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Abstract
act as a reference species for Brassica genomic studies.

Brassica rapa is considered an ideal candidate to

Among the three basic Brassica species, B. rapa (AA
genome) has the smallest genome (529 Mbp), compared to
B. nigra (BB genome, 632 Mbp) and B. oleracea (CC
genome, 696 Mbp). There is also a large collection of
available cultivars of B. rapa, as well as a broad array of B.
rapa genomic resources available. Under international
consensus, various genomic studies on B. rapa have been
conducted, including the construction of a physical map
based on 22.5X genome coverage, end sequencing of
146,000 BACs, sequencing of >150,000 expressed sequence
tags, and successful phase 2 shotgun sequencing of 589
euchromatic region-tiling BACs based on comparative
positioning with the Arabidopsis genome. These sequenced
BACs mapped onto the B. rapa genome provide beginning
points for genome sequencing of each chromosome.
Applying this strategy, all of the 10 chromosomes of B. rapa
have been assigned to the sequencing centers in seven
countries, Korea, UK, China, India, Canada, Australia, and
Japan. The two longest chromosomes, A3 and A9, have been
sequenced except for several gaps, by NAAS in Korea.
Meanwhile a China group, including IVF and BGQGI,
performed whole genome sequencing with I[llumina system.
These Sanger and NGS sequence data will be integrated to
assemble a draft sequence of B. rapa. The imminent B. rapa
genome sequence offers novel insights into the organization
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and evolution of the Brassica genome. In parallel, the
transfer of knowledge from B. rapa to other Brassica crops
would be expected.

v 321} (Brassicaceae family)= 350 < (genera)o]] &3}=
,700 2 (species) 3ESFS}H, ThoFsh w33}t 2 E 9]
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(Schmidt et al. 2001), o} 71 &} (drabidopsis)2} w33} 4]
2o uI AT} o] So] of 1H4ml WA W Ao T
sxAorRE Z3HAZEE F4A =t (Bowers et
al. 2003). W7o A= 71 H KA 7L 3l
3} (triplication) H G+%2E Hol=t), of7|F e} 3+
H#el of H3ulyE W-LATM W Ao HA| S}
32 Z71E 9k AR E T (O'Neill and Bancroft 2000;
Town et al. 2006; Yang et al. 2006). o] % Hj<=A HjS:HF =
HAA QDS Foko] AMA =& 2719 M3E A
Rom, gtHo 2= 19 A o] AAA QL o) Hul4
A3} (allopolyploidization)& -8k thefstA %1315} Tt
(2" 1) (U 1935; Rana et al. 2004; Johnston et al. 2005). &
A A== A== w5 (B. rapa, AA, 20=20), AL (B.
nigra, BB, 2n=16), %}~ (B. oleracea, CC, 2n=18)+= T3
o]H} A (monogenomic diploids)o] il o] & A}o]9] z}i %9l
Z7ta o oA eASE 7t (B. juncea, AABB, 2n=36),
82 (B. napus, AACC, 2n=38), oJE] 2 mjo}AX} (B. ca-
rinata, BBCC, 2n=34)-2 o] Z A A (allotetraploid)o| t}. wh
ZA HjE GAA At Al Y FAA F29
A3k A% 7159 #3tet i 24 wridE 5= 4
Tot=d Zasg %36} Xé—“i% A5 Aot

v Sk AEat B A EQl of 7] Abol o A RE A
T4 fddAe R E °ﬂ et A Ao AR A
o2 AEY Ao 8T & U= Yk 1
w3t Ao A ot EX4eE A Au Gt w43t
WA o2 olg YA &9 S AA;

o A4 e W
o] 8-A A} (orthologous gene)7} o= ZACI7IE ZAd=
do] A For. AAZ w33t 2hEoll M= A 9] 30
<Estimated Time> <Major Events>
Ancient
Ancestor
“ T i Alpha duplication
* ﬂl:ucandwdk 2004)
Common
e ion (n=15 ?)

(O'neill and Bancroft, 2000:
Lysak et al. 2005; Park et al. 2005
Yang et al. 2006)

s Diploidization
& speciation
(Yang et al., 2006)

B. oleracea B. nigra
(C.n=g) (8. n=6)

A. thaliana o o
(n=5) o°* * e Alloploidization
(U 1935; Rana et al. 2004)

B. napus B. carinata B. juncea
(AC, n=18) (BC,n=17) (AB, n=18)

Fig. 1 Schematic representation of the evolutionary process and
genetic relationships between Arabidopsis and Brassica species
with the chromosome numbers, based on literature review and
our research. Estimated time of major events represented as
million years ago (Mya) on the left side; major events of ge-
nome divergence were summarized on the right side

3t ol 7o) fAe] 4wt Aujo] FukEl A
o A BA 5 Y] FAA o] 14 5
Wl o] A} 5ot o] R o] H T} (Town et al. 2006; Yang et
al 2006). whebH WjEE EE o2 wjEu} 22 e
SAA 24 L RRAA AR SO 4
Y Ejojof & AHolt},

o5 (B. rapa)= FAS 93

Aoz FAHEEY, G (leafy type)Ql i<} A4 A, &
% (turnip type)Ql <%, FAIE (ol type)d AR L-AR
(yellow sarson) 5 A5 = of uje} chopat 2ol 7]
o] EA4of sHA A AA A Al L ek v S oful
AlolHA vl A FHA =27]7F AL (9F 529 Mbp), B &
ko] 7hsstH, §8] g HIRE FEOobAIoto A
BAA o= %3?‘{} A2 A A genomes ETTH v 2t
Agel 4 9 04 A7) F4 Ao oAA o
ovl, gFo] Folst: TRH fuA TAE
(Multinational Brassica Genome Project, MBGP)o]| A 2003
B. rapa ssp. pekinensis cv. Chiifu-401-425 F3A A+ &
Az Aesidey, ZRAE 2|0 43 FEE BAC
(bacterial artificial chromosome) -F-Z A3 A2}, dHFHH
/H Hx}u].;z.] Htﬂ— \:ﬂ o XJ]Z]E Z]—/\-l %g *]Q‘Ei
clone by-clone @74 B4 A eko] ule} BAC Uek & 7] A

3 W BeE RS sNe R BolRgo] e 9

FEFIA St

iﬂ 71 E E4LS st (hitp://www.brassica.info).
21= 52453 95ty S fAA =
A4E o 8 AF 2HE FAHLE A5t

G 75

Wz faA] AESALH 24 A3} w2l 107)
QUL WL AT 2Uelv, ghrie] §HAE A
A A2 9 (euchromatic space)ol] FFE o] i, 5
A= ohoket ME YR LA 9o DNALE g1
AMA o] EAAHOo R Zfsttt (Lim et al. 2005, 2007).
%7] (metaphase) FAA| 2] Aol 2.1-4.5 um I 7]o|H 1
Z Zol=32.6 um=z A= Qlt) gAL7] (pachytene) A

Aol et DAPI (4',6-diamidino-2-phenylindole dihydrochlo-
ride) & FISH (fluorescent in situ hybridization)o]] ¢J3}+ i3
2L AR 9 Zol7l 237513 um FEo|T F Zo]
3853 unel Ao Z4E 9T teby FaAe] Lol
A2 d A7) (prophase) A7 A= AMZEE T
(metaphase) A]7] Rt} oF 128 2 A 2= A} (Koo et
al. 2004).
VEEES

Nore e e

AR E= FISH ¥ o2 B A3} 337 STS
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(sequence tagged site) U}A <} HFE A 5% 0] AWM ALQ
AAE FAAZ=e; vl oz ZH7Fo] QA 9F 1t
LAEE X AA ZHA YT (Lim et al. 2005; Kim et al.
2006). AY7HA] FAHAE 235H= BAC F2 100 o 7)
o o WEAG AMALY AAE FISH 245 F

stol AsolaL, o5 Foll 107] dAA 9 FdA $1A,
o] A ¥ M4 (heterochromatm)A =7)9} W€, (DNA = t}

e WEARY B EEob ot FUAAE
A HPEH%OI F7) QAR A4 oF 0%
i, 53] ejAL7] FISHOA FA FH o o]
o (pericentromeric heterochromatic region)©] 38.2
“ﬂ—J of 10% 2 S5 o] w52 HA o] A A
OF 40%°] Ao &2 FAEHUL

@2 §24 Aol SISk BAC ZESE 4
A7) FISH ‘:"“Oﬂ ofst, A7l FAA 1
400-500 kbp3l EZHAPHOHZ} o] Aol A
o, Tx}u};q Aﬂi Aty AE E3)s}
31, SAA xR Hof thgt clone-by-clone &7
cste] kel §AA RS w0
= @ AeR 7|dE
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1= oX ox
R 3594
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Ashom wes) 227 ¥eE g FAAE

R A7| A Y (tandem satellite repeats)i} 5 Zﬂ E
ARFZ %“45101 Atk AE9] YA AHE +A4
HHE A 92 150-180 bp TH 2 £E Zaulnh bp o4
o5 FAst=Tl, o718t pALL (Copen-
haver et al. 1999), ¥ 2] CentO (Zhang et al. 2004), 252
CentC (Ananiev et al. 1998), 18|31 wW|t)7}al (Medicago
truncatula)®] MtRs (Kulikova et al. 2004)7} &2 A Qlc}. uj

0] BAC & 1020471 9] @tk 47| Ee 2438 A}
OF 30%2] BAC Wtk A HoA] oFZ Zof Agta s Hindlll
A 7F Q= 176 bpe] FUA HHEA E-& WA s v

o FHA REEA IS 82% H7IME Tr/\}*é% Hol=
= 2852 ZAEY 9=d, 242 CentBrl T} CentBr2 2 T
Wehch 0] E2 WHARS ol 3 FISH L4
ol5}H CentBrlS A Al, A2, A4Q} A6-A109] F=
ESEIL CentBr2= HAA| A3e} ASoj ATt EEh= A
© 2 el 3 oFul5=2] whole-genome shotgun (WGS)
71 Dol A &= CentBro] A E =T, o]+ CentBro] Hf

l‘-llléo

l

R A2 $EA0 YA ArIMEd s ofvlet
St o] AMA L T3 BAC F 29 474G E4

2 E35lo] YA E 0] Tyl-copia-like retrotransposon (CRB),
238 bp o] 9] T4 HHE A F (TR238), 3 = rDNAs,

a8 FUA FH Eo| (pericentromere-specific) Ty3-gypsy-
like retrotransposons (PCRBr) & AT 4 ATt (Lim

et al. 2007). A 0|21} CRB:= H{jF2] ojujA] 351} o]
HAHRA] 3F2] FUA A BE J&éfﬂ% Fa A4
O}, TR2383} PCRBr2 A genome@l o A1t Eo| A
o & AL o3t FUA E 1 FH o §hEA
de XJXW*“X‘F% ol AAMAY HAE FMst=H F
gk AR o]gd 4= 9t} o] Qo= iS5 BAC W
71 D& 2ARE Aaf oF 50%0l Eat= BAC Ut ¢
7182 71 o] FAA A71AdatE FAHI ol §
© Ao BAEY o3 AMHEL HiF HolFel

SEol Wi FAA Q] WA 7]ofstaL glom,
HE2 ol AujAl F 9 Aol 22 HHEA]

3 Aol S oujatt} (Lim et al. 2005; Yang et al.

Holelat = EhA3E FLX 2 non-autonomousdt =E3F
LTR retrotransposon®] %<l TRIM (terminal-repeat retrotran-
sposons in miniature)©] A & 1T} (Yang et al. 2007). TRIM
2 Zo]|7} 100-250 bp A =Q1 Utk HHE A Y (TR, terminal
repeats) e S 2= k=1, ¢HE F7]A B2 ~300 bp
Lolal, Ao} FLo= 5 bp TSD (target site duplica-
tion)= 7+l Qlth ¢FZ o] & 7] A F-& methionine-tRNA Af
B9 AERE A|Z}tslo] A A2l polypurine tract motifs
2 Eva Qi) vi5=9] paralogous BAC 22 459 H7|A
25 H 459 W3 TRIM (Brl-Brd)& 2 & USU+=
g, I Aol 364~1,311 bp= thoFgit} (Yang et al. 2007).
oF 96 Mbp®] Hl 5= BAC Tt g71M 49 42 B3 +
HEL 2 TRIMsS] 749 b of 7] 4o mek e o
U ottt o= theFet TRIM elements7} B S=2} off 7] %

el % 12k olfol i AN FEARNLE o
ulghe}. ob Wl A A Aol 1K TRIMs O] 42t

o)A spobaha) BAT, of71gTie] A9 fA% A
el XY A A o A 2] TRIMs 32 AT} v 5=9] ESTs
(expressed sequence tags) 7] A Hol|A] 7|H g} (chimeric) & Ef
9] TRIMo| HHAES & 0, HH—%OHHE TRIM elements7}
oA Aolo] 22 Buat Aoz =AHCT TRIMsO]
ojg|gt R A NI E FAT Yu|E Zt=d|,
o] 59| o]Fy} FHZ HjF FAAY AHFAHE EE =
2REY HuyolE o AujAE Foto] AR 7]E
ojuf I ool FFe Fe ALE fFH oy
o A MY A wiF AR Y 3ufA| S} o] %
FTEH FAAEY 750l #3Fs }7%1% NM2E 8= %
A He A7 Hide Aoz FAET o wjE

oA BHE EA

TRIMs 2] o= & uf cpofst wjEF &
5ol Y Bl &7 LRS 93 EXuARA &

7bsstth mebA 2= Briy} B2l E4 4714 ES
o] g3l Mojelx A /\](transposon display)F o 2 4] AF-&
i o B 24 1652 B2 o2 57 3 &
2 25T 4 ATt (Kwon et al. 2007).
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AH GAA P2t fEHo=
Ao AEty A4S #xgswm
A FAEC g Asd Aoz 7|
%4 $7A R} AL ZAEE oo 7}
st wateh Fato] W 487k g HA A7)
o] Fo] At} (Paterson et al. 2003; Choi et al. 2004; Cannon
et al. 2006). o7 %o W0l &abul §HH, A3
0% el ¢ WY WA ofu] wg of7|
o] A Ars el $34 722 §RaAL A
514 W22 shd) )¢ f-8ach BAGAEAl
AR gEAol gl §AH AREY @71AY Haz
4 YR R SUA xR S-S 3R (-
licated nature) 0.2 UERGE=T], o]gst A= 3R
N7 gele) & R A 2T A7} MR Zoks
A7, oS4 ) Z717t wsel o/ de) S8
3lo] Y910]9S Ao R A} (Lysak et al. 2005; Town
et al. 2006; Yang et al. 2006). =, o} 7| At 9] A A= 2ul
G FRE WA @) 5O AT 714 o] F Ao
o] A 3l=1| (The Arabidopsis Genome Initiative 2000), H}]
T WpAole of71AH e s A7IAEe] dutdoew
217 A Aol =R
W gARY ey AR BelAw v
A EE F7IAE FEol A synteny H] Lo o]sho] o
S A%tk A w3e] BST 9714 e 27T RFLP
(restriction fragment length polymorphism) w}#] 54571 2]
AT AR § A B0 VI Ak
2 6271 2] upA 7} o) 7)Ao} ©hd A F9 (single locus)
oI LALD ol 2 2 ol 4k 4714
2L BT} (Kim et al. 2006). E3F -F-AFSH synteny & &
l% FAA THo|A o EAntA ) 25 EARE A
H$_ A 0] 38| Ho]Z= ol (Park et al. 2005).
FLC (FLOWERING LOCUS C) 937 o< m3}a}
§22] BAC 22 47h9} of 71 4eh 531 AR 9] oS
o] A7IAE ol A9 Bl 6HA (hexaploid) &
A WETE 9K B 9% @749 A8
£ Foto] ojujA| = Z3}et= dEl S ApA|S] Ko
o1tk (Yang et al. 2006). g7|A Qo] W32 =43t
oo} Hj 2 o] EH B oF 17wl 4. Agulu}
| AL, =72 FAA JufpBh oF 13wt
Q-IATAY Y Aol Yol Aoz fRET (o 23
7 1o aofsof qlrh) E7F v S FAA oA = oF
84T W Hof] FE A 0] E A (segmental duplication)”} o] F
o1 A 248, W FA oIS Gt
BHS AXHA G472 B A71A o] AAsHA 24
B o BAs TRIMEE 28 Aol elAe] Aol s

fs

AN 2 o2 Hr | l‘lr
=

H:‘EJ&HE
BN

2
N
%)

[
rN
3 O

¢

rir

=8, A Aoz stz F7hE FAA Y oF 40%
= Qofuizon, 1 A3 wasl 25 BA $HA Sk
off 71 A e o] oF 1.7v[j9] Ao 2 FAE T (Mun et al. 2009).
uj 520 Zstakg ol A F-HA WA S7kel ol A S}
Joio] AL 2AHE A Yol cere S
& gotel He 5ol £ B F4
ol A BE §3 5& 15l stol 3§05
s =3t 719 & Zﬂii AtR E =], v EF AE
o] A3} & weA A O] Gl Hig AE Ade A7t
AsyEolof g Aot

BAC REAR2HI BAC T FIIMLE

Al FAA Aol tge A7 HEA Ha
3td|, BrGSP (The B. rapa Genome Sequencing Project) ]| A]
YA} /\]._Q.Q A2AEL F 19 A5t E5 2273
BAC §AA230L 2008 7FA] & SAHEE A& s o
o, o] 59 A dol= wiF FHA Y 53 wjol st
o} BAC 717128 Aol AGE A4 EcoRl, BamHl,
Hindlll, 712] 3 Sau3Alo] AH&E Qi)

BrGSP Zro] 28 o] 5 BAC §AR-L&30] =& 146,688
NE AHE-8lo] & 260,63771 9] BAC et A714 E& A4t
st & Q71 E G o 203 Mopel ek BES
Aede] BAS Bl wjE A P20 EYL sjop
g 4= it} BES9] BLAST —‘?‘—/—\;‘ A1}, BESQ] oF 25%7}
E9H B 597 2uo) wtE o] Aoz ey
ok E& oF 15%9] BESE T} dolelg T& whE A
2 ery] ojie] QaA|e] FISH 24 ATk} 239

HE HjRo) o AGND GRS oF d0%oln FAA 9
ARG BAY A YA SAAE FRse AP A

A I ok 60%2 AL ZE =AU (Yang et al. 2005;
Lim et al. 2007). BESE uj<9] ESTs @ off 7] %] & CDS
(coding sequences)@} W] 3t A3} BESQ| oF 11%7} Thi 2
2 45 3st= FA A} (protein-coding genes) S Tth BAC & 7]
AEes 2ARES o S dost FAAE et 1113
Kbp Z7|GoTE W SAF = oF 45000-53,0007 9]
FAAZE & Aoz FAE =T, o= Yang 5 (2006)
SIERE QP

ok o 1At GHA| TR0 GAYO
20| BESS} of /|4t §HA HLL vlmetel w2 &
A =& 3t seed BACE Adtst= A
Zel whuolch. wkebA] 91,0009 Hj% BESE of 7] %l
FAA A7IA Dol BLAST &£45 04 o BAC 2£9)
ST F7IA Dol f7I ol A 5 LAl 500 kbp ©]
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Table 1 Summary of the genomic resources available for the B. rapa Genome Sequencing Project

Resources Material Characteristics Number” Reference”

BAC library 5 libraries 234,544 clones (53.4X)

KBrB cv. Chiifu/BamHI avr. insert size 120 kbp 55,296 clones (12.5X)
KBrE cv. Chiifu/EcoRIl avr. insert size 139 kbp 23,040 clones (6X) KBGP
KBrH cv. Chiifu/HindIIl avr. insert size 120 kbp 56,448 clones (12.8X)
KBrS1 cv. Chiifu/Sau3Al avr. insert size 100 kbp 55,296 clones (10.5X)
KBrS2 cv. Chiifu/Sau3Al avr. insert size 132 kbp 46,464 clones (11.6X)

]S?’e’;fe'ﬁgg 146,688 clones 260,637 reads (203 Mbp) KBGP, NCBI
KBrB 55,296 clones 97,912 reads (75 Mbp) KBGP, NCBI
KBrE 23,040 clones both end 43,168 reads (33 Mbp)  KBGP
KBrH 50,688 clones single-pass sequence 88,951 reads (73 Mbp) KBGP, NCBI
KBrS1 6,144 clones 8,117 reads (5 Mbp) KBGP, NCBI
KBrS2 11,520 clones 22,489 reads (17 Mbp) KBGP

Genetic map
JWF3p
CK
VCS

Physical map
Build 2

Expressed
sequence tag

Microarray
KBGP-24K

KBGP-50K

BAC sequence

3 reference maps
cv. Jangwon F».3 population 134 lines
cv. Chiifu x cv. Kenshin

cv. VCS3 x cv. SRS

DH F, population 78 lines
DH F, population 91 lines

67,468 BAC fingerprints HICF map

33 cDNA libraries of cv. Chiifu cDNA single-pass sequence

2 NimbleGen chips
24,000 unigenes
32,000 unigenes, 17,000 CDS

60mer, 6 probes/gene
60mer, 7 probes/gene

KBrB, KBrE, KBrH, KBrS clones BAC shotgun sequence

1,287 cM, 545 markers
1,182 cM, 556 markers
837 cM, 355 markers

1,428 contigs (717 Mbp)

152,253 ESTs (91 Mbp)

Ongoing®

Kim et al. 2006
Choi et al. 2007
KBGP

Mun et al. 2008

KBGP

Lee et al. 2008
KBGP

KBGP, NCBI

*Total sequence length or genome coverage is represented in parenthesis. Genome coverage was estimated based on the haploid
genome equivalent of B. rapa as 529 Mbp
" KBGP, The Korea B. rapa Genome Project (http://www.brassica-rapa.org). NCBI, the National Center for Biotechnology Information
 As of December 2008, 886 BAC sequences have been deposited in NCBI

§AE B gho] €9 B
= At ol EREE of7|d Ade &4
7}:4' 2

AC ZE9 90% o) - o] FEo2 47
FaL, o] 714 gef AsEo] SSR (simple

sequence repeat) 2 IBP (intron based polymorphism) t}# &

U= 600 o 7HE] 5= BAC & & /WSl fAA =0l seed BACY 92| & sttt

A d7149e 71EH) R AF A7IAFo] EAH seed BAC BT A FEEA (fin-

3+t Mun et al. 2009). H|Z-GAA] HHoz AAH= gerprinting)3}o] &2 2] = 9] contigo]] EFHA]A clone-by-clone
seed BAC K5 “phase 2”7 - (B7|A¥E 24 & €3t F7IAES AP o o5 d7INES 2AT BAC 2

& Aol ol&skA
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e FAAE A4S Aes A4 Aol W 5

| ga0dd, F44 @719 7Ede As
SHAY d71A 4G AyS dAsted WrEAl asith
ESE 229 A F7]4E (Next Generation Sequencing,
NGS) Wi ol &3t FAA sf=of A= NGS A EEf nlH|
TE Bgets 4% Q4R pHolt) wjSo| A=
toFet FAdG e R Y AHE +FY FAA R B
AET 27)= 2 £/43} (hybridization) PFAE©]
o] &= AR, FFoll= AHE-SH7] ZFHSEAL B]§-o] A F
3} PCR (polymerase chain reaction) u}# 50| F=2 7]ty
of ApgEC)

Z)2of| 33 9] v (B. rapa ssp. pekinensis) A X =7}
5§44 Z2AE yheste] Kt 1% )

= A (cv. Jangwon) B39 Fas AR =2 A 279
5207} RFLP u}# 9} 257] PCR t}AE 2= & Zo] 1,287
cM9] A =4t} (Kim et al. 2006). H]Z o] Y A=
© G71AE A diF AR (ev. Chiifu)2} A& HHE
FAA s 2719 dE =& v FAAES
AP A= 1% vbA AlF, seed BACS] A
A AR, A2 TR BEAnA Y] =7 5 ool
Aol SR5HA AREE ST TEbA SEle
Lo FAR EA (gene-targeting) F+= SSR
007 ©]4+<] PCR 7|4Fe] STS upAE F7}5}o]
AR =S FAA dfso) o]83dt7] Fwstes B
FAth 20079 L7HA] & 513709 71 Go] BAH
seed BAC 2 &0] A FHAAE 2ol AHEE =T,
o= 1,311 cMof 9057 G- A=}FS] (genetic loci)S Z3F

o
e

u

e

4o 2

2

do 2 1o M 4

)
D)

o3 Hood v o2 NN
wn

Fﬁ_\}irﬁjoo};:@‘

o of

-

i

701-

O

ottt
5 A SUAEE MBGPOIA] Wl %0) £ §AH T
2 ARSI e AH x HA (ev. Chiifu x cv. Kenshin)
W AT fAA =LY, o] CK e Fi AZAE Hl
OF 11231 doubled haploid 78 AE o2 FLAE T CK
AA = F2 AFLP npAE 2338t & 556719 of
T AR o) ROlHI % ol 1,182 oM olth (Choi
et al. 2007). Al HA VCS FAR == HAGA, &AM
=9 29 AL ETS= cv. VOS39F cv. SR59] doubled
haploid o2 2=, Y FHAA = 2T
2] ¢k& BAC 22 225709 YAE =gt ot
(http://www brassica-rapa.org). WetA VCS FAA == %
9 fAAEA e 5 e $HH Y2 (recom-
bination)o] 1} H-2] (segregation)?] E4 3 HU4st= o
22 T Aolth A 359 fAAEON TEHOE A
$5 1A 5S ol g3e] BRE FHARE BAshe A
T7F A3 Foltt.

olele fANEES TUE BAfuAct §
A& A= F8% F2/44 J4, & =

[e3

o2 Ho

2
of
N

A, AT, B G4 ol AR A 53}
5l v o] e
of 27 B48 Ao J|jHch. EY
=
a2

q ReT & Uk N Aol
A 7153 HEE ATAT Y L B AYH
o FAATAE ALty 27

21 9] clone-by-clone G7] 4 Q 24L& 9J5le] HI=A] T a
stoh. 2 F5H S AEs A7IME 24 T 2
%1 BAC 2& Ay E4d 2EES A 24 o

FAA s solA EA =Y 8442 17k (Consortium
2001), of 7] &t (Marra et al. 1999), ¥ (Chen et al. 2002),
1231 M. truncatula (Mun et al. 2006) -2 2] Z 2 A E o]
A F28] ASEHSI o]2e &Y A == A= BAC
SEEY ATas A ddS of7fEA AoA YL
FPC software packageE ©]-83}o] contig?2 ZHITOZH
A Z-5FA T} (Soderlund et al. 2000). 134 o] HH-2 A7)
s L Aas WHE 97|7F AP R o] FofR]7]
ool &Eot HedoA AT Utk T, Lol
Agtas WEF FFEA S A5 A7 A DA (auto-
matic capillary sequencer)2 EA3}= "W o| 1QtE Tt
(Gregory et al. 1997; Ding et al. 2001; Luo et al. 2003; Xu
et al. 2004). o] =22 FFE A AFEA (Fluorescence-

labeled capillary electrophoresis) ¥5 o] = 3-enzyme =¥ I}

M

high-information content fingerprinting (HICF) ¥ o] &=
o), Z-Z} type IIS restriction enzymes E+= SNaPshot labeling
techniques& AR&-3tth o] R FHE ofrfz 2 A7)
QE HT SYSAT HIE, BASE w4 WA ¢
Sgtel, A2 HICE Belqws Sodols Hsg)
t} (Nelson et al. 2005).

2= wiE AAS EY A =S SNaPshot WH o=
A28 T (Mun et al. 2008). BAC S ARS8 3F 021
Bl F 99,4567 BAC &< A48l (w5 F4A 27]
9] oF 22.5 v} Aol), 559 AFtF A (EcoRl, BamHI, Xbal,
Xhol, and Haell} 2 A0l ALg5}o] AEHet 5 4744] &
3A0 9] SNaPshot A]2F© &2 3'-endE EA|5Fo] ABI 3730x]
AEENAE RAFAZ AtasE dHe 275 &
Atk B4 A3 3% sjEshe & 93,689 BAC =
£ YA Fol AF Ao R EAEG =, o] FolAl
HAMA o WA dS 235k 26,221 BAC 2E9 1

o
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o|El & A5l contigE A &3} t}. Contig A2t ;\}
&8 AN AL Zobehs LFHY] 67468 BAC 28

& A oF 152 ) Zdojeld], I AR 1L4177)
contigg At o] A5 upEO 2 contig x| A2

At AEHOR 1487 conig: AoHld,
conig®] B 201 512 K2 A AH Lol Wk 4
A9] 1.3uo] st 717 Mbp itk o] contigEoll= 3
ARl A AA] BAC S22 oF 15%] 3= o2
Q & (M2 50% o]Aro] consensus map} Y x| 3}2] oF
= F2)0] 23H ey, 3742 E¥HB] 2 contigol
A Q 229 483% Fr=7t ELEH Uk whebA o5 374
contigg FE 9% (false-positive overlaps)= A &]3}H L
7] contigel] EFHE = Q SRS o 7.7%7} Hu, o] FEo]
|+ catfish (7.3%) (Quiniou et al. 2007)2} S4=4= (11%)
(Nelson et al. 2005)2] HICF &2] A Eof| A&} v]&=3} =0t}

EZ A% contig Yo BAC Z2 2427 $AAE9
EapukA 315742k Ao 9 2171 2ol o]= BACE
22 59 dMAE A7IAE A AR AHEE 5

iol‘

191tk o137 &
xﬁxﬂ_J ok 30% 2

AA =9} AE contig?] & Zoj= Hj
o]oﬂ sﬁﬂﬁ}h °F 160.7 Mbpoﬂ E*é‘i

4»

FAA A7 E & FAD7 (annotanon)ﬁ} LA} 7
AFE Aoz wiFo Id FAA (EST) 152,253
AdE BAS T EST BAS $5ho] w59
A3 e %ﬁloﬂ*ﬂ a2 A 9 SR A
2] Z 33%9] DNA SHALHS A2

]
- o
N

) eDNA SeiheeE BATE BT S A
S 1 sto] EST dlo|H & AY4kstaitt. 20061 7hA] AY 4k
%l EST 127,1447]1¢] 2t &= NCBIof| 55571 a3t &
A= EST+= Cap3 ¥ TGICL assembly program AR, 97%
olx]EE_ 7]2 o7 % Z [;H 39 0957H_4 o] }—z};l- _ﬁ_
A & (unigene) = Xéﬁlﬂﬁii}. ole FHHE vF
WAL o] of 74-87% HE A=, o Fo) 168987 2
2 =] (tentative consensus sequence) A o] QL 22,1997 =
TU A A (singleton) ©] AT} B 5= unigene ] -4 =} ontology
SAolu o] £x BAS of7| et vlugE o &
4 golome WES WAHA YT T v
unigene¥} o 7] th o -AA FHEE H WS w, 85%2
wnigeneo] o 7]t e} Q1 5}, ol of 71T $
% A1) o 75%e] Shgsoiet. QAshs W3 unigene
S HSEHA @A N7 Ao T v E =

oo Qb fm TL =L off
o
2,

A

159
e Witk T ol 7)ot AXeA ek 15%of
g st= 5,7477H—4 unigene> B 2o Eo]HQ SHAE
REgshal Qe ACR BHh 248 ESTY| d71AF
& Bksto] F 21409709 SHA (full-length) A5
skl Olﬂif& @l AR = Eojo] oA
2 3 75 A B2 o2 w22 2120 947}
75524 At 7]0:]‘61— Ao g Autgr)

DNA®} €714 ABE o] &3 $4%7 (mi-
croarray)& %3} Wk, AE A AEL Ao
Mo v Wee ekt de) ALgEo] Stk vl
oAl 2 %, = KBGP-24K9} KBGP-50K, 3 AH o] 7+ &
A7} o 67] (KBGP-24K) -2 77] (KBGP-24K) I 2] (probe)
£ ZF:= 2 NimbleGen Al 02 A ZHEQIth 24K 28 20
7| cDNA S-ZAHZ2389] 127,144 ESTs=Z ZHE 23,932
unigeneS HFQFskal, 50K > oF 850070 7
unigeneX} seed BAC 7|4 GoflA EA4% 17,4547] CDSE
A oF 0000749 AR 5L vkgstel AatE e
24K & o]gsto] 24 g dgd A, A= A/HA
24 AEdA AP 5 bR 10 52 A4 £40] o
Fo] AT} (Lee et al. 2008). H|YEA AEH AL H A
£ 47C), g (250 mM NaCl), 18] 3L A X (air-dry) & 2|3}
I 487 FoF At HlJLﬁPOq Suf o] HAro] &
7Vt AY radte HheS Bl A= 47 A 417
A (1.7%), & 2027) (0.8%), A= 7387 (3.1%)Gc} o]
Aol uhel sjEe] sk Zbzbe] 70| A RT-PCR
(reverse transcriptase PCR) W o2 3holslqith o] st
MAEA AEE A HEsH §47 Folk s67ho) A
AP 2 Q1 A} (transcription factors)Q} 60 £ AEFY A FE
Hke o Aqzl7F EEE o] Qlgih

AL ofr
1%
i

lo

J|SHEA et =32

;o

2087 FYsAT ] W §44 U Aol=
(http://www brassica-rapa.org)= BAC 2= g7|A4 4, &4
A 2 o A 2P, SRR} oA A
H, WebFPCE K o]l 2o 2%, cDNA A7 A, 181
ched AAA B4 4R 52 ABsha otk BACH
cDNA SAHAIL3 o] ZREL o] ¢ AJO|EE Eslo] =
& 4 ok St w2 (KBGRB,
http://www brassica-resource.org)> H| = R Q] ¢ o] E] H| o]
A5 85l thoFst w3 A Y £A} RI (recombinant
inbred) Al 22 X3l SA KT, 1811 DNA 2252

rlr

BE Hepste owe sAsa Yk

Aolfetn AlE AT AT AEAS A% 75 A
TE 95to] T-DNA AF¢] S0l uj32E b YAlst
1 1o, MBGP 9] TILLING (targeting induced local lesions

in genomes) Consortium (http://www.brassica.info)-2 reverse
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uE AT Aot
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o = AbEe 4
Sagh AEd But ofyet Aol B E S5t
gk Hfa=A Askel w23k AFE ffste] of 7| o] F-9
Bdlz A ZA| 5k HlFol 27 wiwol =9 A
Ao SE w2 H7IAE 9 F2 E42 A7t 2

A sl =0l = clone-by-clone 3} WGS HH o]
Ztzrol Abde 7hA AL WA e, e (3
5] @3l BrGSP= @ 2ol oJsho]) v A & 3u 4]
F2o| B4 wiwol At Bl A tha & sHA]
o B Avto] FulAdo] X =2 clone-by-clone §7
A = A2k AdE skt Clone-by-clone M=k F4
Mo2 Pt 120 kbp 0]4He] BAC 2202 o]FojAl g
A 28 2AFH 42 (minimum tiling path)E 7] 4Hk
AP e =), ol= FHAA =L SeA %= 9 A 2[435
XS Fgotol s 4 ok

$HH, Yang 5 (2006)> 5ol = S35 AFRE (home-
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j=Jtt
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25 AT Aol 9474 ol

%71 3}Sth (Zhang and Wessler
2004; Ayele et al. 2005). @2tA] clone-by-clone A 2F-& Z 3]
W% $AAE AET 4 BRAT ABY0] &S A

o7 AzE.

H|mQEA 2A0| 2748t seed BAC Mgt

Clone-by-clone A& 7 AMA | seed BACS 7| H 2

2 ANEE AFste At degFo]m= -4 seed BAC
< o FHetE Fo] Fasteth of 7| e fAA; A
o] wjS FAA ol 7 EH R JujasiE o] HEsitt
£ Aol A B, ujS=2] BESS} off 7|t o] f-AA] Al
& vaste] of 7| A FAE J S ot A
StHA H 4 FHSIES v BAC S2E& AWs,
olg5 wAAE o]&sto] wiE HMA o] XAIA A

sced BACO.Z AWttt (18 2). ol et kg vhg

(A) Caa— BLASTZ
B. rapa Arabidopsis
BES = Genome
91,511 20550 thp imarval 120 Mbp
Directional match
(B)

Chromesome 1 2 3 4 (Y 6 7 8 9 10

(©) ey % &

BAC sequencing &
genetic mapping

= a.g.l ..... I'I""'I

Fig. 2 Schematic representation of the comparative tiling sequ-
encing method to select seed BAC clones from the euchro-
matic regions of B. rapa, using in silico matching of BESs
with known Arabidopsis sequences. (A) Based on the know-
ledge of the sequence level collinearity between Arabidopsis
and Brassica, BAC-end sequences of B. rapa ssp. pekinensis
cv. Chiifu were BLAST analyzed against Arabidopsis genome
sequence and the corresponding BACs were selected based on
the pair-end best hits within 30-500 kbp interval. (B) Selection
of minimally overlapping 589 BAC clones based on in silico
comparative allocation on the Arabidopsis genome. A total of
4,317 B. rapa BAC clones with an average insert size of 120
kbp were mapped in silico onto the euchromatic regions of the
Arabidopsis genome. On in silico comparative allocation, 589
minimally overlapping BAC clones were mapped onto the
comparative positions in the corresponding Arabidopsis geno-
me sequence, then were selected and sequenced as phase 2 and
scattered on the euchromatic regions of the 10 B. rapa chro-
mosomes as seed BACs by a combination of genetic and
cytogenetic mapping. Mixed-color bar represents each chromo-
some of Arabidopsis and blue bars depict B. rapa BAC contigs
tiled on the counterparts of Arabidopsis genome. (C) Based on
the sequence of each BAC clone, we developed STS markers
and anchored the clones on the genetic maps. Overall, 513 se-
quenced BAC clones were mapped onto the 10 linkage groups
and provided to each sequencing center of the BrGSP for com-
pletion of the chromosome sequencing. Detailed numbers of
BAC clones on each chromosome are denoted in Table 3
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o7 oF 46,0007 H]3 BAC ZE9| BESE of 7| & thet
BLASTZ £A43}¢ith. o] uf 2+ BES7} < E® 2704 7b4
FAME ol =& ol A7IAE o ek AR s E g
%, BAC 229 %% BES7} of 714t 5Y AMA oA
30-500 kbp oJujefl SHHE W& 2= SR 464THE A
uF g2 3kel T} (Yang et al. 2005). 0]5 BAC S22 o7
ef 212 A oF 93 Mbp S, & HA| A oF 78%
T FAR 299 oF 0% dFsts FES A s
t}. AEkE BAC 22 tj4ro & BAC-FISH 9 BESE 9]
83t STS mappinge &5Fo] viS AMA 9] §1A&E 4
ot G714 E A1AE $13t seed BACS R SHA Hrt
w5 A= of 717 ol Hlske] of 0% Frz 955
A7) wjEoll H 120 kbp 7] 9] vj3= BAC S22 of7]
2 oF 165 kbpoll s stz o] 28 0 & oF 6007]2] uf
3 BAC 222 of714d 44 A1 44 <F 100 Mbp
£ AT 4= Utk 20083 FH7EA] 2] 58970 9] F 4
SHE+= BAC 225 Adsta G714 F #A8ke] w3
M A ol mapping SFTH (Mun et al. 2009). 3+H FA
BACO] mappingoll= F7F24Ql FISH 43 &A%
contig X7} o] & &7 % 54t (1Y 2). ©]5 seed BAC
71 A do] & Zlo]i= 65.8 Mbp =1, AR ZL of 7%
o] A @ 753 MbpE AHEEITh Seed BAC E
E2| A =8} BES AR E 3 AlFste s 34 9
9] contig 160 Mbp= 2} HMA|E 2 seed BAC S 27 H ¢
71N EE AlAste] ehdst=t ARSE ST B4 seed
BACY| d71Md Aae= wHsdaetd w5 f44 4
Aol Eofl A Hte 4= itk

AL

G

7124 o] AEE seed BAC 589719 H7IA B
2 NCBI®| HTGS (High Throughput Genome Sequence) T
o|E o] o] FH3FTh Seed BAC |74 E& i+
cDNA &7\ A<= 2 & 3A)7] FGENESH (www.softberry.com)
LIRS AMgsto] @A S dostste A 2
A &8 (5 2). HiF FAAE FRAoR g
A u)-- AT} (Town et al. 2006). L& L Hj
AR et Aol= 1.6 kbp= of 7] 9] 2.2 kbp
weh goked, 1 olfl $H% § B A (exon))
M7 of71 i 7F v S Eeh 7] = @il dlEa JIE
& (intron)9] HatZAo]&= of 7|77} wjS=H Tt 10-20 bp
A 47] fZoletal wetEch g vuE {44 o
AR = P RS e = Bee) S P s P d
42 Kbps} 45 kbp Tk} 2 Ae] SRS EAfsiE Ao
2 et dje) 0% Ex7} o714y wE £
Tk (Mun et al. 2009). 578 % w32 Tzl ¢F 5 3}
AAER T dolEulo] 2 Arel $AA R4S

e Lo o

% o o

o oF 18%2) W3 FHAELE 7] BuE 2Rt A
AHgel gl ol4e] A5 EST unigeneo]
A 9 FIC 99 7142 &4 23 (Yang et
al. 2006)2F YA 7). vl S fAA ZRAE] ME OF
st @A) ESTOF &b FAA ARE
o83t FAA 7ML AT FAS G FA
Ao 29 7eE ST o e volZeele A
T, &4 Folle v F7IAL FARR gt
AFA] ARG AAet AR oA AlFE Aol

S REA FIIME

ZAALA Y BrGSPE 19 37 o] FJMFE Z7}
M g9sa 4 QAR $44 Ao 474D
clone-by-clone o g dE3t712 o5kt ES
BrGSPE= ZF BAC 229 97|49 BAL phase 2 52
2 a3d A2 AAsHA. ol9F H&E0of BrGSP 7=

Table 2 Comparison of overall composition of annotated protein
coding genes in the B. rapa BAC sequences and A. thaliana
genome

Feature B. rapa  A. thaliana®
Average gene size (kbp) 1.6 2.2
Number of exons per gene 4.7 5.8
Intron size (bp) 141 165
Exon size (bp) 225 268
Average gene density (kbp/gene) 4.2 4.5
Overall G/C content (%) 352 359
Exons 46.3 44.1
Introns 32.6 32.6
Intergenic regions 31.3 329

* Statistics for A. thaliana is based on the annotation of TAIR7
from the Arabidopsis Information Resource website (http://www.ara-
bidopsis.org/portals/genAnnotation/genome_snapshot.jsp)
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Fig. 3 Idiogram of B. rapa chromosomes represented by euch-
romatic arms and heterochromatic repetitive sequence blocks.
Each chromosome was assigned to a sequencing center in one
of the seven countries of the BrGSP consortium
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Table 3 Current status of B. rapa BAC sequencing by NAAS, as of March 2010

Chromosome Al A2 A3 A4 AS A6 A7 A8 A9 A10  Unanchored Total
Anchored seed BACs 56 62 94 14 53 58 50 47 58 34 526
Extended BACs 1 5 441 6 1 14 7 7 2901 12 785
Total 57 67 535 20 54 72 57 54 349 46 543 1,854

o daof webA gapo] glo] &AHF HVIAE = (A) (B)

(phase 3)2 & 4= Itk BAC H7IAQ =2 s 2 W Sy coumeran B~ B ervni oot
22 AATEH O Zdo)7t 5 kbp oW el E-S sublibrary 2 e : Sl
VHE 3 Qe BAC 22 27]9] oF 7-8X %S ABI 3730xI IE e g | I EREE
= AR&Sto] shotgun WAl o= EASEo] skl ,.F;:;;; ke  aans ! o

Phred/Phrap/Consed software packageS ©]-&3}o] ¥7| A&
contigg A A5} th.

2009 W7bA] Hj3: BAC 22 8867) (3h= 681, =
200, 35 5)9] G714 <E Z 107 Mbp”} NCBI2] HTGS H|
olEfHo] Ao FEE L a2 wijE AMA FolA
7Ha Aol7k 21 AAA = 7] A39F A9 A7IAYE =
<= BAC 22 8847115 E4sto] sttt (3 3). ol&
BAC 2&<5 & SHHES d4% 43 g4 A=
BAC &£ 3817)1¢} 27| & (scaffold) 771 2] 34.9 Mbp, &
AA A9S BAC 22 289719} A7ZX 157]9] 28.5 Mbp
= uhpe] =itk (2F 4). ole 4 E= A Y f4
A A9 8] Zojof v|te] A= 90%, A9 85% HAJH A
o7 FAHE et AHEE Atolof Holgle A 4
0|9 gap, THA FH L AMA WO telomere F Y
TR A0 BA FEoll et A 24 o] et
HF A A7IAE s Y Eobd Aol

71D 24 71t 71719 AEe EH &2
S WE FofrA ZRAETL AYPHE Fo 24 5
of AA =L FA v = A FA4T AAH GV
Mg E471717F 83t = Slet whebA BrGSP 3of =<
A= GS-FLX d71Ad 2475 AREste] 1071 o]/
BAC 222 37 243} clone-by-clone 4] AL
HOslaa} AEE 3¢ o]o dh2x: GS-FLX2} ABI
3730x1:2 B3Pk BAC 22 A4S asto] oF 20% F &=
WSS AU S AT, A B3 A9le] Bsin
GS-FLX 9] pyrosequencing®]] A1 YEF}+= poly-mononucleotide
o s &5 7Y FAME =EHAHY ¢, $59Y
283 o4 (Institute of Vegetables and Flowers, IVF)2}
EALAA AFA (Beijing Genome Institute, BGI)+= Illumina
WA o] WGSS Bstel whE GRS 70X ol4pe] 7]
Ade gastn 4eHos zysta. WA 4 3
W TeT Fo IVFE 3o Q71M e, $47
T, 2YAE 59 AEE dEsto] vjF HAA FAA A
dofl thet 2o FsedS FoFstal X8 Folth

2 ma tesssgre-eesrizr 0 B 4 -

A1 7684810-11876.443
A3 19.478,114~18.428.723
A5 2483145124 565,634
¥ 3 17.827,686~16.883,160
A2 7.171.567~1,357,351

19,109.262-17.865,192

9304 632-8417,506
2 1285478461039

“ A4 20242-7.365,064
4 nerinan M4 3,328,167-5567,004
5 ety Atd 6309,135-6.558.457
- e

""" e B8l 2l A5 19,197.296~19.361 568

AT 21,971654-20,355,573/
A1 23,996.164~22.906,461

3 A3 9.272181-28,383

0 A2 11 544764-19,435 926/
A2 12,184,855-9,006.266

A2 8,999,080-7,145656

£
...... ? A5 2020045320 662,562
------ 1 11,693.409-13 893 661

1 A5 20.774,688-24,479,490/ et e i bt
7 A5 7,395,200 ~510,830( 1“s
A5 10721-369,082 A4

------ A3 11,880,366-8.758,741
15 A4 1611.937~151,906

Chromosome A9
15 sequence scaffokis (289 BACS, 28.5 Mbp)

Chromosome A3

7 sequence scaffolds (381 BACS, 34.9 Mbp)
Fig. 4 Current sequencing status of the two longest chromo-
somes, A3 and A9. BAC clones were sequenced as phase 2
and assembled into sequence scaffolds. (A) A total of 381
minimally tiled BAC clones generated seven sequence sca-
ffolds spanning 34.9 Mbp for chromosome A3. (B) 15 sca-
ffolds spanning 28.5 Mbp were assembled from 289 minimum
tiled BAC clones for chromosome A9. Syntenic counterpart
regions of the A. thaliana genome identified by sequence com-
parison were also represented in the colored boxes, along with
position information. Red arrow heads indicate major gaps
between scaffolds
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5lo] oF2 3 A (quantitative trait loci, QTL) B4 T o
ufl 3 (association mapping) 2.2 FA oA 712 Q= AEF
& S}h= (phytochemical) ¥l FHAFE ZQITH (Meng,
Huazhung, pers. comm.). E3F A 9] w3 §2A] ARE=
FuiFEu A T iR AEY FAA Aol A
7| Golu 2EE 2Ye st 7t of 71Tt
O] HIFHA| 7S o] &3 ARt X {F-851A o]
&2 4 Ut NGS 7% 5 29 714 XE= GS-FLX
Titanium (Roche), Genome Analyzer (Illumina), 2] 3 SOLIiD
(Life Technologies) 7]7] & ©o]-&3t 44 A+E 7HsA
s, Wrel 52 4474 ML R 248
o) g7 AT BE SUI 8%, BAYE Ao
NGS 7149 488 rh4sia L Aupolth

AL AL
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