A — A

gy
e 30 o0y B o
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& 2-1 35 Sl PR S by

£—1 ERERIHERR

—. EEAGFFIIHHEE R

SN Y 5P UG B — R 2 55 . — D o2 BRI L7 51, %) H bRy
AR TS BT B R R E X2 A g AL B R R4 R D Zh RE SR A B B S AR L
1T ) v 0 00 P R (R 85 NS = AR e i A ) 0 e kA, T A A TR P 364
PP R 2L A5 L 2 LA AR A 55 19 DNA JF 908 (LSS 1-1 55) . (A2 55—
AR A2 I P S0 2R B BT (read ) — A 100—150bp , X F—Z& Ge R K B (JL+ Mb K
JE) | ey ) FH X Sy 41 B4 Hh HRE D AR 97, 6 T AE AR B 2o U — PR, 7 B0k
U, WL R A e (R H AT IR, AR5 PRI R (BT IR S AT | “ shotgun sequencing” ) .
FRATAN R0 H PR 4 R 2% P 9 e RS 4 5 09, RIS BOR SOTE S2 B— IR R 2%
Gt RSP SIGE . BT LA, FATHA S G SR R SR AT Bl 3 e ) 52 4 Rk, I
H—2R5EEE B H (B Mk BFZ | “ de novo assembly”™ ) |

2T L4913 Ul IR 97 R () e

FlAnFRATA X HE—5A]3% . “It is just a hypothesis, so don’t be seriously!” , 40 E 5 7E—ik
b, BN IEL X AE R4, AT EIMEB R E ., RATH X
SRACE ENRZ 0y, IR e (4RI R e — R B a1 i) 3 BT AT B 2 A% RS R 2R T 1)
FMTNIX LERELR 7 P BEHLANI, TR IRA TR R 7 2%, Lol A an s &t

itis ypo stah the sodo eriou siss ju ntbes sly------

B AN Rl A THE LR 2H DNA T AR5 I RIS VR 2 B0 — . FRATTAS Wt IBUR A W
GEIEZNEE S ISR

itis ypo stah the sodo eriou siss ju ntbes sly tis yopth sodon beser beser ssod iti sju------

FAN, BT KB T —FFRAE R paired—end ( PE) ” 5% mate —pair ( MP ) ™ 30 ¥ 7 45
X S A AR AN AR A B e SRR SRR 4, A4 B BEA B 2Kb I e SO il
I H ARSI A H X 25 B B P 45 100bp 2647 IS, i R [R] 29 1.8Kb < J 7 371 ok
o AR A R]— A A BERY M S B2 7 OC R e SR o FRATAY 5 RLIG X A «

iti * % * % % ahyp,sju* * * % s pot,the * * * * % don,sod * * * * % ser bes * * *

DAEFATAR PG X e e A E A TR ARG OCZR  FATT AT LI A5 B [k .

“itisjustahypothesissodontbeseriously”

BB RN ARG R AT AT B3 8L, A1 BTN s M Fids i, 3
ITRCRE S 38 SIS |
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S AR RSy H B, 6800 A B P I B A AR e, — BT R S R T AR
5Kb DAL, B B e Al LA ) 20Kb HEE R EUR H AT = AP B9 I e i A7 AR K 1R
L ERRAGR B 15% 74 3 B RR ] T IX SEFR S R (AR RE DN AP 9 B DF 2 . I, BT
Xk =AU PR A A, SR T R L R A PR AR W 15 B A DR 7 i S (TR WL TS
=),

=, BEERANLHEETETE

AP B2 B A2 B2 16 5 00 S5 19 DNA R Be, 3l o G i 45 T~ Be 4
A HEIR S, H R AR RS A3 I BE AN 100bp EJLA- Kb NS AE){E B 2070
P& AR A S DR R AR P 91 7R DR 2H DF 4k AR b AR AT AT DA 35t % 1R 33 45 A
BORFHBY DR (RS A PR P 9 R T B i H R R P 9

FERH MK (de novo ) BHE T B HET FEA WA EZE T, — M RE TP ZMNES
J¥%1 (overlapped sequence ) #E47HH4Z A 572, FTIE OLC J7 7% ( Overlap —layout —consensus ) ,
AT ISR,

OLC J5k (B 2-1.1) 73 =2 B ek /¥ rl RE Ay L &
X35 ( Overlap: find potentially overlapping reads) , %X J5 il i _m_
& X PHE H F51 F Bt (Layout : merge reads into contigs
and contigs into supercontigs) , iz J5 3T F Bt & & FIIN P4 —_—.
TREE B E 55 B 5115 & ( Consensus : derive the DNA

(contig)
sequence and correct read errors) < A . v
T RREISE AP 0L BT R W T Y 525 S552= 7522 ===
PHELWITE . OLC Bk A H T4 — QI e o R 3k A pE———
T (13271 B —Jiit 700bp ZE47 ) mli— LK Fr Bert Bif %, . ACGATTACAATAGGTT..
(AT 56 AR 14 56332 7 (K 100~ 150bp) o Xt 2-1.1 R 5 ##E OLC
TR, i T H 5 4 55 ), OLC 533 AR M Ak T 17 91 ( Overlap —layout — consensus )

BRSO R I A s g By, R
RS £ X TR (L BRI, FI T SERLAE LR E A1, 36 TP i O
45t REIE A AR B AT AR IR AL. I — A AR %%

=, MABEEEEEHITERAAR

Xt 3 PRI IS B 11 5, Scafold 7K - (4 5 PR 2 51 P81 1) i 22560 KR BEP 31 scatfold
HEFFNAE 1), AT G AR I g 2he Gt AR 7K T 20 B i 7 22 R s A (BT 2 (B ik 4
A Hi-C SFFEHOARR B4 %S,

1. BEEE

FI I35 1% ( genetic map ) %l Bl 3 A7 % €8 (K 7K SF- 20 2 UFR =2y < o e €0 {4 o
( pseudo—chromosomes reconstruction ) , TH:HP ¢ ¥ X A1 3R 1 J& 36 R 2 2 2% E A IHAEAE
TRZAHE AL T7, 5 B4 Al BE A UE4E Rk HEAT B0 . H i 3st A% 5 v 4 B iz /Y oK
SNP #Ric, T SNP ARICHEATIE BT, b v 2 B i st A5 3, 388 RIS bR Ic FRiciy
BT IR B RIRR 10T 7 9 e A 4 B S R 2 2 e i s B 0, R st A% PR i Al B gk A 7 as %
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FIGAIRE 2o =287 55— B HEARIC AN scaffold, 1843 423 A1 51 HLXT 10 Blast K
— MAFRIC AT scaffold FEAEHL R, T HEFRUE— B A “ Evalue 1e—6" | i 6 45 HEHUR A VC Bt 25
HAFRC AR RVE RS 2 HBEE N B —A> scaffold I, T 5E scaffold 75 22X 1] G
FIbRIC R B HEF A5 )3 28 4 B 58 scaffold J7 ) HEFE AL (o iR E 7, 24 5 7 31—
scaffold FUPRICEGE K T55T 2 B, 5t A 7] BE#A € scaffold J7[m) , 38 i 52 57 2] [A] — 14> scaffold
B Z M FRIC i E F) scaffold bR RN E AR B, IF45 S AR 10 1 s 4 1 2k 4T scaffold 7717
Wi . ML scaffold i & J7 1] B J7 ¥ , scaffold HF P B 5 VA SE il 1 A ic Xof 7 93842 B g R 4 €5
PRAG BRI T Y AR TE T 3 55 =40 1% scaffold BYL A, Y scaffold MHET 7 il LA K
AR E (X BB (5 B E & TE M, fc i — 2 WG scaffold — AN REEE R, H A 5 Bk 2
scaffold Z[A]FH 100 /> N #4Ede ok, WRPHEW R A O A S ERWA B4l Mm%
BEIRZH 07 SN LM LU BERE I < MEGL IR B TAEMIILS . WRIA S5 BN, AT
DA jb At A% RIS AT A LB IR S A7 R B (gap) o
AR AFAE LA T 35t 1% BT I 0 IS AT 58 22 1 A a2 160, LA AR i 5k
NS IC Z [H] B — 2k L S AT REAFAE (9 I3 A B i . brac B 3G i, — 5 T 2R
& T AT AF RS Bl scaffold 4T HERE FIAE [a], 53— LA AT GE H 30 &R 70 bn 10 55 107 55 1% 1 1)
@i, ALLMAPS(Tang 45,2015 ) & —™fiff PRix 26 [b] 3 Le A FRAR I A= W05 B 7 TR B S Al e
i A 51 T i A A% P15 2 P DR — 30, [ I mT AR A [+ 35 1 (RT3 22 (BRSPS
A E AT R/ PRI LS IR 5 & n] LA R il 5 22438048 RT3 A B, xof 1 BE PR 4 G (0 (4K 1
MLEARRH B, & 2-1.2 24 ALLMAPS I 04 75 310 (10 Yo € (A 20 25 1y ] WA 25
Bl R FE IR TP % B 5 G 0 R 2 i) i IR 2Pk | > 224 a5t 4% [T %) i 2 R o it
A XS, T LU A (W) B S R AT G 6 R 2H ke ) S 5 D A AR e ik R 2
( Brassica juncea ) ffi F§ ALLMAPS #47 T Y& /A K 4 Bh 21 2%% ( Yang 45,2016)

103cM  chr23 (15Mb) 0 2 4 6 8 10 12 14Mb
(1 60f =0.992 ]
S sof
0cM 2 40
E
E 10,
7 [ 0
L z =0.990
n. K 20}
= g
<
§ & Q 40t
= E é;
60}
=
—_
80}
66 cM
1001 |
./
0cM ( )

& 2-1.2 F) B ALLMAPS 33 Bh 3 8 {28 25 /9= 51 25
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2. BERBBRFRA

I P8 A2 P13 2 2R R DR AT LRy BR A, AR A s AB AR S S A = S5 i,
WOV 228 B AR AN W B JF e O 167 FH %l B 356 PR 4 2 %€ )2 81 3% ( BioNano ) \Hi—C | Z il &F
(Chicago) $K .10 X Genomics linked—reads 5545 Fh$E AR Nz 1WAz . T 16 30 868 AR E 47
B

S RS HOAR R B2 thRic , XA JLE Kb (AR DNA 43 F#E1 T U, 428645
BN EENE TR A A% O e IS RS AR T I AR5 2., 5 & i Bl —
) 19 52 AT DI, T LA Al B R DR 4 5 e DI 2

Hi-C 4 AR $8 5 18 1 G 0 /R 4915 48 38 £ R ( High — throughput chromosome conformation
capture) , & —FIF 5T 4 BE R 20 = AERG R LA L2 o e G 8 5 7 BOM LA FH RS SEBR FOR , %) T2k
PRI ZH 20 % , Hi—C R B2 5 T Y (A A 1A B4 R IE K T e Gk 2 ] A AR B4 T, s i
S B AH AR PO T B AR VR, AT G (RS R 20 7 91 SR 26 AR AE 1) B B AT THY I
WAL, X 5L R i DX 2H 7 51 20 25 38 e (A OK P 1 7 6 L, (LIS A% PR s S g
LTI SR REIA T Hi-C AR R BN AT LASE ST 91 G 4 E 7

Chicago ({&4h Hi-C) J&—Fh b Hi-C SCERISHA . BT Hi—C H AR I 40 i 4R 0
Yt 57 kA R BOSCPE DR, S5 A7 A — L8R )2 A5 5 0, S el i PR 2H 2 3 ) TE
Chicago $ A LU H 21 4 (2 57 g Bl A K R B il 4 DNA 2l A0 iy 2H 48 1 LA S 4 6 5
A TG REM YO, ZERAYEE T T, X Hi-C, 7 8 o o, 205
YR I S (E™ HE R B R Y FRL AR G /N — 88

10 X Genomics linked—reads $ RA i I /&7 DNA F Bt Fin A RE5F 1 25 15 ( barcode )
JEH R DNA R B Be 2N [F] A ahiE foki rh LA GemCode “F- 5 47 SC PR 2%, R85 &
Mumina HiSeq M F-F & #4707 o XF T4 B RE R 2H 241 %% | iZ 45 R i barcode 73115 B 1B
Bk H B KR B DNA BRI 24327, WmARASC i B SIS B . B2 T R Bfs B 4%
A AKX Mumina short—Reads 41 %¢ (4 75 51, AT JE— 25 X% 358 K 41 3E 47 41286, T $2 Tt scaffolds
KE,

FT ETECHHES

—., Eig

ULE &2 (graph theory) , BANTHF A SE U K E 2% K KK HT ( Leonhard Euler, 1707—1783) Fl
FHEH R A -E RS, A 250 2 5 AF e W7 28 (Konigsberg , BUR 2 i L& 17 ) , AR 2 4>
K& TTNEA 7 XS (K] 2-1.3) . BFe B T RAGA AL —> )l . & 75 7]
REN—AHb S &, 2ead 7 EAE FLAR A o — Wk ARG 3 e iy 1735 4F  BRPLAA T
R ANATRE . BRI ] B G2 B — A~ P s A 1 A R ) (8] 2-1.3) < AT RE A HH
i 4 S (A\BAC\D) 7 A R 7 2526, ixX T IR Y 0] REAR B MATE ] — A4~ i i e, 23 7
SRk HAUM o — vk, P B RS . BT BN EAE B [B] % ( Eulerian circuit ) (33 UL TH 158
HT) |, B DAAS AT BEFR B — 2R BE AR T 2 R BESR BRI I 0] A P il 52 B FL e DR B3
IS 2E R G
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(a) (b)
E2-1.3 FRHELHEEAREHRER

1. BRERRKNERFREBROH

FEE b K R 1T HR TS (vertex ) L33 ((edge ) FTICHR BREL (incident function) 2, FCEK B
B AR ok P B 2532 08 T T R R U 5 TR 14 ( degree ) 8 11 S 301 14 S et 18025
53 TE FTC I 1, 3 AL (weight ) $8 321 U BE 4555

PEAE (walk ) 248 — SR BB — 53, TUSR AL 2B e, B ARrEE A imil, [H
— R &30 E A R A 3 (tail ) | B2 A RN SRR ] 04328 1Y [8] ( civeuit ) 351015 5 [F]— & h
T 5 EASFR] B3R 42 A 4% (path) | 2 i FIZE S AR [R] B9 Y 18] (eyele) o 3238 B ((connected
graph ) JZH8 [F]— & FPATA] 4> TS AR i Y (&) 2-1.4)

—ANILBA R I B e AT A 3 e A b d
T 22 (B 19320, AR A /I 14 B A2 I 1 3 7
AT A R A, fE SR 2 BRI, # 4 y
T LAREAL S SR R R AR AL, G 2% 7 51 R T
TR I (R, 0 e 6 SE 1 T e e AR 2 e
iy = ISR HURHA K Dijkstra (1959 4F) 421h 17—~ E2-1.4 —AEA 6 AN TAHEER

AR P o AR B RUR I (1972 AR R A
RGO E R ) . ZRER RS RE X A AT
2. BB SIEBHE
KRHZIE (Euler graph) o245 & A BAE 0] #% 0 22 18 P, A0 18] 2 1.4, O IR &, o
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“bacbdcedfeb” WiF— BRI 23k B BT A 30 100 300 nY BRI, B[] 3%t 2 A i RN &
SR ) — T R BR A 3E A 7 — A I 300 1 15 o B [, T L AR o A T a7 1) B 75
SR, R P T o5 A A 5 LA B T — AN BB L, 3% 30 B [ 2 01 E 2 5,
Flewry T 1921 A48 T — AN 7ERRAL & T SR MR [l 50, Rl oAy — 2605 3k m] LA
SR — > BICRE I AN R R [ i i

WG %515 ] ( Hamilton graph ) 248 5 A WA % 0 1B (%) 1], ey 280t Pl g 22 0ot [ v o A T L
A NS R ] — Do A B, BN ] 2-1.3 < abdfeca™ WlJ&— W 2 TR, I 2 0 fR A8 2
fe At BT A TOU R B AR o T — A (BT 75 2 M 2t 1 2 — A~ NP =52 42 [n) 8 [R) R, 7E—
APl T4 0 2 0 AR L R RE AR 2R ), WA A A o

—. ETEAERBENGEER

1. BHER(De Bruiin) B

FLULIE A R ] s S S A - K 371 ( De Bruijn sequence ) , ' S A5 A 6 R 1E
BOF AR B A — TR, A, B(k, n) 218 k ST EM TR ES], BT
KR n 09 k STTRM BT S, #2180, 30 BAGE—IK,

filhn, —#Ed 51000101117 )& T B(2,3) 41, Bl 2 DAFITTER (0,1) s i KJE N 3
BF 5 5% F £ 4 000,001,010,101,011,111,110 F1 100, IFEFHR T 2 MoEKE R 3 1Y
FRAE G, WU, AR R F I TR 2 0, R IE TR

A PR 9 T L o 00 4 A R TR 35 )
BRAR k- 1 A A DR A R K AR R AT A L DL 000
2-1.5 ol ML B(2,4) )55, A 3 A 4 =7 N
B TS 3 AN B AR TR, 0 4 Bk, o 100 001
B SR 1 O LI B A T 4 5 Y T~ . 0
K P91 (P B0 ) 22 ¢ B0 TE B — U (2% B 72 S W T
) s ISR BRI 2 A TS — K IR A = ATy ° 11 0 :
B (P T, ) B TE i — Yk GZ AR R U iR A% ) o B o 1ot L
ﬁﬂ‘]?)&ﬁﬁn‘FEﬁTﬁ%ﬁéﬁ?iﬁ: 110 == 011
0
000,000, 001, 011, 111, 111, 110, 101, 011, 110, 100, ‘N et
001,010,101,010,100,000 11
SR £ =4 19 TR0 )
0000 B 2-1.5 fE7%HZ[F(De Bruijn)
0001 PRIZFI 2
- ZE N3 EFEHA
— 0011 (TAm3 KT AR, Y4
------ AEFER) .

XoJ 7 ) AEAT 44 X741 R 0000111101100101”

2. EFEHhERENEREBHBEEE

n ik, BR R 20 B A SRR, —J OLC Bk | 3 T% 58 A& I 4545
T35 T A 5 DR PR ) Bk, 0 H TP 758 Al i 7 9 B P i Rk . T

_____________________________________________________________________________________________________________________________________________________________________________________________________________

7D39 AMAE A F SHRZA RS 185mmx260mm 39 /739 F  10.5SS




F2-18 ERAHRSDWN 219

A6 DR T A 54 R0 5 A 3K BT S 0 R M BT B A A b R
K-mer VER TR 37 A3, 00 A B, JB1 A /Nl A2 el B A B PR 20 R /N e 52 ) 41
TRRE, M S5 EERE T (L 55, 2010) , X K-mer J& 48— 745 5 T A7 nl G
HAKERN L&, EHEIERNA ST K-mer JE45— 20 F R0 55 | Birg ml fig B
ARKER kE WTFIFHETH, *F—%KER LTS, A TR B R & )75
B L—k+1, 1 AT BERY K—mer F0i 5 )7 51 BT R £ (n) A (101 DNA JPF H 4 Ak
IR, n =4) BT A AT BEEICER N n* A,

5 T2 W15 2= F AR 90 ( Pavel A. Pevzner) 45— U AT £ (K 8 5 AT 41 (0 9642
1989 4% Ath e YR FH A=A 6 X H T 24 28 7 452 R ( Sequencing by hybridization, SBH) [¥)F
G P ), B AR 52 A 015 B2 ZIKFE 2 (Micheal S. Waterman ) —i2 , 1IE X5 A 751
PHEITF R T PEPERRAE T SEBR T 5 9F4 (Pevaner 25, 2001) , A A T4 76 7 A 2 DA I o
A L 1 T4 W I A A LR B R DR 9 (B - IR R A ) |, B e 3l R B AR A
W IZ PR R T v A A SR A P RO

FEAEAT A I h SRR RR L AR R AR NP R) L, B AN A SR i e XA [ g, i)
Flewry1921 A4 i A —1> RICHE I R RICHE ] 8% (4 503

HRH— 252 P AT LA G H K—mer L HLIAAS K—mer S T 18 & L, DAY
“AGATACT” i, 3—mer( K =3) S A mUAYTEAG & AN T .

Read: |A G A T A C T
A G A
G A T
3—mer; A T A
T A C
A C T

[AGA|—[GAT|»[ATA|—[TAC|—~|ACT]
FEHH ElE P 7 AR 2T, SAETEA G e T 9 NI i 22 A5 SR AL,
W) 1 AT - R BT R B %
i, an SR S5 A — iR 22 S (A G R BN P R 255 1) | B AT B A A - TR TR
2 i —4~/M (bubble) :

ATCTTATTCG
ATCTAATTCG

| [ ] [ | | | | | [
ATC = TCT | CTT | T1A |—{ 1AT }—{ ATT | TTC | TCG |

| cTA | TAA | AAT |
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MAE 10 KLFHAMTERLR.
GACCTACA
ACCTACAA
CCTACAAG
CTACAAGT
TACAAGTT
ACAAGTTA
CAAGTTAG
TACAAGTTC
CAAGTCZC
CAAGTCCG
FEFIX 10 F5 137 A N E SR R (R 79 50 .

laaclh—{acch Tl cTa = TAC - ACA|{cAA - AAG AGT

—AEE AR (51 H Velvet) 41F .
FRIER P Fr B (SRt 51 FTWRI T 7= AR B2 7 o0 ont K BE (1327 P 41 (i

K H—K
R PR 2E) o AT E L 4—mer S HA T RE (HEAEL) |, AT W5 4—mer HE 3-4 1K,

HS AR E D P IR ZEHY 4-mer HBLUCECERALY 100, 2k TIX 28 4—mer A4 78 A & P 141 (5]
2-1.5) . FH i TP RZE " A T R R ORIV,

A
AATGCCGTACGTAGGGTAATATATGACCA G (21)
A

T (24
A

G (1)
T (41)
A Q24)
c 1)
T
A Q1)
T
Cc 1)
G (1)
T 1)
A
A
C 1)
G (1)
T
G 1)
T

(¥ Tlumina 32 F)

 S——

TGCCGT T

AATGCT TACGT

TTGCCG CGT

GTACGT

AATGCC
G (31Y)
A Q1)
G
C (34)
C (34)
T
¢

H k=4t de

Brijinf
1
1

l___I
1
v

HEaHAAaAAa 9990000000000 > > > >0 >
HaQarrrrrr>HAHQ000>H0Q0HSS0000% >
Qoar—H-HQ0Q>>>>—Ha00>H0QQ>0-S00H
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GTAA }—{ TAAT |—{ AATA }—{ ATAT

[TTGC }—/ TGCC }—{ GCCG +{CCGT —{ CGTA

{ATGA [ TGAC |+ GACC |—{ ACCA ]

GTAG —{TAGG —{ AGGG -+ GGGT P{GGTA
e e AR

TACT —{ ACTA }—{ CTAT

M2-1.5 EFERAFIEFOREHEEES%E, BFkE—RERAF 5B ont K
EMF T (RF R BHENNFRE) , HBH d-mer REEHEEE (315 Velvet)
UNSAEA A — A FE AL B TR B P, R — A i A 5 A TR, i) AAE G A e

AEHZAMPER M iR 2E B2y 9 52 IR 7= A R A R I, BT LA, — A AT R N

LHPFHERT , 5 B S I 32 P AT A R TR BB R A, 25 B P b n] RE A B 5% 23 L)

WA,

AR EE R 2 4 56 TR A PR AR SOAPdenovo S filEA T HAA B

& 2-1.6 KE(4 it T SOAPdenovo /1Y
PHEzd R 3 PR 4 e 90 4T e 3 — a2 K A
SN 7 ST (L 2R AN TR BE Y
[ 150 ~500bp L) 2~ 10kb ) , #E4T XLk
(PE) w38 2 W 7, & &y K E Y
100bp , 2R J5 ¥ ARAF I K B2 P A K—mer
(K RAMRIERA- PR AT e PR
SR HHAE B, 0 40~50bp ) . PLiX L K
—mer N T, B4 K—mer ¢ R (1§ PE
KR HEEAEHE L, SRIG X0
TR I HEATAE IE , 254t 00 i 25 4%
SR MR, MRS 0 A
&, SRR AL, BIE S nT RERY DFBE T
B, — I T contig FEAT I Sk HE AR ; X}
FROEZIFH, B TIE RS ]SO, 9
FE IO W 0 % B2 7 X, — MR AU R A
PHETF I 2 bRk BEE Z P51, 4R 5 AR 4
PE SC& , i€ e J5 I PHE T 51 (scaffold)
SR J5 FRKG T o v BN PF 1 7 9 I AR i
FE LY W] LUK B 5 90 (9 65 1 (gap)
K/NR RSN, XA PR R
AT,

NN
"\\//'\\/\/\ Genomic DNA

& Fragment and paired-end sequencing
of libraries with variant insert sizes.
L

A
2 150~500 bp @ 2~10Kb

\ 4

57
= = = = Represent read sequence
B ot - overlap using de Bruijn
4 um wm) h
~o+b grap

Remove erroneous connections
on the graph
1

I 1
(ii) Remove low-  (iii) Resolve
coverage links tiny repeats

e e e
T
el b €2 .
D e5 Break at repeat boundaries
and output contigs
e e4

v‘ Scaffold construction

(i) Clip tips (iv) Merge bubbles

E el €2 e3 e4
L= S =1
F Van O ap o
T e

E2-1.6 ETEGEEREMNERAHEELEGZ
( KL SOAPdenovo 23 f1) (5] B Li &, 2010)

SOAP ( Short Oligonucleotide Analysis Package ) 2831218 KL R EF X — AR P58 (NGS)
H EFF & BT, Hor SOAPdenovo S b A B I BHEERF . SOAPdenovo &y
S AE ) R PR A B ) T 7 90 1 DSk DR T g RGP /N6 PRI 28 (40 R L T R R
) WPHE TR AT I, AT SOAPdenovo JEA AN RAS, 733 T 2010 4FF1 2012 4F & 3K
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TE Genome Research GigaScience s Iy AT SOAPdenovo 1M 5 , SOAPdenovo? 3 i3 B HT
SR BRAK T NAFIEAE, iR T contig P42 rh &2 DX T HFE R SE M, 42T T scaffold
P PR BE R 55 B, DA S — B0 T AN FR R DHERCRA TAE R W Bt m . AT
Velvet, Allpath—LG 28241 1F , SOAPdenovo2 B %% ML P T+ E, BT
I, SOAPdenovo2 A LIAUUH—1247 (SOAPdenovo—127mer all —s xxx.config —K 31 —d 1
~F —o output) Bl "] 58 s PFHEAE 55, TEIX A A4 b all ﬁ%:z K AMEIB AT BT A DREEAE 55

“ =K J5 AT D AT K—mer 1R (A7) | 38 #  E22UR 208, s U PR ICR
B K—mer KB, “—d” )5 T A B8 - B j(ﬂ:ﬁiﬁ?lfﬁiﬁﬁ K-mer I THHE  Z S8 H WTE
TR PR R P BN K—mer X PHEIF N, “ ~F” ZF LT X scaffold #E4T#M
“ =" G SRR PR T O TC B S

HARBCE SIS E BT

#HIC B

# [LIB]

#3CPEAR R AL TT Sk
avg_ins=200

#average insert size ( SCPEIHA T BB

reverse_seq=0

#f sequence needs to be reversed ( J¥ 51 & A 75 B R , BETHOIITHAR 46 A B BEK
T‘ffﬂ: 2k BRH T ERAL, BT LIOGE T4l AR BER T4F T 2k SUPE, 787 B S  reverse_seq |
=1L /NT B 0) z

asm_flags=3

#in which part(s) the reads are used

#FZSCEHR) vead 781 7E2H 2% (WP LE IS 2 ( contig/ scaff/fill ) H 3

#H 1 AU TR contig;

#H 2 TR scaffold

#1% R 3. [AlBS FH T A9 2 contig Fl scaffold ;

#0 4 U TAMA |

#HEAT AR B (<2K) iR 3, RIS F T contig Al scaffold , K4 A BBt (>=2k) % |
j{l 2, ANH T contig, HH THIEE scaffold ,454single K reads H FHT#M .

rd_len_cutoff=100
#use only first 100 bps of each read

#ERANTEISE Y BT 100bp FF ST T I5 2553, DR Dl — JBCM e 135 1 8 v i 2t A X 5041
13'”@ e B Y P S P 13 P A RE AR A — 4 | AR B T AR 1 128 P 97 o 4

rank=1

________________________________________________________________________________________________________________________________________________________________
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L ttrank ZEBUSH HUE T reads FITHIEE scaffold (YT, (M , SR ARG S0 T |
A scaffold , B T RVRE rank 930 KO 2 [N FH T4 scaffold . — B4 KA AT B |
152k B 255k B0 3510k B 4 BRSBTS,
TFVRE R A RS, 1T LA S B A 7 — AR scaffold . 336 LU KOd: |
R AR DA 1 0 B 26 P TR |

pair_num_cutoff =3

# cutoff of pair number for a reliable connection (at least 3 for short insert size ) i
: #A[BESHL, pair_num_cutoff ZSHHE T M contig L & pre—scaffold [ 7] {5
AR, B BT EHA PR AR B <2) BRIAEN 3, K
AREEFFIBRIAY 5 |

map_len=32

#minimum aligned length to contigs for a reliable read location (at least 32 for short insert
size ) i
#map_len ZZHHNE THE map 1S FE T reads Fl contig B9 b X BE DA 03K 313 (H ( 1b
KRR mismacth il gap) , BEHLX A REAE S — N ATMEAO XS, TS0 SR AT B (<2K)
S 32, KA B 35, BRI K2, |

ql =/path/ * * LIBNAMEA * * /fastql_read_1.fq

q2=/path/ * * LIBNAMEA * * /fastql_read_2.fq

#a pair of fasiq file, read 1 file should always be followed by read 2 file

# U R A — X fastq SCHF, /path/ =+ LIBNAMEA * = /g SCIEGE R4 0 142 i
, et R T U PR, FC R0 (9 P 0 A SO SR A BRSO 20, R 1T 2% hups 2/ |
github.com/aquaskyline/SOAPdenovo2 |

_________________________________________________________________________________________________________________________________________________________________

F=1 EBETFF=HNEHENHZ=

H i =S 3 AR EFE A HE Helicos Bioscience 2 &) tSMS | Pacific Biosciences 2 &)
) SMRT LA J Oxford Nanopore Technologies /A 7] ) Nanopore sequencing £ AR (TEILEE 1-1
) o TN R R AN — I AR LA S Rl B B (chimeric read ) |, 35 = Ay
T IFEE T OHE A AR BAPRME . H AT PacBio (PB) B9 SMRT HAE I HE N ™
2 1 ZAREOR AL, PB s S ], %o =AM P B8040 D e AR DGk A AT M3

AR = A R A A [R], w] LA BN [R) a9 PF R 07 2, RBUR = Mokng (1 2-1.7) .
(1) 5EFH =A% PB % Mk PR (FF 1S “ PB-only” 5 “ Non—hybrid assembly™) , X 75 % &
/D 50X B0y B TR R B, B 19— 85535 U1 HGAP (hierarchical genome—assembly process ) %5
T2 /0 S0 7 28 1 R P A RE A 45 R B I DR SCR A I T AP DFEERCR T RE 2%
FLR 80xEL 100X I ¥ 78 55 TR 5 (2) A = ACEIE IR BF (I8 “ hybrid” ) , 81 5-50x
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Pacbio coverage >50x

[ 1
Gap filling i H Hybrid i PacBio-only

]

1

1

1

1

P ———— L S —————— L
e

i PBjelly i i ECTools,Proovread | HGAPHGAP3,

| Filling gaps in scaffold with i ! PBR correction with contigs i PBCR self-correction

H PBR H ! PacBio-only assembly tools
i H LoRDEC,LSC, | with PBR

i i pacBio ToCA .

i i PBR correction with SR Sprai

1 1

1 1

i i SPAdes,ALLpath-LG, PBR preassembly tools
! i Celera Assembler Smrtanalysis

1 1

i i Hybrid assembly tools Pacbio Reads operation
E E SSPACE-LR,LINKS official toolkits

H : OPERA-LG,AHA

1 1

i i Scaffold extension with

i H PBcR ;
R L S 1

B 2-1.7 #R#E PacBio MF B =R ERE, REVAE K F 5 Hf B3R B ( B H Schatz,2014)
9 = AR 5 2 5 R FE i , AT E R S0 PBeR A1 ECTools %5, B AITHE 20% 22 47
B R A L, o DRI NS DR . =R PR s v, R = AR TR DR AR X
PSS O 6 e KB | (8] 2—-1.8 #E— 2045 10 T R 7 vp 25 45 2R 22 1] 1) 5C R FAH L
BHEWARL; (3) =ACEIE U T —ACEE BHELE R AU AMNR (gap filling) | X FPSREIGEIAEC A
fe i 1 ARPHESS IR (scaffold ZKF) BUTENL T, 77 A2 5x A A iy = ARy B3 55 VR B, T
PBjelly 5k iEA T4 MR B Pf4z
HE— 20X} B3R =R PRI R i BARPHE AT TR (R 2-1.1)

| SSPACE-LongRead
Short reads Assemble »/  Assembly » Scaffold
SPAdes
v

Hybrid assemblr -
ALLPATHS-LG
SPAdes t

Long reads / N C t&A. bl |
g | Correc ssemble ,\[ HGAP
P

BcR pipeline (S)

Bl 2-1.8 —f4E1EF (Short read) #1 =K% ( Long read) #117:E & HHEAI T2 E ( X B Liao %,2015)
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% 2-1.1 =4 PacBio(PB) #iE = Fi#HE KT R E ER 4T A «

PHE R LI QL N Eiipa
HCAP 43T Pacbio FEHIPHER AR , LA PH4 IR HATA 130Mb,
s R FER 4 AT 2435 smrtmake H#Y9 HGAP3
Falcon — A AR R = AP A
j‘l:é: % :J: PB — N N M4 — fD > %
B PBeR self—correstion (Lz gGAP JEUERAHIE], L PBeR 2R A AT =AU 51 A R AB /Y
i
Celera® Assembler A}t PacBio J¥ 31 B3P A 44
Sprai I A K contig i B A PF42 20014
cBioToCA Celera Assembler H A—AM8EHe | ) F — A% 21 B e 31 =A% ¢ 51
P T, PUAEUETE S IRF I — BT
ECTools —ANFIFH —ARPFHER contig 18 1 =105 B9 R4
=4 SPAdes R A = AR5 A TR & PR A 3
BERE T ABYSS SIS = (RFFFIRAE K contig I eIt B
/M3 ( bubble)
dbg2olc FIFHZAR contig 5 ={UFFNE A PHE A
proovread/ FIFZAR contig Xt =4RF N #EAT KA ks 2 4 1E
S F AR PRJell T = AEE RIS —AREIRE DFEEIRAR scaffold TR, SR W0
M Y PHEDR, RTINS 16

% R @ htips://github.com/PacificBiosciences/

AR =R P R AR

1. BF PacBio BB M L1

A PacBio B FBIEIETT MK (de novo ) 2H%E . = ACEHE 76 VAT 2H 25 2 A s kAT
FAL PR AR = AEE D Y AS DR A TR 2L Pf e, IR DAL E OLC B, =AU
S0 4% H i fe £ 2 T B AL$E HGAP Fil PBcR (PacBio corrected reads pipeline via self—
correction) . H Hii HGAP BEf% Pf £ iy 5L A 2H EBR 4 130MB, AN i 5 55 K ik PR 41 19 BF 42
HGAP AP I = AP IR . 141 2% (preassembly ) , 414 (assembly ) Fl4H 2% J5 &1
( consensus polishing) ,

TR B A v, ZH 2 S HGAP %ﬁﬁﬁ@?ﬁiﬁ]@%ﬁ%ﬁgmgi X—mH
brde P A e 46 e 41 B B Il 9 e 0 ek AR e R S B 2K )
(seed reads) I, W = ) — ¥ 51 ( consensus sequence) PEAT B P i P 9 B 8 B 451
fﬂ?ﬁ?ﬁ%

3 TP R E T334 8] 5-10Kb 1Y Pachio BRI 7 , 4% OLC Hvk B LA

s EI’JO ?Ez%EJZIJJE’J%%LT?*&MXE’J T YA S R TOUZH 7 91 B A BE A1 DA B A R 20

A 52 P 4 LU ALAR DG B, %) T i DR A A DB A T A DX, AT JR A K R 0 A o 3 A 152
A Bet R

AT M PacBio 2H % B &1 rPATS SR AATE 45 VI 2248 A BR ((Indel ) B 152 1 ik 25 46
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(SNP) 51 . 1B LEFE IR T B2 Pachio J37 81 SCAF T B H7 19— > J5 4 “ bas. hS ™ 1) 3C
1, BT 5 A AR T AR MR R A DA R Rl B B B A, QSR B 1R A R e 1T
Quiver ML 2 “ bas.h5” SCAR TR — B4 T & & B i AP U

2. ZR=REUBREH=E

FIH ZAX PacBio £t4l T AR P B 50H contig B TR G 4136,

AR =ACEHEIR A PR AT LU PacBioToCA #1 ECTools 45 T E.(E 2-1.7) , P& )3t
) 5 B2 AR X = ARSI T IE IE , e 2 B PFEEER 2 Hr 4K 14 CA (Celera Assemble)
SERL, AN S PacBioToCA AL Ry CA 1) —MHL FH A7 X = AP FIE & IE | i
ECTools W ZFH — AR T HHE 419 contig (CA B HEZE A unitig) HEATEIE, AT LA
ALLLPATH-LG 1 Spades T H XF =fUF I ABIEIE 8 i e F o S50k 5 kv 7
REPHE,

3. =REUBRTFANAEH =

FIH PacBio £l AT LI 3T ZAREIE PF 2 Y scaffold T “ N” #4704, HATH =
A FH T AR scaffolds #MF A PBjelly 55, {HAF—1- A, PBjelly IR T
XF = AREE A RT DU T HABA F 91, a0 454 W07 5 101327 . 1% T @ K7 515 EC 3
o L S A PR R L R B8 I 3 T ARE U DALY scaffold J37 31 L i 11, 35 2146
B TR A,

FEOT BEFFRE(K-mer) NERBRSSDM

FEIE SR B 5 BRZH I e 300 H Aip, 721 55 2815 e Xt B As R 47 BT 1 25 PR 20 9 A
(genome survey ) W7 FIHT . 1%y —MEHEA 708 BEA A ZE 3070 %35 A 41 7 55 0 )y, )
FZEHE AT K-mer 537, 3545 HARYI A EE R 20 00 K/ (A G BE AR FVEE 52 91 L f97) 4 2
ASEAGTT . ZAGTHEE RN B RS PRI A BB R E X,

W BT  K-mer 248 — R FAFER P T AT R RA KE R b T (FFH)) . XTF—
SRR LWFH A TR B2 £ BP9 L-k+1, K-mer 7EEW(E B 2751
Fr AR AR T2 B T B3R K—mer $H TR E AP 50 BHEEAN & R4 T 56 R 40 K]
flitt G EE T

—. BEEHKX/NMEIT

FETIM AR BT T — D EEH AW A K-mer, #2435 Lander—Waterman 152!
(1988) , F: ALK/ G) AT LIRS AT A AT
G=K, /Ky
K K, & K-mer FLEEL, K, & K-mer BRI IR
AT 7 TR, T 2 pg I R A B Py B P i iy el Ry, — Ao
T EUE TR Pk 2 D e A R S B MR Ay Pkt K2 TAERE K, RADTCkE w5
ANFER A Yy PRIRE B AN =, e sE R R U . A, Lander 1 Waterman (1988 ) 47

_____________________________________________________________________________________________________________________________________________________________________________________________________________

7D39 AMAE A F SHRZA RS 185mmx260mm 39 /739 F  10.5SS




£2-1% EBERAHKRSHHN 227

THSME R T BRI IR A T*‘kbﬁ%’ﬁﬁﬁﬁéﬁﬁ FAE, J5OK, Li F1AT Waterman
(2003) L 5 1AL PR 20 18 2 7 9 B30 | AR 31 2 e 30 ki A1 000 5000 A S it 7y 5 PR 4K
/M

K-mer B9 ST IR A5 09 T A B2 e it A Al it W2RIRATRESE— A1 K-mer A9
RN PR FRATHE AT LIS T Bl A=A SR R/ HR 4 Lander A1 Waterman ( 1988)
G3HT , K—mer TR BEIUR S A BAGIANA 5347 , FATAT LIRSS K—mer #5158 534 M 2 0 (AR Sy
IR

LA 17-mer R0, fhi it —DRABH FIRE ( Zizania latifolia ) 15 2H K/ (Guo 5§,
2015) , FATE B T — AP HNF PEIFINE T K2 35xEE R 240 78 56 B2 4, 56 T8
PEFRATAFENLY 1.72 424 17 —mer, HIRFE /A B WK 2-1.9, HRIGULIA, _U_IL,H\ 17-mer &
YA LE 29x4b . H L, FRATE T 4 K/ Ky k—mer %t/ k—mer TR = 17238.2/29 =
594.4Mb, ZZR 5 it A A R Y% BT PR 20 R/ — 3L

3
2.5

2

Frequency
—_
— W

¢
[

S

16 31 46 61 76 91
Depth

1

Kl K& K-mer ¥ & R EREAKN AR read & WP IR
IMCHSDO2” 17 17 238 224 304 29 594 421 527 20 521 695 600 205 216 956 34.5
B 2-1.9 RARYFHIKE ( Z. latifolia) EEBBAENF R E 17-mer RESHHE (5] B Guo %,2015)

—. ERAESEFREMIT

BTG TR 1 A5 DR 22, il — Se 4y b 5 DR 21 AR 15 58 52 2%, 380 1 S DX A 9F 422 10 M
FE o K-mer SRS 2o TR 22 B0 A5 EE P90 5 R R R, X e As ik
R T HbREER AR A GRS .

FENH A1, 20 3 2428 X B k—mer TRBERLAIA IX BEAAR 50% . 10, 3 [ 3
PRI — 17-mer 7 B, WARBAT 24 B0 IR EE N 2 ISR A — D28 B A8 XA Fr Bt
S 24 1T-mer, [AEMFEEN T ,2 4 17-mer RN 1, HiL, IR Hir 3L HAHH
—EMARGE, SE k—mer TREE /A0 MZR EWENIE (¢) 1Y 172 A (e/2) HB— /N (]
2-1.10A) . [FIB, 6 A0l i Wl il . 2R B AR B R4 o Z2 A5 R Fl R0 2 R 5 2
FE AR SR T YR 24 3T B A8, IS s 2 JE DR A 3 90 o B2 AR P 2 K781 R B ( >k
—mer K& ) EE2 0 2R, N T — ST XL R BOH N XA k—mer i 25 1
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FEVESE N TE k—mer YR BE /M TR o 7E I TR BEAE B 00 1 A% (4 A5 501 2 A4k (6
) B 1 A2 NE(E, A—DARABIAFHAY R (Echinochloa crus—galli) i, 3%
A T — NP FI T R E T H: 40xHE I e 81, B T8 it 1 H 17 —mer R
YA MIZERT UL 3 AN A A (&l 2-1.10B) , AR BEF A EE P HIR &, 530
TRIEERY K —mer X0, K —mer T30 A A7 2 B — A~ FE B 8 0 46 2 (A
2-1.10A) o — A ERWHHEEASE T, 49 5 52 )5 9] LU B 71070k 2 R T 2¢ TREE B9 K- mer
e A PP B e Y OB 4 D F AR DR 21 R 9 A T HEL

Error-peak
E.crus-galli 17-mer depth distribution curve
0.02
. Homo-peak 0.016
Q

£ Hetero-peak 2

% etero-peal % 0.012
£ =

E 0.008

Repetitive k -mers 0.004

i i i 1 21 41 61 81 101 121 141 161 181
A. 0{ 2 ¢ 2c B. Depth

2-1.10 SZEEA K-mer FEH % ERELISTiE

A—AEHEEES K-mer RELFHRE, REH LS ELFH A% K-mer FJE A 4
AR B 44540 3 B 4149 K-mer B JE DA, DURAKA SRR YH B E(E. cus—galli) %],

USRS eI e T AN v, S 5O B B T P R 22, X R S AR B (1-2%) B K-
mer B e 50N B S AN B TR RS R0 R R A (R ) B AR R 4
FBKRAEMT)  WIRRE TS H AR LR 20 ) 25 K—mer S0 A fiE B, JER 4 DNA B9 K-
mer 43 FFAE 23 Fifi 3 R 20 9 5 2 PRSI ARk, — 2L TR 52 2 A FE P 4 K —mer 43 A5 FRAIE ]
Z: DL — LB FT 25 0 (4N Chor 57,2009) o HIBE AT WL, JERI Y K—mer 7340 , AR FRAT A4
AR Z AR bR —HE , PT LU FRAT] T fiff 32 D 2 S AR K 4 A

=, ERA"BB RRKFHFHEIH

X T —AFER LA E 1) K—mer 54T 4° FORF B F A58, 0 1 R Mo M54 R 9 B0
A DB P AT B — D 25 %2 9T B (1A 2- 1011 b)) 3R RERY 7 B L K AE
2R, X FANIRIR/INEFE 2 A K—mer, AT LA AR/ NG K AEZR . i T — e K B Y
AT RED O (2R ) iR — B, mT USR] — A i B b FOR S B RS 21, dn i (%
NGRS R O RR TR B IR ER (0 (B R0) Zon TR . XHEHB R R
H—A RN A KBS 2 T ix e — A BB AR AR A AR AT,
ARG e g 4R T R I SO T AN R A - AR TS, A28 B 2R
BT R SeeDNA, A LIZRAG KT B K12 WIARAYIE I F 487 (K=8) (I 2-1.11),
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: 999 9gcigeg geeicggicgeiceg cce
; gg gc cg cec e H
i g c [gga: ggt:gca gcticga; cgticca cct :
gtg gtcicag ctg:ctc .
. g a g t ca Ct gaa gat: gta gtticaa caticta ctt i

agg agciacg:accitggitgcitcg tcc

5 ag ac tg tc i

: a t aga agtiacalactitga| tgtitca: tct :
aagiaaciatgiatcitaqgtaci ttg tic
H aa at ta tt aaa baat ata aﬁ faav“tat‘ ttattt H

Escherichia coli strain K12 (K=8 )

g E2-1.11 ERAKER(LE)REAFEERA"HK” (5] B#BHEi,2015) §

SEDRZL 4 18 DS LUK B DY AL o — e K A R /0, 6 28 s, K i
FEDHLL T ctag” SRR B D | 50 I8 A W2 R B 20 S92 B BR B S0 28 TR A0 43 7
TR BRI AR R BT — AN B R P A B B I T (R 2-1.2 5 T
’ K=4 255 ’

®2-12 —HAFERARKNBHRDNNFF(K=4) FF & (5] BHAM,2015)
BN\ R ctag  acgt  galc  glac  lcga  gege  cgeg  ggcc cegg
| Kl FF v |
E [RIE ] v ;
| A LI B v |
| HEH v |
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gx

BN\ R ctag acgt gatc gtac tcga gege cgeg ggce cegg
[GELimE 4
I
A ZEHAT T
7 HBER L 3R T
1 B e
FEK B
A A UN
Jiti 4 3¢ Jg A v
1 A 4 4 4
i S i A 4 4
11 PRI B {0 4
BN Vv v
SR IABR A % 4

FIRBR B AT R A A B SCgE R (BISE 1 A 4 A4S EEE . Crick—Watson BCXT, 5 2
I3 SFRERCNS ) o SRR A AT R 22 O 01 S0k — = 2, U B e AT BRI P U 6 A
Ko BEZE 70 AR BRI P UG v Se e 40 A b B A D B A ) — > g, A TR T
fin] LB UI 5ok DNA Feal RIS 40 5 0 R4k 53 A —A> B i 3 g8 —— 1 AL il #1) FT %
it , 20 P A 1 B R () I AT BB R R SRR s o A © N UDE - 2R 405 7 B9 DNA 7Bt
PRAPE , BIHEARANAZ i HLAY B 51~ b 9 SR Tl — N R A L (CHL ) o IR SCRR 81 (A
ctag, cctagg) %E‘i#ﬂiﬁ’ﬁ%@hﬂ%ﬂﬁ,ﬁz—o Hﬂ lﬂ.’.ﬁfyi . QE%%QE EF”%% EX??@% @%95
B D — A VR AR B B AR G — D B BR RS R 2R ctag” Y
e KA AT R OCH S, [ SR, 3t A R e Al ok A rh 7R R 4 BT Y
IR 5 K—mer 73BT, FATTAT L& Ik 2E380305

< XKL
<

VI &
L. AT L T e 3 Y P T 9] R R 4 4 A e ) A
2. PE 7 XT PR A PHEEA M1ER 2
3. THAH RN SRTININ 4 dEfEAa e RIE (Bl K =4) .
>seql
ATGGCTCAGTAGGC
>seq2
ATGGCTTTCAGTAGAGAGC
4. 55 AR AR = AR v T8 I A AT AN R 9 R 2 B e G PR G 2k
Hdh 2
5. R A T4 B (K—mer) A T35 K 25 /) g0 i 2
6. WA FHS-AF R (K—mer) Al 138 PRI 2H 1) 2 5 B A M 2
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