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ABSTRACT

Objective: Gypenosides, a group of triterpenoid saponins, are the main active ingredient from
Gynostemma pentaphyllum. In this study, we first combined PacBio isoform sequencing and
[llumina sequencing (Hybrid-sequencing) to mine the UGTs (UDP-Glycosyltransferase)
involved in the biosynthesis and regulation of gypenosides. May the pipeline we developed
provide a possible solution for other non-reference Iso-Seq research of medical plants. Methods:
[Mlumina NextSeq 500 and PacBio RSII platform were employed to generate raw data for
analysis. After removing the redundancies, expression analysis results were used to generate
heatmaps, and phylogenetic analysis was combined to screen the candidate UGTs for real-time
PCR. Results: Using 98.32 Gb transcriptome data from three different tissues, roots, stems
leaves, a total of 140,157 unigenes were generated with an average length of 750bp. To further
identify the genes involved in the synthesis and regulation of gypenosides, we used these
unigenes search against databases and obtained 254 UGTs. After the phylogenetic analysis,
tissue-specific expression and the expression response to MeJA-treated in leaves, we speculated
that GpUGT35 was one of the candidate genes for the biosynthesis of gypenosides. Conclusion:
GpUGT35 might involve the biosynthesis of gypenosides. We further described a new
procedure to mine UGT genes involved in the gypenoside biosynthesis by hybrid sequencing
of G. pentaphyllum transcriptome.

Keywords:  Gynostemma pentaphyllum; Gypenosides; Isoform Sequencing; UDP-

Glycosyltransferase
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BIIEX

1 %E
11 RREEHE

L (Gynostemma pentaphyllum)&— M A T LI 8 2 FE B R YY), TH
AKERE, BA, SEE. M. @inh. BERET. DRSS, EK
b DX R = FE 24928 60m-3200mM . i B R L R BRI Y 2 —. AT S
WA RIE S A 201 F, Al CARRRE 0 13 KB G B A ok 4038
NIEHAE R DU =K, Hodr, JEAS RS R . PSR T C3. C-6 M
C-20 fir, RAVFBATHEME . BIHAAIME . SR AW, RIEERRN 0T
SBEL RN = pEEL,

AR T NS 6 R U i P A R, oo S T e . &l
W RHE KRG GRS B2 5 ASHIGEE—BUNAR, FoRIEHEERMNE
FAME . TEXTFR M B L IOKEF= W M, 52 0218 IR 77,
Btz SMEAT K AR B KA LA AE DA T i AEX LA B IO T, BF AT
Ji 1 Z SR AEPUMIRETEE T T o X T e R S WK g e SR AR B . R £
Je AW, IETEZ SIE AN A kR 2 (1 D
12 EYREERE

S T i P I A O, OV W R T R B AR — 2 . iR
FAETHMEZAEY . BEZAEY. HAEVMRRET, R IRIARZA. AR
ZREZFE . Horh, SHEMICEARBIE I 2 ORI AT IR T R )
Wi 3L 44 R B (UDP-Glycosyltransferase, UGT)Pl.,

UGT TEMYIH Re, 1 0 RAEE IR A ARNE 2 78 SR A AR =46 i i 5t
5B IRE, AT DI/ e R, BT DURE AT A B LG
WA NBERAKT, EMRELEER . i &ismy A E EEZEH. el 5%
W T AR ARG 7, 2R 2B 2 L2 o AR 2R 20 Tk

AT T I8 I T 00 IS B RN AT, SRR TSR R A A s
SR BRI T, S W W T IR S B 7 DA S ORI Tl A A = S L T A DR 1 B af
SRR
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1.3 EKERENF

FESRANT CEVE, RFaAMMEE S A3 RNA LR, 1AL RNA KHEAF )
FREAEAFR R, ik & SRR B2 A% RNA (coding RNA)FIEE
%% RNA (non-coding RNA); KKK M43 4 RNA (long RNA, K KT 200bp) A%
RNA (small RNA, KEE/NT 200bp); 4 #H 2 H AT 84 [ (1) D g 3 2243 B RNA
(message RNA, mRNA). #iz RNA (transfer RNA, tRNA). #%##{£& RNA (ribosomal RNA,
rRNA). HF mRNABFFRE L, — BN 32 2405 F mRNAVL, 5 g [m) i mT
DL 23 3 K AE 4% RNA (long non-coding RNA, IncRNA).

AR R A I R AR AE e s 4L TR L A B PR A RNA I (RNA Sequencing, RNA-
Seq), RNA-Seq Hi T H i@ & M5 LI H a5 T BRI BeAS,  7E3 20 75 T 1t 182 FH 330
FELERT T DS AR 1 2 AL Fr (micro array)$iAR e 2810, AR H ek
B, IRAE S B 2 (2 X 150bp PP, W0 H 09 1 B R EEDHEA T LAY sk A4S, X
THSEARMIEIE R 2, R, E@EPLITLZR PCR ¥, HSiEmMER S HE
FHPEAEZE ETHEL,

“ARMFEARICHA PacBio 2 7] F: T 545 5L I ¥ £ R (Single Molecule Real
Time sequencing, SMRT) J 4% 5 4 4T 18 1) 4 K % S 4 7 (Isoform Sequencing, Iso-Seq)iiit
2, CEBCNE NN TR . RER S R ERIERKEK, FrilE8dE T
o ZH R T AT AR/ D DR R, AR AN AR B 5 SRR T FL I e 8 e R A B R AR
B —FE =l

AHIFFELE Bt o i F = AR e AR Bl 5 —AREER A &, s AR S =R
RG22 52704, AR ZAREAE AT H IERE &, b T — R ot T
AR IR A o = ARTES e AN B A TR TR
2 MRI5HEE
21 MR RFISEE
2,11 MEHRSHE

W A S A SE BYLME 2, BREE IR, 24 CH1T 16 NG
A8 /NI IEREFR . EXA TS 200uM 0.8% L BERCHI K FIHE R (MeJA)ALHE 0 /N, 6 71
I, 12 /NEF, 24 ANEFRIZ IR, DR AR 25 AR S, LRI
TWRZ A, -80°CLR-AF-# HL,

= AR PP 8dE i ) PacBio RS I F~F & 3(45: AR5 4k 4 F llumina NextSeq

6
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500 W 7 F & 3k45 . W5 AR Bk at v AR BOR A P0(5 EARHA B2 7] 52 .
2.1.2 REEE PCR K

1) KHE RNAprep Pure £ ¥# 2 B4 5. RNA $2HUR I £ (TIANGEN, DP441);

2) GoScript™ Reverse Transcription System 277l & (Promega, A5001);

3) SYBR® Premix Ex Taq™ (Takara, 6109).
2.1.3 FEEK

1) &R B LAL(Thermo Fisher Scientific Legend Micro 17R);

2) Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific);

3) TEM B (Eppendorf: 2.5ul, 10ul, 20ul, 1001, 200ul, 1000pu1);

4) SEF G 5E B PCR 1Y (Bio-RAD CFX96 Real Time System).
22 KWK
2.2.1 MFERLE

#2352 SMRT Analysis software &P (1) =AREHEIETU R FAMEZ L Trinitytt 12
PHESGIAETURFE FA, (E ] CD-HIT BT R K 2004, BUHETE 85%. FHK
FIUR A3 B ARTU R FE A (Unigenes)ZEAT T I R D REVERE -
2.2.2 IhEEERE

XFT i 42 CD-HIT () Unigenes, Dhggi R £ 28 H KEGG (http://www.kegg.ip,
AR B VERE), SwissProt (http://www.uniprot.org/uniprot, & FRINAETERE), LA Pfam
(https:/pfam xfam.org, & F GG MIREEXT), =N AT R . TERR R I R g 0 ik
{5 H T CAZy (http://www.cazy.org, BRKWEVIFACREEAE e, BEILFRBRLR) S —
A R =N HOE PR R R A AL, Rk R I B R A RS AR DG OCBRA T ik, N T U
IR NG, AR AT AL
2.2.3 EAREREL

WU 1) Unigenes 34T Pfam V1B 5 V1R 2 UDP-GT I 415 AU 5L 5 7 BT R o
(AR H%E R dbCAN: http:/cys.bios.niv.edu/dbCAN2/) VEBES] GT1 HIFHS: K PEk
SER A RBOFE, UK KT 300aa 1955 LA LB RS . 4550 A T
REAEE LR W RFHI T AW SR R T .
2.2.4 FHBXRREDH

il SCEk h A BT Th BRI IE M A S B & R E AP 5, 5ARR 5T h ik
3 (b L Rl 0 25 (17 5148 F MEGA 6.0 STk BB, 3EAT [RIPEHE 4T -

7
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CRE B SR G T 5 IR MEISE R, ik 5 O % M N AR B = B S
Ui R S A T A B A R B 7 1, 01 51 433k 4T gPCR B8E .
2.2.5 HET _REENREERLEDN
225 1 ZREBEE

15 F —AREE 1145 reads X Unigenes #E4T [BIbG & &, FTH B4 8 RSEMIE4, 5g 45
SAEHH edgeR B TMM 35—k 5 b A7 S 6] b 225 A [0 A0 5 2 25 SR 4H 11 35— Ak
P E A TR KRR
2.2.5. 2B RE D

£ NCBI 8 FHE P N 330 Sl i 2 5 & iy BRI (FPS, SS, SE)I & F 741,
%t Unigenes B11% i 1025 A F13E4T BLAST Hoxt, 2B XM Unigene 1D, M FEEE
REERAR . 25 PR H BT R BIRE AR R B ) Unigenes XIA R E B4

WEAFT IR BT Y Unigenes ik & f ] pheatmap @ ReIEH T R 5L 4], 768
A, TMM EZ XA, FH 220N loge(TMM+1).
2.2.6 cDNA 3REX
2.2. 6. 1RNA $2E}

Z IR R RNAprep Pure £ FE LW EAY A RNA FEEUAT G (DP44 D ERAE UL, BH
3, R BRI

1) B 475l 4R SL, NN 25ul B-3idE 4., 1REIEH

2) H 50-100 mg A i 75 7 0 IR AT B A oK

3) KA S 2ml RNase-Free B0 & I 1 2R

4) 12,000 rpm B0 2 435

5) &M ELIEN: CS E, 12,000 rpm B0 2 5.

6) LiEFEF 2B RNase-Free 850 i, I 0.5 A FRTEK OB, A .

7)  EEANEHE CR3 Y, 12,000 rpm B0 15 B2, FF 2RISR AE CR3 kRN

g

8) AWK FFAE CR3 I 350ul 225 ¥ RW1, 12,000 rpm B0 15 #5,

9) A CR3 fiA 80ul DNase I T1EW, =IEMCE 15705

10) #H 8.

11) [ CR3 F0A 500pl SEHEH RW 12,000 rpm &0 15 72, FERWBG CR3 Al

W
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12) X 11.

13) 12,000 rpm 7555 2 4340

14) FWFtE CR3 TN —#7) RNase-Free B50EH,
ddH20, ZEiRJHCE 2 505

15) 12,000 rpm 5.0 1 2050, T3 RNA BESLEL 1l AT 35 I8 AR H b,

FT Nanodrop ¥ &l %€ .
2.2.6. 2 RE%F

Z: [l GoScript™ Reverse Transcription System X7 & #EAE U H, HEAREAED

1) ££ 200ul B0 TR R SR BOR S

=20 50ul RNase-Free

Iul

BUNF:

AR N3
RNA Samples <5ul
Oligo dT Primer (50uM) Tl
dNTP Mixture (10mM each) 1ul
RNase-Free ddH>O up to 5ul

2) 70°CHRIE Smin 5, VK ERGEAHZE /D Smin, a0
3) ARKBECH] TN, SE 15ul.

10#, ETIKE,

SR R 5 N3
A 5 I N Sul
GoScript 5>Reaction Buffer 4ul
MgCl; 3ul
PCR Nucleotide Mix 1ud
Recombinant RNasin Ribonuclease Inhibitor 0.5ul
GoScript Reverse Transcriptase 1ud
Nuclease-Free water 5.5ul

4) fERB IR

5) PCR %%, ZMFwnTF:
iBok: 25C 5min
FEAH: 42°C 60min
B 70°C 5min
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6) EIIN cDNA /17 T-201C, -80°CHKHALRLE &1 -

2.2.7 S|4mgit

TR B Sl

B SInh .

B IR DR DL AR I 2.2 75 1k B R S R R

e R[4 FR eIkl

ACTIN-F CCGAGTGGCCCCTGAAGAG
ACTIN-R AAGTATGGCATGGGGGAGAGC
HMGR-F ACCAATGCCGTTTTCTTCAC
HMGR-R ATCGACCGTTCATCGTCTTC
FPS-F CTGGGTCTGCTTTCCCATAA
FPS-R TTGTTATGGCGGGTGAAAAT
SS-F ACAGCTTCAGCCTCAGCTTC
SS-R CATGAAAAATGCCAGTCACG
SE-F TGGCTTCCACCATAAACACA
SE-R AACTTAACGGGCGAGGATTT
GpUGT1-F ATAGGACCAAACGTGCCATC
GpUGTI1-R AAAGCTGCATAGCTCCCAAA
GpUGT8-F TGTCTTGGAAACCATCACGA
GpUGTS-R AGAGCTCAAAACCTCGTCCA
GpUGT16-F CATCGGTGATTTACGTGTCG
GpUGT16-R GCGAACACCACGGAACTATT
GpUGT22-F TCCCACTCATCGAATTCTCC
GpUGT22-R GATTTTGGAGCCTTGTGGAA
GpUGT35-F GGAACCCTTTCGGTAATGCT
GpUGT35-R GTTTTCGACGGTGTTCGTTT
GpUGT44-F CAACACCCCTTCACTTTCGT
GpUGT44-R TAGCCCGGGTAACTGTATGC

2.2.8 RFAZEE PCR

%256 A% B Takara SYBR® Premix Ex Tag™, T Bio-RAD CFX96 Real Time System

e FARONAR R SO BRINR -

1) cDNA FEIRFFEZE 100ng, FI¥FFEE 10uM.

2) UK R BUT SOBAR A -
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SRSAK R 5 PR
2>SYBR Premix Ex Taq 10ul
Forward primer (10uM) 0.5ul
Reverse primer (10uM) 0.5ul
cDNA 1ul
Nuclease-Free water up to 20ul

3)

HEAT SR B 2 B PCR 70 #7, 26 AF IR -

95C 30s
95C 5s
60°C 30s
72°C 15s
95C 10s
4°C 00

Stage 1

Stage 2 x40 Cycles

Stage 3
Stage 4

11
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3 #R
31 ET=RNFFEE&REMNFINEIRIEERE S
3.1.1 MELER

N TR 2 BRI R AR TUR B A, FRATRIL T AN [F Tl 5 4 =] 1R 43
Prokng, fEH RS ZREUER G £ IR F LT T (& 3.1). E=REE,
ML T 8 A cell, FHLEHEK/AINN 12.50Gb. JR4G FHLEHE S H PacBio B 71
SMRT Analysis software Z4b 3, 152 268,927 24— 751, XLEFFIRIER T EA
SEREN S AERITEIX, Poly-A £ sl bA R 3 AERHE X Mgt — 20 73 K0 99,739 K AEHL
GBI BT A S AERE AT I iE, AR — P EEAS 3 dERREX 2
WA AR A P BT ) AT 142,079 6k 4K P A KRG FHI &4 ICE 1
RERMMEAE ZMW LA IR 1 5 — F A AR — 2%, 2Rz fL BRI
(17 5 22 A Quiver (AR K IIFFIXS ICE £ TUAR G 1T 5T I 1IE i 43 21
B A SRS E BT SRS RS, AT AR (R 21 F
FEAK T H SRR T H, BT 5 7 51 34T 2R 2 25 TU AR (CD-HIT) e 445 3
132,426 SF AR SAA 8,550 2k ARTURF A

AR U T, 28 T SR R R 5 A () I T A 2R AN [ A5 U JER A
Kol S 85.82Gb,  EBREL G AL & reads 5 I &5 S S 1 576,532,682 5%
ATRBRFTREZ WARTCRFE A, X EEHHE L X N Trinity JEATHHE, 5307
140,601 %% Trinity 4% H FIHETURFE KA

N R AR =EARBIEA AN ERE T, AT R PR = A 2 i B IE
FRIEE SR AR (32,426 %) AETUARTLFAR(8,550 5%)~ Trinity 47 F “ACEME P AR TR %
SRAR(140,601 Z5)HEAT T Geit IFe ] 7 /NREE(E 3.2a). WK R, —AREdEE &
KT EARBAE, 1 HKESKEE A 1000bp LT ST ZACHEE, Hina 8RB,
HRFHKERHEK T T ZREHE, £ EUREMIETUREFAPKELH T H
TR

BT 8,550 & =ARAETU AR FEAT 140,601 4% Trinity $H2 H AR T R A 2 1A)iE
S TUA, FrLAERAEH CD-HIT 3R —H 2 R TUA, REABRIER T 140,157 %
FETUARFE F A (Unigenes, T3P andekeilfa i, $REFFETUARFEF AT Unigenes B8 M
IEALT¥) 140,157 4% Unigenes), LPAIX %% Unigenes 347 2 J&5 11 R i 7Hr

12
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/ Polymerase reads / / [Ilumina raw reads /
4
Reads of insert
|

Classify
— !
o v
Full-length, non-chimeric Non-full-length
Clean reads
reads reads
1
ICE
v
unpolished concensus
sequences Trinity
T
Quuiver
= v

polished concensus
sequences

——— CD-HIT —— Trimity unigenes

Cladogram Gene annotation -( Expression analyses)

qPCR

B 3.1 REFREKL AT AR T B E B S, AR AGE T AR
ST EE BRI, MEEAGR T R E TP IR, E Sk AR 1T 0 2 EAC B

3.1.2 heeix

Xt Fi G ) Unigenes f# ] SwissProt. KEGG Al Pfam = KE¥s FE B TIE R . M BR45
Bl DA 1, H 68,692 (49%) 5 Unigenes /0 7E =N FE 2 — 83 TR, A
25,959 & 3 HIAE = AN EHE e 2 B TR (B 3.2b). 7E KEGG #di . 45,381 4741
R B TOMARE BE (ZH IR RE . RIS BACHL ., 8L (E EAb B, HrRRARE . A SR
), ARG AT VYRl S5 A A ¢ B R AT R s (B 3.2¢).

13
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a Length Distribution b

KEGG
3000 -
2000 -
_ Category
B
= i: io-
= . PBi: PacBio-Isoform
%" n PBu: PacBio-Unigene
=  TRE: Trinity-Unigene
1000 -
.
0- 317
Phi PBu TRI
Data Type
c . SwissProt
KEGG Pathway Annotation
Xenobiotics Biodegradation and Metabolism =
Nucleotide Metabolism -
Metabolism of Terpenoids and Polyketides =
Metabolism of Other Amino Acids -
Metabolism of Cofactors and Vitamins -
Lipid Metabolism -
Glycan Biosynthesis and Metabolism -
Enzyme Families -
Energy Metabolism = Category

Carbohydrate Metabolism -

. Metabolism

Biosynthesis of Other Secondary Metabolites -

g Amino Acid Metabolism = . Genetic Information Processing
# Translation -
Transeription = . Environmental Information Processing
RNA family -

. Cellular Processes

Replication and Repair -

Folding, Sorting and Degradation -
Signaling Molecules and Interaction -
Signal Transduction =

Membrane Transport =

Transport and Catabolism =

Cell Motility -

Cell Growth and Death -

Cell Communication =

2000 4000
Count

K32 WFEdRgiit 5 (a) 347 7 =REER B R RA ., AFTURERA . BRI
KA A G, BARbRONFE A, AR N A K E (bp), BT I 5 BEARREFE I
KEEN A HI AR & . (b) X FTE 45k CD-HIT ) Unigenes BEATVERE, 78 = K E % HOVERR I L
WMEF7R. () KEGG VERES RIER, #hk /RS2 T 0% BB Gt BARb o ERE S
YA BRNT N 2% B 1 Unigenes 208, AR VR — 2046 H o

o=

Hry, SRR Unigenes Hd i 1T, HICGREAFERACHMERIKAL &
YU, BEAN, 47 614 2% Unigenes VEREE] [l SSAQHIRE . LA 190 25 5k 28
A ARG o IR EETERAE B e S U Ak B (1 P2 90 AN 8 B 2 I AR O SR AT
FERRME T R S

14
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3.2 HWFEGRRD

68 2& GpUGT 1] LUK /72 51 AR AUUPE BRIME >R 23 21 20 A~ UGT K, K bniEN:
WPERT 40% KN FE— %, MBERT 60% AR —TXKE, Hbh 9 &K UGT

(Gynostemma pentaphyllum UGT, GpUGT) "] L% 73 237 19 UGT 2% H (& 3.3).

o

g
&
fxd
g
=
5’0
(2]
N
Y
&
oo

lag .
Grucrzs / SUGT2
PoUGTO9dQ2 — y T
UGT94 family GpUGT46 ————— T¢

il
- cpuGT22 | UGT72 famiy
67
7 ( GpUGTS51
00
jl Is GpuGT13 |
5 G
9 PUGTsg I UGT43 fami
) ily
~{ “STRg

Qot

y1ondo
g1ondo

K 3.3 UGT #:Ab R GpUGT #& M8y SIMEMWE 2 N AR SR, AR . BRI A
ZHEELKN KNS UGT, SENTRERE—3 EK GpUGT A& B I F AL, BHIAH &
AL ZhRE -

15
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BB SEZ O R R (B 3.3), S 13 46 GpUGT 504 S B R ik NS
UGT (Panax ginseng UGT, PgUGT)% K3 [ #t b ¥ [F—73 b, H, GpUGT35 5
PgUGT94Q2 R 2l[F—3 &, MEmEE, &2 T 50%LL F; GpUGT1 5 GpUGT24
PgUGT74AE2 #£[F—4r3 F; GpUGT8 5 UGTPgl (UGT71 KR EE| 7 —ie, BN
FRAUMEHSAE 40% LA L.

FEARYE 7 FUARAE R R I A b, ARAAMERR &, B ) TR RAE T — 3k,
RUPIX L7 5 E A TR A ML ThAEE . BTDURIERIBEE R, RATIE T LR P 5
ff) GpUGT1. GpUGTS8. GpUGT35 AT G &5t

33 ET-RNFHEHFREENH

UGT R &KRIE R H & M@ RN &G — 2 REl, WA R ERR UGT 1
Unigenes 1545 254 %, XN P55 5(<300aa), #ENILHFIE4KE UGT 41, B
DAFRA T3 B H b S L R 7 51 K FE AE 352aa-524aa 1) 68 261%1% /5 51 (GpUGT 1-GpUGT68) i3
AT R UIES AT

it “REIE e R G, MBI 68 % GpUGT MIRIAR, HHTHEIRI S
( 3.4a, b)o &R EIR, EHFEER SS. SE FEARMAGL. RHEFAL IR IE B W,
I HA#-5ik GpUGT 5 BRI 52K 3 [ — 3 b

T B RN IR, AT B R R B A — 3 B GpUGT #kik
K, HMIRHRR(E 3.4c, OFFEERIRE T IMHERREEME. AEE L, EARIE
SH&MEFE S, GpUGT4, GpUGT16, GpUGT3S, GpUGT44 5 LSR5 3 1 Al —3C L,
AT REZ F SS 5 SE W& 3.4¢). FEARHLEAH, SS 5 SE £ R IE
B EETRAMZES, i GpUGTIS 1 GpUGT22 Wi &ix —ah, i EREHL 5 A5
EPAZ

gt FIREE R, AL T 5 B RE RIS BB S ML GpUGT16. GpUGT22.
GpUGT44 T ]G 8L #T

16



R BR 2K iR 3L

GpuGT2?
GpUGTa2

yo Ve

U9 vrain

Yzt vren

Urz Vron

GpUGT3

GpUGT32

GpUGT60
GpUGT22
GpUGT51

GpUGT4

y9 vrain

<
®
(]
>
o
>

GpUGT35
GpUGT44
SE
S

GpUGT16

~

Uzt VCew

ure vrein

55

4.5

3.5

b

Jooy

wals
fea

GpUGT39
GpUGT45
GpUGT15
GpUGT44
GpUGT43
GpUGT64
GpUGT20
GpUGT27
GpUGT68
SS
GpUGT22
GpUGT4
GpUGT62
GpUGT32
GpUGT3
GpUGT61
GpUGT19
GpUGT60
GpUGT1
GpUGT5
GpUGT8
GpUGT37

K 3.4 UGT RiAmFLKME
A ERRFIEER
BREREER R, SGORREKEERIK. (o) FEFEARNEEREES LR EE a PRI

(a) FFTL H 75 A B 5 AN FI I E) ) GpUGT Ris &R, H,
B ERERIEERIR. (b) GpUGT 7EA R fRIE B R, Hd, 2

[{] 32/ GpUGT FERREE R . (d) AR LA GpUGT 7E b B 5 sk R R 2 F—372 L
o FIRFTE TMM (E#45T log kb3, BAKTEN 2.2.5.2.

RKE
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R R 25K ERL R ST

34 ETRKHAEE PCRHKIEESH

A REIRR IR IR R, BATHGE 775 MEE GpUGT #4778 58 & PCR
I8F(GpUGT 1, GpUGTS, GpUGT16, GpUGT22, GpUGT35, GpUGT44). FF-xH ik e &
PCR 4 RiEAT 4 B R

HEARFIERAL G (B 3.5a), EIEFEI(HMGR, FPS, SS, SE)& A B mIF HERE3 T —
A. Hr, GpUGT35 5 Lk R RER A EONAHEL, HRFREEEK.

ARG M0 G (8 3.5b), GpUGT1 1 GpUGTS 7E 6 /NEF4b 32 51 7 B B 1K)
S L GpUGT22 1 GpUGT3S fEHfkRikiass b5 R RBONMEL, ¥ 6 /Nt
WFRIEBA R ERZEIH, WLE 12 2 24 M HIIEK; Bk GpUGT16 Rik Lk
EARZ A, HARTA GpUGT ¥ B FMFm . FeAMESEERZ, GpUGT3S £
Bt b RRE S IR R AR

s I
FPS B4
HMGR )
SS
0
‘ GpUGT35
GpUGTL
GpUGT22
GpUGTS
GpUGT16
GpUGT44
Py o -
b : :
5
<= GPUGTI
<= FPS <= GPUGT16
4 == HMGR 15 =0m GPUGTZ2
== SE <= GPUGT35
== S5 <= GPUGT44
5° 5 GpUGTS
3 g
1 1
< <
(3] 2 o™
5 - 1
.\: mmmm— e A
Q y ol
e

e "._.__.-Il'-(
121

oh 6h 12h 18h 24h Oh 6h h 18h 24h

4l 3.5 56 L PCR 4 (a) AR5 5 Bk PCR 45 LB, FIHE A loge(2:449Y.

(b) RIS 2 AF 70 E & PCR 45 R &R, BOARARAFIIR H RS IS, PAARRR Oy 2-44C,
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R R 2R Falk i 5L

4 JHig
41 ZRIEBEEREETN

H A2 2 R T- 2 B 06 2 8 00 0y 5 38 1 B8 T IR It 2 1 (0 25 i s 8,
T 28 I WE B2 1) O AR VT e 5 (R I8 TR B e 25 M I N 2 6 i AR 25 oL sdid
RGRFZHT, BATERZ GpUGT3S J& T UGTY Kk, F4ia NS _i@it, A
T GpUGT35 HIThRE Al At 5 L B VI (A S 21 RAWERE K(E 4.1).

Y N N N

T

Squalene Oxide

Dammarenediol-II l
Synthase

- CYP450
L =
HO' =

A
Dammarenediol 1T

CYP450 l

HO

Protopanaxadiol Gypenoside A

UGT l

0-Glo

UGT UGT

Compound K Gypenoside XVII

0-Gle

UGT
ole_

Glc—Gle
"0
Gypenoside VIII (Rd) Gypenoside IV (Rb3)
UGT l
on \“‘E;G\c

H /7
JHY
N e
)\

EUSSIN
Glc—G\c\oJ\YZN_/“: 4
Gypenoside IIT (Rb1)
Kl 4.1 ZiE e A A T Hrr, PIMESRE MR N #7k ERFRE AT e
Z 5 BiRG; LEHEPARTE TR OB I ZE S R ]
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£ MeJA AL, JATEIAEFE )G 6 /M LI BA N GpUGT35 HIZRiA &
I TR, X RS ARG E B PCR R . AN T e
BT %ES)E, 5 UGT A MFERYKSE RIS BT &, BT 5S4 ], ik
e T E S BNE], AR A RS ELE] S BT 6 M 2 R RIE BT EAME, fE
18 /NI ARTERITH IR J5, 5 P RCRMTINH 5%, £ 24 /NI HIZ BT AR 3.5b).

AT E s AR = AR 4 G R M T2 8 2B e AR g AR T T A
Do R 2 1A nl e 5 QR 25 A o S I B 2 36 A2 i 15 51 (GpUGT35). X T
L A & R EPT R R 1 RN, NSRS G EE D 1
TERARAE T B SCHT
42 ZRMFHEARLE

=AM AR AT s, EEFUTILE: %, KK, PacBio
) £ 1 DL e 6k BT (R A s A ik, A = AR e AR K e i) LK T 10k,
Iz T AR 150bps 55—, AR SRR HERITE, = AQI P IS A e =5 P
BB GCWEFE, M AR P45 R F b, PHEn 5, SEUE RS540
AHERG; =, &0 tr, BT ERMNARE ARG, AT AT e A8 VA
A TTHEAT AS 5 APA HI50#T .

FELRSHEFATH, HTRAGSHRERAH, e sTar S, B bLEi ot
TN SR AW SUEAER, 08, ML S H A n A B D)4, W i
N TR AR A UL T AR R T

AR T, FAIAOE T =RMWp KiK. ERHEINS, B4E 7T —AQ
WA a0 B s e s U . BT BE s Gk 2 Ja, Al
LA B 2 R s A U A 2 L, RATRE e s TN 2 P A AT RER A e A . X+ =
REFEERZSIN, AR L yrah 7 =AM FrJoiE il 2 %6 7 41 (/T 200bp) ()
BRI LR P A R A A N SRATH I B E ], (B o e S s 4T e 6
7 R R A BB, R R iR
4.3  SHTRIES—RBURIZRIELE

— AT R TR AR, e AT HUEE AT A, 2 R A AR
EREATHRIE, SRt N tr. Tt P AR, S athMERE %0
Bro WTESHFAN S, ThHPHER 7Bt & LR DhaiE L EZ R E 4
AT, G A AR T e Sk 7 (Transcript Factor, TF)7» . K AR5 RNA
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(long non-coding RNA, IncRNA) 7 #f7. #5577 41 (simple sequence repeat, SSR) 7347 -

AW FCAE A AR W 3.1, FTRLE H, FRATTAN A W8 A s SRR R =& —FE
B AR = AR 0 SR AR 5 ST A, AH R S SR MR AR R A R Yo X B0 A 5 I 4
Kb, JEARRATA M4 RS AT LU IEEBRA T 555 5 B s s b, BE U, A A
BEtH I, 7E—SUAEE 7 R0 h, B R AR AR R AR RN, BT B 7 — 3R
R, EEFE M T HEEA O ETE.

AHEFIR S C T RIS, HENMAES LA, BT R =AREEE m =
FARMRE, KIFEKRIEER HQ 5 LQ &I XRIURFMA 8,550 KARTURF A,
Pt ARRATTTE A — IR I o SR AR AR 24T R b N T AT A HHEM R A Z )5,
BT EHETUR AR RIE R T 140,157 %22, KKT R TS5 FiroiriidE =.
AZHE, 759 2 THEN RS RAAESINT TUR, WEINT PR, WIFE K
FEARUIIRAE 43 A1 o S A4 I 10 266 AT PR IR AR B P P b o E IR AR AR U R AR A AT 1 i
FErf, JUHRIReRAE R Sei Tt fE—MEA A AR 2 AR P, LD
Pk 4 B AR a0l 3 0R . Tk R R R A 2 G T B — B A T 1A
— LRI RO R AT, AT . AR D DRI BT I B
4.4  FEYDRERBRROTEEL TS

GT Family 1, T#8 GT1, @HEEEREHIREZ—, J&T GT-B Fold, Inverting
Clan, UDP i35 R g & — 00 SR BEBR & 15 1 (X M A 0 I IR S A6 R
THZ AR R TR IEAE T, R W AR IR s A AR A AR DR I A RS Il
KZ#HJET UGT, M KZHHEY UGT #)& T GTl.

] BRI T T AR R R A ¢ UGT Iz, BATER RSB T2 511
Pk A AR (R R S S R B AT 1A O UGT B HR A GT1 I, (BRI TR %Pk
MR LA SR FRAT ARG i R 2 B e WA DB il e T R 45 SR, A mT DAME . Bkik 3
Tl 2 SHEYCE RSB, BEAIIR, MEARE?

2l Xt ) I — g, BRATRI, BEIRHMEDE & Z A e S R, Hi
FRATTT DUIE I 300 C 22 AT DI RE B0 IE A RE HE i R B BT I8 4 R ALk k. &
TR DL I B R BT A e, IRATHEE MG ST S 5 IR IR
WEREREA LS, 2 )5, P HRX LR R T AR GT1 Bl 2 #i#2& UGT T g .
S B IAH R AR 2 SRR R e i, SR DSCIRIREE 1y 2)#EfTid Thhe
AER 3)Z SHEMRAANRB LA R . 55 5 AR 5 T0F 3 ZUm B0 R
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PRI S R Gt ke i, ek TR AN B8 E 2 L5 T CAZy $¥ 1
dbCAN (http://cys.bios.niu.edu/dbCAN2/) A Pfam (http://pfam.xfam.org/).

FESCHRRT R T, Lh—0a 2016 EMLZRRR T, IS0 & O T 2 il R R MR AER
A OC B B R Bl 2RI TR 3R, 2R B JE 4L 113 25(UGT85H2, accession number:
DQ875463, FEWIiS TR 43 AR T, 108 T HIR), #HATIERML 101 4. Hh, Bt
RFH 9 %, HTANEFHINRARTS, AT #E4T Batch Entrez N GiE R A
7%, 3%TFIBEMEAEANETEF, 3%, KReeAMBEIEHFHI(DYS01582, FG404013,
AK450655), — 5% ID #51R(AY 14269), M JF TR IE fG (AY 142692)%h 4. 2 J5 KR H
ITE R SCIRAREL, KREM N 2015 2L, RRERT, F 54 KR RERK
D), o, —%KIRL, ZFBBRATTF.

F T~ BT 25 160 280 A9 SRR i PRk A7 3o Th B 0 IE 1 2 5 R IR A AR W P T R 5 RS Tl

it HeR S S RS, HWFEN BT GT1 Al UDP-GT. R o] Mids B S kit vk A=
AR G R S 3G R (0 F A 75 L 2 S VR Wl . AR £ DA SRems& 1) A5 FH
A 1) Unigenes #AT Pfam {ERABESE AL R BEVERE s 2) BP0 v 4l RIOT 4, 7ERE
FIRE KB 2B R P ) o X RE B s th Sk 1) 7 91 i KRR B i O 1 T sk I 91 ) 5
P, A B B A 25 SR T DAAE J5 R0 e 3 E oo DA 25 Bk
5 &g
5.1 FEILALREREROTHIE 1% S FH T 1) Unigenes #E1T Pfam ¥R AIE IL 4% B BRI R 5
ZIEH P R AS RBOF G, FERIE P RE IR BRI R P A1 5 AR AR FL At
T 45 AN BN AR SR 0 R 3BT AR RO E & PCR SRR B A) 28 45 Bk A7 i — 5
JRie, REIRIGIER.
5.2 HT R, @RS RIL, 93T 68 %5 GpUGT fRikIE[H; 454 %
KAEGHMWREG R RN, Mk 7 6 k&t GpUGT (GpUGTI, GpUGTS,
GpUGT16, GpUGT22, GpUGT35, GpUGT44); fEK)6E & PCR KHEH, GpUGT35 5 L
IR RIA B BONAHIT . R, BATEN GpUGT3S & &H fl e S 55 i 2144
& A R BT 5
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PSR

T 1 2015 4F 1 H-2018 4 3 H #HATILIIRESE E 2 SHEM IR AE AT B SR FE IV

ID ID Type Definition Year Reference
no submission NA TaUGT5 2018 29]
MG488289 GenBank Not Released 2018 20]
Nucleotide
MG488290 GenBank Not Released 2018 20]
Nucleotide
ASA40331.1 GenBank UDP-glucosyltransferase 2018 (21
[Camellia sinensis]
BAI22846.1 GenBank UDP-sugar flavonoid 2018 (22]
glycosyltransferase
[Vitis vinifera]
ASU43997.1 GenBank UDP-glycosyltransferase UGT5b 2017 23]
[Picea glauca]
ANNO02875.1 GenBank UGT84A23 [Punica granatum] 2017 (24]
AUR26623.1 GenBank UDP-glucosyltransferase 73AH1 2017 (25]
[Centella asiatica]
BBB16127.1 GenBank UDP-glucosyltransferase 2017 [26]
[Indigofera tinctoria]
KX371617 GenBank Not Released 2017 (271
Nucleotide
NP_001279020.1  NCBI Reference isoflavone 7-O-glucosyltransferase 1- 2017 (28]
Sequence like
[Glycine max]
D3UAGS5.1 UniProtKB/Swiss- ~ AltName: Full=UDP-glycosyltransferase 2017 (29
Prot 88F1
D3UAG4.1 UniProtKB/Swiss- RecName: Full=UDP- 2017 (29
Prot glycosyltransferase 88F4
QILZDS.1 UniProtKB/Swiss- RecName: Full=UDP- 2017 [30]
Prot glycosyltransferase 89A2
AAS55083.1 GenBank UDP-glucose glucosyltransferase 2017 (31]
[Rhodiola sachalinensis]
OAP09184.1 GenBank UGT?73C5 [Arabidopsis thaliana] 2017 (31]
Q9T080.1 UniProtKB/Swiss- RecName: Full=UDP- 2017 [32]
Prot glycosyltransferase 79B2
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ID ID Type Definition Year Reference
Q9T081.1 UniProtKB/Swiss- RecName: Full=UDP- 2017 (32]
Prot glycosyltransferase 79B3
KYP54814.1 GenBank Glycosyltransferase QUASIMODO1 2017 (23]
[Cajanus cajan]
AAD55985.1 GenBank UDP-galactose:flavonol 3-O- 2017 (34]
galactosyltransferase
[Petunia x hybrida]
ANJ03631.1 GenBank UDP-glycosyltransferase 2016 (3]
[Glycyrrhiza uralensis]
AJW28718.1 GenBank UDP-glucosyltransferase 2016 (36]
[Fragaria vesca subsp. vesca]
NP_001345940.1  NCBI Reference flavonol-3-O-glucoside/galactoside 2016 (371
Sequence (1->6) glucosyltransferase
[Glycine max]
0A089564.1 GenBank UGT76C1 [Arabidopsis thaliana] 2016 [38]
0A093987.1 GenBank UGT76C2 [Arabidopsis thaliana] 2016 (8]
0AP13723.1 GenBank UGTS85A1 [Arabidopsis thaliana] 2016 [38]
AMM73095.1 GenBank C-glycosyltransferase [Mangifera indica] 2016 (39
ANW09827.1 GenBank UDP-glycoslytransferase 3 2016 [40]
[Carthamus tinctorius]
ANW09829.1 GenBank UDP-glycosyltransferase 25 2016 401
[Carthamus tinctorius]
ANW(09828.1 GenBank UDP-glycosyltransferase 16 2016 401
[Carthamus tinctorius]
ALE15280.1 GenBank UDP-glycosyltransferase 3GT2 2016 (41]
[Panax quinquefolius]
NP_001315912.1  NCBI Reference crocetin glucosyltransferase, 2016 (42]
Sequence chloroplastic-like
[Malus domestica]
ALO19890.1 GenBank UDP-glycosyltransferase 84A22 2016 (43]
[Camellia sinensis]
ALO19888.1 GenBank UDP-glycosyltransferase 78 A14 2016 (43]
[Camellia sinensis]
ALO19889.1 GenBank UDP-glycosyltransferase 78A15 2016 (431
[Camellia sinensis]
QYSBLI1.1 UniProtKB/Swiss- RecName: Full=Cyanohydrin beta- 2016 [44]
Prot glucosyltransferase

26



R R 25K ERll i S

ID ID Type Definition Year Reference
AGL95113.1 GenBank UDP-glycosyltransferase 76G1 2016 (4]
[Stevia rebaudiana]
AEW31188.1 GenBank glucosyltransferase [Vitis vinifera] 2015 [46]
AIF76152.1 GenBank UDP-glucosyltransferase UGT85U1 2015 (471
[Crocus sativus]
AIF76151.1 GenBank UDP-glucosyltransferase UGT85U2, 2015 (471
partial
[Crocus sativus]
AIF76150.1 GenBank UDP-glucosyltransferase UGT85V 1 2015 (471
[Crocus sativus]
XP_004307485.1  NCBI Reference PREDICTED: crocetin 2015 (48]
Sequence glucosyltransferase, chloroplastic-like
[Fragaria vesca subsp. vesca]
XP_011468178.1  NCBI Reference PREDICTED: anthocyanidin 3-O- 2015 48]
Sequence glucosyltransferase 2-like
[Fragariavesca subsp. vesca]
XP_004303953.1  NCBI Reference PREDICTED: putative UDP-glucose 2015 (48]
Sequence flavonoid 3-O-glucosyltransferase 3
[Fragaria vesca subsp. vesca]
XP_004303954.2  NCBI Reference PREDICTED: putative UDP-glucose 2015 48]
Sequence flavonoid 3-O-glucosyltransferase 3
[Fragaria vesca subsp. vesca]
XP_004303955.1  NCBI Reference PREDICTED: UDP-glucose flavonoid 2015 48]
Sequence 3-O-glucosyltransferase 6-like
[Fragaria vesca subsp. vesca]
AGD95005.1 GenBank lignan glucosyltransferase 2015 49]
[Linum usitatissimum]
NP_001304440.2  NCBI Reference isoflavone 7-O-glucosyltransferase 2015 [50]
Sequence UGT4
[Glycine max]
OAP07463.1 GenBank UGT74F2 [Arabidopsis thaliana] 2015 (51
QIYFI98.1 UniProtKB/Swiss- RecName: Full=UDP- 2015 (51]
Prot glycosyltransferase 76C4
Q9FI197.1 UniProtKB/Swiss- RecName: Full=UDP- 2015 151]
Prot glycosyltransferase 76C5
AOAOM4KE44.1 UniProtKB/Swiss- Full=UDP-glycosyltransferase 13; 2015 152]
Prot Short=MiUGT13; AltName:Full=C-
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ID ID Type Definition Year Reference

glycosyltransferase; Short=MiCGT;
0OAP14418.1 GenBank UGT?71C5 [Arabidopsis thaliana] 2015 53]
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EKERBMRIAR

FE: B 2016 F R KM =R MR 2K 4 S FE Nature Communication F&
KUK, 2RKEANTFEHREER, AR TIXWRELLK&G S0 SCE kW
PacBio RS2 ¥, HuE KA T 3 ZAMAHEE = Sequel & TEM. AT K
W Sequel ¥, MENGRTTEEE. WFRE . FrdEfbimis. Tl dEizig, JExt
FELXSH A PR LITUR ISR T —MSHMRITTE .. DURe A ZR N I
RN RIS, TR TR

KRBT KT PacBio Sequel; TEHFRAH L TUA
1 NP REGE

M —AX Sanger W FIT4R, MFFHEARMKEILLE =M. ABA10 52 B4
Sanger M7 LFTEkE R, TiEE =, 4r7li&: Sanger 55 Coulson & B X 8 55 £¢ 112
1 Maxam 5 Gilbert & A 0% 240 . 1987 S35 e hric 1) Sanger 54X (¥ & B,
fE1SHT 2 AR ) e Hh A5 DLRBE s 28 —ARIFHR NGS, Next Generation Sequencing
BUPRIA & B2 (SBS, Sequencing By Synthesis) 4T Eil &, HiEA =, 0l
Ronaghi 5 Nyren JEEBEERIIT . 5 6hnic 2 BAZ TR SR B AN A58 Yebric B
AR DI .. BERIIE E Sk Mumina KA KRS =Rk, BIEZOEFR
PCR, DAHIRBURZ NG T . BEMRMFEAR B T AT KK, TiEA=, W
Rl 9 655, 43 5/& Helicos Biosciences [ True Single-Molecule Sequencing (tSMS)
Heliscope Sequencing (CL i 7k) . Pacific Biosciences (1] 5.4y 2l 3 A (SMRT,
Single Molecule Real Time Sequencing) LA & — Fh #8155 Il ¥, Oxford Nanopore
Technologies 144K FL (Nanopore)Jll 7 £ AR . PacBio 4% 0 & F P T FL(ZMW, Zero
Mode Wave Hole), ifij nanopore %0 f& 44 A4 ratchet [N,

St T4 K57 4H (Iso-Seq, Isoform Sequencing)>Kii, I E R+ PacBio ) SMRT
FAR, T AR TP 6 F2E =M, 2552 RS, RS2 # Sequel. /il
PP —A ZMW fL, TsEhrigfEid ey, 52— SMRT Cell, ££1X/> SMRT Cell
HHEFZH ZMW L, I HHEE IEERAE AW M EoR TR . e ey, &—
A ZMW G AN, HOO0E T2 & USSR, 5B e B R i b
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VR L B b e B AR S = R AR KK M R EE R 2 —.
7E DNA WFHh, B9 5E B AT DU (5 54 R s 42, 178 S N Hp ROR SR A 1 7
AN 253 R g E i AR K PCR @, F LA LT A R0 mT DAl Hh iy, {H2
RNA H1 RN B4 5 [ 5% PCR & % cDNA LA PCR 438 2, it AN 3 1) R A0 A5 2
CANFHER . FARIK @RS N SCh AR .

2 MxRER

AR SRR, EER S BN X RAT L AE Y. . B RNE
(EE¥T71) , WELSHREEAMER Ly NG SRS .

TEEA S BN A G, AT T IE 2 TUR 5 M8 2] U T R 2
BESERONESE CEEAEIERRZ ). IncRNA 5 CDS Willl. EZHIN AT
EESE
1) #FREKSHTH], “ARNFEARMKEAK, o DMERITA A2, (F0] TR

U AR (Isoform) (5 ., FHRUILEHAT I E &, AHEL T AR 2% /5 ¥ Unigene Kt

AT S AR I, T S s s e o S 2 R A
2) SERTESNT, LA ZERTLAE A PacBio B 7T HEFEN Cogent FfF, Xt FFi sk A 1)

exon XIB T BY AR JG U S5 FE 20, FHAHFH Tso-Seq M7 £l 5 3L LU, HEAT 45

F53 4, AT 8874 (AS, Alternative Splicing) o
3) DiRetEar, SextHdE e B R T R B R AT, AN A R gk AT 2 e A
%, BRI RS H IR AR UNER A GO = KK ThRe.

4) EFEE, FEHATR R ZER W, 2905852 ARSI RA,

BE— BT AR k.

5) WA, FEMATIEGMFRERR . KA FYFD R I 2 0] ) 22 R oA

Gl

—BRAVHE T SHRE M, — LA e T DAREE, FoAT] E Z0 R E 5
AT 5SS H LA . Bk SR AT . R R 5 R U B AR
AR BIY)(AS) A HT AT AR 2 R IRTFFRLIL(APA, Alternative Ploy-A) 7 Rl &3 Kl 47
INCRNA Tl %% 3% IR (TF) 70 LA J& 5 82 22 53 40t e Thie & 4 (RIRE S e AR
HmdEntr 1) o EEMNHTRA:

1) SeB¥sRH, FEN EIRE AS & TF K5 #r.
2) SEIEENAH, SEIERA R R,
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3) ThEEMEWIR, WREESNERERNMINGEESE, En]lik—B ok Ihie S

R B L B S A R R
4)  ZESESEUL, BETTE YRR [E AT R AN R R A 2 1] ) 22 S e AR,

5) R, FIES AL,

6) BhAR U, WRFE AR RS, AR E W BB L
3 tnENRIE

31 HmEE

P RNA BER IR R B, s g, AL, B3, Ak ik, 78
FIEREM R SRR, FEAEH TP, 4372 : Nanodrop Al #EfR
JKATI . Qubit KX LA K Agilent 2100 A=W BT KT I . 4058 G4 32 B2 L sidniE,
Bk WBE KR (total RNA) K T2 300 g rt, BEEiks 5 bl b
OD260/280 #27£ 2.0-2.2 2 [A]; OD260/230 #7E 1.2-2.1 2 [A]; fEENZ RINH, 7FHE
KT 8, WIHRZETC 28S (¥, Toikillfg RINAE, 7FE 2100 Kol JE2e-FAe; HAth %4+
mEEit. TABYERIRSE, MHEZEBLEN. MFERMN S, R E A A
W, ANEER.

32 XEHIE

PSSR ARG, B AENF AR ENF A SRR S, E IR
F RS T IRS, DMETEA & B TRIE, 2 )5 B RNATREUA 42 RNA,  H%
R ] ST HR L RNA s, P e e AT e e, s BT .

TERE FESRME J7 T, IRAT Sequel “F & E MR SR & ANTRie v BUEE N 4k PA L
RKABEE, 25 _#%5ERERA UMEREGCE, HT VT, XREZEERR
f&, {EULRETM PacBio WIFF &, flin RS BAK& RS2 Z i, #Z&KH 1-2kb. 2-
3kb. >3kb BE AR 75 BURE PENT IR, 2 BT LA BOITE IX R 2 BN TE Sequel (FIFF
Zedr, ZMW HIFLIREEA Frdgin, s 17X TR BB H) SMRTbell fif 1%, 1 4kb LA
ERR A BAERE AT G WWEIEA AR 2, N T Rstis Oy B i T 4k K
Fr Bk AT w B R R AR B R B G AL R E ALY

TER R b, R EHET A Poly-A I mRNA B, (A 5Bk 38k
SIYDIAT I 3% PCRAE 2 15— cDNA, 2 J5 PCR 2@ FEIRE; TRkt 4k LA E KK
B, FIATREN BB RERA (Wik); 2 5% SMRTbell adaptor i 2 5N
SMRTbell, M5 X hBskidEd:, R4, 5IW4a. REaWm e, SE LILT.
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3.3 EHUNREF

W 0 JEERAE B SCA BT 2, NI R YRR R DL Pl 7

ERERAE, E oK MagBead ®HAER 5 EAF SRS, XR—FRIMEESE Oligo
dT WIRERK. 2 J5, SMRTbell F[f) Poly-A tail 2= 5#ifE Fi Oligo dT 454, 454 L
SMRTbell AJLAGy Ay =Fl, MmN BOd . B MR KEE TR, HIEZE
MFR 5B =FE 5 R A k. K MagBead 5 SMRTbell £ A& SMRT cell 1, %4
FEERAE cell KIS, 479 SMRTbell 438 ZMW fL, Hrf, SRR =M%
EREA il 2 ZMW IR, T G245 B 7E ZMW H, T 38 R K 288 GRAMRb
KJZSE 200bp, A A FH AT DAL $25 R A A AR Bs R b ), A0 ] 5 7 JES 350
AT 2 B A B R W, AT {8 81> SMRTbell {5 8 7E ZMW 24, HEAT IR 24207 . {H15
FEREME, ZMW RN BT, AMEKERTLUME SMRTbell — i (B 45 & 7R,
HERY 70nm, NTFOUESEK, WMENFESREE ZMW Lt RERD
ST HABFLAG TR, AT CRUE I 7K T

WS, [ € 72 IR K DNA &Rk SR R 58t hRic ANTP R4 BIRAR |,
X LTI AL R AEBERR R I, B — IR U 2 B AR R 2 0, 1X 2858 )
PBRAEESH 20-30nm [ FER, 7EFLM EFFOAME SE 058, Aast HAabsLr=A41R
REGM o A5 5l PR IR G U B 58, i AR 15 580 base calling, #1k
N ATCG TSR, 66 K, O8N TSR . X585 A F I I AL 2
34 BRSO
3.4.1 THIHIELIE

AR G A SMRT Link B ERRACE, IUTIRAEER 5.1, XK
B EIEAE, FTCLE BT EH, FrA R PacBio THLAME AL B S 4 T
AbEE (https://github.com/PacificBiosciences/SMRT-Link)

MW, &— ZMW LR P=A BT A 75 5 U subreads, EEIXA™ subreads
Al A 2K (FL, Full Length), A7 GeA MW E]—FF ik, W2 3E4 K (0FL, non Full
Length)f#y, 9552 R 35 f5 — 5% e Ja — MBRR IR AP S 7 B BB I F A S K £ . X
L6 subreads il id ZfrFk, P NETA B, BHATILNBIRIE, SBUERRI—EET 5
PR AL — 0 7 51)(CCS, Circular Consensus Reads) XML — M 7 41 7] LA A 2 5
Z T PacBio & H1%) Read of Insert & [FFEHIARTE, 3 Z [AMXAELFR B i
(https://github.com/PacificBiosciences/SMRT-Link/wiki).
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ST ASRRIEE, Wil RS AeKIABREETE R CCS Fala ek
AR KIS, ZAHWFRHES LR =5: 5°UTR. Poly-A. 3’UTR. AR IX
=R CCS AR K K. Hr, @iy CCSEH ICE (& T SMRT Link) # i
ITALIAIER ., 25, BAEAKN CCS 545 ICE [ CCS —[RliEAN Arrow B fFd (fE2
AT BIRSAS L 5 Quiver,  [FIRENAE S8R LA FTod2s, Frse sl TAEREA —H0 nFL X}
FL /) CCS #iTHZIE, nFL BHTRIEGIHAZSH R4, It ERTE, 2Kk
% & JF 4I(FLNC, Full Length and Non Chimeric)# ] HQ f1 LQ H 2Kk #a 42 {3 ## ) CCS
Heg 2 /bR, AT I FLNC #852 FL H.

3.4.2 ZRBURBKIE

R, IR B A K s AR W R R N AT AR, RN
PREE 1 B TR S AREORE I B P AS BE A fE 85% /5 47, FdEAT TILAE
RIEZ G, IXANHERGE AT AR THE) 10%, FO@ nFLAZIE, ACAR & 2-3%, el
CAREIERIE, WRLERR S 1-2%: —RFENARBIEMEEE, = REdEEE B A,
At i, SR RN AR — R 1078 55 5 (Coverage) IR {5, A& AH B T — AR
FrEthiR 2, AR HLEGE At 4ok G, A = AR EUE th 260 KX B G
AT VL) , XEE A ACHER IOl = reads AT LR HMEGE B A S, I8RO
A =R T ABEE T DRk E R, SACEORE I PR EAL, B E D, HORE A
i, A —ARHE e B8 AT LAEAT 5 BRI 2 S

FEREAT AR IE RIS B, 200 32 SR B0 12 LoRDECY), AR 3 2 A T4
“AREE N = RBER AT IE. 2 B, T proovread!?, i LSCU!MERAF 1 E A T
NEHARIIRLIE
3.4.3 A KEREREN

HZHAHSHIERA, Fr7LSSHIEEA LN, [ 2% 5 5 4T
FEHUE T UMBIE, #t— b mEtt, X2 )G, FRmiEr S Hk AN, B
FER G AR KT FRESRARERE . DA G822 F AT CIEIbG AR e b4 8 5L 8] s 1 5 1]
4 JKIhieE SR IR TAE . A & SRR 20
3.4.4 B KEREBREN

TSR NEA SHFERA, B, Frelg T REEIUAR, 4R Unigene 2 )5,
AR . B AREEST Unigene AT RIN E . ERONT. IREEE. FFE,
XA A E R FAVRERIER, B DA 75— P32 e 50
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R 25 K Elb g 3L

4
4

4 BIEZHE

Ryt — 30 (B R 12 30 R 22 R AR S FAR IS DL AR o o, R i AE ik 1) H
MR AN, 5 SR AZ R T AL, BT RIS, FURRAR], BATMH
e AT A S A R R TR, A A B I AR AR A DG HE 1R I ik
IRZEBEIRATEFIR DO B H I, A5 EHrhlE .
4.1 HEHSHT

FE ARSI e, | T 00 e 25000 75 S A AT DR B oA, M F e (%
RAEA—EMER . ER =AVMFEAR, HAKSAHI S AT U E BRIV R R A,
T iff 90 TR0 7E 7 S B R 2B 1 25 W R AL IRF T, 3 n AS DL J. APA, il B: DR 5%
INCRNA T 3= E2 2 5@ i = Rl i A& Pfam R SE R, 15 3 K7 i 40 S A vy
DUABIEREBLTH, AT 771 b R 30 2 T8 3ok 5090 P 3 e e 1

fEA SRR, REARREZ Tapis MAES, HIREHCIR SAE 2016 R FE
o T B R 7 TAE A, HRidosiiie TAPIS 1.2.1, FILLAEZISSHEF AL,
RAE IR AR B FA, RIHEER AL RA, 554 APA F1 AS. HHf¥) AS 43 #rn]
DUE ] SUPPAIPR B4, ik 28 4, @G K{EH ¢DNA Cupcake H Tofu [
find_fusion.py!"*!"A] LL5E . IncRNA 3 #fr o] Lk CPC!', CNCI™, PLEK!OIL) )z 5
Pfam LUX K 5 il o

TS EEM A, WARBURA R T AS T, EZERAMA Cogent! R AL
% SUPPA SR5EHL, (HAZMERRA FFEET.
42 ERSH

FEESSP R, BATE RENRBEMZER ST E L EE, sEfEHnE 2
KA. X THESH, GEYSESKT IR DESeq R 5k, JoAM % HE W]
LM A DGESeq!™, *fTJ6%, W LMEAH RSEMPLR 5E
43 RNEZHE

AT Z e, RITSZIRZ ZRREER, {5, £S5 BEErE
—EITR, RIS AU AR SR SR AT IR AT 0, BITURE —E# 7 2AEW i
gk — PR

XF T Z P B A BIUR M TE S B R U, R aE, AT EER
A /NG R TR R 2 RN E A, B KN 2 GORPYRI KEGGPY, —
FRCAE 2 7] 4 B 45 R i th A T B T AT 22 e R B I Th R s AR 45 R, it 3k
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A3 L8 I E SR e T WA AR L 1 H I ok SRR S5 72 S b B H (VAR DG ¥ Dy e A
T, A E B B R R B SRR B R, BEAT R — i AT D b
TR HLRIEHT. BATAEMSG .. BRIk, Kt NEH

TERE T — 8 s AR AN H AR DI Re A OG5, FRATT S B HEAT 8 M 56 E A0 T RR 56 1IE
AP RS E H IR . 4R, WERBUEME 2, IR R, EiX
WA RS R T REAANB—EH LA, ABHZREE, (s%.

EMERRAE TR YOLEBIZIRY A (gPCR, Real-time Quantitative PCR
Detecting System) . Northern Blot. KGR AR A H R0 3% FISH &5, H, 4§
qPCR % H

THREIOIE 7 F AW RAE, —IRIHRIE, BATT LU RE AR, T
W RIE IR AR, REMBBEGHL, WRETREGLEGHELTEANRE., —
eI ol B R R B RS BRI K Ak, J7vk N siRNA T4, CRISPR/Cas9 VIR
S5 B R R PO R e I R B BN . R SR R e ST, AT DS R AT N AR A R
VORI, WA AR B O L P00 4 H S
5 IARERPAS R

AR A R R L AR, B AR BRI R R Y BB R R E R
bb, TERE S 7 THAE AR D A AE 35 (8 2 1T LANAS 4 K S AR T 75 AL 3% DU v )5 8 o0
KEIE, JE8 M ATy NEE R o T R E B 2 G 22 a0 T o ER AR A JLAN AT
BEGL I BREE . LEFRAT A — AN BRAR I PP R IR A

PR BARIN >, b2 B P, AR BB A A i S (i J5 R RS B,
rHERR EE A JC RS o IR AN, I EE PR FE MV E A, By 1<
PEAE T RE A A TN . HRAR, BUEMIIT IS A A B — i, AR B 1Y
WEAY, SIEENERKAY, KIS0 s MER A AR

(B U0 A SCATHR B = 5, DUAE A AT AR o 5 58 2 BRGNS R AR 35 (0 0 7 2
AL A F 408, R AT LA E AN T MBS S . (B4 A G XA H i ) A
W, AW A EREFEE, BATRT AL 5 H o ks I =R EE . (R LS
SRAMFH, BAVEHESHERA LW, Xhid R 72 TR0 AR T LR
TEJG B0 22 5 o0 T AN BRI JRATME 22 LA 1R Z AR BLR 3L A, TEI0 UE R 20 i 2 1
A3 SIS TN T FIIE

WAL TR, BEMNEE—B K SMRT Link %2, 7£ SMRT Link 1 ICE 15 Jc 2 ¥ A4H
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LIK) ccs %2, ZJa, AEREIERIEZ FERITSMA CD-HITPIR U4, HERE
ERERNZ, XEMMEOERER T2, -« ZHERR T FIRUERE, s T2
BINPIEAR R PR — %, X—SHEATREFH BTN =099,
FHARZAAB TR Z EANER), FHEER MR 77, (XES%.

R I 1%, FRAT=ARE P B R AR AR 2, B BLIRATIAE FH — AR5 %
PEPHE G 45 RRAN AR IRATEE R CURTER I RHE G BB 2, XA IE
TR DL = AR 7 H R ZMW TG 2 200bp — T BISRIAD, TEX P A &
g, WAUER TH—REAREEIEEEZ IR, FTULERIURMERCN T — TR A
PR ]

RIXS 7% T ARRATH H B 08 A s ORI g, — N2 CYP450, —
A& UGT, BEARLL P450 A%, FATK CD-HIT L ¢ = 0.85 (S3us1r, Hokm4E Rk
il 44 cdout , fE¥ cd.out BIREMAEARFH L FERATEFTRL R, FRIMEH T
Pfam F1 Swiss-Prot #5040 22 1) 25 S RSEHCGERE 2] P45S0 45, JamaRfI&d 7 =5
FIWTR AR AL 204, B2
1) 95%HHAIME AT, KT 95S%MAIE B 7 HI ELEEEN T AT, m T 95% M7 HldEAT

oL ik
2) 99%AHBATEFINT, KT 99%AHME N7 FI R TR NN LI IL, & 9% 751 {&

BH—, ENTHE T
3) NLiiik, FrEanT:

a) ZIEM K KT 300;

b) #H[A cluster #1741 LE X

i) REREKFY], S cluster fRET 1-2 5%;

i) WA AS, PELEIIREY;

i) aARBOKFLP I % KPP m e, B KA,

iv) X TG R, NB T SNP, B Z % BIIENT, &R AEMIE—%

) XFFHECAB AN T R 1, 4T BLAST LA & CDS T, fRE text R

P, AEBAThRERE FAH AR, CDS XK.
4) R
a) fHHSCERRIE I BRSBTS G R, RE R — 3 RS
HR A FEEME, A RS H R A,
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b) AT LUl Id Rk Heatmap KK, 5 bR FRAB AL, AT GEgmID
HEEA.
6 KEiE%H

DLAERTI 5 e AR ARIEAE 1, 38— AR e 2 T2 7 e b b i 3k B H
MEERNF, HTATE@EE, RFEREFE, Sanger NP IR AL TAE. 28
AR BT iE i DA K 150bp A BA R K A H 2 BRI BRAS, A A3 7E — SR R
Kk, FHEEEENNPES S, RPN EE, IFH AR R A %
A, BN . RN, A=A 2 A R TR RN . AR H T
K, RS R RZE . REK R BOSI 7 A B R R TTER, (H2 ToRE A
m R —,

PacBio ] SMRT Sequel V- GiEFEANT 2, ARG BIARK, HRFEZD
AR B R BEHE DLRS 15 A SMRT cell H 77 H ¥ Bk 42 7, k57
Mgt F4, X215 PacBio fEMEEIGINMELAS b, WP HA vl Redt— DT
SRR TSR, IR TS AR, AR AR, AR
o R BRI e I AE R P v, R R RO A R B, s — AR S A
PHEEok, RS R IR BRI PR HME RIS, T = A B8 b T DUE BRI 4 K
Bk R PHE, RORIR S 15 22 M B HERPE . FrBART DA, FEH S Fr 5
T, =AM AT AR P i e AR PP B ARAE 4K e s L D 1 ¥ v R 9 2 ok
(e

FERKMIKES, PacBio V&L AR L Budt, = AT I & AW G B T
Nanopore FH T HAF#EM:, DL AR DAE R AL, B0 2 Lk 048 n &, 1
AMAASCKE U > A =y BRAE I 23 = RS2 S % 24 . K% Nanopore I 744 45 & P K
(IoT, Internet of Things), K23 Al R HE T Hede e b i it & AER LR 7 1 B0k
L TR A e, ARAE 0 T B M IR T K A R IR T &
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#x
DNA U 40 4: T, TAESHNR

FE: ELURLRIRL S DNA P 40 F4E, 783X 40 (A, FATIIE 17 ARZ R
I, AR 190 PP BOR ML BsE 2058 — A NSRBI 4L, A 21H 5 NS 4L
T Fp DA R Fo B A ik PRI AL e i 78 AR 4. R AEIX 40 2 1R], DNA I FP R B R I A
Wit Qg 59, HAPst A T &M TP E ' . AT, AR
R, DNA N FPEOR AL =24 AT SR8 -

DNA Ml FHE P B R HIRR LT 5, H—2RHIRRE, 55— = ABiE
AR ARZ S, R, FRATE JCmE DNA MIFFRARKIR B L, RGRITRE
— F DNAWIF R IR . Bea, BATERST T DNABIF ARk .

1 DNAMFEESE

DNA P E AR R EATTEAKER, R8T M BRI A W . Tk, &
AR TE JLZE W 7 A R J B, AR 2 SR A A K 43 - DR I 72 . DNA U H FL K
BRI R e AR N B AR R, UGS =R (R AT M =
R CRFSERHIT ) BORMIEEE . Boxd fyl i 7 — e o B LR R 4
11 BEINFF

Fred Sanger A%t T-AEM Ko F HOREIRAL S 5 (0 T ff Bh Tk — B IR NARF A,
FREXMES, MR A ERNE T — R ME 2 k. BaEEIN L,
b ) TAEIS B NS BT AR R 37+ B DK RNA FIE BER B 1 R Sy ik
fiilf o

Ettt2d 50 AW, Sanger Wl T H—NMEAFY, BERES, MKEAKH
SEERUR, o MIERE A, Rl R E S P T R A AR
WEFCBAATR SR T IR BRI A A R E S . ERK R Edman [
fiEd, e SRR BOR o R B AT AR I E AR A, i T E A . BRI
FPRITNEIRTE IS, (ARAE 60 FAMIARE, CEMt TRZMEAFS], I HIFE
T PR A AN [ o e 22 S [ AN ) A [

EA 60 FEARH, RNAWFIABHEAN T ERFIEFE, #—35 RNA H RNA
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A, A BUH ISk 8, A B A ERZ RSN BE AR T, R
reads 2 [A] ) S0 PHl— BLSE BT A, TNEIR (RNA 255 —MII1SF 511 RNA,
X TAEA S AL FEN 6D T 3 ARt (Rl 58 e, AR T 1g A RER (A 140kg
IRERE R HALIIAE T 76bp (551, RNA 5 (15 J& i T35 40 EEHOR 1 H B
RARRGE, XTI AN G TC R RO I RNA FBEEET 480 B9, AT fE B At AT 170
RANFFFFNUE R

1.2 DNA MR % BA

AR DNA M FH ARV )5, 1968 45, Wu {f I 5199 84 R 3/45 T lambda
W AR I 12bp REPEA SR 5. 1973 4, Gilbert A1 Maxam -5 1 FUHPHIE 25 & 17 5 1
24 MIEIIFH] . MATE DNA #SE RNA, FF0FX e BOtAT T, X TAED
AR, PR H — AN

1E 1976 EF2 4, BRI PR 1 H BASAS AT DAFE— SR A I B] A b
ARIERIFFEH . PR AR 5052 Sanger 15 Coulson & BA XU A 554 17 A1 Maxam
Y5 Gilbert & M EREE . KPP T AR A O M TG b1 i BEar 85, AT
SEMZIRIT S . Sanger (77 158 FIARIC 5 P18 DNA RERIHT IR 1, S5y
384 H A R 8 PR BB AR R P MR BEBE L2 1R, DU AE AR DNA F Bt
Gilbert )77 A8 FH AR AR 10 1) DNA F B, 72 DU s B A A B A 70 7 AR B A e
ISR P B o X R 7 R A0 A FE B i Vet R PR DR DN 5 B — S0 R R M S R DAN
Fr BRI, X B R b e A vT LA DAL 1) 3 1 236 0y BS AN R K/ 1) DNA F B a5
PR, —#0 RN — ML, A X BT BUNE B 5, I TIHEFRAT AT A RIS 4%
WER, AT B ERKHES, (2 BAsr 5.

XL AR —ERAVERE T IZ M. EHJEH 1979 45, Staden $2H T 3
P, BRI YT DNA A BRIBEHL S B AT, 2 )5 SORI A A B e 1 26 8 340 43 B
H e #E ) DNA F41. XA BT Messing £ 1980 4F B Jo X Bk M13 W B 4 7o [ 2,
R E T IR R e, PR ) TR EH ML . BIA0TE 1982 - K 3R lambda W
B AAFER 4. 76 1987 4, Smith. Hood DL Applied Biosystem & B 1 3T Jahric i
Sanger W FAX, TLALAEEH 1,000 G5 804 S0P . BEJS, W0 PR B8 DUBE 7R 8 Y
W RRUER K, EEER T P OBUEEMEMR (41 GenBank) I Hidid Luxt T A
(I BLAST) AF X Se# s (B A3 DAL, A AT A T Hd L= 3l 78 1982
ERE Y 50 JITRFERI B fEAEE GenBank th, TH| T 1986 4F, AHiL T 77 HIBHIEMI4
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KRR (Whole Genome Sequencing, WGS) 4t it BA-i#%#E GenBank .
1.3 MFHRARTE HGP HHIF A
N K H R4 1 8 (Human Genome Project, HGP) th, 724 17« i wE”
(Hierarchical Shotgun) FIME, FEXFR7iEH, ANREEFH MK A BOE Sobl v b 20 40
N LK (Bacterial Artificial Chromosomes, BAC) #', & —/> BAC _-f#J DNA B4
FRRBIRE, KA #E, R H RS, WAFRB D BB TR TR, &J5#17 DNA 7
Ealifl. 24y DNA =40k 23647 Sanger M7, &R 7 B O BUE B 3REUE
T, FEEATIEE R A DR AR RS, HEEEN SRR HEMRZ PR, 5
AN SEI0 A EEORAE AL 1 AR DR &5 SR IERA P, XAEAE AR 2 AT 6 PR 5E DL RE —Fh A
— YU 7 iR A B NSRS R A 15 IR
Fk b, AERBELRIAL I T U6 2 I, 0 TR — A0 e 20 SR A RRBRT R4 3 i) 2 T
ok H i o LT IAE | A 90 4EA, REERITHEA -
1) MFOGHRIC I MR EHRIC AR S, AT S NLAE — R 58 T AN A2 78 73 DU 46 58 B
2) BT MRBOCR AR i B RAL AL T7 DNA 5
3) RMEYHIRNL, Wb TS T N AR R R, AR I AL
4)  Oligo (dT) REEk I HBLREAL T 00 5 A AL BEEFE s
5)  AUEE DNA JUFF 7k B, A oo v o A Xl 3 4% 4y AT g
6) 4% ik (Capillary Electrophoresis, CE) {08 T eI Ik /0 5, IRt FEL T %0k
ERERNE VL8 S P
7)  TMACEERR B E RN TR RRCGE . b TR RS R, B0l e B 3. PR
il (Quality Control, QC) LA R4/ E IR AE AR AL 25
Wet B2/ E RIURE 2 Bk B — 38 7, NTERF BT R EIRN T 28677, 11
e RERRER, W EOE B IR I HE S . Biltn, phred A7 75 AT HE R BEEE TR i HE R O
HEE X % VIR EEME ], ER IS 7 F T ramsie. Wre s
(1) reads Wk#E B B &0 0 PHERCHER I BT BN T H bR AR S A
Wise T, BEEFFAIRT PR E, RIfE BAC M IREA KR, HEaAEHIE
EH) gap, mAFEUNFARMAES:, SFHHARKI 2R M e . Xl A 80 H B,
FEhFATH contigs 2R gap K scaffold, AT FAT AT LLAHARIL ) gap HE47 E £
FPo AEAA — S i) e i N TRk, —eRbae S I 25 N “finishers™ SR PFAd AN [F] 78
W FR P o O B A A — .
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MRIEEK, BRMREAERDHEDRE, (B2 90 F£R_F, JHTITHHEZRE T ATk
SRR B AL AT I 7 0 A 2 25 A, U HoRAF B PO A A JE . 2001 4R, 72—/l
s s, SN LUEME AR H A T kAR & . £ HGP W4k, 5
DA PF B E H 28 3, XK T HAT: phrap. TIGR HHEHAAT Celera BHEH M. Xk
THAAAAEAEFRATT 2 LA SE AN 28 1) H b R4 o FRATT PR S84 1 0 P 6 70 48 3RATT
RTINS T LA S = AR R A, i et JEmE I AF TR (2Mb, 1995), ERIFEEZBE(Z) 12Mb,
1996) LA} 75 N FEAT 28 H1(29 100Mb, 1998). NEFERI At Rl NZREE R4, KINLIRF
AN A2 dUr) 30 £, T 2001 FA MK, JET 2004 SR AR FF . 5 HGP [
SABEAT I AR A A A P 4 B TR 20 S M P v R 4T N S35 R 4H 0 157 19 (Whole-Genome
Shotgun Sequencing) [ Craig F1 Celera, BEFHIF 71k M 8 T 1 IR S0 090 7 (24
175Mb, 2000). 3X L6l J7> 515 2 [ I R AL RSB AU .

2004 4, FATDLATBALL 1 E I IIF 600-700bp, (HAFEA EC&IAE] T4
AR PR . RIS, BEAE HGP BU5ER, RIS ARG AT LN, TE NI
14 SIBEFHIT DNANF

fE bittzd 80 4EfRF 90 4EARZIH], —Ueff i/ NAAEIRFHEBR T BRI T Z A T
e REIXESEE I E B HGP S8/l o #B A 15 3 M, (b AEAR AR 5 1 AR
N, JUPEEBR T Sanger MY . KIUEIFEATING, XY~ —4L 5 (Next Generation
Sequencing, NGS) . NGS £ AR — L7715 Bk P HEoAR KA R IE, HoOoH 2 AbmiAE T
FEE. 58— ANRNMA—FE, 75 NGS H, @L4FH DNA SCPEEEE/E T 46V
by XAV R R AR AT — RO SR EA R, AR A
AN IGIRIG T . 4, AT v BN R, WP T 2 HAENRBIER (F)
, KA R ICZRIAE B 5 8%, 8RR AE L& Bl 7
(Sequencing By Synthesis, SBS).

A —E T PCR (25 0% (A4 SBS), {HEXHTH# KT 177 i FEL R
[ NGS HiARK UL, A8 B AR KA LR R R /M AR . XA, gy
il =0 S BBy =0 PCR>, A [ 5 767 I 51 0K 2E AT S 24 1) DNA SCEES 1,
T ANBAR AR 24 1 i B R . I — R 772 PCR F 4 7B 52 jle, 6
Oligo(dT)i ¥k K E 4 mRNA, s JafEFIZEN 71 g Ty . 5=k e iy
BERAE S L 77 A e oK BR, Z JEFES T T

X SBS, FEA =AM 7%, 5B —ME Ronaghi 5 Nyren BRI FE, AT
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B ATEHIMANG—Fh ANTP SRS 76 INTP 25 [ 5 [ [F I 25 B B R Fs ok,
I8 BRIV A i K G R R TR o 5 A — P O 2 A B R I R A
M ANTP BN 55 7 id e R R ) DNA ERRER 5EOEAR S 0 2 B IR S5 1R
PP AL TLANIC O R . B SR, R AR T, RN, R
Pric AL BR AT DNA RE MG HUR S . SBS IR = A =, —=&n]
WA IR R, —RPOEHRICH ANTP, =2 S FNEN DNA BEl, M
B — MR AEE R N RS —A ANTP. fERE 2 )G, BATHLERIX—# K
]S R — AR _E F TS SRR — B ANTP, 58 R 25 B oR i 1 3 B 5 9O L, v
UF34T R —% ) M. Solexa /A ] (H Balasubramanian fll Klenerman % T 1998 4F) %
F T 3 =R i

AN HEH NGS I 7~F £ 2 4E 2005 4 H B, Shendure, Porreca, Mitra £ Church
BEAT T KT B I E 7 Margulies, Rothberg F1 454 /A & #EAT 1 AR5 52 JFAA A9 MK
FFHt#%; Solexa #H1T T phiX174 FMAZKE KN4 BAC MENF. XEHREH, H5%
SERA ML R, ik mBEtb+aaH. £=FE2Z N, Solexa F&EBSLIL T LAE
K29 35bp MBI T BEAR AT AN F AH H Y

1E 2005 4, 454 KB TR H NGS WP . fEANRERHATRIZ G, KA
B PR A 3 R R R LSRR B R A A0 e B, TIEE 454 B I AT 1R ) Lk D A 1 57
Ferfr, MRS S AT LA NI IR AL, TR 56 DR 4 K000 v 0 A A e B DU P
155« SXAE KA B 5 BE F7 00 H B0 5 807 38 TR 21 4 400 2E T — KA T B A
Wi DA HA AN 5 T AS Wi L 6T o

5 ABI A F{E HGP I I —ZOMKANE, 72 NGS PLRsE 44, A2 KSR
454 V-4 . Tlumina SZFFH Solexa “F-& . ABI % ##/ Agencourt. Quake 375 Helicos-
Drmanac f]74ff] Complete Genomics PA& Rothberg 177/ Ton Torrent, B4 S8 T 1E
Florida ¥ Marco & F287p) AGBT < b &Fgi A4S I Psii . 7E 2007-2012 4F
6], A DNA BlFE 0 5 BAS FAK T DA S 21

H 2012 IR, HOR B E TR, SRisE S infEdksl. Hnl, 454,
SOLiD LA} Helicos V& E#| T Wik, Ilumina “F& H3E 7 FSHAT (24%R, Complete
Genome /188 & — MEAERITES ). H 2005 E LK NGS HBLLOSK, A1 K St [F]
FEA NI, BIAE 2 KA SR /T Sanger M7, HAEIX 100 2N fg2E b, 5 (¥
BIPER B T 99.9%, MIEZ W, — A KITKIEE P iR 5% A2 50 AT DA 4 A A I (Tlumina
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NovaSeq ) i 1141 reads, P& 1TB, MX—PREJLT3£t. 248 HGP
Hh BT 2] (14 N S B TR 2 RS 1) 23G B = 1 40 15 2 % .
15 BoFEIELMFREAR

JUT-BATTH T4 20 10 B A W0 75 Q0 7 AR PR Y 3 . AT, ¥ I 2 S8R
o A, IR S RT3 8O B i AN SIS B R R (4G LR,
TR FH B2 S5 R0 R B R s P i o (e BRAR S LN, U L 4 £ ) v e
R AN TC IR . LR AT (A1 [ 3 4l 80 AR, —EI B TN T A F
E—HAr, KM T NGS HEInHt ik, il h B2 ASIREHAT T2,
ERFTEIRA PR TRk, Wt/ BA T i B U 21 10 553 7 SERHI P B

S—HJ7%, H Webb A1 Craighead F 5t , FF# Korlach. Turner Al Pacific
Biosciences (PacBio)if — gt . X P77 2 i e A M B AL Y DNA Z& & S S fir
BT 9GRS » HZAR: G 4L (zero mode waveguide )i ELAR/IN T3 6 KA —
o, WIIAEROGIRBIERNIR RN, 2 RE— N REREAME PSR . ik, R
HIEIES Y DNA B 1 1 2R IR B TBH IR PO M5 5 A 2 AEAT s 1R o
WO I R A B R A MR R, AT A A A — ARAE 10kb BA b, AR
Zn[ LLIAE] 100kb. PacBio “F & FIMI /7 i@ & L mn@ &1 NGS “F& 4 Mlumina /N 7 —4
B, HRJUEZERF N EEMEATERK. CMHIRERAIE 10%, F+HHHLT
i PacBio A& MR (WA LIFEAR GC FREIIFEND, BEVLRZE M, BEKEK
A0 78 5 B FRRE A, R DU A e B PR e 510G 3 BT AR R A
gettk, XA TAR Z YRRk AR TE T HGP X T ARIEA

B RNTE, SRR AL (nanopore sequencing), IXAMHES G T L HAE 80 4E AR
PR, H AR EEIE Y — AN AR DNA B — MK IFLER, HBBURME FES5
PAR R — R &M o Beix — A NI & T8 HERIFE A . o a3 it a2 s
WRENI) DNA FE2 I GoK LI, JHCId i B bR DL TR RS 5 J0: S R . AT
XX L6 o] R IR TR T A s BIN—/N 44 A ratchet [ . T 4K FL AR 1 1) 48 58 AT
E5 i DA BT 45 RS 5 (R B G ARG o 3K S S0 S 4448 nanopore I TEAH OGP ML AR
JrHEE T, FEFLEH E Bayley T 2005 4175 ) Oxford Nanopore Technologies
(ONT) , HMFi KT PacBio Kfl, EHEWE TR, WL kE M RKIEKIES T
900kb. nanopore /752 AIEAM—NEEXGET, HIESHLMEHEE. Foyfh
AT S5 TR S ST T 1, AR LLAS] USB (NAFRLK/N. B
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SRAAT BB CAnRZE AT Be AN R BENL A1), HI0H IEAL T RUREIIT A&

I RS LR, RS AT AR IS DNA (BIRBLRAFEE . TR L,
PacBio 11 Nanopore #B:2 AJ DL B2 JRILHHME IR B (4l DNA F3EALD . 51 1
P 7 i2AE BATT BB 5 52 48 RNA FIER (A 5 A AEE i AT R

M 1977 FEFFIE, FATHE T DNA WFHORRE SR, I HAE, ErEgks:,
S lumina J& AT e B E EAER B 2L, (HERZFEHWIHEAA—ER—FMK, JF

H AR P BAIR T RE 22 4 ZRAL (1, PacBio 1T MkMIF, Nanopore
T EHEE . NGS A>T 7 BEARER AT 1L A A B Ik BT, 5 R
WA E AR QIR RO SR, X BRSO CnE S AL BB R . AT
AR 2AFBRAM R, E LR AEU, WP EARM AR FEN W EE2E .,
2 DNA MEFH AR A

DNA P B A R 1 2 T AR AE S £ BT ARk, o g & 7+
ARKJERIHES . T FRA TR I e BOR B I LA B2, b ds: B4
SR NI u> PS =R 5 NI V5 s o7 N ] )7 S VA E I WA @ b S e e A € R
Feo [AIFE, —Se 5B BLPALIN A . BRI A AR G B ¥ R i AH DG [ B 22 B R 1
HE, 4L Box2 H15IH
2.1 EELAM SN RO

XFF DNA W70k 25 4E3k i, A 322 H B2 v 1 00 H R 43 5 56 8 (1 B A
. FsL b, 1E Sanger MFH AR PIFING, AR T 5 —NHEEFE L (phiX174; 5.4kb) ,
XN DN 4 2 B T T HHEE . DNA I W2 A 2 1) LI RE % B F BB oR
FItFL. i DNA JFFZBENL, 84 BAMUAKEE S v Bt th i KB R H
TECFPRTRE, RS, AR . B2, RGRZEMESHETHILREE TR
AT REA AL ETAN BT P49 B 2 I KR B R 4. JRATIE 75 22— Le R i Atk
IBE M ELEEE R,

£ HGP 1, IXELHHINM1E B E4E:

1) BEEEE, RRIEE KR, S 2GR TR B R . B R DR G

COARACE ESRAL T HIRF I E AR B
2)  FrselE BAC BUAEREIE, @i BRHI4E N UIRE Fi S0 1 R e S X R[] s

DRI ZHL IS B B o 3 R 0 o e 2 e 2 0 4T T 000 3 ), i AR s 4 L 1 ks A TR )

HEFITIF, KRG8 7285 2.
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3) XU, HI Ansorge 7E 1990 EFEH), 45 F i KBUM & K DNA Jy Bebi kil e
[ reads LA, AT DA ORI B R S 7 R D R . RN e R TTIRIANR], B
KIETREM LT bp B 77 bp A%, il 8-10 RFIITIRIE, 5 FRIELSLM:
SRS, AT LT R AP, 80T LUK 2 B TR A R R R PR E
Ji5r 2 —HhE
bR BIRITIEZ AN, NATEBEAT 1 HAR ) SS 50 R AN F 421 contigs 2 (8] 1Y) gap B2

iR % . Celera —ELEU/ T XUmil Fr i K &, I HS Sl G B i 4 by . Jorh &

TR A N SR S B, W0 phrap AT TIGR, AT Celera FISHFEI LR, LA

KB N ERE P (RS B-Al - — 875D o R Celera MHHE A G &

—EMEHN, HEHTREESFAKTI, HEVELEW HGP N K se 77 i%—#,

AR B S A S TR AR KA . BRI N B SRR U th 2% B R 4 4121 (Genome

Reference Consortium) 4k ZE 4547, 23 AN R A — L8 22 B R A 11 58T .

NGS M 2005 FFERERS, MKMFRIEFRHHALER TKEMKE. NRT-F

K, KA E B2 1 1) R S (AT de Brujin graph ff) EULER 5 Velvet)

(R BT A3 DA o, (RSERR b, SR S A B RIS R EF, 5 HGP 2%

BRAALE, HARREC AR REREKE—MaERE, HERMAREE

SRR T . FHs b, HIESEARE R R B R S Z — B B R . B P

AT RE 2 TR — 8 IR, (R AR AN A P2 (1 U7 32 T R 2 ) A8 1 A T DA% 11 2 2 22 SRk T

INEFZ e S4b, XASIRGL G = 10 A% A B L 2 B i R AT A BTV
XEERRA RS2 A, TRATA 702 13 H xSk )RSk e il (5 0, 1 %,

52 SR VAR, 0T a1 R SR R A B AT AR AN R R R T VR DR AT

HR, —24n Hi-C(SE R H G R 455 38 genome-wide chromosome conformation

capture) MG IS 7%, W DLRAE—MAT 2 A0 . K ALAEHE scaffold 7K A

5 AL B AR 7% TR, PacBio A1 ONT I H K B4 rTIA 2%+ i ,

ILAE 1) = PR ) A T 0 T A TR A B A ) AN 2 D B R AR B

PacBio S IIIT T GC & &AM IR, M UE ] 1 78 555 1D P vh B 25 s B g

BEIH o N T IR S T R I B R RN 2o & B TR AR ), AT

TP Celera A S A6 FH I HF 877 @K KB ZHESMEE RS S

gk CAnf BUEE R A SO PR e . G RS o i 5O RIS S5 075, iRk 3

T “J5 Sanger Wl 532 Skl 7 20 266 H TE AR N 28 25 BRI A I A 22
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22 ERFBEFENFRA

fE HGP ZJ5, N/ EAnf 2B N R ML 5, R IATFT i =N,
9 Sanger I EOOA RSN TS SR SR AR ORTE B A 22 5, i e RO R
RS B, HAEO ey, RO 1 1S B A A & i Al . O 1 ek
X —IE, AHRH T 1000 EoHEF AR, XFERME LR PHESE — NI
A PAE Mg A 72— X1 RIRRAE 2001 F4H (TnAI4E e oK%,
Santa Cruz AJSEEFBHT S , HBEE NGS ib¥%A HBL, I LER, hE A KIER
ZH B 72 It (National Human Genome Research Institute, NHGRI) 613 DNA Il 7+ AR 35 H
BB 5. WHRME T 222805 a, LSRR 40 o RENE, 104 27 ASKE
THRENFERET A, MIHS T 7 &M E AR B, IR KA B
BT IR R KR .

HPFE, AFRTEERADHE, & —F0ok 550 B0 2l g SRR A b, PUEE
WA E R k. —HsE, tin Bowtie 1 Burrows-Wheeler Aligner (BWA) ,
i T B IR e SR BB, R0 3 56 P 51 e R el I B R R b o AATTR B s U
FRREE (a1 30X) SKREEERATTH, (5B A 5o 0 S (1 368 A% 22 S A i 13 X 43
Fo —LERAT IR, TN SAMtools 2 5 ¥ GATK, #:% 7 phred, 146 FH1EALEE
NGS filAE . HE AR TRt TH. RS EdE, w2 il 7 o, ]
DA RS S 1 (B G B R A S RN b (AR Z BN A& &R B2k, A
BEACHE M PP 55— Aok (UL, R AR A X I 45 0y AR S X B A% 22 7 0 e B K
M SRR — SR EE E) VARG PacBio SR N REERI A BEAT HIMFP, 25—/ lmlbh A
e R R R & AR T AL AN RIS 3, Rt B A AR BT 3 ) S T o T S LA A
A RS ) AT A — 28 5 A Sk P B 42 B B VA SR U7 aUAg D OF BAE AR 1B 1L
T MK A2 B BRI TP ) . R REIRRA#) 2, (Hiixik
TER AT IE AW

HGP )3 R 20 & T A 8] (10 25 S DRIV DNA KR, E KR 20 R 2afs A2 i —
PMANFFRE), ZDANBUEA LR Buffalo, Ay — &80 BRI AET BIAH Jeil #d >k
154 Craig Venter 7 2007 4F 26—k #%% | 2R A HNMF, W2 Celera £ 4L 1K)
—MEAR, AEWZHINEER A . B, B MEZNAFH Jim Watson £E 2008
T 454 76 EEZ T, M5 SO PIALRE 44 75 B 5 RN — o7 S5 38 1) A 4 L R e g
[AIZH T Tllumina [ Solexa V& E#3Z TAailll, Tz & 7E Complete Genome - 552
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g

Rl FEIXANEHAP, A BEDRALIN P T O AR Uk R 5 B, TR AR EE T
SEN R ITERI I, 25 I T 4RI HoAR, RIS b 4 i 2 B
B 1-2% 000 7 B 3EA T o

b WGS S I7E 1000 3270, 11 WES /T REJLAE G, ABEAMEENF I
BERERRIE . 2008 FHEH1 1000 FEF AR, 76 2010 A% T JLEAMKE 51
WGS 45258, 2|7 2015 4, XINEFRNETA. SMRTAHMFFIEALE 2013 FAA40 T
HEH 6500 AT T H B YR o Aol 7Rk ) 5 R 4H B G BUPE 7 (Genome Aggregation
Database, http://gnomad.broadinstitute.org/) #& 1 i 120,000 />4 k1 4 H4ks A it

15,000 /|~ & 2H . Genomics England (https://www.genomicsengland.co.uk/),

\3
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DNA sequencing at 40: past, present

and future

Jay Shendure?, Shankar Balasubramanian®*, George M. Church®, Walter Gilbert®, Jane Rogers’, Jeffery A. Schloss® &

Robert H. Waterston!

This review commemorates the 40th anniversary of DNA sequencing, a period in which we have already witnessed
multiple technological revolutions and a growth in scale from a few kilobases to the first human genome, and now to
millions of human and a myriad of other genomes. DNA sequencing has been extensively and creatively repurposed,
including as a ‘counter’ for a vast range of molecular phenomena. We predict that in the long view of history, the impact
of DNA sequencing will be on a par with that of the microscope.

NA sequencing has two intertwined histories—that of the under-
D lying technologies and that of the breadth of problems for which

it has proven useful. Here we first review major developments
in the history of DNA sequencing technologies (Fig. 1). Next we consider
the trajectory of DNA sequencing applications (Fig. 2). Finally, we discuss
the future of DNA sequencing.

History of DNA sequencing technologies

The development of DNA sequencing technologies has a rich history,
with multiple paradigm shifts occurring within a few decades. Below, we
review early efforts to sequence biopolymers, the invention of electro-
phoretic methods for DNA se|quencing and their scaling to the Human
Genome Project, and the emergence of second (massively parallel) and
third (real-time, single-molecule) generation DNA sequencing. Some key
technical milestones are also summarized in Box 1.

Early sequencing

Fred Sanger devoted his scientific life to the determination of primary
sequence, believing that knowledge of the specific chemical structure
of biological molecules was necessary for a deeper understanding’.
Ironically, given the state of sequencing technology for each biopolymer
today, proteins and RNA came first.

The first protein sequence, of insulin, was determined in the early 1950s
by Sanger, who fragmented its two chains, deciphered each fragment and
overlapped the fragments to yield a complete sequence. His work showed
unequivocally that proteins had defined patterns of amino acid residues®.
The later development of Edman degradation, a repeated elimination of
an N-terminal residue from the peptide chain, made protein sequencing
easier’. Although these methods were cumbersome, many proteins had
been sequenced by the late 1960s, and it became clear that each protein’s
sequence varied across species and between individuals.

In the 1960s, RNA sequencing was tackled by this same general process:
an RNA species was first fragmented with RNases, next the pieces were
separated by chromatography and electrophoresis, then individual frag-
ments were deciphered by sequential exonuclease digestion, and finally
the sequence was deduced from the overlaps. The first RNA sequence, of
alanine tRNA, required five people working three years with one gram of
pure material (isolated from 140 kg of yeast) to determine 76 nucleotides®.
This process was greatly simplified by ‘fingerprinting’ techniques, which
included the separation of radioactively labelled RNA fragments and

visualization in two dimensions, with the resulting positions diagnostic
of their size and sequence®.

The invention of DNA sequencing

Early attempts to sequence DNA were cumbersome. In 1968, Wu reported
the use of primer extension methods to determine 12 bases of the cohesive
ends of bacteriophage lambda®. In 1973, Gilbert and Maxam reported 24
bases of the lactose-repressor binding site, by copying it into RNA and
sequencing those fragments. This took two years: one base per month’.

The development, in around 1976, of two methods that could decode
hundreds of bases in an afternoon transformed the field. Both methods—
the chain terminator procedure developed by Sanger and Coulson, and
the chemical cleavage procedure developed by Maxam and Gilbert—used
distances along a DNA molecule from a radioactive label to positions
occupied by each base to determine nucleotide order. Sanger’s method
involved four extensions of a labelled primer by DNA polymerase, each
with trace amounts of one chain-terminating nucleotide, to produce frag-
ments of different lengths®. Gilbert’s method took a terminally labelled
DNA-restriction fragment, and, in four reactions, used chemicals to create
base-specific partial cleavages®. For both methods, the sizes of fragments
present in each base-specific reaction were measured by electrophoresis
on polyacrylamide slab gels'’, which enabled separation of the DNA
fragments by size with single-base resolution. The gels, with one lane per
base, were put onto X-ray film, producing a ladder image from which the
sequence could be read off immediately, going up the four lanes by size
to infer the order of bases.

These methods came into immediate use. Shotgun sequencing—
sequencing of random clones followed by sequence assembly based on
the overlaps—was suggested by Staden in 1979'!, greatly facilitated by
Messing’s development of the single-stranded M13 phage cloning vector
around 19802, and used to assemble genomes de novo, such as bacterio-
phage lambda as early as 1982°. By 1987, automated, fluorescence-based
Sanger sequencing machines, developed by Smith, Hood and Applied
Biosystems'*'%, could generate around 1,000 bases per day. Sequence
data grew exponentially, approximating Moore’s law and motivating the
creation of central data repositories (such as GenBank) that, through
search tools (such as BLAST ), amplified the value of each sequence and
engendered a spirit of data sharing. By 1982, over half a million bases had
been deposited in GenBank; by 1986, nearly 10 million bases (GenBank
and WGS Statistics; https://www.ncbi.nlm.nih.gov/genbank/statistics/).

IDepartment of Genome Sciences, University of Washington, Seattle, Washington, USA. Howard Hughes Medical Institute, Seattle, Washington, USA. *Department of Chemistry, University of
Cambridge, Cambridge, UK. *Cancer Research UK Cambridge Institute, University of Cambridge, Cambridge, UK. *The Wyss Institute & Department of Genetics, Harvard Medical School, Boston,
Massachusetts, USA. ®Department of Molecular and Cellular Biology, Harvard University, Cambridge Massachusetts, USA. 7International Wheat Genome Sequencing Consortium, Little Eversden,
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Figure 1 | DNA sequencing technologies. Schematic examples of first,
second and third generation sequencing are shown. Second generation
sequencing is also referred to as next-generation sequencing (NGS)

in the text.

Scaling to the human genome

For the ‘hierarchical shotgun’ strategy that emerged as the workhorse
of the Human Genome Project (HGP), large fragments of the human
genome were cloned into bacterial artificial chromosomes (BACs). DNA
from each BAC was fragmented, size-selected and sub-cloned. Individual
clones were l_)icked and grown, and the DNA was isolated. The Puriﬁed
DNA was used as a template for automated Sanger sequencing, the signal
was extracted from laser-scanned images of the gels, and bases were called
to finally produce the sequence. The fact that this process involved many
independent steps, each of which had to work well, led sceptics to doubt
it could ever be made efficient enough to sequence the human genome
at any reasonable cost.

Indeed, as efforts to sequence larger genomes took shape, it became clear
that the scale and efficiency of each step needed to be vastly increased. This
was achieved in fits and spurts in the 1990s. Noteworthy improvements
included: (1) a switch from dye-labelled primers to dye-labelled termi-
nators, which allowed one rather than four sequencing reactions'’; (2) a
mutant T7 DNA polymerase that more readily incorporated dye-labelled
terminators'®; (3) linear amplification reactions, which greatly reduced
template requirements and facilitated miniaturization'®; (4) a magnetic
bead-based DNA purification method that simplified automation of prese-
quencing steps™; (5) methods enabling sequencing of double-stranded
DNA, which enabled the use of plasmid clones and therefore paired-end
2| NATURE
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sequencing; (6) capillary electrophoresis, which eliminated the pouring
and loading of gels, while also simplifying the extraction and interpretation
of the fluorescent signal®’; (7) adoption of industrial processes to maximize
efficiencies and minimize errors (for example, automation, quality control,
standard operating procedures, and so on).

Wet laboratory protocols were only half the challenge. Substantial effort
was invested into the development of software to track clones, and into
the interpretation and assembly of sequence data. For example, manual
editing of the sequence reads was replaced by the development of phred,
which introduced reliable quality metrics for base calls and helped sort
out closely related repeat sequences®”. Individual reads were then assem-
bled from overlaps in a quality-aware fashion to generate long, continuous
stretches of sequence. As more complex genomes were tackled, repetitive
sequences were increasingly confounding. Even after deep shotgun
sequencing of a BAC, some sequences were not represented, resulting
in discontinuities that had to be tackled with other methods. Paired-
end sequencing® helped to link contigs into gapped scaffolds that could
be followed up by directed sequencing to close gaps. Some problems were
only resolved by eye; scientists who were trained ‘finishers’ assessed the
quality and signed off on the assembled sequence of individual clones™.

Although the process remained stable in its outlines, rapid-fire

improvements led to steady declines in the cost throughout the 1990s,
while parallel advances in computing increasingly replaced human

decision making. By 2001, a small number of academic genome centres
were operating automated production lines generating up to 10 million
bases per day. Software for genome assembly matured both inside and
outside of the HGP, with tools, such as phrap, the TIGR assembler and the
Celeraassembler, able to handle genomes of increasing complexity>2+2°.
A yearly doubling in capacity enabled the successful completion of
high-quality genomes beginning with Haemophilus influenza (around
2Mb, 1995) followed quickly by Saccharomyces cerevisiae (around 12 Mb,
1996) and Caenorhabditis elegans (around 100 Mb, 1998)%-28, The
HGP’s human genome, which is 30 times the size of C. elegans and with
much more repetitive content, came first as a draft (2001) and then asa
finished sequence (2004)***, The HGP was paralleled by a private effort
to sequence a human genome by Craig Venter and Celera (2001)*' with
a whole-genome shotgun strategy piloted on Drosophila melanogaster
(around 175 Mb; 2000)*2. The strategic contrasts between these projects
are further discussed below.

By 2004, instruments were churning out 600-700 bp at a cost of US$1
per read, but creating additional improvements was an increasingly mar-
ginal exercise. Furthermore, with the completion of the HGP, the future
of large-scale DNA sequencing was unclear.

Massively parallel DNA sequencing

Throughout the 1980s and 1990s, several groups explored alternatives to
electrophoretic sequencing. Although these efforts did not pay off until
atter the HGP, within a decade of its completion, ‘massively parallel’ or
‘next-generation’ DNA sequencing (NGS) almost completely superseded
Sanger sequencing. NGS technologies sharply depart from electropho-
retic sequencing in several ways, but the key change is multiplexing.
Instead of one tube per reaction, a complex library of DNA templates is
densely immobilized onto a two-dimensional surface, with all templates
accessible to a single reagent volume. Rather than bacterial cloning,
in vitro amplification generates copies of each template to be sequenced.
Finally, instead of measuring fragment lengths, sequencing comprises
cycles of biochemistry (for example, polymerase-mediated incorpora-
tion of fluorescently labelled nucleotides) and imaging, also known as
‘sequencing-by-synthesis’ (SBS).

Although amplification is not strictly necessary (for example,
single-molecule SBS**~>), the dense multiplexing of NGS, with millions
to billions of immobilized templates, was largely enabled by clonal in vitro
amplification. The simplest approach, termed “polonies’ or ‘bridge ampli-
fication, involves amplifying a complex template library with primers
immobilized on a surface, such that copies of each template remain tightly
clustered®®*. Alternatively, clonal PCR can be performed in an emulsion,
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Figure 2 | DNA sequencing applications. Major categories of the
application of DNA sequencing include de nove genome assembly,
individual genome resequencing, clinical applications such as non-invasive
prenatal testing, and using sequencers as counting devices for a broad
range of biochemical or molecular phenomena.

such that copies of each template are immobilized on beads that are then
arrayed on a surface for sequencing®**2. A third approach involves rolling
circle amplification in solution to generate clonal ‘nanoballs’ that are
arrayed and sequenced®.

For SBS, there were three main strategies. The pyrosequencing
approach of Ronaghi and Nyren involves discrete, step-wise addition
of each deoxynucleotide (ANTP). Incorporation of dNTPs releases
pyrophosphate, which powers the generation of light by firefly
luciferase®!. With an analogous approach, natural dNTP incorporations
can be detected with an ion-sensitive field effect transistor’>¢, A second
strategy uses the specificity of DNA ligases to attach fluorescent oligonu-
cleotides to templates in a sequence-dependent manner*#*4745_ A third
approach, which has proven the most durable, involves the stepwise,
polymerase-mediated incorporation of fluorescently labelled deoxynu-
cleotides™****, Critical to the success of polymerase-mediated SBS, was
the development of reversibly terminating, reversibly fluorescent dNTPs,
and a suitably engineered polymerase®’, such that each template incor-
porates one and only one dNTP on each cycle. After imaging to deter-
mine which of four colours was incorporated by each template on the
surface, both blocking and fluorescent groups are removed to set up the
next extension®'~; this general approach was used by Solexa, founded
by Balasubramanian and Klenerman in 1998.

The first integrated NGS platforms came in 2005, with resequencing
of Escherichia coli by Shendure, Porreca, Mitra and Church?!, de novo

HaYI3N RESEARCH

assembly of Mycoplasma genitalium by Margulies, Rothberg and 454
(ref. 40), and resequencing of phiX 174 and a human BAC by Solexa™.
These studies demonstrated how useful even very short reads are, given
a reference genome to which to map them. Within three years, human
genome resequencing would become practical on the Solexa platform
with 35-bp paired reads.

In 2005, 454 released the first commercial NGS instrument. In the
wake of the HGP, large-scale sequencing was still the provenance of a few
genome centres. With 454 and other competing instruments that followed
closely after, individual laboratories could instantly access the capacity of
an entire HGP-era genome centre. This ‘democratization’ of sequencing
capacity had a profound impact on the culture and composition of the
genomics field, with new methods, results, genomes and other innova-
tions arising from all corners.

In contrast to the monopoly of Applied Biosystems during the HGP,
several companies, including 454 (acquired by Roche), Solexa (acquired
by Ilumina), Agencourt*’** (acquired by Applied Biosystems),
Helicos**** (founded by Quake), Complete Genomics* (founded by
Drmanac) and Ion Torrent® (founded by Rothberg), intensely competed
on NGS, resulting in a rapidly changing landscape with new instruments
that were flashily introduced at the annual Advances in Genome Biology
and Technology (AGBT) meeting in Marco Island, Florida. Between 2007
and 2012, the raw, per-base cost of DNA sequencing plummeted by four
orders of magnitude™.

Since 2012, the pace of improvement has slowed, as has the competition.
The 454, SOLID and Helicos platforms are no longer being developed,
and the Tllumina platform is dominant (although Complete Genomics*®
remains a potential competitor). Nonetheless, it is astonishing to consider
how far we have come since the inception of NGS in 2005. Read lengths,
although still shorter than Sanger sequencing, are in the low hundreds
of bases, and mostly over 99.9% accurate. Over a billion independent
reads, totalling a terabase of sequence, can be generated in two days by
one graduate student on one instrument (Illumina NovaSeq) for a few
thousand dollars. This exceeds the approximately 23 gigabases that were
generated for the HGP’s draft human genome by a factor of 40.

Real-time, single-molecule sequencing

Nearly all of the aforementioned platforms require template amplification.
However, the downsides of amplification include copying errors,
sequence-dependent biases and information loss (for example,
methylation), not to mention added time and complexity. In an ideal
world, sequencing would be native, accurate and without read-length
limitations. To reach this goal, stretching back to the 1980s, a handful
of groups explored even more radical approaches than NGS. Many of
these were dead ends, but at least two approaches were not, as these have
recently given rise to real-time, single-molecule sequencing platforms
that threaten to upend the field once again.

A first approach, initiated by Webb and Craighead and further
developed by Korlach, Turner and Pacific Biosciences (PacBio), is to opti-
cally observe polymerase-mediated synthesis in real time**. A zero mode
waveguide, a hole less than half the wavelength of light, limits fluores-
cent excitation to a tiny volume within which a single polymerase and its
template reside. Therefore, only fluorescently labelled nucleotides incor-
porated into the growing DNA chain emit signals of sufficient duration
to be ‘called’ The engineered polymerase is highly processive; reads over
10kb are typical, with some reads approaching 100 kb. The throughput of
PacBio is still over an order of magnitude less than the highest-throughput
NGS platforms, such as Illumina, but not so far from where NGS platforms
were a few years ago. Error rates are very high (around 10%) but randomly
distributed. PacBio’s combination of minimal bias (for example, tolerance
of extreme GC content), random errors, long reads and redundant cover-
age can result in de novo assemblies of unparalleled quality with respect
to accuracy and contiguity, for many species exceeding what would be
possible even with efforts similar to the HGP.

A second approach is nanopore sequencing. This concept, which was
first hypothesized in the 19805 !, is based on the idea that patterns in
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The milestones listed below correspond to key developments in

the evolution of sequencing technologies. This is a large topic, and

we apologize for any omissions.

Technical milestones

1953: Sequencing of insulin protein?

1965: Sequencing of alanine tRNA*

1968: Sequencing of cohesive ends of phage lambda DNA®

1977: Maxam-Gilbert sequencing?

1977: Sanger sequencing®

1981: Messing's M13 phage vector!2

1986-1987: Fluorescent detection in electrophoretic

sequencing!#1517

1987: Sequenase!®

1988: Early example of sequencing by stepwise dNTP
incorporation!3?

1990: Paired-end sequencing®

1992: Bodipy dyes!*?

1993: In vitro RNA colonies®”

1996: Pyrosequencing™

1999: In vitro DNA colonies in gels3®

2000: Massively parallel signature sequencing by ligation®”

2003: Emulsion PCR to generate in vitro DNA colonies on beads?*?

2003: Single-molecule massively parallel sequencing-by-synthesis3334

2003: Zero-mode waveguides for single-molecule analysis™

2003: Sequencing by synthesis of in vitro DNA colonies in gels*®

2005: Four-colour reversible terminators?1-52

2005: Sequencing by ligation of in vitro DNA colonies on beads®*!

2007: Large-scale targeted sequence capture?3-9¢

2010: Direct detection of DNA methylation during single-molecule
sequencing®s

2010: Single-base resolution electron tunnelling through a solid-
state detector!#!

2011: Semiconductor sequencing by proton defection4?

2012: Reduction to practice of nanopore sequencing?43144

2012: Single-stranded library preparation method for ancient DNA143

the flow of ions, which occur when a single-stranded DNA molecule
passes through a narrow channel, will reveal the primary sequence of
the strand. Decades of work were required to go from concept to reality.
Firstly, electric field-driven transport of DNA through a nanometre-scale
pore is so fast that the number of ions per nucleotide is insufficient to
yield an adequate signal. Solutions have eventually been developed to
these and other challenges, including interposing an enzyme as a ratchet,
identifying and engineering improved nucleopore proteins, and better
analytics of the resulting signals®. These advances recently culminated in
successful nanopore sequencing, in both academia®® and industry, most
prominently by Oxford Nanopore Technologies (ONT), founded by
Bayley in 2005. Sequence read lengths of ONT are on par with or exceed
the reads generated by PacBio; with the longest obtained reads presently
at 900 kilobases (ref. 64). A major differentiator from other sequencing
technologies is the extreme portability of nanopore devices, which can be
as small as a memory (USB) stick, because they rely on the detection of
electronic, rather than optical, signals. Important challenges remain (for
example, errors may not be randomly distributed), but progress is rapid.

Nucleic-acid sequencing would ideally also capture DNA
modifications. Indeed, both PacBio and nanopore sequencing have
demonstrated the detection of native covalent modifications, such as
methylation®*®°. Single-molecule methods also open up the intriguing
possibility of directly sequencing RNA®” or even proteins®*~7".

Since 1977, DNA-sequencing technology has evolved at a fast pace
and the landscape continues to change shift under our feet. Although
Illumina is presently the dominant supplier of sequencing instruments,
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the commercial market is no longer monolithic and other technologies
may successfully occupy important niches (for example, PacBio for
de novo assembly and ONT for portable sequencing). Neither NGS nor
single-molecule methods have fully plateaued in cost and throughput,
and there are additional concepts that are still in development, which are
not discussed here (for example, solid-state pores and electron micro-
scopy)’®’!. Not all will work out, but as the above examples make clear,
transformative sequencing technologies can take decades to mature.

Applications of DNA sequencing

The range and scope of DNA sequencing applications has also expanded
over the past few decades, shaped in part by the evolving constraints
of sequencing technologies. Below we review key areas of application
including de novo genome assembly, individual genome resequencing,
sequencing in the clinic and the transformation of sequencers into
molecular counting devices. Some key milestones for the generation of
reference genomes and development of applications and software are
summarized in Box 2.

De novo genome assembly

For its first 25 years, the primary purpose of DNA sequencing was the
partial or complete sequencing of genomes. Indeed, the inception of Sanger
sequencing in 1977 included the first genome (phiX174; 5.4kb), essen-
tially assembled by hand”2. However, DNA sequencing was only one of
several technologies that enabled assembly of larger genomes. If the DNA
sequence was random, arbitrarily large genomes could be assembled to
completion solely based on fragment overlaps. However, it is not random,
and the combination of repetitive sequences and technical biases makes
it impossible to obtain high-quality assemblies of large genomes from
kilobase-scale reads alone. Additional ‘contiguity information’ is required.

For the HGP?*™, these additional sources of contiguity information
included the following. (1) Genetic maps, which were based on the seg-
regation of genetic polymorphisms through pedigrees, that provided
orthogonal information about the order of sequences locally and at the
scale of chromosomes. (2) Physical maps, for which BACs were cloned,
restriction-enzyme ‘fingerprinted’ to identify overlaps and ordered into a
‘tiling path’ that spanned the genome. Clones were individually shotgun
sequenced and assembled, thereby isolating different repeat copies from one
another, and then further ordered and assembled. (3) Paired-end sequenc-
ing, introduced by Ansorge in 1990%, comprises sequencing into both ends
ofa DNA fragment of approximately known length, effectively linking those
end-sequences. Depending on the cloning method, the spanned length
could range from a few kilobases to a few hundred kilobases. Sequence
coverage at 8-10-fold redundancy, coupled to these sources of contiguity
information, enabled not only genome assembly, but also improved quality
to about 1 error per 100,000 bases for most of the genome. Additional,
focused experiments were performed to fill the gaps or clarify ambiguities.

The Celera effort went straight to paired-end sequencing, eschewing
physical maps as an intermediate’’. An important advance was the
transition from greedy algorithms, such as phrap and the TIGR assembler,
to the Celera assembler’s graph-based approach (overlap-layout—
consensus)™?*%, Although Celera had a reasonable strategy for a draft
genome, because of the pervasiveness of repetitive sequences, it did not,
by itself, result in a high-quality reference, such as the one produced by
the HGP’s clone-based approach. The current human reference genome
descends from the HGP’s 2004 product®, with continuous work by the
Genome Reference Consortium to further improve it, including regular
releases of reference genome updates”.

‘With the advent of NGS in 2005, the number of de novo assemblies
increased vastly. The seemingly disastrous combination of short reads
and repetitive genomes was overcome by new assembly algorithms based
on de Bruijn graphs (for example, EULER and Velvet)’*”". Nonetheless,
particularly when applied to larger genomes and when compared to the
genomes of the HGP, their quality was, on average, quite poor. Although
shorter read lengths are partly to blame, this is usually overstated. Instead,
a principal reason for the poorer quality was the paucity of contiguity
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BOX 2

The milestones listed below correspond to key developments in
the availability of new reference genomes, new sequencing-related
computational tools and the applications of DNA sequencing in new
ways or to new areas. These are large topics, and we apologize for
any omissions.

Genome milestones

1977 Bacteriophage ©X174 (ref. 72)

1982: Bacteriophage lambda'®

1995: Haemophilus influenzae®®

1996: Saccharomyces cerevisiae®

1998: Caenorhabditis elegans®®

2000: Drosophila melanogaster®?

2000: Arabidopsis thaliana*®

2001: Homo sapiens®®-3!1

2002: Mus musculus™’

2004: Rattus norvegicus'*®

2005: Pan troglodytes'®®

2005: Oryza sativa'5®

2007: Cyanidioschyzon merolae'?®

2009: Zea mays'>!

2010: Neanderthal®8

2012: Denisovan'#®

2013: The Hela cell ling152153

2013: Danio rerio'

2017: Xenopus laevis'53

Computational milestones

1981: Smith-Waterman!5®

1982: GenBank (https:/ /www.ncbi.nlm.nih.gov/genbank/statistics/)
1990: BLAST!6

1995: TIGR assembler?*

1996: RepeatMasker

1997: GENSCAN157

1998: phred, phrap, consed®2

2000: Celera assembler®®

2001: Bioconductor

2001: EULER™

2002: BLAT13®

2002: UCSC Genome Browser!?

2002: Ensembl1%°

2005: Galaxy'®*

2007: NCBI Short Read Archive

2008: ALLPATHS'52

2008: Velvet’®

2009: Bowtie®?

2009: BWAS2

2009: SAMtools®*

2009: BreakDancer!'®?

2009: Pindel16*

2009: TopHat!15

2010: SOAPdenovol&®

2010: GATKSS

2010: Cufflinks!16

2011: Integrated Genomics Viewer!68

2013: HGAP/Quiver'®?

2017: Canu®!

Application milestones

1977: Genome sequencing’?

1982: Shotgun sequencing!?®

1983, 1991: Expressed sequence tags'®71%8

1995: Serial analysis of gene exprassion!®®

1998: Large-scale human SNP discovery!%®

2004: Metagenome assembly!22

2005: Bacterial genome resequencing with NGS#04!

2007: Chromatin immunoprecipitation followed by sequencing
(ChIP-seq) using NGS!'17

2007-2008: Human genome and cancer genome resequencing using

NG555‘QD—‘32

2008: RMNA-seq using NGS!10-114

2008: Chromatin accessibility using NGS!18

2009: Exome resequencing using NGS¥”

2009: Ribosome profiling using NGS! 12

2010: Completion of Phase | of the 1000 Genomes Project®®

2010: De novo assembly of a large genome from short reads®®

2011: Haplotype-resolved human genome resequencing using
NGS170171

2016: Human genome de novo assembly with PacBiol72

2017: Human genome de novo assembly with nanopore®*

methods to complement NGS. Paired-end sequencing was possible with
NGS, but in vitro library methods were more restricted with respect to the
distances that could be spanned. Furthermore, the field lacked ‘massively
parallel’ equivalents of genetic and physical maps.

This ‘dark’ period notwithstanding, there are good reasons to be opti-
mistic about the future of de novo assembly. Firstly, in vifro methods that
subsample high molecular weight (HMW) genomic fragments, analogous
to hierarchical shotgun sequencing, have recently been developed’®””.
Secondly, methods, such as Hi-C (genome-wide chromosome conforma-
tion capture) and optical mapping, provide scalable, cost-effective means
of scaffolding genomes into chromosome-scale assemblies”*. Finally,
the read lengths of PacBio and ONT sequencing have risen to hundreds
of kilobases, and are now more limited by the preparation of HMW
DNA than by the sequencing itself. The absence of cloning or amplifi-
cation steps in single-molecule sequencing pays off, as shown by high-
quality PacBio de novo assemblies of bacterial genomes with extreme GC
content. Long reads have resulted in a re-emergence of strategies used
by the Celera assembler, improved to deal with the high error rates
and multiple platforms®', By combining long reads and even longer-
range contiguity information (for example, subsampling HMW DNA,
chromatin proximity, optical maps and so on), de nove genome assemblies
of the quality of the original human reference genome using ‘post-Sanger’
approaches are finally within sight”>,

Genome resequencing
After the HGP, a clear next step was to catalogue genetic variation among
humans, that is, ‘resequencing. Because Sanger sequencing costs remained
high, resequencing was primarily used to discover common variants,
which were then cost-effectively genotyped with microarrays to facilitate
genome-wide association studies. The rallying cry for changing this was
the ‘US$1,000 human genome] the ambitious goal of the resequencing
of individuals at a cost nearly one-million-fold below that of assembling
the first human genome. The US$1,000 genome concept was discussed as
early as 2001 (at the University of California, Santa Cruz Human Genome
Symposium (http://genomesymposium.ucsc.edu)), when NGS strategies
barely existed, and was formalized a few years later by the Revolutionary
DNA Sequencing Technologies program of the National Human Genome
Research Institute (NHGRI). The commitment of US$220 million in
funding to over 40 academic and 27 commercial entities has helped to
drive much of the technological development described above, including
direct or indirect support of nearly every successful commercial platform.
Resequencing, that is, mapping sequence reads to a reference genome
to identify genetic variants, is a very different task than genome assembly.
New algorithms, such as Bowtie and Burrows—Wheeler Aligner (BWA),
borrowed concepts from data-compression techniques to enable millions
of reads to be efficiently mapped to the reference genome®>**, Redundant
coverage (for example, 30-fold) is necessary to identify heterozygous
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variants as well as to distinguish sequencing errors from bona fide
variants. Popular packages, initially SAMtools and later GATK, adapted
the confidence framework of phred to NGS bases, reads and variants®®°,
Short reads, particularly when paired, can be uniquely mapped to most
of the human genome. But most is not all, and a problem of short-read
resequencing is that variants in repetitive regions and structural variants
are routinely missed. The extent of this shortcoming is quantified by
recent studies that resequence human genomes with PacBio®. A second
aspect of incompleteness relates to phase relationships between variants
in a diploid genome, that is, haplotypes®. Fortunately, haplotypes are
recovered by many of the same methods that enable contiguity for
de novo NGS assemblies (and ideally, even de novo assemblies would be
haplotype-resolved)””. Although still not broadly used, these methods are
becoming increasingly scalable.

The HGP’s human genome was constructed from a mosaic of DNA
donors, but mostly derives from one individual, from Buffalo, New
York, who had roughly equal parts European and African ancestry®,
The first individual to have their whole genome resequenced was
Craig Venter in 2007, one of the subjects of the Celera genome, which
was supplemented with additional data®. This was quickly followed
in 2008 by the genome of Jim Watson on 454 (ref. 90), and then the
genomes of two anonymous individuals®>®' and the germline and
tumour genome of a patient® on Solexa/Illumina, and five individuals
on Complete Genomics*. In this period, whole-genome sequencing
(WGS) remained too expensive for most groups to scale, motivating
the development of targeted capture methods®*~*¢ and then whole-
exome sequencing (WES), that is, selective sequencing of the 1-2% of
the genome that is encodes proteins™.

As costs approached US$1,000 for WGS®® and a few hundred dollars
for WES, the pace at which individual humans are resequenced has
accelerated. The 1000 Genomes Project, launched in 2008, released
low-coverage WGS of a few hundred individuals in 2010 and a few
thousand individuals in 2015"%. The Exome Sequencing Project
released over 6,500 exomes in 2013'%. The recently released Genome
Aggregation Database (http://gnomad.broadinstitute.org/) includes
more than 120,000 exomes and over 15,000 genomes. The Genomics
England (https://www.genomicsengland.co.uk/), GenomeAsial00K
(http://www.genomeasial00k.com/) and NHLBI TOPMed (Trans-
Omics for Precision Medicine, https://www.nhlbiwgs.org/) projects
each aim to complete WGS on more than 100,000 individuals
within the next year or two. Given that these projects represent a fraction
of all sequencing being conducted, it is plausible that the genomes of over
one million humans have already been resequenced by WES or WGS.

Clinical applications of sequencing

Our ability to sequence human genomes has vastly outpaced our
ability to interpret genetic variation, which partly explains why clinical
medicine has yet to wholeheartedly embrace WGS. Nonetheless, there are
some areas in which DNA sequencing is already proving clinically useful,
three of which we highlight here.

The most unexpected area of the clinical impact of DNA sequencing
has been non-invasive prenatal testing (NIPT, see Fig. 2). Pioneering
studies by Lo and Quake in 2008 have demonstrated that the simple
counting of DNA fragments released into the maternal circulation by
a fetus during pregnancy can detect chromosomal aneuploidies'*%*.
Screening tests that were based on this strategy were adopted faster than
any molecular test in history, and several million pregnant women around
the world have already benefited from low-pass WGS for NIPT.

An early application of WES was to rapidly discover new genes for,
and to diagnose patients affected by, Mendelian disorders® % This was
quickly followed by the discovery that substantial proportions of neu-
rodevelopmental disorders are attributable to de novo mutations in coding
sequences'®. WES is increasingly used as a primary tool for diagnosing
Mendelian and neurodevelopmental disorders, particularly in paedi-
atric populations, with the rate of diagnosis of patients with suspected
Mendelian disease by WES at 25% and rising'®.
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Our understanding of cancer, fundamentally a disease of the
genome, is gradually being transformed by DNA sequencing. Large-
scale resequencing has laid bare the extraordinary genetic hetero-
geneity of cancers, effectively defining a molecular taxonomy!%. DNA
sequencing is impacting clinical cancer care by: (1) suggesting targeted
therapies, based on the mutations present in an individual cancer;
(2) enabling non-invasive diagnosis or monitoring by sequencing of
tumour-released circulating cells or cell-free DNA; (3) identifying
cancer-specific, protein-altering mutations that may serve as neoanti-
gens for ‘personal vaccines. Although, the success stories in each of these
areas are still few and far between, relative to the overall burden of cancer,
progress is clearly being made.

Sequencers as a molecule counting device
While ‘expressed sequenced tags’'?” were considered a shortcut to
gene discovery as early as 1983'%%, it was SAGE (serial analysis of gene
expression; 1995) that introduced the idea of sequencing to ‘digitally
quantify’ gene expression'". SAGE concatenated cDNA-derived tags for
Sanger sequencing, with tags that are just long enough to map to a gene.
As early as 2000, Brenner and Lynx Therapeutics demonstrated ‘massively
parallel signature sequencing’ of cDNA tags, an important forerunner of
NGSY. However, this concept was not widely adopted until the develop-
ment of RNA sequencing (RNA-seq) by five groups in 2008. RNA-seq
uses NGS to quantify and characterize the transcriptome by shotgun
sequencing of either full-length or 3’ ends of cDNA!!%114 RNA seq has
marked advantages over microarrays, the most notable of which is that
transcript counts lead to straightforward statistics relative to analogue,
hybridization-based signals, facilitated by new software packages, such
as TopHat and Cufflinks'!>!,

Also around 2008, small laboratories that were early adopters of
NGS developed ‘digital quantification’ methods for transcription-factor
binding'", chromatin accessibility''® and translation!*”. In the following
decade, hundreds of protocols were developed that facilitate the use of
DNA sequencing as a ‘molecule counter’ for the characterization of a
remarkable range of biochemical or molecular phenomena, including
transcription, translation, DNA replication, the secondary structure of
RNA, chromosome conformation, nucleic-acid modifications, post-
translational modifications, nucleic acid—protein interactions and
protein—protein interactions. These are catalogued in other reviews and
resources (ref. 120 and http://enseqlopedia.com/).

The use of sequencers as molecule-counting devices was immediately
immensely popular, and probably had a larger role than assembly or
resequencing in driving the widespread adoption of NGS in biomedical
research. DNA sequencers are increasingly to the molecular biologist
what a microscope is to the cellular biologist—a basic and essential tool
for making measurements. In the long run, this may prove to be greatest
impact of DNA sequencing.

Metagenome sequencing

Shotgun sequencing of complex communities of microorganisms
for example, metagenome sequencing of environmental or human
microbiomes, has emerged as a field of its own, bringing with it unique
challenges with respect to assembly, resequencing and counting. Other
reviews have recently covered this topic!?*1%.

121-123
>

The future of DNA sequencing

In the long view of scientific history, DNA sequencing remains a young
technology. Here, we briefly consider its future in a few existing or
emerging areas.

Genome diversity

A 100% complete genome, that is, the telomere-to-telomere sequence
for each chromosome with no gaps or ambiguities, has been achieved
for possibly only one eukaryote so far!?®. As sequencing technologies
continue to evolve, we are optimistic that we will resolve challenging
regions of additional genomes (for example, centromeres). There are
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millions of living species on earth (and far more extinct species), each
with a genome waiting to be sequenced, as well as countless micro-
biomes and metagenomes. A comprehensive view of genomic diversity
may prove useful in surprising ways, for example, for protein structure

determination'?’,

Population-scale resequencing

We are approaching the milestone where approximately 0.1% of living
humans will have had their genomes resequenced to some degree, while
resequencing of the genomes of our ancestors and other hominins
is reshaping our understanding of human history®. The number of
de novo point mutations occurring in recent generations vastly exceeds
the number of nucleotides in the human genome. Eventually, aggregating
tens of millions of genomes may enable a nucleotide-level footprint of the
human genome (that is, observing all heterozygous variants compatible
with life). DNA sequencing also is increasingly useful for forensics,
without necessarily requiring a sample from the identified individual '**.

Developmental biology

We each develop from a single cell into a highly organized mass of
trillions of cells. However, our understanding of development remains
coarse. Recent technologies enable scalable, sequencing-based
profiling of single cells. Although popular approaches are ex vivo (for
example, single-cell RNA-seq), a more radical approach is to perform
RNA or protein sequencing in situ, thereby retaining the spatial
context'?*13%, Other emerging strategies use in vivo genome editing to
track cell-lineage relationships'*' or transport barcodes to catalogue
neuronal connections'*2. Editing of DNA can potentially be used to
record biological events more generally, for example, to monitor gene
expression'™ or calcium'*,

Real-time, portable sensors

Nanopore sequencers currently have a mass of 70 g and yield data within
30min of sample application. One can imagine disseminated networks
of nanopore sequencers enabling ‘universal monitoring’ of nucleic acids,
in environmental settings and in everyday human life, for example,
fine-grained tracking of our air, food and body, potentially streaming
data from millions of devices and integrating with GPS and audio-
visual data.

Unconventional uses

DNA-sequencing technologies will probably prove useful in additional,
surprising ways. For example, NGS has recently been used to recover
large amounts of data encoded in synthetic DNA'**. Nanopores may find
uses beyond sequencing, for example, for monitoring analyte binding'*¢,
chemical nanomachines'? or protein folding/unfolding'*.

DNA sequencing as the new microscope

It has been about 400 years since the invention of light microscopy, a
technology which continues to be used and to evolve. By comparison,
it has been only 40 years since the invention of DNA sequencing; the
technologies for which are likely to also continue to develop in the coming
decades and centuries. On the basis of how quickly it has transformed
biomedical research, and is beginning to transform clinical medicine,
we predict that DNA sequencing will have a longevity and impact on par
with or exceeding that of the microscope.
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