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Genetic Variations of AUF2 Gene and Their Association with
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Abstract: [ Objective ] By detecting the natural variation of Auxin Up-regulated F-box protein2 (AUF2) gene and
exploring the elite alleles associated with agronomic traits in order to provide theoretical references for molecular marker
assisted breeding of flowering Chinese cabbage. [ Method ] PCR amplification and sequencing was used to detect the natural
variations in AUF2 gene among 156 flowering Chinese cabbage accessions. By using the mixed linear model (MLM) of Tassel
5.0 software, the correlation between the variation sites of AUF2 gene and six agronomic traits of flowering Chinese cabbage

was analyzed, including plant height, single plant weight, maximum leaf length, maximum leaf width, maximum petiole length
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and chlorophyll content (SPAD), and the polymorphic sites significantly associated with agronomic traits would be identified.
Then, elite alleles and excellent haplotypes were determined. [ Result ] Through sequencing analysis, a total of 34 mutation
sites were detected in the 2 996 bp amplification region of AUF?2 gene, including 36 haplotypes. The AUF2 gene showed high
nucleotide diversity (7 = 0.00503) and haplotype diversity (Hd = 0.780). Among them, 2 InDels and 26 SNPs were in the 1 498
bp upstream non—conding region, and 1 InDel and 5 SNPs were in the 960 bp coding region. No mutation sites were detected
in the 538 bp downstream non—conding region. Neutral test analysis showed that Tajima’s D value, Fu and Li’s D* value, and
Fu and Li’s F* value of the AUF2 gene were positive, and deviated significantly from neutral evolutionary model. One plausible
reason was that flowering Chinese cabbage population was subject to balancing selection. The association analysis showed that
4 SNPs were significantly associated with at least one of the four agronomic traits, including single plant weight, maximum leaf
length, maximum leaf width and maximum petiole length. The phenotypic variation of a given trait explained by each associated
SNP ranged from 5.04% to 6.52%. The haplotype Hap2, which contained elite alletes of the four SNPs mentioned above, could
significantly raise the single plant weight, and remarkably increase the length of the maximum petiole. [ Conclusion ] There
are abundant variations in the AUF2 gene, which has a significant impact on the agronomic traits of flowering Chinese cabbage.
These elite alleles and excellent haplotypes of AUF2 gene will benefit the genetic improvement of flowering Chinese cabbage.

Key words: flowering Chinese cabbage; 4UF2 gene; polymorphism; agronomic trait; association analysis; elite allele
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Table 1 List of 156 flowering Chinese cabbage accessions used in this study

45 Code KR B Name H{7, Leaf color || 45 Code KR B Name A7, Leaf color | | 45 Code MR FR Name {7, Leaf color
1 45 Sl LR 53 ek 80 K RER 105 A6 45 K HHES
2 B AL 54 Ml 611 Rk 106 R0 80 S
3 AL HLR 55 543 333 ek 107 B2 80 K HHES
4 FHARRAL LR 56 W 398 Rk 108 70 Kl HHES
5 TR 120 e 57 601 457 ek 109 RACIT HIES
6 &35 LR 58 FWRRE O REg 110 BT % 90 IS
7 T2 5 LR 59 FHE0 888 Rk 111 120 K HHES
8 HEMZEL LR 60 T AR gk ek 112 231} 398 HEES
9 BE2LH0 HiLk 61 R 55 K ek 113 R P HHES
10 50 > HLR 62 228 HIFRL TRek 114 A 50 K HES
11 B LR 63 (PN TS| Rek 115 80 KR HHES
12 0 €Ol LR 64 ZREALR 6 REg 116 60 KM IS
13 Higk 15 LR 65 BT LIRS Rk 117 28-35 HHES
14 FEMEB IS0 LR 66 31 SR ek 118 Lk 49 HIESS
15 IR LR 67 WP 120 K Rk 119 WP 70 K HHES
16 T 50 K -1 HLR 68 45 R ek 120 iz 70 K HHES
17 [@ 60 K TRk 69 RS ek 121 858 T R0 HHES
18 Fli 43 ek 70 R 502 ek 122 0 25 £ BiES
19 42 50 K RSk 71 49 30> TRER 123 N 5 5 HHES
20 FESZE 30 TRk 72 6080 3> ek 124 TR SR IS
21 31530 R 73 60 JFls R 125 Uk 60 K HEES
2 s 45 K RER 74 3019 ek 126 Fis 45 HHES
23 M3 D32 RER 75 888 > Rk 127 ihi4k 501 HHES
24 PR RS TRek 76 120 K3 Rek 128 ihi&k 70 MiES
25 136 60 K PNES 77 EEa SN RER 129 W 15 RIESS
26 TR LR 78 Kk 46 FE0 ek 130 TR R HHESS
27 R 50 K REk 79 EZ = N RER 131 868 Sl HIESS
28 A S0 R 80 80 Jgnt: Rk 132 LR T0 K HES
29 gArdant TREk 81 401 FH0 TRek 133 ZR5E 60 K HHES
30 3 Sl TREk 82 A& 70 K ek 134 80 KFEiL» HHES
31 HPTZ 60 K e 83 70 K ek 135 80 K&k HHES
32 ESUE AN TRER 84 AL RER 136 M120 320> bIESS
33 KAE 90 K REE 85 HIA 18 S0 RER 137 Uk 90 K HHES
34 PUZEZ AT R 86 £2F 90 K REg 138 ARS8 80 K HHES
35 FAEZEL TREk 87 Pk 50 K ek 139 TP AL 70 HHES
36 50 KA5 TRER 88 408 FHE0 TRek 140 w42 5 iEES
37 70 RAFH ek 89 F5 60 K ek 141 R4k 60 IS
38 W&y 70 K RSk 90 Sk 701 ek 142 w701 HHES
39 KA Rk 91 X1 30 NS 143 Fat 60 K e
40 80 JiMmAT Rk 92 BT RER 144 e 5 S
41 FER R TRER 93 LT 49-2 ek 145 AL 100 K HES
42 80 KAk RER 94 MLE 49-1 TRek 146 B 60 K HES
43 WEFL ek 95 3T-6 et 147 I 60 K IS
44 22t 001 TRGk 96 501 30> RER 148 Tt 80 K HHES
45 /R 80 Rk 97 it 50 RER 149 REET 80 K HHES
46 4k 80 R 98 49-19 ek 150 AR FE R S
47 FKFf 80 RER 99 60 A5 ek 151 80 K HHES
48 801 3L ek 100 SRR hak 152 TS A SN ik
49 20 80 K ek 101 B 50 K FIESS 153 SEMH 702 IS
50 Le80 K WREE 102 70 K FIESS 154 SR 45 K IS
51 70 RN TRER 103 Ei i HES 155 hZk 80 K HHES
52 BV 2240 50 REGR 104 30 KI5 UESS 156 SR lLES
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Primer 5.0 %11 3 X HA TS XIS HES Y
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AUF2 JERP A, B WHEE I B Uk 79 55 458 78 PCR
PGB e, A AR I R R AR T AR
P TAR (L) A7 FRA FIHETT PCR 8wl 7

x2 TEROAUF2 EEMNSIYFT]
Table 2 Primer sequences used to clone the AUF2 gene of
flowering Chinese cabbage

Bl R nALEIEY) B 1514
Primer name Forward primer (5' — 3') Reverse primer (5' — 3')
AUF2P1  GTCGTTCTCAAGCGTGGGT GTTGCATCGGACGGTCTAT

AUF2P2  GTTATAGACCGTCCGATGC ATCTCCTTGTGCTCCTTCA
AUF2P3  GTCTTCTCCCGAAGTTGAGT CCATTGGGATGATGCTTTTTT

ATG TGA W oos
T TR E A TR 1 (10 [ [ T 1 2096 bp [ Upstres
| PCRI (1241bp) | I oty
PCR2 (870bp )
PCR3 (1043bp )

E1 AUF? BEEKSHMA SR PCR # 8K
Fig.1 Distribution of polymorphism sites and PCR
amplification region of AUF2 gene
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P51 (XM_013866655.3 ) PEA7 741 Ebxt, Fi
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SR HHREANE . AT ZFENE . Tajima’s
D {H. Fuand Li’s D* {H M Fu and Li’s F* {H458 o
AT Dnasp 6 18 #EATITERL,

123 AUF2 AR % Skt b b Ko REHRK
o F B #7  di FH Tassel 5.0 24 100 (IR & 4%
ML ( Mixed liner model, MLM ) X} AUF2 3:[A
B 2SN 50 B 6 MR YRR T OB A
M, BT T 5 BRI SE #2545 R B R A
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Giit Z AL AR R TTIRE (R o &
FEIRA TNk, RS R A R BSOVAE
AT 5 R AR 0 O HR 2 A8 s A S S5
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2 HRE5SMH

2.1 FLEBEETFERZEHERNTRIFME

M 3 AT, SO BIMRE . FRARET R K
L e KIE5E L B RN N2 R 75 5 ( SPAD
18 ) 25 6 IR L HEIRAE 156 300 Fh BTk )] 57
ArEMBZES, BRFEE, BRI 12.30% ~
77.03% =z [8], Hifr, nhegz & (SPADE) /Y
A R BN, PR TR AR R R R R 64
A LR A I BE (43 IAE 1.20 ~ 4.80 Z[0], KM
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Table 3 Variation characteristics of agronomic traits in 156
flowering Chinese cabbage accessions

5

62N W Arife VERE fwBE
Trait Mean SD A Kurtosis Skewness
CV (%)
73] 21.85 745 3410 118 264
Plant height (cm)
L7/ 91.31 70.34 77.03 1.88  4.80
Single plant weight (g)
R 1481 369 2493 670  1.92
Maximum leaf length (cm)
SN 1025 240 23.41 1.00 240
Maximum leaf width (cm)
FRMRER 979 421 43.00 137 185
Maximum petiole length (cm)
UETS s 4233 522 1233  -054 120

Chlorophyll content (SPAD value)

2.2 SELEET AUF? ERMSER S
ad PCR 8 A0 o34, /s AUF2 2



TESR0 ASRBHATTAEFE S HRZ S, 7F 2996
bp B3 G IX Y 5 1 34 AMAS S, AL 31
A~ SNP #1134~ InDel , #1536 I~ PAAEAI( B 1,56 4),
Horr 31 A~ SNP Hp B 35 114 4 BORT AR $5 5540 531 oy
23, 84, HAFMRZHEME () 4 0.00503, A
RIZRENE (Hd) M 0.780, H15% 4 Al A1, gk
It [X 1 498 bp A2 26 1~ SNP 12/~ InDel( 15
B 11 bp ), AL 23 P ERAEAY, #EHRZHE (1)
4 0.00866, FAAETIZHFEME (Hd) 7 0.765; 4ifid
[X. 960 bp PKEMIF 54~ SNP (2 4~ SNP Ma] L%
A%, 34 SNP MR L5458 ) 1 14> InDel (K
23 bp) , MAL 17 ASHAERL, BN (o)
7 0.00195, FRAETIZHEME (Hd) 7 0.582; T
JEGh% 538 bp i FEIAT AR AR A7 05

e Tajima’s D, Fu and Li’s D* #1 Fu and Li’s
P SE MR IR AN SE R 2 R PRE . #F
PSRBT, XSGETHE AR, MEIHE N
TR H & T R B S R, mSSIHE s I
(B I P P e R 1k 1220 0 3k 4 WIRT, AUF2
FERITESE L B AR TR T Tajima’s D {H2h 4.27790,
TE P < 0.001 7K b dnd 2 0 2 b e e B, BT
TE R AR AR A ZE A 5, T RERY IR R R A
BN B 2E 8 5 Fu and Li’s D* {EF1 Fu and
Li’s F* {843 %K 2.06339 1 3.57745, 7E P < 0.02

x4 FOBED AU RRRNFITRSH
Table 4 Parameters for the sequence variants of AUF2 gene
in flowering Chinese cabbage population

5' k4 ETT I S [

¥ PN
o B Coding  mx R

arameter S_UTR sequence  3-UTR ntire region
P HK R 1498 960 538 2996
Sequence length (bp)
SNP #(H 26 5 0 31
Number of SNPs
InDel £ H 2 1 0 3
Number of InDels
AT 2 Mtk 0.00866 0.00195 - 0.00503
Nucleotide diversity ()
G REE 23 17 36
Number of haplotypes
PSR ZRETE 0.765 0.582 - 0.780
Haplotype diversity (Hd)
Tajima’s D 4.62154%%* 1.57704 - 4.27790%**
Fu and Li’s I* 3.63849** 1.48588 - 3.57745%*
Fu and Li’s D* 1.94942%* 1.08437 - 2.06339%*

TE: #* IR P<0.02, =% F£IR P<0.001; — FRuA i
Note: ** indicates P is lower than 0.02, *** indicates P is lower than 0.001;

—indicates non—data.
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IR S B PRSI . AN T] DX B g PR ARG 56
o, AUF2 B E R g At X5 25 s 25 rh 3k
P, (EAE R X g s rh e BN . XSS R
W, AUF2 JEHAEE O FErh 22 T8 K1)
VEFRIE ST, TTRE R BERR R AR BEFE A
23 AUR2 BEAMS BN ASZOREEREE
Bk 4> 1T

K H Tassel 5.0 F4rh TR A e BRI MLM )
X} AUF2 FEPR ) 228500 5 5 300 Wbk R . BpR o
L RO R E L SR R I R R 2%
Z & (SPAD 1l ) %5 6 DA SR IEAT L1 2y
Mr, @5RERA 44 SNP 33 5 kR i, &
LI IR SN = 3 N R 1B N 1T e R O (P
R EREE (P<0.01) , HXF e RIAR 1 i Bt
RIE5.04% ~ 6.52% 2], FIE N 5.69% (%
5) o HfSNP_1267 5 AR T S KK
e R FE AR R AR A 4 e MR 25 A
K, RFFRAVAR ST BRI 5.43% . 6.42%
5.04% 1 6.52%, LGNS S50 A ML, Ak
WA A ) 431 % &y 25.00%; SNP_1346. SNP_1461
FII SNP_1504 55 3 A7 i A8 5 fre K AR k35 A
Ko, N R AU AR S AR B4 R 5.30% . 5.47%
M15.66%, HALS S0 AT 50E C. CHT %
B, AIUREAS AT 1R 26.28% . 28.85%

£5 S5FOREMREE LB SNP (14

Table 5 SNPs loci significantly associated with
agronomic traits in flowering Chinese cabbage

,rri/{j: g;l;i}) ﬁl‘;ﬁ R? (%) PR Frequency
a AL position Elite allele (%)
PARR T G1267A 0.005 5.43 A 25.00
Single plant weight
R GI267A  0.0027 6.42 A 25.00
Maximum leaf length
SN GI267A  0.0064 5.04 A 25.00
Maximum leaf width
S FNURTTIS GI267A  0.0025 6.52 A 25.00
Maximum petiole length
T1346C  0.0065 5.30 C 26.28
T1461C  0.0041 5.47 C 28.85
A1504T  0.0035 5.66 T 25.64

TE: SNPALE: &7 BRI /R 78 (0 15 il i I BEE , H0JE SNPs
TED G BT AR, R T Rl A AR S i

Note: SNP position: The first letter indicates the most common nucleotide
at mutation site, and the subsequent numbers the position of the mutation based
on PCR amplification. The lase letter indicates mutated nucleotide from tested
sample DNA.
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Hl 25.64%., SNP_1267. SNP_1346 F1 SNP_1461
3AAE ST 5 SRS IX, SNP_1504 K
b X AR X RAE, SFEOLE IR RA AR
RAF N HFE R

fE 156 4~ 32 0> Ff Jit Hr, SNP_1267., SNP_
1346, SNP_1461 Fil SNP_1504 %5 4 /™ i & S HEHY
SNP {7 A B T 7 B RL (R 6) , Hirp gl
#I Hapl F 4 A~ 50l # BRI R, & 110 4~Fh
FbRE, & EBU 70.51%; B R Hap2 i 4 4
WSt s ek, & 35 R ERRE, R
22.44%; Hox 5 D HASRUAA AR, H
YI/NT 5%, 58458 Hapl A EL, PAA%5 7 Hap2
B SRR T AE P < 0.05 ZKF 318, okt
WRAE P < 0.01 K B ERE S, k&, &
KK, R SR 4 R & i (SPAD ) 45 4
MREMER TR ZEER (R 7T) .

£ 6 4NEELEL SNP (L SHIRK R BIER
Table 6 Haplotypes formed by 4 significantly associated SNPs

LR SNP i7 1. SNP allele S
Haplotype  G1267A TI1346C TI1461C  A1504T Number of accession

Hapl G T T A 110

Hap2 A G C T 35

Hap3 A C C A 4

Hap4 G T C T 4

Hap5 G C C T 1

Hap6 G c T A 1

Hap7 G T G A 4

RT 2N EFERFRMNFORZERIZIT
Table 7 Effects of two haplotypes on agronomic traits of
flowering Chinese cabbage

1E2IN RN Haplotype P
Trait Hapl Hap2
3] 2126+7.04 23.60+9.00 0.254 0.615
Plant height (cm)
FRRR T 83.34 +62.12 116.90 + 94.45 4.316 0.040%
Single plant weight (g)
SSUNURIS 1425+3.40 1598 +3.97 1.994 0.160
Maximum leaf length (cm)
RN 10.00£2.19 11.09+2.77 0.863 0.354
Maximum leaf width (cm)
SSoNUE IS 9.09+3.69 11.71+5.14 8.406 0.004%*

Maximum petiole length (cm)

LIS e
Chlorophyll content (SPAD value)

42.59+5.04 41.13+5.73 0.947 0.332

TE: * RIRTE P < 0.05 KF B2 = FIRTE P < 0.01 KF
ERREE.

Note: * indicates the difference is significant at P < 0.05; ** indicates the
difference is highly significant at P < 0.01.

3 hie
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WHEEGR D FE [ aceD TEIMERFA R 2
(0.00009) 261 0] HES5 I EG A RHK Z R AH
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TEM 7R AUF2 22 B9 Tajima’s D { . Fuand Li’s
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O FARIC 127200 XS0 1 2 REME S Mt I 2
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5 DX 38 14 Jeg PR R A 1 22 e ok 5 s A T A R R TR
GRG0,

Xt AUF2 JER B 27500 5 5380 6 MR Atk
ARVEAT IR, G55 LB 14> SNP [A)A] 5 Bpk
Fiat, R BRI SE MR AR 55 4 4>
PR B LB (P<0.01) , B4 3/ SNP
SRR B CE (P<0.01) , 44 SNP Xt
FEIUAS G B R ERAE 5.04% ~ 6.52% ], F-1
5K 5.69%, P57 s SRR 25% L L,
Horr 34~ SNP T 5 s FEGRISIX, 14~ SNP Ky
il X R R R4S, SRR M R A E R AN
A PE R IR, X Fh L — B R 1 AR 2 5
WA F AR EAE R 2 24 4, 2 & H )
PrEah=C. RoetE. shhiss, R msE AR
FITIRE 0 o R 4 NS5 A5 07 A8 A i ) B A 2R
Hap2 7& P < 0.01 /K- b 1 342 i d R AR I
JE, XATRER AUF2 JEFEHE T M EN T
B 40 LA AR AT AR X B i 25 5 120 ki
JEARRE R E AR, s EY R AR
BRI , BIR A5 DU BN, 45ER
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