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Genome-wide Association Analysis of Spring Wheat Root Traits
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Abstract: Wheat (Triticum aestivum) is one of important food crops in many countries, whereas drought
seriously destabilizes its growth and yield production. In this study, the genome-wide association study (GWAS)
was conducted to mine SNP loci and candidate genes that associate with drought resistance of wheat root traits at
seedling stage. 183 Xinjiang spring wheat varieties (lines) were examined under 20% PEG-6000 or normal
nutrient solution treatment conditions, to simulate drought stress at seedling stage. The measurement of root traits
were statistically analyzed, and the correlation analysis of drought resistance coefficient was carried out.

Genome-wide association analysis of drought resistance coefficients of eight traits including total root length,
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root surface area, root volume, root mean diameter, root fresh weight, root dry weight, root tip number and
maximum root length was performed using a hybrid linear model MLM (Q+K) using 55K SNPs, and candidate
genes were identified for significant inherited association loci. The results showed that the variation coefficient of
eight root traits were 17.81%~70.71% and 20.019%~61.62% under normal and PEG stress conditions, respectively.
Correlation analysis results showed that the drought resistance coefficient of average root diameter was
significantly negatively correlated with those of total root length, number of root tips and maximum root length.
The drought resistance coefficient of total root length and root surface area had the largest correlation coefficient
of 0.74. Genome-wide association scanning enabled identification of 54 SNPs associated to root drought resistance
(P<0.001), distributed on 16 chromosomes except 3B, 3D, 5D, 6D and 7D. Each single locus could explain the
phenotypic variation ranging from 6.18% to 18.74%. In addition, six pleiotropic loci were detected, which were
located on chromosomes 1A, 5A, 7A, 1B, 5B and 2D, each explaining the phenotypic variation ranging from
6.55% to 18.74%. The locus AX-110482078-AX-110400975 was significantly associated with the number of root
tips, root volume and maximum root length on chromosome 5A, with the contribution rate ranging from 8.74%
to 15.44%. Nine candidate genes were proposed based on 54 significantly-associated SNPs. With gene annotation
information, three genes TraesCS4401G424000, TraesCS6A01G047200 and TraesCS5B01G056600 were
proposed to be involved in physiological regulation of wheat stress by regulating translipoprotein, peroxidase
and MYB transcription factors, respectively.

Key words: wheat; drought resistance ; root traits ; genome-wide association analysis; SNP
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1.2 REFHE

121 HEpESTELAE ZSMHEONETREEE
FE VAN H AR NE GB/T21127-2007) F J5 108 471N
T FH 5% UE FR BN WO 7 15 min, FIZE B K
JLA Uk 4~5 K IR I ZR B K Rk 8 h B R
TR 44 (12 emx12 emx5 cm) 11, B 2 & s i il s
FEAATR SR AR AAR 20 CCHEIR, B RO 12 he
WA EE SR 10 dJ5 58 R SR4 (46 cmx35 cmx
22 cm) IR R TR A B e 2H A B A R R N
20% PEG-6000 [ & F=% , #9-0.6 Mpa, X B 41 A 1E
# ) Hoagland B F7 , B ML B 3N EE B
T 30k, AR K IR 24 °C L B FROEIE 12 h, FFLEh
AARFRE A S A — RS TR B 10d
e XoF Folb 26 2L R 2L P AR S PR A A i o, Y0
FHZEIR K AR

1.2.2 REFRBEIEHOMZE FH 5 (Scanmaker)
1800plus 1 1 SCHE AR 22 F 4 i R, SR O VR AR 3R
OIMT R G T HEAR K AR R TR AR AROEEY
BERFARISEL . SR B i ) o o AR
AT 22— R0 LA i F A i o, AR R
PR, 105 C AT 15 minJ7 80 CHET ZEiE &, T

%1 PEGMET/NERRMERAERM

1.1

43 2 — R g HAR T 5, 3 K R A3 (E BN
MR R AR , 2RI 2 5(DC_X) =17
AEFRR HE AR Y/ 1 H A BREE AR 41

F Microsoft Excel 2007 #4738 46 £ 8 4b 74 , 5
Z i E 2, HeFH SPSS 21.0 B AbFE R G kA 1584
Bro f#H QTL IciMapping V4.1 Ffd3 s 111,
123 £ERERAXBESH LRE[HEMEAHSSK
LD R X 183 0 A4 Rk b AT T LR 4 > fifi
TASSEL 5.0 84 H i Q+K IR A 4R AR A X 183 1y
AR TEEAA 1Y) 8 A HRE MR AT 2 R B T PR
0 2 B A 42 I PR A A A2, DL P=1.0x107 2 [
{BL, H0 32 SNPARIC S H bRt tR I 2 2

2 HER59H

2.1 PEGHME T/NERIBIERRBETRSM
/NZEHTWI PEG iRt ik B 25 SRR (R 1/ 1),
PEG WA T BRARTE I BRI, AR SRR
(B YR B, 1B PEG Jpif 2300 /N2 T HAAR R 1)
AR —E BANRIVE T . IEH ST SRR AR
SREE VA N R RO A
Al 22 F R, IR AT MR AR S5 R AL
KK 70.71% , BIE H 0.38 em’; i KA K 178 53 &
Bodse/N R 17.81%, %111 17.30 cm. PEG JiHa B
HRAAFRAR S R B KN 61.62% , B{H 7 0.26 cm’; ¢
KA AR 7 R F /NN 20.01%, $491E M 14.88 cm.,
RIS LI, 8 MR A4 J1 1 K F0.50, 1568
TXLEHLERPEAR ()R Ak 3 B A2 3845 TR 2R A5 I

Table 1 The performance of different wheat traits under PEG stress

[N Qb e/ MH SSUN: ¥ifE brfE  BRER(%)  BfEh

Trait Treatment Min. Max. Mean SD cV 5

BAK (cm) TRL C 58.54 218.50 118.51 31.16 26.29 0.71
T 25.77 111.96 69.38 17.31 24.95

MEH (cm?) SA C 8.01 40.00 18.76 8.32 44.39 0.86
T 5.56 25.11 11.79 4381 40.80

WA (em®) RV C 0.09 1.30 0.38 0.27 70.71 0.88
T 0.08 0.74 0.26 0.16 61.62

-3 542 (mm)RD C 0.32 1.09 0.58 0.19 32.04 0.89
T 0.37 1.18 0.68 0.18 27.16

Y% RTN C 32.50 319.67 116.06 45.88 39.53 0.64
T 20.00 161.33 48.47 21.41 44.17

KM (em) MRL C 8.70 28.45 17.30 3.08 17.81 0.79
T 5.50 20.84 14.88 2.98 20.01

Hfif ¥ (mg) RFW C 59.50 306.50 111.87 31.11 27.80 0.67
T 23.00 128.72 74.24 19.18 25.83

HT#E(mg) RDW C 6.33 74.00 12.90 8.52 66.07 0.52
T 3.00 17.22 9.74 247 25.36

C: XA T Wra 2 ; R A

TRL: Total root length; SA: Root surface area; RV: Root volume; RD: Root mean diameter; RTN: Root tip number; MRL: Maximum root
length; RFW: Root fresh weight; RDW: Root dry weight; C: Control; T: 20% PEG stress; The same as below
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iE 20% PEG-6000J1t

Normal 20% PEG-6000 stress

El1 IEF5PEGHNEFHTREMEREL

Fig.1 Changes of root traits under normal and PEG stress

conditions

&®2 PEGHMETREMERIE REERIIER D

2.2 PEGHME T/NERIBIKME REHIE X

S

PEG 38 T /N2 iR AT 7 2R B A O 1k
I A RN (R 2) M EAR TR R B IRR
TR 28 B AR T 7 R BOR T EHT A R AL
JCA AR SCNE, 5 EARRK SR R MR R
BN B KA T 7 R BRI 25 TR G IR BT
ARG LR R BB R IR K YR R
B IEAG AT R R B SR RS R
WEIEMKE, S KR KPR R SR T EIL R R
5B F IR A ARSI R B A B IE
FAOE, o SR KT R B RER TR R B
FHSR R BUR K, 7 0.74,

Table 2 Correlation analysis of drought resistance coefficient of root traits under PEG stress

BLR R B REmM HRAAFR A HAR HRI%EK BERMRK  WREfE WTE
) MERE  PERK PR RE MERERH PERERE  HERH BERE HERE
Drought tolerance coefficient
DCTRL DCSA DCRV DCRD DCRTN DCMRL DCRFW DCRDW
SARKATR Z % DCTRL 1
M RIBHTR 7% DCSA 0.74™ 1
HUATIHT 52 2% DCRV 0.20" 0.48" 1
W HAR P £ %0 DCRD -0.48" -0.01 0.49" 1
HASHHT R 2B DCRTN 0.66" 0.53" 0.16" -0.46" 1
KB KGR EDCMRL 0.55" 0.39" 0.15" -0.31" 0.30" 1
M PR A28 DCRFW 0.41" 0.57" 0.36" 0.10 0.16" 0.35" 1
WTEHEZE DCRDW 0.25™ 0.34™ 0.29" 0.06 0.19™ 0.17" 0.43™ 1

* oA ERAE P <0.05, P <0.01 KV F2ZER R

DCTRL: Drought resistance coefficient of total root length; DCSA: Drought resistance coefficient of root surface area; DCRV: Drought

resistance coefficient of root volume; DCRD: Drought resistance coefficient of average root diameter; DCRTN: Drought resistance coefficient

of root tip number; DCMRL: Drought resistance coefficient of maximum root length; DCRFW: Drought resistance coefficient of root fresh

weight; DCRDW : Drought resistance coefficient root dry weight; *, ** represent significant differences at P <0.05, P <0.01 levels respectively

2.3 IERFBERDEEEERAXES T

{61 FH 55 K I DRES R 183 45 /NA2 Rl (2 ) AR
PERIUR REGHA TR T, R TR A LR (Q+
K) , Heg 7 2] 54 4~ 5 ARG R AH IR 147 55, B
AL AT R ) 2R B A S LR 6.18%~18.74%
(F3.1812), QQEIZEFFH A 5 i LI 15 A 2
(B4R —B, Sy AT G B 387 A i/ N T
WA, 3K W] R R BT A TP A TR i AN O 1l
(E12) . AE] 1 A5 BARKAH SR &, 7 F 2D YL
R b, TR R 8.72% 22 (v B S AR R IR C 1)
B A4, 05T 1B L6B L 1D F12D YL fA |, Bifik
24 6.98%~8.84% . E A B 5 HUARFA A7 45 7
A5 4A SAL6A TA RSB i ik I TTkR

H7.52%~18.74%., &L F) 5 AR -2 HAR M L
JEAA, T 1A 5A (6B FI 7B YLtk b, BTk
4 6.18%~8.83%. {3 Fl| 5 AR S BOAH & 47 5 11
AL BT 3A5A . 7A 2B 4B 5B 7B 12D L {4,
& b BTN 6.229%~12.97% ., ERLE] S i KARK
FHSEBINL L9, LT 1A 2A 3A 4A SA 4B FlI
TBYL(AR |, BIHkE N 6.419%~12.99% ., SEALF] S5
fief FAF G575 6 1>, 43 A T 1B 4B 7B F14D 44
ik b TTENE N 6.27%~9.31%, EME ST E
AL AT 124, 43 BT 1A 4A SA 6A Fl 1B,
5B.6B 1 7B YL fafk I, BTk h 8.009%~9.50%

T 54 5P R BINL S R EA R 244 T
Iv] s ARG 1000 280 96 4 A 4 LA _E PR 3 G I A 8 Mb
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Table 3 Significant correlation loci of drought resistance in roots of wheat

LEZIN Frid PSEREN {37 & (Mb) Py FAITTIRAE (%)

Trait Marker Chr Position P-value R?

SR TRL AX-109915564 2D 6.16 441E™ 8.72

MR SA AX-110972394 1B 688.36 6.14E7% 8.53
AX-109862713 6B 27.67 5.33E™ 6.98
AX-95127388 1D 484.19 4747 8.84
AX-109915564 2D 6.16 7.45E7% 8.30

HRAARFL RV AX-109286564 4A 45.56 3.76E7 17.02
AX-109980263 4A 104.86 6.56E™ 15.99
AX-109310695 5A 566.64 9.69E™ 15.44
AX-109498898 6A 6.27 6.61E™ 7.52
AX-109078318 6A 24.33 7.26E7 15.84
AX-111660155 7A 71.35 1.02E7% 18.74
AX-110397972 5B 688.97 5.85E™ 12.89

R4 EA% RD AX-111004678 1A 32.45 6.70E™* 6.55
AX-109824014~AX-111554770 5A 550.57~552.06 4 4TE%~0 44E 6.18~8.83
AX-111162124 6B 680.86 7.21E7% 6.47
AX-111102830 7B 691.54 7.95* 6.37

HREL RTN AX-110551014 3A 54.87 9.25E™ 8.02
AX-108734284~AX-108755294 3A 727.00~727.34 3.17E%~5.28E™ 7.62~9.27
AX-111144524 5A 440.28 9.79E™% 10.73
AX-110482078 5A 559.02 3.47E7% 9.32
AX-109600915 TA 77.48 6.70E™ 11.79
AX-94898597 2B 23.12 1.62E™ 12.97
AX-108955392 4B 662.78 9.95E™ 10.72
AX-109953350 5B 67.18 6.38E7" 11.26
AX-86167574 7B 384.37 9.55E™ 6.22
AX-110944363 2D 28.87 9.62E™ 8.22
AX-109894807 2D 602.51 2,957 9.55

I KK MRL AX-111178879 1A 305.60 2.84E™% 12.33
AX-110567094~AX-111450487 2A 706.99~707.06 9.05E™™ 8.05
AX-110721315 3A 706.06 8.09E™ 6.41
AX-108827999~AX-111023790 3A 621.83~621.87 3.13E7%~8.66E™* 7.46~8.14
AX-111612217 4A 694.99 5.38E7% 11.52
AX-110400975 5A 567.92 5.12E7% 8.74
AX-108935010 4B 547.45 2.64E7% 12.99
AX-110687704 7B 38.49 2.89E™ 9.53
AX-108942316 7B 101.42 2.60E™* 9.62

M fif 5 RFW AX-111622338~AX-108786039 1B 687.58~687.68 4.24E%~4.6TE™™ 8.70~8.81
AX-109324513 4B 612.26 9.65E™ 7.97
AX-111101199 7B 242.09 2.88E™ 9.31
AX-110912062~AX-109460486 7B 203.70~209.35 5.12E7%~9.63E™* 6.27~8.59
AX-111580022~AX-109397636 7B 214.01~220.95 8.06E™%~8.34E™* 6.27~6.31
AX-111478182 4D 363.57 7.96E* 6.33

H+E RDW AX-108855740 1A 39.43 3.11E™ 9.29
AX-110964697 1A 113.88 5.46E™% 8.62
AX-110924520 1A 154.58 5.46E™ 8.62
AX-110173584 1A 219.10 5.46E7% 8.62
AX-111567492 4A 460.73 6.03E™ 8.51
AX-110059659 5A 456.17 6.73E™™ 8.42
AX-94418601 6A 574.48 5.38E7% 8.63
AX-111472681 1B 289.89 9.58E™ 8.00
AX-108885690 1B 448.54 6.58E™" 8.39
AX-109934166 5B 60.88 5.57E7% 8.74
AX-110479150 6B 706.63 6.57E™™ 8.50
AX-109335338 7B 636.04 2.62E™ 9.50
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TIN5 B 1 2P, AR g L AG I 51 22
AL 64, 23 FIE T 1A . 5A 7TA 1B 5B F12D 4
Ak b, STHR N 6.55%~18.74% (F 4) . Hirh 7
T 1A Y AR 1K) AX-111004678~AX-108855740 5
FRV- 24 AR FAR + 5 G2 3 O HK , Bidk Sl 6.55%~
9.29%. i F SA Yt Ak I 1Y AX-110482078~AX-
110400975 SARISEC ARARFRFRACH A i 2 0GR,
TR R N 8.74%~15.44% ., 1T TA Yok b AX-
111660155~AX-109600915 55 4R 4 K AR (AR I 2
SCHE, TR K 11.79%~18.74%. 5 T 1B Jefa ik I
() AX-111622338~AX-110972394 5 K3 3 1hi FRLRIAR
R, TR N 8.53%~8.81%., i T SBYL(h,
1A 10 AX-109934166~AX-109953350 5 HEIBFIAR

F4 DERBERDEE—BAS OGS

Table 4 Multivariate loci for drought tolerance of wheat roots
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Table 5 Candidate genes for drought resistance in root traits
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Table S1 Names and origins of wheat varieties (lines)

F5 A SR F5 i K F5 il K
No. Variety Origin No. Variety Origin No. Variety Origin
1 B s 62 BIREE Wi 123 WER i
2 FESk Wi 63 Hi i 124 Ht i
3 ERUAEE s 64 BATH i 125 Et i
4 RS 3 WraE 65 HZ%T i 126 B g
5 N e 66 RLFEL i 127 e HiE
6 YEIE e 67 Kk Wi 128 Bt B
7 SR WraE 68 THFZE i 129 e HE
8 AR EFL Wi 69 Bk i 130 e HE
9 B R Wi 70 B T i 131 BN i
10 BHERHEE Wi 71 Kk i 132 BN HiE
11 SRR g 72 BT i 133 BN i
12 B g 73 Tez T i 134 BARAE i
13 ke Wi 74 =g i 135 TR HiE
14 LAAR s 75 sk i 136 WE1S i
15 7Rk s 76 St i 137 WE25 i
16 Kk e 77 Fa HEE 138 B2 5 HiE
17 HR WraE 78 Fa HEE 139 BH3T HiE
18 Kk e 79 TtHFZE Wi 140 R3S HiE
19 B s 80 ta % Wi 141 Kk i
20 W WraE 81 HT4L5 Wi 142 K3k i
21 RS 3 WraE 82 ER VWAL Wi 143 R 15 i
22 BrRE WraE 83 HHE i 144 LRk i
23 HibEE WraE 84 REAZ i 145 a2 T HiE
24 g WraE 85 whi R i 146 WES T i
25 LR e 86 B K% 5 Wi 147 RS HiE
26 =A% e 87 SLIR Wi 148 TS HiE
27 AT 3 e 88 (i i 149 R8T HiE
28 MR e 89 Hoiwe HEE 150 RS HiE
29 fa e 90 SEea i 151 Wi 105 HE
30 Tt WraE 91 THEFEL HEE 152 W1 HE
31 N WraE 92 R DL HEE 153 w125 HE
32 otk e 93 Fa Wi 154 W13 HE
33 SR WraE 94 e Wi 155 Wi 145 B
34 UNEES Wi 95 I o HrEE 156 B 155 B
35 fa e 96 TLET I, HrEE 157 Wi 165 B
36 B Wi 97 H/RE Wi 158 W1 B
37 P e 98 At Wi 159 W18 B
38 LKt Wi 99 A=) 4 HrEE 160 W 195 B
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HsE
HsE
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169
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B 20
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B 23
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B 26
B 27
B 28
B 29
B 30
B 31
B 32
B 33
B 34
B 35
B 36
B 37
B 38
B 39
B 40
B 41
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B
HE
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B
B
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