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Genome-wide Association Analysis of Seed Density within
Per Silique and Its Related Traits in Brassica napus L.
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TANG Zhang-lin, LI Jia-na,ZHOU Qing-yuan
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Abstract: Seed density within per silique will affect seed per silique, which have a direct or indirect effect on
rapeseed yield. In this study, a population of 213 Brassica napus L. accessions (or lines) from different genetic
backgrounds and geographical origins was subjected to assess population structure , relative kinship and linkage dise-
quilibrium using Brassica 60 K Illumina Infinium SNP array. Then the optimal model of each trait was selected for
genome-wide association analysis (GWAS) of the seed density within per silique and its related traits. A total of 10
SNPs were detected to be associated with the seed density within per silique and its related traits in 2016. 2 SNP sites
associated with seed density within per silique were detected, explaining the phenotypic variation of 9.94% and
11. 17% ,respectively. 6 SNP sites associated with valid silique length were detected ,explaining the phenotypic varia-
tion of 9.81%-12.17% at each locus.2 SNP sites associated with seed per silique were detected ,explaining the phe-
notypic variation of 10.44% and 10. 87% ,respectively. According to analyzing the gene annotation information of the
LD region sequence associated with the SNP site ,we predicted 16 candidate genes associated with seed density within

per silique and its related traits. KMD4 and UGT76C2 genes are involved in the regulation of cytokinin. AGLI04 and

R EH.2017-09-12  {EEIHH:2017-10-07 ML H KR B #8:2018-02-09

URL:http://kns. cnki. net/kems/detail/11.4996. S. 20180209. 0856. 006. html

EEW A : W Z RS H (2013BAD01B03-12) 5 8 G4 3 B A 77 Mk £ AR K 5 (CARS-13) 5 8 BT A 23 5l 55 R A= O R 1B
(estc2016shmszx0756) ; P4 RE K411 5 B R4 (swul13064)

SR AT SCE W5 ) 852 E-mail :986206900@ qq. com,, HERRRALFIEE 1R | FEMFAEYREE 5 4: 05T, E-mail : cuigreeny@ 163. com

WAFVERE AT, FENFMSEREF TR LAE, E-mail: zhouqy2005@ 163. com



2 S5 T B SR AR 8 E S AR S PR 4 ik PR 21 ST 23 # 315

ADC2 were found to be related to seed formation. Other genes,such as MCCB \NGA2 and MATE ,are known to be in-

volved in the growth and development of lateral organs in a manner of abnormal expression. Two candidate genes ADC2

and UGT76C2 ,which overlapped in seed density within per silique and seed per silique,tended to have pleiotropism.
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Table 1 The information of 213 oilseed rape accessions( or lines)

Mk RS AR FR) MEER I kRS Al FR) MEBR I
Material 1D Accessions (or lines) Source Material 1D Accessions (or lines) Source

AY1 Hims = SR AY45 YB3 o e
AY2 FHELZ) SR AY46 1360 o e
AY3 Wi 6 = EHEEIR AY47 563 o =
AY4 % 81-2 R AY48 WX10329 L RREs kil a)
AY5 28887 SRR AY49 santana SR EE RN
AY6 ih4 SRR AY50 1281 oh [ i e
AY7 2 331 SRR AY51 509 SR EE RN
AY8 880101 EHEEEGVR AY52 1368 SR EER N
AY9 SWU40 LU AY53 1322 o W R
AY10 SWU42 SEESN AY54 1252 v [ I R
AY11 SWu43 SN AY55 1321 v ) g
AY12 SWU44 HpEE R AY56 07022 oA
AY13 SWU45 EHEENN AY57 07094 rh L
AY14 SWU46 EHEEVR AY58 9F087 rh L
AY15 SWU52 SRR AY59 97096 L
AY16 SWU53 EHEER AY60 97097 AL
AY17 SWU65 EHEEINR AY61 07189 L
AY18 SWU83 EHEEVR AY62 07191 L
AY19 JIIiH 18 a1 AY63 07037 b E L
AY20 CYI2NY-7 SN AY64 RR0O09 L
AY21 CY12(95406 w1 AY65 97177 b E L
AY22 CY12QSZ06 w1 AY66 96021 b E L
AY23 CY12QCWH-1 SR AY67 96093 L
AY24 CY12PXW-6 s E P AY68 01111 rh WL
AY25 CYI2PXW-9 SRIESH| AY69 01570 P
AY26 CYI3PXW-17 r U )i AY70 9Bao22 v [ L
AY27 CY17PXW-58 SRS AY71 01188 P
AY28 CY19PXW-65 SRIESH| AYT72 02359 rh L
AY29 CY20PXW-66 CRIESH| AY73 93205 rh L
AY30 CY21PXW-84 SRIESH| AY74 4 Hh L
AY31 CY12GJ-1 s E P AY75 L9 rh WL
AY32 wx10213 o R AY76 X1 5 T E L
AY33 10-1043 = W AY77 2011-6200 rh L
AY34 10-1061 IR AY78 2011-7103 A E L
AY35 10-804 W AY79 2012-4531 L
AY36 1472 wh [ R AY80 2012-8327 L
AY37 Wi 13 5 Hh = W AYS81 2012-8380 L
AY38 i 15 5 rh [ W AYS2 2012-8998 L
AY39 i 11 5 Hh = W e AYS83 2012-9323 b E L
AY40 740 [ W AY84 2012-9354 rp L
AY41 631 o [ W AY85 2012-9478 rp L
AY42 613 o W AY86 R2 rh L
AY43 783 I R AYS87 FHY 198 rh L
AY44 782 o [ W AY88 FHYE 2009 rhE WL
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MRS i (&) R RS Al (&) R
Material 1D Accessions (or lines) Source Material 1D Accessions (or lines) Source
AY89 12 5 SRIESRiE (Y AY134 Wi 8 = o E WL
AY90 IR 589 5 SRIESRiE (Y AY135 Wit 758 W E WL
AY91 AL 821Q Hh AY136 P 14 E R
AY92 Major CRIESRUiE (Y AY137 10 rhE i
AY93 Aurora SRIESRUIE (Y AY138 Wi 19 SRR
AY94 4R 13 5 SRIESRiE (Y AY139 AGREV021 f ]
AY95 &3 14 5 A AY140 Topas St 4t
AY96 11-9-700 CRIESRIiE ] AY141 (RS R
AY97 11-9-703 Hh L AY142 Uik v
AY98 11-9-704 b E L AY143 D2 P
AY99 11-9-705 b E L AY144 D3 P
AY100 11-9-707 b E L AY145 11-504 o [ I
AY101 11-063-5 & 7 i AY146 11-540 v [ 55 1
AY102 11-063-8 & 32 b E L AY147 P685 r [ e v
AY103 10-4% 29 S RIEER il AY148 A109 o [ e vy
AY104 10-7T40 2 b E L AY149 B285 o [ Py
AY105 11-5 7-103 o E L AY150 B414 r
AY106 11-87-117 L AY151 A97 FhE P )i
AY107 11-5 7-125 b E L AY152 A148 Fity it
AY108 7-7766-74 SRIESkiE (4 AY153 08-P35 rh L
AY109 P18 SRIESRUE (Y AY154 09-P32 rh WL
AY110 29677 SRIESkiE (Y AY155 09-P36 rh L
AY111 T 17 ] SRIESRiE (Y AY156 10-P10 L
AY112 5 25 4l L AY157 11-P30 L
AY113 5 31 HH CRIEERGiEld AY158 12-P25 rh L
AY114 1B 5 5 b E L AY159 031113 SREEREN
AY115 X4 5 Hh L AY160 031328 o O
AY116 972 rh L AY161 i 2 5 SREEREN
AY117 1L 128 Hh L AY162 9801C o O
AY118 915 b L AY163 876 SR REN
AY119 922 Hh L AY164 RS SHEEYN
AY120 Fo17 b E L AY165 Gogatsuna T[]
AY121 923 b E L AY166 fetk 43 SHEEN
AY122 F 931 S RIEER il AY167 VORISR ] P4
AY123 963 # b E L AY168 SWU54 SHEEYN
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AY126 Tl 12 TR AY171 SWU69 SHEEYN
AY127 CIES R 5 AY172 SWU85 CHEEYN
AY128 M 6 % LHESRAIDIN AY173 SWU89 EREENR
AY129 Wi s = Hh E VL AY174 SWU93 rh [ R
AY130 i3 5 [ T T AY175 SWU96 CHEEVN
AY131 gl LS W T AY176 SWU99 EREEENR
AY132 Wi 18 SRR/ AY177 SWU100 CHEEVN
AY133 Wi 72 SRSk AY178 HL 7 5 rh L
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AY179 12 5 SRIESRiE (Y AY197 Taisetsu rh WL
AY180 I S 5 SRIESRiE (Y AY198 WESBROOK rh L
AY181 Pl 1S W E AY199 Suigenshu L
AY182 Pl 16 s i AY200 B A i i
AY183 #iih 50 L AY201 TR A i i
AY184 FHE: 198 SRIESRiE (Y AY202 AJE i i
AY185 4E1i 901 CRIESRiE ] AY203 taki s E R
AY186 Wi 17 AT AY204 2 = i
AY187 Hector Hh L AY205 KIEER o ET R
AY188 £ 96-203(09) SRR AY206 il 170 LR
AY189 g2 5 b E L AY207 il 15 2B
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AY192 WH-26 b AY210 % 107 T E 2B
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AY194 WH-57 b E L AY212 Wi 601 HE L
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Table 2  Abbreviation and description of silique traits in
Brassica napus L.
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Trait Abbreviation  Unit Description

Kk 2 B SDPS  ™/em FRAREL fARA K

Seed density

within per silique

RAK VSL cm
Valid silique length

10 ~EHFTHEE
EH A RK W

(BRFERBK)
AR SPS A0 ERFHREAEE
Seed per silique TEH Y R HLRD A0
Sl

1.3 ERENESSH

AN EERA O 5 4% 7 i 5 ( AAFC) HRAJE 5
B2 & 1 60 K SNP it o 4f 213 53 b4 feh ik 47 5
DB I3, 3200 i 45 42 &) 2 i HE i B i i A Sk A
1114 52157 4~ SNP Ric, M54 8 Tllumina 23 Rl 2
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LR I T
1.4 BEENSREXRSW

FIH Structure 2. 3. 4 FRAFXIZFEAR SEATHE AR S5
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F S E RER B E gy >
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JE 5 AR BORORE Z 18] (Y 384 AR BLEE 19 AE XA, PRk 24
PIASEREZ ] 3 5 OC R E A T, LR HE X
J70
L5 EHREESF

FIFH Tassel 5. 1. 02 B AR S REAAR N 34 B F-
5 (LD) FEH WAL A C LN AL A9 5808, A5
2E]AY ¥ (squared allele-frequency correlations ) {H AJ
JE A R ) BN A R BE
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SrHT (PCA JEFE) , FRKRE Q A1 K i 5 A Tassel
5.1.0,L0 Q K 1 PCA HFEEHM AL &, R T —
MR (GLM , general linear model ) B GLM . Q
1 PCA AL S IR A R PR (MLM | mixed linear
model) ) K, Q + K I PCA + K BERIEAT B4 #T
LI ggplot2™) 2 | Quantile-Quantile H{ & & ( QQ
plot) 7R ARl B By R 2% Ty, LASEBR Y P A 5
B P R O A AR GWAS 3 #r Y B
PR, I T e RGeS Y | X BF A P AR A
A R HOAR G MR R AT IR AG I . Y P AELR A
HOCHRARIC Y B2 1, 1B 355G SNP B{H I N 1/
23767 =4.21 x10 >, FIH qqman'™ 2] Manhattan
P 78 SRIBE A 380 1) 5 AR MR 2 2 A G A
WCHLE
1.7 (RIZEESH

TECHR A A 4 R Ll b AR 5 PR I 25 06

KA SNP AL B 20 A SE BT A e (i | v* = 0.2
N ER) £ DR B, S e s B PR LD X AR 4 ax A
DX M1 Y S 3 R A A g 7 i, DA AT 1Y) i AR v S
“ Darmor-Bzh " 1) 3& [H 20 73 B 15 B (http ./ /www.
Genoscope. cns. fr/brassicanapus ) 43 #1 X [B] P 19 &
AT AER L T LD IX A R Dy fg , 7E U
BT 15 B PR M ( The Arabidopsis Information Re-
source , https ; //www. arabidopsis. org) T
(v 5P e v ) AU R T R PR D B, DA e 45 ) H Ak
AR BBV

2 HRESH

2.1 REGIUHH

2016 4% F SR BEAR (FF R A8 2 T B AR O
PRIR CELAE M 2R A RO AR R R R ) R B 175
Gt IR A B AT IR A AT R 5 (R
3,K1) o KIAEEATARIY R I BOR R LR, 5
)22 A geitr i X, B 3 AR Ry i 2tk o A1
X 3 APEIR Y Shapiro-Wilk 56 (3 3) A& BLBR fA %
AR, HABP PR W AEERFE 0. 987 LA L, P
EHYETF0.05, @ TIESKR, fF4 ES T,
£ R B BB 1 Shapiro-Wilk K56, {H H A
U A (B 1B) dis g | 2 i S ko A, R B
MR A R FPRLE A2 B R R A AL
R AR E ) oy A B PR AR S S GWAS
I3,

x3 HEZLHRFNELETE AREGUAKNSRNHNSIT ST
Table 3 Statistical analysis of SDPS,VSL and SPS in B. napus L.

W Kz
kTS — vpe o R I s Shapiro-Wilk

AR YIME = bR AF IR R4 1t B2 U
Trait Mean + SD Range (% )cv Skew Kurt W f Pt

W value P-value
AR A= % B SDPS 2.66 £0.75** 0.56 ~4.55 28.13 -0.02 -0.15 0.995 0.673
fARA K VSL 6.16 +1.19* 3.36 ~9.90 19.26 0.70 0.51 0. 966 0. 0001
AR SPS 16.37 £4. 60 ** 5.20 ~28.20 28.09 0.22 -0.17 0. 992 0.333

AR 0. 01 JKP b A SE  SDPS KA A L 5 VSL: A RAT R SPS AR AL
™ ysignificance at the level of P <0.01,SDPS:Seed density within per silique, VSL: Valid silique length,SPS;Seed per silique
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S
FPRLE HE 5 5 A0 2R B3 AN AR i) A

H Gt SRR 6 HE AR G, A 56 R 500 3 R
—0.221 F10. 769 ; f A %K 55 FR 52 A A7
TEGETT2A7 L P BIEAR S M RN 0.353 (% 4)
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Fig. 1 Frequency distribution of SDPS,VSL and SPS in population
T4 MHHEEZEREMBXMEROMBENE 2000
Table 4  Correlation of phenotype among SDPS and its A
related traits
1500 -
AR fARE BR KR A l:f
Trait 3K VSL RBSPS 4 SDPS ; 10001
<
FARERA VSL 1 o
g " % 500
HEHORIEL SPS 0.353 1
FPRLAE AE %5 i SDPS -0.221* 0.769 ** 1 o
“ 7E 0,01 KT F 2K, 78 0.05 KT - 24 b2 3 45 67 8 9 10
e e . TWHE#HK  Subgroup number K
* :significance at the level of P <0.01, * :significance at the level of P
<0.05
B
2.3 BEEMEEZXRSM
AR HE R 8923 MAEYL A ik 1345 434 H fx
JNEERT B R R T 0.3 B9 SNP A3ic, R FH & g
Structure2. 3. 4 XEANTIRERY K (EAE B, T 45 ;';
BOHUR BB LoP(D) BRI 2 L R A kR
HEATAEE, 4 K =2 B B R AK AR &
(EI2A), 213 By H #E B 40 P1 AL P2 PASE
B, P EREELEE S0 (ABHHL(23. 5% ), 4 K BB e D PR PP BFP P
TFRMAGHALE 2 MR ok 4 P i 5 5 S F
ﬁ[\ 5| 9t 1 )H‘ *:I», P2 ¥ ﬁqﬁ 5 ?ﬁ 163 ﬁj\ *j‘ 7|“»|» RG-S FAE  Relative kinship
(76.5% ) , FERZLE WE LM mFR, BT A FURBEUREY AK {5 BSR4 R
ﬁ%*ﬁﬂxffﬁﬁk B{]g@ﬁku ﬁ}‘ " %Z’KJ: ?[:‘l] ?FH % E[/\J ﬂ‘{_j‘ A ;Estimation of AK value in natural population,
}Eﬁ i%)%’lré_.ﬁ[ . B : Distribution of relative kinship values
S BN R R P 24 89, 74% IR R B2 213 B HEHERHENEEEHESZXRZST
zl‘Eﬂ B/‘J % %%% {E/J\ F 0.2 ( & 2B) H '13 Q"] ﬁ Fig. 2 The population structure and
59.91% H'?F‘Jr E‘J%%@é%’:ﬁﬂv 0.2 12.01% */T*Jr ¥ relative kinship in 213 B. napus L. accessions
FGRRMETE0 ~0.05 Z[H], UL ARFHAM 2.4 ZEHARTEEE AC EEETHRE
Ve A RS SEX TSNP QG TEa S AL NN XF A FEFR) 10 F Pk (A01 ~ A10) FiT C
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FEIZHRY 9 S A fAR (CO1 ~ C9) 43 31142 il s - i &
1) LD I HOSE (B 3) , HIEPATRIA L A FiC
SEPR ALY o Bl 1515 I B A 80 T T R, SRR
WAAFE, 76 CBIBIER 0.2 ARifET (£ 5),A %
DR 20 P2 8 80 E B 9 0. 45 Mb, Hirf AO8 4t A
008 U T B e, IR B R R OR, AN 1.35
Mb; A02 Fll AO4 Y o 1A 5 o J e PR, 0 P 15 24
70.20 Mb; C 5 R 41 #7240 5298000 25 4 0. 95 Mb,
Horbr Co2 G o {4 Ay 22 sl ME 25 e K, 7E 1.40 Mb A2
475 COT Gt fAR 1) 3 el R 125 fe /N, 29°7 0.50 Mb, A
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Fig. 3 The linkage disequilibrium decline in different

chromosomes for A and C genome
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Table 5 The linkage disequilibrium attenuation decline in

A and C genome

A R (O 3|
LD % LD ZE
POGRES FERS(Mb) || Yefafk B (Mb)
Chr. A genome LD|| Chr. C genome LD
attenuation attenuation
distance distance
AO1 0.22 C01 1.20
A02 0.20 €02 1. 40
A03 0.22 C03 0.70
A04 0.20 C04 0.75
AO5 0.28 C05 0. 65
AO6 0.25 C06 0.95
A07 0.22 C07 0.50
AO8 1.35 C08 0.85
A09 0.53 C09 1.35
Al0 0.40
A BRIy 0.45 C A MA Ty 0.95
LD ZEI S LD S 5
Average A genome Average C genome
LD attenuation LD attenuation
distance distance
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Fig. 4 Quantile-quantile plots of estimated-logl0(P) from association analysis

using six models in SDPS and its related traits

R E] 2 A4, 2 BUE AT A07 Fl AL0 B ik 1Ay
Bn-A07-p8520077 F1 Bn-A10-p15300203 Wi 137 15
(F5A),PIES M 3. 11 x10 > F12.95 x 10,
X AL BT AR R A R 11.17% 9. 94% ; 1
A02 A03  A09 FT CO2 Y e fh [ BRI H 2 4> .1

(1“51513),,\%’:1@r 67.71% 1) & A4S 5 ; [A] I 7
A04 FTAT0 ZL o fA b 3494500 2] 1 4> 5 & 2R k4L
B B A bR (B 5C) , B Bn-A04-p3631563
M1 Bn-A10-p16620627 , P {54351k 4. 02 x 10 il
3.14 x 107, 50 B fit B¢ 10. 44% F1 10. 87% 1) %

A2 A S5 MRAHRK BN SNP L5 BlER
A 70 B 71 C 7r
6f I or
~ 5f ~ S5t
a o o
= AR, ~ gL AL ~ gL
Sgd : 2%’ : )
= - = . .. %
TE %%&z- LB o By
%D\ ¢ . k) ] IS 9 -
n ol : ! 2r i 2,2 o ! 2ry .
1 1
(U o B el ! 13579 13 15‘17 19 13 15‘171
1 .35 9 11 13 15 17 19
2°4%6'8710 12 14°16 18 246810 14 16 18 246810 12 14 16 18

Ytk Chromosome

A:2016 FFPRE L HE

Yefafk Chromosome

B:2016 4EARA R ;C:2016 4EHFRIEL

Befafk Chromosome

A .SDPS in 2016,B;VSL in 2016,C:SPS in 2016
B 5 friE £ EREEXERE Manhattan
Fig. 5 Manhattan plot of SDPS and its related traits
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Table 6 The markers assouated with SDPS and its related traits in 2016

LERIN TR Fric SEQ e A HL % (bp) R {E TIRREE (% )
Trait Model Marker Allele Chr. Position P-value R?
FPRLAE AE %5 i SDPS Q Bn-A07-p8520077 T/C A07 9968082 3.11x107° 11.17
Bn-A10-p15300203 A/C A10 16190685 2.95x10°° 9.94
FRA K VSL Q Bn-A02-p3096890 A/C A02 575413 8.68 x107° 12. 17
Bn-A02-p3821814 T/G A02 1242248 1.97 x10 3 11.42
Bn-A02-p3507057 T/G A03 26252100 2.53 x10°° 11. 96
Bn-A09-p30373180 T/G A09 28157300 1.17x107° 11. 90
Bn-A02-p4611221 T/G €02 4596470 1.41 x1073 10. 45
Bn-scaff_15714_1-p1949380 T/C €02 2289702 2.90 x10 * 9. 81
T AURIEL SPS PCA Bn-A04-p3631563 A/G A04 3300000 4.02x107° 10. 44
Bn-A10-pl6620627 A/C A10 16416470 3.14x107° 10. 87

RT FHEEZERERIERNEEER
Table 7 The candidate genes associated with SDPS and its related traits

WRITEN  fFRERE

PR Frid Yk LD X[l (bp) B B o o Z:7% 3CHk
Triat Marker Chr. LD Interval Candidate gene Arabidopisis - Abbreviation or Reference
gene function
FPRLE A5 BE SDPS Bn-A07-p8520077 AO7  9748082-10188082 BnaA07g10680D  ATIG22130 AGLI04 [33-34]
BnaA07g10660D  AT3 59940 KMD4 [35]
Bn-A10-p15300203 AI0  15790685-16590685 BnaAl0g24140D  AT4G34710 ADC2 [36]
BnaAl0g24690D  AT5G05860 UGT76C2 [37]
ARERA VSL Bn-A02-p3096890 A02 375413-775413  BnaA02g01030D  AT5G11530 EMFI [38]
BnaA02g01300D  AT5GI12900 ESll
Bn-A02-p3821814 A02  1042248-1442248  BnaA02g02560D  AT5GI15230 GASA4 [39]
Bn-A02-p3507057 A03  26032100-26472100 BnaA03g50840D  AT4G34030 MCCB [40]
BnaA03g50910D  AT4G34160 CYCD3 [41]
Bn-A09-p30373180 A09  27627300-28687300 BnaA09g39540D  AT3G61970 NGA2 [42]
Bn-A02-p4611221 02 889702-5996470  BnaC02g08200D  AT5GI8580 FASS [43]
Bn-scaff_15714_1-p1949380 (02 BnaC02g08930D  AT5G19700 MATE [44]
BnaC02g08430D  ATI 28327 KA
BnaC02g03570D  AT5G02290 NAK [45]
BnaC02g03640D  AT5G02030 RPL [46]
RFHRLEL SPS Bn-A04-p3631563 A04  3100000-3500000 BnaA04g04420D  AT3G54000 Nl
Bn-Al0-p16620627 AI0  16016470-16816470 BnaAl0g24140D  AT4G34710 ADC2 [36]
BnaAl0g24690D  AT5G05860 UGT76C2 [37]
3 Wi i, [F TR ORIE A FIE SRR/ N—E BRI T,

Tk RE A A 2 RE AL R LA 0y A DR 4 E I E
T AT (R B RO T B Sk r ™ (AR PR AR 8 R RO SRR Y QTL, X 42 41
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