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Genetic and QTL Mapping Analysis of Bolting Time in Cabbage (Brassica
oleracea)
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Abstract: We constructed the populations of F;, BC;, BC,, and F, by using cabbage lines ‘S-1’
(early flower) and ‘G-1" (late flower) as parents and adopted the plant quantitative trait major gene +

polygenic mixed genetic model method to analysis the genetic model of bolting time of cabbage. Besides,
we used SLAF-BSA technology to mapping the bolting time QTLs. The results showed that the bolting
time fitted the model of two additive-dominant-epistatic major genes and additive-dominance polygenes.
The average heritability of major genes plus polygenes was 93.41%, which indicated that bolting trait of
cabbage was mainly affected by major gene inheritance. Moreover, two QTLs were detected, which
located on chromosome C02 2.31 - 3.09 Mb and 33.57 - 34.40 Mb, respectively, with a total length of
1.61 Mb.
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BB IR B A R R LR + 2 REPRIAL B 2 BT (R 7 VR AV AT DL g R RN 2 26 1, 17
LA Ry DA 0 J5 D] 8] DA R R R 5 R 1) () AR RS, (8%, 2005), 7E B B BRI AL AU 4 A
RN T TN (BRI, 2007: AEHE, 2009: X HE A, 2009; EAHIS 4, 2009; FLIER,
2011; FFRE, 2012; MIEEE 55, 2014; RET7 55, 2014; ZERglE 5%, 2016; JBLEDT 55, 2019,

SLAF-seq (Specific-Locus Amplified Fragment Sequencing) & — 3£ T = i# &l 57 i) SNP &
MEERDREA, HAMER. AR, fd#EFE S BSA (Bulked segregant analysis) 4%
ARG E XA 5B AR L i 2 A M B AREE B EALIE 4t 775 . SLAF-seq 454 BSA W] HRIHE &AL
e B bR PREAT B AL, B ATZE AR CEMREIHE SN (Xiaetal,, 2015)  JH3EFF (Geng et al.,
2016)  JHEM %] GREZ % 2019) KEJNER (Xuetal, 2015) . &J/RX (Zhang et al.,
2016)  FHnM AW (Zhaoetal.,, 2016) %5 LIz

AHIFFT o DL 22 0 GG At 22 1 WD SR A @ N AR A HEAT B MR AL 0 i, IR B
FLMANEL Fy BRI, 51T SLAF-BSA GEN, NgkZRaz i H a2 2L R B 2L ath, Rl
B Tl 22 2 BRH T R AR AR 0 S

O L SRS DARE

1.1 #MRRHEFREAE
RIGTEWT LA LR = B T I R R T . DIEEREIEREAR ‘G-17 (MpdhEE) 5Ok
‘S-17 (RPhED) AXCEMESHARTE . 2013 45 8 H 29 HEBHAMEHEF &1 2013 4 10 A
28 HAUATER TR, KEIPOAT RS AT AT REAR, 1T8E 50 cm, BREE 45 cm; 2014 42 H
10 HEIFFFak GREHERE N, 3 A 1 B LR EE . 500 R, b2 i () e i 2 B R 3
KNP 38 Bk T S AT S5 2 ) ]

1.2 A~RIEESHR

I R 3 AR K 2 5 6 B AR H A R 75 ARG S IR o A it SEA_Ge HEAT 5 43 #r
WEE CEEC, 2014). EodEd IECM Bk SR OALIR VAl SRR op 25 AR O ALAR R B0, 1T 5
H 24 Pl R AR K BUBAE (log max likelihood value, MLV) Al Akaike’s information criterion {&

(AICHE), EFHAERAL; FIH G/ ZaRiETH R B ZB R L S8 7 2 8NAE, 153 H i

B R R g A 4 B R .
1.3 SLAF X FEME KM F

WRIERMEEER, £ Fo AR G B o F 4 EE 20 AN FRRIE 9 B 220, 30 BRI o e 4t 2
20 AN FBRIR e AR v . FZHROLAL I CTAB 777448 US4k DNA J5, i Nanodrop 2000 43 #%ll &
DNA K28R A . M SLAF HARNT A DNA FEMEFENR, BIbE HE A a5 8. K&
FEAn K41 DNA 7 5lldt AT B Y], XI5 2R Y] 7 BOdEAT 30N polyA Ab¥E . EHFHk. PCR
P, 4ifk, {EF Mlumina HiSeq 2000 “F 4l 5«
1.4 SLAF-seq 55472 53 #7 B A% 15 B [ 49 i 1t

PP BdE L AR 285 /5, 1/ BWA 84 (Li & Durbin, 2009) b 3 H ¥ F R4
(Liuetal., 2014). f#ifJ samtools (Lietal., 2009) F1 GATK %4 (Mckennaetal., 2010) %5E3E
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AP SNP o ARG SNP ARIC I Fr R BEAN SR A R R SR IE 15 2 1Y) SLAF FR28HEAT AR T it ,
I PESEARM TR FE Sx PA R BIARIE, MRHESEAH I TS B e T hric S A 2% R R S A kIR, e —
FHEERIRRIE T BEA ‘G-17, J3—MhEEPRIRIE T AR ‘S-17 M Z &M SLAF FRESdkAT e A4
i SNP-index JCIK 73 H v 55 Wy il [a] ) 2 DRI R A2, 71455 A(SNP-index)#E %L (Takagi et al., 2013),
XF B AR ERIEAT AL, SRAFME X

) FH i 3 R 4073 B% {5 )& BRAD Chttp: //brassicadb.org/brad/; Cheng et al., 2011), LA TAIR10
(Huala et al., 2001) f1 KEGG (Kanehisa et al., 2002) 554 (5 E, ik X R 347 Thig
N, SR IS T AEAH G RE

2 RS0

2.1 HEHMERERE

KA S-17. BEA “G-17 H Fy WP HhZ2 I (853700 9 131,70, 151.80 1 142.30d (& 1. &,
BEA I ZE I [ AF R OR 25 57, T I3hBE KA 22 20.1 d; Fy BRI (R T A2 BEAZH],
5, BEAMZE 10d £ . FE R EEEHE 137~ 140 d, “FIYHERECN 139.89 d, fwlaT
HHHEE . BC, “FIIHEE RN 137.30d, FEEENTE 134~ 137d, (i TR E . BC, FE KL
N 14575 d, fRla TREHIEE . HEZEI (A)ZE Fyw BCy M BC, BEAA I RS04, 1 B H i 4 22 i [a]
REEMER.

®1 GEIRHIE G1 ¢ 51 B HAHHERTE

Table 1 The basic statistics for bolting time of six generations of cabbage G-1 x S-1

AR AN[FJ [E) 322 R 2 Number of bolting plants at different time SRS
Generation 128 d 131d 134d 137d 140d 143 d 146 d 149d 152d 155d 158d 161d Total number
P, 4 16 9 1 30

P, 8 19 1 1 1 30

F, 2 7 18 2 1 30

BC,; 2 21 20 9 6 2 1 61

BC, 13 10 19 11 5 2 1 61

F, 22 83 136 18 24 7 6 1 297

2.2 HIEHMEREREEER

WA ED B EER B R R + ZREREGEAR 2 AR ik, HEHM 24 Fpis
1, MX2-ADI-AD #i% B4 & /NP AICE, A 2280.786, BHE/NTHABEA (£2) , FIAHHE
AT H WA b2 i R PR B B A AR A, RIS e — Bt — AL EIER + it — R 2 I R
A,

2.3 IBRESHENMET

FERGEBE TR, MRS R0 0 AT B AR Z R R SEOW SRS THE, T —
MM eS8 (R 3). WK 3wk, 2 X FEREEINESNAEHSE (d, = d, =-0.9875), K2
Xof 25 FE DRI M RS AR 2, HLI RBLGA] 5 2 % 32 JE DR 0 S8 A RSB 53 BN by = - 0.3597 Fl B, = 1.1459,
I H k| < |ho|, AR LAEE 2 3 EFEFAE, HRNIEREME. £ AN, 2 %353 H A7 7E
HREAIMPE < Itk G = 6.3627), Mk x B (p=-1.2989) FIEME x B¥ (/ =-4.6087) &%
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B2, P < INE Goa=0.2067) BOSABIR . BEAb, 256 B I ROR: (o) R AR RONE [ 53 590K
-9.1621 1 10.4837, i HHE A RHEHAREILE A/ [d] 2 - 1.14425, HE A, BC,. BC, f F, it
IR FEFERRAL R (W) N 63.45% 75.68%H1 98.84%, LHEHIALR (K ) N 25.95%. 16.33%
100, EEFH + ZRETFIEBAAERN 93.41%. o WARRH EHMZ R U 3 BB S E hE, £
DRI R 84 SR A LA DS, 7R — e R R R BFR SR

%2 FIRHIEHEN S HREROMANBURE (ML) M AICHE
Table 2 The estimation of long-max-likehood-value (MLV) and Akaike’s information criterion (4/C) value of

each genetic model of bolting time in cabbage

] st

Model MLV AIC Model MLV AIC
IMG-AD - 1424.67 2857.336 MX1-AD-ADI -1328.96 2 681.926
IMG-A -1454.96 2915.925 MX1-AD-AD -1337.97 2693.936
IMG-EAD -1463.30 2932.602 MX1-A-AD -1379.80 2775.607
IMG-AEND - 1548.29 3102.574 MXI1-EAD-AD -1338.16 2692315
2MG-ADI -1343.85 2707.697 MX1-AEND-AD -1386.94 2 789.889
2MG-AD -1385.69 2783.376 MX2-ADI-ADI -1320.64 2677.286
2MG-A - 1412.26 2832.529 MX2-ADI-AD -1125.39 2280.786
2MG-EA -1372.08 2750.168 MX2-AD-AD -1387.01 2796.030
2MG-AED -1523.75 3055.493 MX2-A-AD -1349.73 2717.454
2MG-EEAD -1535.34 3076.673 MX2-EA-AD -1386.90 2789.790
PG-ADI -1379.10 2778.207 MX2-AED-AD -1338.15 2694.301
PG-AD -1390.43 2 794.868 MX2-EEAD-AD -1330.94 2677878

® 3 BEESEHEITER
Table 3 Genetic parameter estimation of bolting time of MX2-ADI-AD model

—r 2% Univalent parameter %1 Bivalent parameter
ZH fhiiHE ZH i 114 Estimation
Parameter Estimation Parameter BC, BC, F,
m 137.7418 e 9.0802 14.3701 14.0822
dy -0.9875 g 3.7134 3.1006 0
dy -0.9875 hzmg/% 63.45 75.68 98.84
ha -0.3597 W oel% 25.95 16.33 0
hy 1.1459
i 6.3627
Jab - 1.2989
Joa 0.2067
! -4.6087
[d] -9.1621
[n] 10.4837
[#]/ [d] - 1.14425

2.4 SLAF tRiCHEXMEZS ST

I SLAF-seq H AN SEAFIR It /77,  FL3RAG T 30 762 214 %% read ¥, H b XAFEEA
43R 6 309 826 F1 5985 013 2%, 4l 22 b AN e 29t 53 73 >4 9 038 425 F11 9 428 950 5%, ¥ it [] %k
PEZERA K. WPEHE Q30 KT 90%, HumiEsm, nTHT F 2o, HFHMLKGC F'E
BN, TE 39.50% ~ 42.24%2 6] (£ 4).

I LExt o, L3R4S 421 623 A SLAF #5435, Hot, SCRFBEARBRZEE 7370 72 97 579 Al 98 878
A, WP FIRFE N 18.40x; M EE L AIBE M ZE Vb2 112 055 F1 113 111 A4S, WP PR EE N 27.47%

(£ 1),
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F* 4 SLAF MFEIBRLLI S
Table 4 Statistics of the SLAF sequencing data

B R ZIBSE:4 Q30/% GC/% SLAF {355 804 W BRI IR X
Sample Total reads SLAF number Total depth Average depth
A S-1 Male parent 6309 826 91.35 39.70 97 579 1794 325 18.39

B} G-1 Female parent 5985013 90.17 39.90 98 878 1839025 18.60
FL4hE L Early pool 9038425 92.28 39.50 112 055 2977677 26.57
i ZE it Late pool 9428 950 91.40 40.24 113 111 3207511 28.36

25 ¥ QTL ERLEAH

S P VR R 2 A5 M TR e JE379 8 379 A SLAF KR, {R4BIXKES SLAF 72 7eH ik et fh |-
OB Ge ik E A A, (JE 1), SRR SLAF W51 A T 0 2 (ol b, B IHE R 40T
SR

o [HNTARTR ARV AT .

coz. | 0N VAU TG

cus 00

cos AT

cor IO

cor N0

cor ISR OO

cos || IRRALI1 MR
L

YL R-K: FE/Mb Length of chromosome

Ptafk
Chromosome

€09 |

0 50

1 {RiE 2 SLAF REELEF EHSH
FEHE 1 Mb (K8 O gt fhdil 7y, REE L SLAF ARZEHFE 0~ 10 D21 SRZEHML, BUAIR, SLAF fRZEsiiis>, Bitailik.
Fig. 1 Distribution of candidate polymorphic SLAF tags on chromosomes
The chromosome is divided according to the size of 1 Mb windows. The number of SLAF tags in each window is between 0 - 10. The more the
number of SLAF tags in each window, the darker the color, the fewer the number, the lighter the color.

i SNP-index J7iEXI 13 21 2 &M SLAF %5347 KA (B 2), BG5S A (SNP_index)
5, BP0.4386 NRERBIE, HL3kMF 42 M EMREZE LM SLAF #7455, 1X 42 4~ SLAF #2300 F
2 Stk b, LA B 2 ANSRERIXIR, 730 2 Sk 1) 2.31 ~ 3.09 Mb 1 33.57 ~ 34.40 Mb,
MAKEH 1.61 Mb. A (SNP_index)[X 15 3¢ ek 56 45 B W46 5.

PR T R DR 0, PR 6 DX ) 23 0 B3 JE (K] 149 F 86 . HR4E Wang 55 (2017) %55 (1)
HEREF A ZEI L FEIEER, K 2 MemXEa 1 ANMEFRSEY T, A NFYB2
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(HAP3B), #%i*5 4 Bol014881, {H—AGIFF& R EIRIZFEKAEA . BEARBHEA 751 2 5 -

0.5
(0]
2

s 0
0
0
3
5
A

Z -0.5
)
g

-5.0

C01 C02 C03 C04 CO05 C06 Cco7 CO08 C09
Pl
Chromosome

2 A(SNP_index) #RiZXBER
A B AR [ Gt fk Ei%Ab AGSNP_index) {6, HMLZIRATH ASNP_index) MG /EHISTR, LLALORHIE.
Fig.2 The result of A(SNP_index) association values on chromosomes
Different color dots represent the values of ACSSNP_index) on different chromosomes, black lines represent the fitting results of all

A(SNP_index), and the red line present the threshold.

®5 XEREIERSGIHE

Table 5 Statistic information on the association region

Yetifh AR AL E /bp 2 147 B /bp [X 38K/ Mb SLAF #R% % it
Chromosome Start End Size Associated marker number
C02 2308912 3091 903 0.78 23
C02 33574 155 34396 093 0.83 19
A1t Total — — 1.61 42
A) Al
3 Wi

ZMg (2009) FHFERE (2012) TR A EEERH I B2 I (B MR A7 & 2 XPhnie— Stk Bz
FERE + B B2 R, A, EEEREY KA, S EE (2009) AN
KEAFMIE RS 2 SEntE—St— b RN + it — B — A 2 3 R Hi R A s 4/
2125 (2013) K AR R AR & 152 2 StntE— Bk — b Azt 3 3L Rl fEALE Bk A3,
AR (2016) MW FE 45 RE W MRT & 2 shintE— St — A B3 + itk — Rk 23
PRIEAL; HEKYE (2007) AALIER (2011) BB FEUCNA G ER F SR BRI A T & 1 Xtk
R+ i — S 2 R R AT 5 (1) 4 SRt R Y R e R IR 2 e — St — A M e
FEDR + bt — St 2 B DR AR R i), IX 5 2R M (2009) R FERE(2012) 78 H 84 LA S 5L 4H 155 (2009)
TERAZE, FRESE (2016) 1E AR I AL REA—. AL, A7 diciEd SLAF-BSA £
R T A ER QTL AL, HEESWEER 8. % LR, AR TN NGBR3 2 57
BT 2 X EEEE + ZHEFEERES], (H AR EY R B IR R AR AR AR, 8
EARENEE, XATEH T HEL KNS AEEEY), FEMAERKR—2 K NE KRR
JETER H RS T A R ZE A8, kB2 i ) n] i £ 1) Y8 FEU M 1B A B0 B S8 2R0E W/, T
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LS S AR R, SBAE RN [ 52 o ASHIE F0 AR st A% 2501 29 A 2 BH B 0 el 8 1 3 R PR s A% 26
HARHE S, IAF] 79.32%, XS5RTA (ZME, 2009; FEHE, 2012) WFREER 8, FER + 2H
PRSP 3513845 2602 93.41%. PRIMAE H WS E B Fb, ol I TIE R, 75 R ] x5
PRIEAT 58 ) BRI AT % B 1k 4%

AT H 88 2R I E IR QTL i 745 KW, BoFLCI. BoFLC2. BoFLC3 Al
BoFLC5 5488 QTL i iS5 % %8 (Okazaki et al., 2007; Razietal., 2008; Irwin et al., 2016;
Linetal., 2018) , 3 H BoFLC2 % 4 MR+ RSB HEMRA TR 2 B4l fe 2248 (Okazaki
etal., 2007) o FEAEMRSERIGEERH WA B BEA T, BoGREF6 W\ A2 1 AN i3k EE i 18] i) 32 %% QTL
£ (Shuetal., 2018) . Ik4F, BoCO #ihAyse— Mgk (Okazaki etal.,, 2007) . HTHIE
KR I ACRA L Z A ERRR R PE, B FF TR R B AL TN F LIt B 22 2 6, AR
PARIEAEAEAS [5] 428 1l St B2 F AR (] R IR . AR FE T A %558 (Wang et al., 2017) , fEARBFFH
SERLIE 2 MXAA —MME T FJRREE NFYB2, (HLES 1 ANX ] A %5 B3 Z 46 R Y5 R,
A BEAT LB (1) 4tk B2 I 8] 42 1) JE 1A

AR FHECE R AL A W 7, RS ERH W i (R AT A, TR RS R R H
FHEEMR R 2 )it — St — b R + It — R 2 SR AR A ], RN + 2
SPIYEE I 93.41%, FRLAESERIEHME N E . IS SLAF-BSA BN H ¥ fhZ MRk 4T e A, 3k
BTHAER QTL AT, HBE T4 R —8. X[ 1.61 Mb. ZHF 78 A H W 4ih 22 5 ik
HRMATHRIES.
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