEERSSSNP

Single nucleotide polymorphism (SNP)

Individual 1

. . CGATATTCCCATCGAATGTC. .
. GCTATAAGGGTAGCTTACAG. .

Individual 2

. CGATATTCCCATCGAATGTC. .

. GCTATAAGGGTAGCTTACAG.

. CGATATTCCEATCGAATGTC. .
. GCTATAAGGAUAGCTTACAG. .

. CGATATTCCCATCGAATGTC. .
. GCTATAAGGGTAGCTTACAG. .

BN

A

ZHeR

SEREXESRFIISESSTR

Short tandem repeat polymorphism (STRP)

Chr2 -

copyl

Chr 2
copy?2

Chr 2
copyl

Chr 2
copy?2

Individual 3 Repeat unit

. CGATATTCCCAGCAGCAGATCGAATGTC. .
. GCTATAAGGCAGCAGCAGTAGCTTACAG..

. CGATATTCCCAGCAGCAGCAGCAGATCGAATGTC. .
. GCTATAAGGCAGCAGCAGCAGCAGTAGCTTACAG. .

Individual 4

. CGATATTCCCAGCAGCAGCAGCAGATCGAATGTC. .
. GCTATAAGGCAGCAGCAGCAGCAGTAGCTTACAG. .

. CGATATTCCCAGCAGCAGCAGCAGCAGCAGATCGAATGTC. .
. GCTATAAGGCAGCAGCAGCAGCAGCAGCAGTAGCTTACAG. .

HITRR. FRAMIEHR

B

A30051~SNP{LH
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VIBEE— USRI (STS) {FE

« FRHIRRESAIRE (STS, Sequence Tagged Site)
« ERAEIETE200 ~ 500bp eGSR FER
» ERAPRIREZENFY, REHW—R
» ERAPRIEFRFRYIEA]

» AT ER/INFRIKERBYDIE

TN

=Ry =

[pus

- YIBEENE: LASTSA "in’ BFtteREIERA L, "B Z
IEUEI'JCI%HEE% (EREIE) FBEEXT (base pair; bp, Kb, Mb)FE=

A sequence-tagged site (or STS) is a short DNA segment (200~500 bp) that has a single occurrence
in a genome and whose exact location and base sequence are known.

https://en.wikipedia.org/wiki/Sequence-tagged_site

P .?@,fq»?@g x_/; HEHZ - Genomics


https://en.wikipedia.org/wiki/Sequence-tagged_site

YIEEL S =)

o« YBEELH|EEFEAESTSIMG, FIEKBEEIK (cosmid.
YAC. BAC) A I T REE AN ZE RIS,

+ 19957, F—sRLASTSHYIEIRMCAIIIREE O, B8R T4

%HIEEEFN1500Z2 Mricia, FEYEEE200Kb (5 #R)
, BAXBAERADREEFIRAI15001 /N X5,

-+ AXERHEYEERNRIHERE ?EL‘HZUEJE’J—/\EEEEEE{EQE, IS
EFxREN20HER"Eas (EMF) FHIER'
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EE=pSERN HEXTEEE YIERIE S
& JRTE BGIENEHD T BFEMFHEN
IEEZ ER{y cM bp
PHHE 3§ =
TR {E8 =
BIS/RIEEER B ARG,

https://www.genome.gov/genetics-glossary/Genetic-Map
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Human Genome Project Results

2- to 5-cM resolution map 1-cM resolution map (3,000
(600 - 1,500 markers) markers)

Physical Map 30,000 STSs 52,000 STSs October 1998

95% of gene-containing part 99% of gene-containing part
DNA Sequence of human sequence finished of human sequence finished April 2003
to 99.99% accuracy to 99.99% accuracy

Genetic Map September 1994

100,000 mapped human 3.7 million mapped human
SNPs SNPs

Sequence Variation

February 2003

https://www.genome.gov/human-genome-project/results
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Cost per Raw Megabase of DNA Sequence

10,000.000

1,000.000

100.000 ; Moore’s Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

WWW.genome.gov/sequencingcostsdata

Pap TR T ELFE4H% - Genomics 23
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http://www.genome.gov/sequencingcostsdata

AXKEEHNEFRA

Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law
$1,000,000

$100,000

$10,000

National Human Genome
Research Institute

genome.gov/sequencingcosts

$100
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

WWW.genome.gov/sequencingcostsdata
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Output per instrument run

Sequencing output and platform
Output per instrurment un

o

10

Output (kbp)

10

FanTmRE

University of Chinese Academy of Sciences

2001 2002 2003 2004 2005 2006 2007 2008

Platforms

ABI 3730x 454 G5-20( Solexa/lllumina ABI S0OLID Roche/d54
capillary pyrosequencer sequence sequencer Titanium, SOLID 3.0
gequencer analyser lllumina GAll
2001 2002 2003 2004 2005 2006 2007 2008
1,000 Genomes, Watson

Human Microbiome
projects begin

genomae

Draft human
publication

Qename EMCODE Project begins

HapMap Project begins

ENCODE Project| First tumaurnormnal
pilot publications! genome publication

HEHZ - Genomics

2009 2010

lllumina GaAllx, | Numina Hi-Seq

2000

2009 2010

1,000
Genomes pilot
and HapMap3

publications

Human genetic
syndromes publications
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MFHEIAR &

F—UNERER: XFRSangenlllFZ,

SangerZFE ATE19755F

el

7l

N

IRBIZEHBRSZIIPCRAIVRIE, NFFEEKANA 1000 bp, EHEAS. BEEIRK.

B_ANFREA: NFRNGSHEA, EXIF

S— U FEARRIK BT O R RIZLD .

WEHBAFEEREIEHISeqRIIT, Rz AHINFRIEIERBETE

5

, BRREES. EKE.

S=RIFRA: RISBAFUFRA, DNATFE, FEERIIPCRY
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Massive sequencing platforms

ABI SOLID
(Thermo Fisher)

Sequencing by ligation
Complete Genomics (BGI)

Short-read Hlumina
seguencing
GeneReader (Qiagen)
Sequencing by synthesis
E 20 454 Roche
lon Torrent

. _ _ Pacific Biosciences
Single-molecule real-time long-read sequencing
Oxford Nanopore

https://www.mdpi.com/1424-8220/17/3/588/htm

HEHZ - Genomics
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Seguencers: generating big data

Lk Bs X

454 SOLID4.0 SOLID 5500xl SOLEXA GAll HiSeq 2000

Nanopore's

PacBio BIGIS-4 MiSeq lon Torrent MinlON
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A EREELER
1 Hb
6
Platform Read length per | No. reads Time Cost per 10 Raw error Cost ($ Chemistry
run (bp) per run bases rate (%) approx.)

First-generation

Sanger/Life Dideoxy
Technologies/84 kb 800 1 211 2400 0.3 95,000 terminator
Second-generation
454 GS FLéE/RocheIOJ 200 1x 106 24/48 h 10 1 500,000 Pyrosequencing
HiSeq/lllumina/1500 Gb 2x150 5x10° 27/240 h 0.1 0.8 750,000 Reversible

terminators
MiSeg/lllumina/15 Gb 2x300 3x108 27 h 0.13 0.8 125.000 Reversible
terminators

SOLiD/Life

g .
Technologies/120 Gb 50 1x10 14 days 0.13 0.01 350,000 Ligation

Third-generation
SMRT/Pac Bio/l1 Gb >10,000 1x106 1-2 h 2 12.9 750,000 Real-time SMS

Nanopore/Oxford Nanopore

4 "
Technologies/1 Gb >5000 6x10 48/72 h <1 34 1000 Real-time SMS

https://www.intechopen.com/books/next-generation-sequencing-advances-applications-and-challenges/next-generation-

sequencing-an-overview-of-the-history-tools-and-omic-applications

Pap TR T ELFE4H% - Genomics
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https://www.intechopen.com/books/next-generation-sequencing-advances-applications-and-challenges/next-generation-sequencing-an-overview-of-the-history-tools-and-omic-applications
https://www.intechopen.com/books/next-generation-sequencing-advances-applications-and-challenges/next-generation-sequencing-an-overview-of-the-history-tools-and-omic-applications

DNAIFREARNLRE
- B—RUFRA, B19775FHA

Frederlck Sanger (1918 2013) Walter Gilbert (1932-)

WA AR ImRZLEE"  (Dideoxy 1977 & BEDNANIFE#TGE;  “"RNAHR"
termination method) , Bl “SAi&XE" —1aHYERHE (1986) , GliE T MEFexon
5RW&Fintronf N 31A

1980 Nobel Prize in Chemistry

BEHZ - Genomics



WA RimLZLLE

@ Reaction mixture
» Primer and DNA template » DNA polymerase o o o ¢ f
» ddNTPs with flourochromes » dNTPs (dATP, dCTP, dGTP, and dTTP) ”°‘§,;°‘§;°‘Z;°kj J
Ay —— —— Sl T/ oH
yyﬂ%ﬂ*z-a-:ﬁﬁ@,i Primer Deawyadenosine trighasghate
(dldeoxy_ 5 T HHe
. . Ho—ﬁ'—o—ﬁ'—o—%—o </ )N
g d OH OH OH Q.
ribonucleoside S rre— o
. emplate
triphosphate, ol —
ddCTP @ (3 Capillary gel electrophoresis
d d N TP ) SﬂéTTF; 3 separation of DNA fragments

@ Primer elongation
and chain termination

Capillarygel

5 T 3 Laser Detector

B B e e S

ddNTPfrﬁ;&/l\ﬁi_L{EFl Chh I £
ﬁﬁ %Eﬁs ;ZEE., 5 P O
UGyt i A I

N e i P N ) 'I:E 5 X
1 rrrrrrrroerrrrird
E%Iiﬁ = L{EF}\A @ Laser detection of flourochromes
ﬁlﬁég_u:}i)z\zo S o B B B e e e and computational sequence analysis
5’ T rrrrrrrrrrrorrd , 3'
S o e B B N £
Chromatograph
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University of Chinese Academy of Sciences

e A RS

ARG RXEX H 30 X
A Adenine HR RIS
Guanine B Mg
C Cytosine e v g
T/U Thymine/Uracil Y] g e T / P g T
R (AorG) purine WEE iy
Y (CorT) pYrimidine Wz TE
M (AorC) aMino A RS Bl g )
K (GorT) Ketone it % PV s i i 5
S (Gor(C) Strong interaction R (o) R (R ERA B I )
W (AorT) Weak interaction PSS (5 ) SR MR RA ESOH J e i )

H (AorCorT)
B (CorGorT)
V (AorCorG)
D (AorGorT)

N (AorCorGorT)

(H after G)
Not-A (B afterA)

Not-G

Not-T (VafterU) *

Not-C (D after C)

aNy

RS RENS
RARIENS
i) i i
FEHEmENE
(RRSRIE
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B—UFY

ABI377 MEGABACE 1000 ABI3730XL

« 19855, EERFEYIFZKLeroy Hood (1938-) SLEGZERUH 1 Sangen Al

. 19864, EEMBEWRFK T (Applied Biosystems Inc., ABI) XEHood3LIE =R AFF
KT E—EBYDNANIFEABI 370

i) ‘?@‘W ?Mbﬁ? EEHZ - Genomics
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DNANFEHEI AR R
SERMFRA: 1990~2010

- Roche 454 E£5ENIF %
« [lllumina Solexa B2&TENFX
 ABI SOLID &SN FE %
454 GS FLX GA lIx SOLID 4.0

—

BEHZ - Genomics



BRI : Solexa GA-II

2006

Solexap{ 3719984,
I ARSI KE

12bp — 25bp — 30bp

(2006£E)

10 /5 reads per lane

Read < 36 bp

B read B 223 MEREEIR

Elllumina 6.5{Z2E5T

HEHZ - Genomics
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DNATIFHEIARI & R

- FE=MWFRA, 2010- e
BEACUFRA JE 5 B BRI

MR

Single molecule real time

/ HEU CU’ sequencing (SMRT)

BioSciences Cuo

F PACIFIC Single-molecule DNA

@ BIOSCIENCES® sequencing technology
Single molecule nanopore

@NANOPORE sequencing

=% f@ﬂvﬂ‘g x_é’ HEHZ: - Genomics



DNANIFERE

- 1985%F: WIRB/ASENEL0,000 bp
= 2258 300,000 A/EFEL30{ZZETT
= 3,000 A T{F100FE30,000 A T{E10x
« 19954 : 3,000 AT{E+4F

. 2000£E: 300 AT{E+4

- 2003%F: FELHEFEK
« 20074E: NGSIIFRY
- 2013%F: BEAELA—1AEEEA
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Genome Statistics

Genome Sequencing Projects
Projects by Domain

50,000 — Complete 250 000
— Incomplete ' = ARCHAEA
—— BACTERIA
40,000 EUKARYOTE
200,000
— VIRUS
—— METAGENOMIC
0 30,000
[&] 150,000
i
%3
a 20,000
100,000
10,000
50,000
0 ——
AR SR WA Ry B L= S L SRt L St SRR S C NP 0
G A9 g 0D g g g et g0 eV eV g gt et 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023
Projects by Sequencing Center . . .
Project Relevance of Bacterial Projects
® Wellcome Trust
Sanger Institute ® Medical
@ DOE Joint @ Environmental
Genome Institu. .. .
Agricultural
Broad Institute .
@ Evolution
@ Center for Food _
Safety and App... @ Industrial
@ Woods Hole ® Pathogen

Oceanographic...
® U.S. Food and
Drug Administr...
@ J. Craig Venter
Institute
® University of
California, Davis
@ All Other

@ Human Pathogen
@® Model Organism
@ All Other

https://gold.jgi.doe.gov/statistics
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Next Generation Genomics: World Map of High-throughput Sequencers

V' Show all platforms [ lllumina GA2 [ llumina HiSeq [ lllumina MiSeq [} lon Torrent [} PacBio [} Polonator (] Roche/454 [ ] SOLID [ Service Provider

| Satelite | Hybrid |

|  Map
¥ \
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\
\
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weden
Mo Russia
12 22
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\ )3 Uk;alne - x
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http://pathogenomics.bham.ac.uk/hts (unavailable; not updated)
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llumina HiSeq RFMFEN (RESEFR5)

inz==RAIRY, SNBFENF. DIRNANRE. ERENFEF

¥

= (=] (=] .
= = W
MiniSeq Miseq' Miseq DxT Miseq FGx?1 NextSeq'
Output Range 1.8-T5Gb 0.3-15 Gb 0.3-15 Gb 0.3-15Gb 20-120 Gb
Run Time 4-24 hr 5-55 hr 4-55 hr 4-55 hr 11-29 hr
Reads per Run 8-25 million 1-25 million 1-25 million 1-25 million 130-400 million
(for research)
Maximum Read Length 2 %150 bp 2% 300 bp 2 %300 bp 2 %300 bp 2x150 bp
Samples per Run? 1-96 1-96 MN/A N/A 12-36
Relative Price per Sample’ Higher Cost Mid Cost Mid Cost Mid Cost Lower Cost
Relative Instrument Price Lower Cost Mid Cost Mid Cost Mid Cost Higher Cost
Downloads Spec Sheet Spec Sheet Spec Sheet Spec Sheet

System Overview

University of Chinese Academy of Sciences

MiniSeq Overview »

MiSeq Overview »

MiSeq Dx Overview »

https://www.illumina.com/systems/sequencing-platforms.html

HEHZ - Genomics

MiSeq FGx Overview »

NextSeq Overview »



https://www.illumina.com/systems/sequencing-platforms.html

llumina HiSeq Z51; (%

Output Range
Run Time

Reads per Run

Maximum Read Length
Samples per Runt
Relative Price per Sample’
Relative Instrument Pricel
Downloads

System Overview

FanTmRE

University of Chinese Academy of Sciences

)]

NovasSeq 500011

S=R)

NovaSeq 600011

NextSeq Hiseq 4000°
20-120 Gb 125-1500 Gb
11-29 hr <1-3.5 days
130-400 million 2.5-5 billion
2 % 150 bp 2 X 150 bp
1 6-12

Lower Cost Lower Cost
Higher Cost Higher Cost
Spec Sheet Spec Sheet

MNextSeq Overview 2

HiSeq Overview »

167-2000 Gb
TBA

1.4-6.6 billion

2% 150 bp
4-16
Lower Cost
Higher Cost
Spec Sheet

NovaSeq Overview >

https://www.illumina.com/systems/sequencing-platforms.html

HEHZ - Genomics

167-6000 Gb
19-40 hr

1.4-20 billion

2x150 bp
4-48
Lower Cost
Higher Cost
Spec Sheet

NovaSeq Overview »



https://www.illumina.com/systems/sequencing-platforms.html

B RS

10" =
-==- Human genome (30x)
10° <4 Ilumina —— Human genome (1x)
E HiSeq 2000 »==+ Human exome (30x)
. ) == Human exome (1x)
9 _| -.""'-r-,__- . . .
E 10 -._‘_Igu.r‘n:na HiSeq 2500 Rapid Run
E ] . O' --..--'-.--
a | llumina Solid — TTEeal -
2 1075 GAlx  5500x IRRETI
E . ---{--.'-“--
“3 1 lon torrent Rt P
10? _—.-."- o -y
S I P PGM-318 Chip '
o . Tt eeellL ® PacBio RS Il
g ] T .o (]
= 106—: """-.O__
. 454 FLX titanium- XL+, _
10° B
10* T T L '
100 1,000

Read length (bases)
Sequencing depth and coverage: key considerations in genomic analyses. Nature Reviews Genetics 2014
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Timeline and comparison of HTS instruments

10,000,000
lllumina
lllumina HiSeq X Ten
lllumina HiSeq 2500
1,000,000 Hi-Seq 2000 ‘
Complete ‘ ABI SOLID
Genomics 5500xIW  |ljumina
. Bio-Systems
100.000 |30x human genome . lllumina . 5500xI y-Seq
oy ? R S R A e G e lllumina GAlIx 75 lumi
a GAll 35 ‘ e
o) NextSeq 500
E ABI SOLID 3
— Helicos .
5 10,000 Heliscope o\ ootor . ‘
o 100x human exome  ABI SOLID G007 lonToment '4in@  lon Torrent
5 e 35 lon PGM I5eq  lon Proton
o Roche/454
(0] GS FLX+
c 1 O @
L Solexa/lllumina Pacific Bioscience
8 sequence analyser RSl
Oxford Nanopore
= MinlON
100 Roche/454 P
454 GS-20 GS Junior
pyrosequencer .
10
> ) © A > &) Q N Y 4 D &)
S R R S T N M N Y

High-Throughput Sequencing Technologies. Molecular Cell 2015. doi: 10.1016/].molcel.2015.05.004
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DNA-seq HEH MEEMEARERBFS

RNA-seq R4 WEFTHTERERA R ERFS

Ribo-seq Az MESIZBARESRIERA

WGBS =MH WEDNA/RNARISMCHREIZ{H

ChiIP-seq =WH MESEHREAIIDNARES
MeRIP-seq F=WH MERNAREMAZIHEM6A
ATAC-seq =WH MBS BB TR A X 15,

Hi-C RMAE WERBRSREH
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2001 AEERHHE Efr A KER AN FELEEFCelera Genomics AT R EAKERBEE
2004 EEEBZFHAE A B R A=A BN P8R o AR S SR B i DR
2005 Fr—CUFERIAR SEE, AMEHTUFSASE EhRES

2007 HEFREELENIFEA 2EREEEREZERRSDNANEEER

2008 MAERENF FAF—UFERANEASRZMER AR (—RIFEFI—RIEH)
2008 JEEEFEENF ROEMNELE (RMRERAIR) EANEERERS!

2009 FERANF AAF—NFERAR TEERASEENF

2009 KNI AR F LA R ARG F LR D FRA I RS =N AR HIT

2000 SHBFEUFER NS FENFHERUAETEERERHR
2000 REFMSBHEA  EFSERNFSMI2ERETERTRAERESRIRRAR

2009 ERYMREMIERIAR BRI NMAKEH TERRANFE DT

2010 EHDNAMIFERIA BxEF ABRRBRY S FHInEE T ERAFARNERET

2014 ZERA B RAEE D EEIERIMERERERETRER

2017 EEEHNBSEHML KEIEKNFE., FEE. AERESERESTHEARES IS REERARYHE
2020 FREBINTESNR BRI A SR E U R B iR o B bR o FreE 2

2022 ERHEZENF KRBFE— TR HERI ASSERFABFST2T-CHM13

https://www.nature.com/collections/genomic-sequencing-milestones
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BAC-to-BAC (clone-by-clone) sequencing Whole genome shot-gun sequencing
\ Chromosomes |
=5 55 5L
— . —— Generate tens of milions
- = of sequence reads

BACI conomap (e
BAC libraries  meeped |7

.1 =

L

Chromosomes
ok ok Nk o
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HFEF T BAC “"'L e
EE ’ %EE Clone

:IL'\ ' j;% B AC}‘%&U Assemble

— YESEEE Pt
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Science

&

the sequencing of the human
genome is likely to be the only
large sequencing project carried
to completion by the methods
described in this issue.

BAC-
to-BAC :>

Maynard V. Olson, The maps:
Clone by clone by clone , Nature
409, 816 - 818 (2001)

S cience . . o [ B4 25 52 RS 2 E 4 -5

Whole . | | &A“Q'e

4o |

S €7 | R H [ RBUES EEE ] wmafaowre
TR =] :’ i & > ’ -1 = %
Genome i o Faialgilaia] wrscnesn
g g RRTVREE
Shotgun . &

2001 4F 9 Al R AR, “TAEIER B
2002 5F 2 Al AR, “hamE”

199 ? -2002

IRY A AR O T ol Tk YA S |G S
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Human Genome Sequencing

Generating a Reference
Genome Sequence
(e.g., Human Genome Project)

Generating a Person’s
Genome Sequence
(e.g., Circa ~2016)

... TATGCGATGCGTATTTCGTAAA. ...

\ = -
: ‘ . )
Break genome into { /J 4 J
#
Iar:ge fragments and _ - ] >
insert into clones e . /
p L
-
4
Order clones R o — — p—
CrE——
.
Break individual - NN e P\
clonesinto § g, == & . __ =
small pieces  § WY
#: - = = -
g, B
- *® = E 3 -
= = = - g
Generate thousands e —— — - i
of sequence reads - L =
and assemble .
sequence of clone %’
TR
Assemble sequences P — e
of overlapping clones
to establish

Reference Sequence

reference sequence T =
Reference Sequence

o

~
< 4
< = <
» - - -
r . T
) % —
¥ - “
» S W -
N S—
- il -

Break genome
into small pieces

Generate millions
of sequence reads

Align sequence reads
to established
reference sequence

Deduce starting
sequence and identify
differences from
reference sequence

https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost
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 de novo Genome Sequencing and Assembly
* NFETE— SR E R H
= KERDIRINYIFPEREFHBAC by BACHURSAMNIE. H23E3k15
 REES, BAN. WH. WHTEEX
 Reference-guided Assembly
 WEEBIERYIF. ITF, ARENRFRMRINERABIFASEHITIESHZ, UnhaERAHHE
HNEIR, BFERRE
« WFEgEmappingZMRIVEY L, #ENATsEREREFS
 Re-sequencing Mapping
 LUBA. =R, IFEERR (—HEESSEEESEE, MEMIEIERSEHEEZEMEE
FH—EHMRR) . £F5E (A EARESRE MKEIEENARSE) FAMRER
» PUETETRMR. SNP, BHKEXD T AER
» KEBp R EEENFAE
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Reads
SES
EBERT ‘
Scaffolds
2R
Genome ‘

A contig (from contiguous) is a set of overlapping DNA segments that together represent
a consensus region of DNA. Scaffolds consist of overlapping contigs separated by gaps.
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Chromosome

Draft

Genome L g ™

(80%) Gapl Gap2 Gap3
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Genome
(99.99%)
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A

AGTGATTAGATGATAGTAGA read 1
AGATGATAGTAGAATAGATAGACC — read?2
ATAGATAGACCACTCATCATAC « lead 3

AGTGATTAGATGATAGTAGAATAGATAGACCACTCATCATAC

contig
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M FHHEIRIE

CTAGGCCCTCAATTTTT
CTCTAGGCCCTCAATTTTT
GCTCTAGGCCCTCAATTTTT

CGGCTCTAGCC AT
CGGCTCTAGCCCCTCAATTT 166 |EI-
CGGCTCTAGCCCCTC

CGGCTCTAGCCCC

TCT
W TATCT

CGGTTGTAGCCCCCTAA

ﬁrc'r

===
e

TATCT

JECZHI/L

CGGCTCTACCC
CGGCTCTAGCCCCTCAATTTTT

28/ MRk =

BEREC = 166/ 28 = 6X
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A ReadlL t B Overlap Graph
Overlap Graph assemblers et Layot p Grap

R,;: GACCTACA
= Newbler R,:  ACCTACAA
Ed R3: CCTACAAG ............. ............. _'.:::W ;
. ena R,: CTACAAGT O vl
.. A: TACAAGTT ;
de Bruijn Graph (DBG) B: ACAAGTTA
s CAAGTTAG
methods X: TACAAGTC
Y ACAAGTCC
= Velvet 7: CAAGTCCG
= ABYSS
C de Bruijn Graph _TAG
= Euler -
ol
= SOAPdenovo GTT
. (GACH+(ACC)(CCT)»(CTA)+{TAC) +(AcA)>(CA ) +(aAG) G,
Greedy graph algorithms G

= SSAKE

= VCAKE

Assembly of large genomes using second-generation sequencing. Genome Research 2010
https://genome.cshlp.org/content/20/9/1165.full
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BB RRE T

« HEARSGE: contigsN2Y, contigs/2i<, contigsYEIIFNIFEIE, &i<contighy /N (WEK
contigs . 4/ |‘%_contigs HERERTF)

« NSOEHHEREMMHAVEZESEL: KceontigsiHIKE MR/, ,“\J:MjC:ZEU/ME?JI]
= RIFINE ﬁﬁ BIERI50%, BP73Contig NSO, ZE#AIIHAEIRRIRERIT
(N9O0E1LL)

« ScaffoldfichromosomefFHEZ RIEZ ANERE, SHFMEARAKX

A

For example, 9 contigs with the lengths

contiguity. Given a set of contigs, the N50 is
defined as the sequence length of the shortest
contig at 50% of the total genome length.

gn 2,3,4,5,6,7,8,9,and 10; their sum is 54, half
e of the sum is 27. Thus,

= N50=8, since 10 + 9 + 8 = 27

N\

S N50 Length N50 statistic defines assembly quality in terms of
f‘%

o

Contig Length
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Table 1. De novo assemblies of second-generation sequencing projects

Input sequence Assembly
Contigs Scaffolds
Organism/genome Avgerage No.of Read Pair
size Assembler/status® Type Pair size read (bp) reads coverage® coverage¢ No. N50 Max Total No. N50 Max Total Notes
Human (H. ABYSS published GA 210bp 3546 3.5B 45x% 120X 276 M 1.5kb 18.8kb 2.18Gb NR NR NR NR
sapiens)/3.0 Gb 2009
Grapevine (V. Sanger 2-10 kb 579 595M 69X 21X

Sanger 40 kb 460 144k  0.13X% 4.4x 58,611 18.2kb 238kb 531 Mb? 2093  1.33Mb 7.8 Mb 421 Mb?
Sanger 120 kb 369 68 k 0.02x 4.2X
454 None 169 125M  4.2x —

vinifera)/500 Mb MYZﬁad published

007

Cucumber (C.
sativus)/367 Mb

Sanger 2-6 kb 439 2.08M 3.35X 9.9%X

RePS2 published ¢, ter “40kb 496 339K  0.46x  16.7x

62,412 19,807 NR 226 Mb 47,837 1.15Mb NR 244 Mb

2009 Sanger 140kb 551 332k 0.04x  5.6x Assembly of
GA 200bp 42 282M 325x  768%x NR 26kb NR 204Mb NR 19kb NR  238Mb  only Sanger
reads
GA 400 bp 44 173 M 20.6X% 94.4x Assembly of
GA  2kb 53 105M 153x  286x  NR 125kb NR 190Mb NR 172kb  NR 200Mb  only GA
reads
Panda (A. —— GA 150 45 1318 245x  43.3x
melanoleura)/2.4 Gb *ONGEN0 - GA 500 67  917M 255x  90.2x 200,604 36,728 434,635 2.25Gb 81,469° 1.22 Mb 6.05 Mb 2.30 Gb
PURlIshe GA 2kb 71 397M  11.8X 192x
GA  Skb 38 505M  80x  533x
GA  10kb 35 254M 3.7x  571x
Strawberry (. CABOG and 454 None 209 7.73M  7.3x —
s s Velvet 454 None 368 787M 13.2x — 16,487 28,072 215349 202Mb 3263 1.44Mb 4.1 Mb 214 Mb
announced 454 2.5kb 193 239M 21X 6.9%
454  20kb 236 1.58M  1.7x 20%
CA None 76 36 M 12.4% —_
SOLD  2kb 25  130M 0.14x  6.4x
454 3kb 180  6M 1% 8x
T“”‘?,y (M. - EA0G g 454  20kb 195  2M  0.3x 18x 128,271 12,594 90kb 931 Mb 26,917 1.5Mb 9 Mb NR
gultcpavo)/1- ANNOUINCE 454 None 366 13M  4x —
GA 180bp 74  200M 13X 16x
GA None 74 200 M 13X —

Results from de novo assembly of genomes by second-generation sequencing platforms. Summary of inputs and assembly results of recent genome assemblies using SGS reads.
“Status indicates when the assembly was published; “announced” assemblies have been described publicly but not yet published.

“The number of estimated genome size units contained in the sum of read lengths. : H
“The same value for the sum of lengths of fragments from which paired reads were sequenced. ASSGm b Iy Of Iarge genomes usl ng Second ‘gene ratl on
4Contig total greater than scaffold total is largely attributable to “single haplotype contigs.” -

“Number of scaffolds includes single-contig scaffolds. There were 5201 multicontig scaffolds. Seq uenci ng . Genome ResearCh 2010

GA, lllumina Genome Analyzer; SOLID, Applied Biosystems SOLID System.

https://genome.cshlp.org/content/20/9/1165.full
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- . ORDEC DOW\O [:] De novo assembly tools
_ | osome |
Wil Break _{E [:] Genome-based analysis tools

Pacific Oxford Nanopore
Biosciences Technologies
Technology
Real Time Sequencing

=
e
Nanopore sequencer Sequencing
released, MinlON Mean Length 10-15kbp 5-10kbp
Raw Error rate 10-15% 10-30%
PR SIPORIPREN COMPrOOCts | Q Costs/ GB ~500* ~500*
rrca
: Time/ GB 2-3 hours 1-2days
POPA SR COTBIOE released, PromethiON mm sy g

The bioinformatics tools for the genome assembly and analysis based on third-generation sequencing
Briefings in Functional Genomics 2019 https://doi.org/10.1093/bfgp/ely037
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AEEEHNSOLLES

. s EffAXSEEREH

Population Southern Chinese  Southern Chinese Northern Han Chinese  European

: : : : : PacBio + Bionano :
Sequencing methods  HiSeq (fosmid) PacBio + BioNano + 10X Genomics Sanger (BAC + fosmid)
Assembly software SOAPdenovo FALCON i NA

Supernova

Scaffold N50 (Mb) 20.52 21.98 46.63 67.79
Contig N50 (Mb) 0.02 8.33 3.6 56.41
No. of scaffolds 125,643 5367 5574 735
No. of gaps 235,514 10,901 8484 999
Assembly size (bp) 2,911,235,363 2,934,084,193 2,892,287,479 3,209,286,105

Whole Genome Analyses of Chinese Population and De Novo Assembly of A Northern Han Genome.
Genomics, Proteomics & Bioinformatics 2019 https://doi.org/10.1016/j.gpb.2019.07.002
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(“RC Genome Reference Consortium

GRC Home Data Report an Issue Contact Us Curators Only

Human Overview Human Genome Issues Human Assembly Data

Human Genome Assembly GRCh38.p13

Information on tiling path files (TPFs) for the assembly is available at TPF Overview.

Other assembly versions:  Select one ﬂ
Chromosome lengths Total lengths Ungapped lengths N&0s Gaps Counts General
Assembly name GRCh38.p13
Spanned gaps are found within scaffolds and there is some evidence suggesting linkage between the two sequences flanking the gap. Release date  2019-03-01
Unspanned gaps are found between scaffolds and there is no evidence of linkage. Assembly type haploid-with-alt-loci
By chromosome By region Release type palch
Assembly units 38
s 8 d U d
Region Location Bouence Scaffolds panne nspanne Total bases 3.272,116,950
types gaps gaps Total non-N bases  3.110,748,589
121 chr1:144488706-144674781  ALT 1 0 0 Primary assembly N50 67,794,873
ABO chr8:133174055-133504070  FIX 1 0 0 i
Total regions 358
ABR chr17:960754-1448331 ALT 2 0 0

Regions with alternate loci 178
ADAMS chr8:39094318-39873856 ALT 1 a i} Regions with FIX patches 113
Regions with NOVEL patches 72

APOBEC chr22:38884294-39011160  ALT 1 0 0 Regions as PAR 4
APOLS chr22:35685234-35042668  ALT 1 0 0 S ——
BIGNTL1 chri7:82822720-83103577  ALT i 0 0 Alternate loci 261
BAGES chri3:18171249-18358106  FIX i 0 0 Altemnate loci aligned to

primary assembly
CiR chr12:7071546-7264845 FIX 1 0 0 FIX patches 113
CASPBAP2 chr6:89804656-89941739 FIX i 0 0 FIX patches aligned to primary

assembly

CCL5 TBC1D3 chri7:35765469-38841755  ALT 2 0 0 NOVEL patches 72
CEACAM_REGION_1 chr19:41456581-41682000  ALT 1 0 0 NOVEL paiches aligned to.

primary assembly

https://www.ncbi.nlm.nih.gov/grc/human/data
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STATISTICS GRCH38 T2T-CHM13
Assembled bases (Gbp) 2.92 3.05
Unplaced bases (Mbp) 11.42 0
Gap bases (Mbp) 120.31 0
Number of contigs 949 24
Contig NG50 (Mbp) 56.41 154.26
Segmental duplication bases 15171 201.93
(Mbp)

Num.ber. of segmental 24097 41528
duplications

Percentage of repeats (%) 51.89 53.94
Repeat bases (Mbp) 1,516.37 1,647.81

The complete sequence of a human genome. Science 2022
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Total bases excl. Mt/Y/Ns (Gbp)
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Other
RepMask 1.8 rDNA

17 ~./ 99

Additional bases (Mbp)

SD
segmental duplication

CenSat
centromeric satellite

o
hg38

1
€
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o
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hgd

CHM13
)

I I I I
2000 2005 2010 2015 2020

Release year
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BHNEAZGRBRESETERA (44+XY) : T2T-YAO (&%)

HPRE—RIME MFHE—IRE BEF—ERE

*in'zl'ﬁéﬁﬂﬁ%ﬂjd‘%iﬁgﬁﬂjﬁi& T 2022FEEENIHE RIS ZE RIMRZHFEANEREER
i, HEE KZHCHM13, FREHRE— MERBFHERZ “[LAPEAN"
kﬁQA iR 22+XY 224X e =ZE5FE5: ~330Mb
B R ot SR 99.6%  99.0%
o g ootz = — o ESEM: >30009
. EEIE _(QV) 74.69 73.94 ° EEQEM R
$RERE (Mb) 29.5 24.8
faitHEREn 104 123
2R Smence ‘
4 FILLING
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T2T-YAORR REHE

« PacBio HiFil|FRE 92 x

Mat Pat Mat Pat
. ImIc N N

HEIRONTRFIREE 336 Chr 224X 22+4Y 224X 224Y 224X 22+Y
N50=153KB Assembled bases (Gbp) 3.02 2.92 3.06 296 3.04 294

>250kb reads /2R ER 12%
X Gaps 0 0 109 117 0 0

ONT ultra long kit AsEEE
| . ! Gap bases (Mbp) 0 0 16.4 25.3 0 0
E N50=73KB E N50=183KB N50(Mbp) 155068 14507 82889 Q1 LA INLA INLA
Qv 7049 7228  59.30  58.60 60.11 59.37
f G

||||||||I||II||||||.|...... Completeness %(haploid) 99.65 99.59 99.70 99.00 INA INA

Ke)

8 — False duplications % 0.30 0.20 0.49 0.37 INA INA
106,006,000 A ] read_m:ly
et 6x 1071 ] "\ ;‘;:’;yv Haplotype switch errors % 0.019 0.011 0.028 0.018 INA INA
10,000,000+ gg.gg%ﬁ% P \ .
s I 4 o ’ s Collapsed bases (Mbp)
_§ )LEZF%@MS | Pl g4x0') . SIA\B9kmer | i
- (™ with common repeats 4.71 4.96 18.53 17.64 INA INA
ESw without common repeats 0.56 0.35 7.61 7.81 INA INA
u 0 A rRNA copy number 79 149 INA INA 132 117
: P e T DT e muttipicy [1] Jarvis et al. Nature 2022; [2] Yang et al. Cell Research 2003
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How big are our cells?

red =) *
- blood o
flu virus animal cell

mitochondria cell

Q@
“
(f IICGO i smallpox virus ZAS)s . human
ullerene E8G == €gg
atotn molecule) @ Y . & A
@ ROlIChARL plant cell frog
lipids €99
Relative sizes on a logarithmic scale
1 | I |
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Light microscope
I
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Electron microscope
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Human Cell Types

R

9
!l o ©

Stem Cells Bone Cells Blood Cells Muscle Cells
Faf éells Skir:- Célls Nerve Cells Endothelf-al Cells
Sex Cells Pancreatic Cells Cancer Cells

https://www.thoughtco.com/types-of-cells-in-the-body-373388
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BHAMENR vs. SRR

Bulk Sequencing Single-Cell Sequencing

& "

- i - /
Cell type A

Cell type B

Cell type C

MEREE. SHIELANBEARERS FEEFRE
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BHAMENR vs. SRR

Single-Cell Analysis

~y

Bulk Analysis

|

Single-Cell input

Bulk RNA input

PO

]I‘i_.

Each cell type has a distinct

expression profile

B
>

Average gene expression
from all cells

—

LY
e’ o
ot »
-‘.. (]

'.ll- '

.
L

Reveals heterogeneity
and subpopulation
expression variability of
thousands of cells

?

.
=

Cellular heterogeneity
masked

https://www.10xgenomics.com/blog/single-cell-rna-seg-an-introductory-overview-and-tools-for-getting-started
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<A al
Tang et al. 2009 Islam et al. 2011** Brennecke et al. 2013*  Jaitin et al. 2014* Klein et al. 2015* Bose et al. 2015* Cao et al. 2017*
Macosko et al. 2015 Rosenberg et al. 2017%
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1,000,000 10x Genomm\s SPLiT-seq
100,000 Drop seq 8 sci-ANAseq
,000 - ' CytoS inD 5 Q
%-. MARS-seq yto e\q.o © inDrop s & DroNC-seq
2 10,000 - @ O 4o B¢
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Exponential scaling of single-cell RNA-seq in the last decade. Nature Protocols 2018
A practical guide to single-cell RNA-sequencing for biomedical research and clinical applications. Genome Medicine 2017
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UMI: Unique Molecular Identifier Comparative Analysis of Droplet-Based Ultra-High-Throughput
CB: Cell Barcode Single-Cell RNA-Seq Systems. Molecular Cell 2018
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A lineage tree by single-cell transcriptomics

Cell type atlas and lineage tree of a whole complex animal by single-cell transcriptomics. Science 2018
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Cell types and states
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Defining cell types and states with single-cell genomics. Genome Research 2015
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Single-cell Genomics
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Integrative single-cell analysis. Nature Reviews Genetics 2019
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AEMBEELELTEI (Human Cell Atlas)

HUMAN
C E L L “ HCA ~ Areas of Impact News Publications Data -
ATLAS

Join HCA Contact

MISSION

To create comprehensive reference maps of all human
cells—the fundamental units of life—as a basis for both
understanding human health and diagnosing,
monitoring, and treating disease.

AMX ~ 3775 1Z/|\2HH@ https://www.humancellatlas.org
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Cell Taxonomy
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Cell Taxonomy: a curated repository of cell types with multifaceted characterization. Nucleic Acids Res 2023
https://ngdc.cncb.ac.cn/celltaxonomy/
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Single-cell Cancer Genomics
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Cancer genomics: one cell at a time. Genome Biol 2014




Single-cell Metagenomics
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Single-cell Neurobiology
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Single-Cell RNA Sequencing: Unraveling the Brain One Cell at a Time. Trends Mol Med 2017
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Single-cell ailded drug discovery
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Single-cell analysis tools for drug discovery and development. Nat Rev Drug Discov 2016
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Next-generation molecular diagnosis: single-cell sequencing from bench to bedside. Cell Mol Life Sci 2017
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SIEKRE (long-read sequencing)

nature > nature methods > focus

Focus 12 January 2023

Method of the Year 2022: Long-read sequencing

Long-read sequencing is our choice for Method of the Year 2022. This class of technologies is RNA modifications

enabling a more complete reading and understanding of genomes, epigenomes and

transcriptomes. The special collection also includes Methods to Watch - our predictions of Aoy ®ac4C
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https://www.nature.com/articles/s41592-022-01724-8
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Improved long-read sequencing
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Approaching complete genomes, transcriptomes and epi-omes with accurate long-read sequencing.
Nature Methods 2023 https://www.nature.com/articles/s41592-022-01716-8
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nature
biotechnology

Letter | Published: 16 December 2019
Electrical recognition of the twenty
proteinogenic amino acids using an
aerolysin nanopore

Hadjer Ouldali, Kumar Sarthak, Tobias Ensslen, Fabien Piguet, Philippe Manivet,
Juan Pelta, Jan C. Behrends, Aleksei Aksimentiev 1 & Abdelghani Qukhaled

Nature Biotechnology (2019) | Cite this article

https://doi.org/10.1038/s41587-019-0345-2
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RNAE (Direct RNA Sequencing)

PRODUCTS SERVICES APPLICATIONS GET STARTED

{JNANOPORE

RESOURCES

RNA and gene expression analysis using direct RNA and
cDNA sequencing

Unlike traditional RNA-Seq techniques, long-read nanopore RNA sequencing allows accurate
quantification and complete, full-length characterisation of native RNA or cDNA without
fragmentation or amplification — streamlining analysis and removing potential sources of bias.
Direct RNA sequencing also enables the identification of base modifications alongside
nucleotide sequence.

Unlike traditional RNA-Seq technigues, long-
read nanopore RNA sequencing allows
accurate quantification and complete, full-

length characterisation of native RNA or cDNA

without fragmentation or amplification —

streamlining analysis and removing potential
sources of bias. Direct RNA sequencing also

enables the identification of base

modifications alongside nucleotide sequence.
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University of Chinese Academy of Sciences

nature methods

Article | Published: 18 November 2019
Nanopore native RNA sequencing of a
human poly(A) transcriptome

Rachael E. Workman, Alison D. Tang, Paul S. Tang, Miten Jain, John R. Tyson,
Roham Razaghi, Philip C. Zuzarte, Timothy Gilpatrick, Alexander Payne, Joshua

nature
communications

Article | Open Access | Published: 31 July 2019

A comprehensive examination of
Nanopore native RNA sequencing for
characterization of complex
transcriptomes

Charlotte Soneson [, Yao Yao, Anna Bratus-Neuenschwander, Andrea
Patrignani, Mark D. Robinson = & Shobbir Hussain

Nature Communications 10, Article number: 3359 (2019) | Cite this article
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Further Reading

Approaching complete genomes, transcriptomes and epi-omes with accurate long-read
seqguencing. Nature Methods 2023

Fast and accurate long-read assembly with wtdbg2. Nature Methods 2020

Assembly of chromosome-scale contigs by efficiently resolving repetitive sequences with long
reads. Nature Communications 2019

Integrative single-cell analysis. Nature Reviews Genetics 2019

Sequencing depth and coverage: key considerations in genomic analyses. Nature Reviews Genetics
2014

DNA sequencing technologies: 2006—-2016. Nature Protocols 2017

Single-cell genome sequencing: current state of the science. Nature Reviews Genetics 2016
Sequence assembly demystified. Nature Reviews Genetics 2013

RNA-Seq a revolutionary tool for transcriptomics. Nature Reviews Genetics 2009
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