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Tolerance Related Traits in Wheat
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Abstract: To screen the single nucleotide polymorphism ( SNP ) loci and candidate genes associated with
low-phosphorus stress in wheat, genome-wide association study ( GWAS ) of low-phosphorus related traits in
common wheat was performed for understanding the genetic mechanism of low-phosphorus tolerance. In the
study, 198 wheat varieties ( lines ) originated from the Huang-Huai area were used as test materials to evaluate
the related traits in low phosphorus and normal phosphorus solution cultures. The wheat 35K Chip with 11896
SNP markers which were distributed in the whole genome of wheat were used to analyze the related traits of low-
phosphorus tolerance. The mixed model of Q+K was chosen to determine the statistical associations between
phenotypes and genotypes to evaluate the effects of population structure and related traits. The result showed that
the low-phosphorus tolerance character of wheat had a wide range of phenotypic variation with the coefficient
variation between 15.65% and 26.59%. The polymorphism information content ( PIC ) was between 0.095 and
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0.500. Population structure analysis showed that the natural population in the experiment could be divided into
two subgroups. GWAS analysis indicated that 67 SNP loci were significantly associated with low-phosphorus
tolerance ( p <0.001 ) , which were located in 18 chromosomes except 3A, 3B and 3D chromosomes. Each
SNP could explain 5.826%~9.552% of phenotypic variation. Four SNP sites were simultaneously associated
with 2 different low-phosphorus tolerance traits in these significant sites. Seven candidate genes may be related
to the low-phosphorus tolerance of wheat through analysis of the 67 SNP sites. TraesCS6402G001000 and
TraesCS6A402G001100 play important roles in the synthesis of zinc finger. TraesCS6402G 118100 may be induced
by low-phosphorus stress. TraesCS5D02G536400, TraesCS1B02G154200 and TraesCS5D02G536500 are related
to the family of low-phosphorus stress-related enzymes. 7raesCSID02G231200 is related to DUF538 and its

product can be a putative candidate for common stress-related protein in plant.

Key word: wheat; low-phosphorus tolerance related traits; GWAS; SNP; candidate gene
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Fig. 1 Frequency distribution map of low-phosphorus tolerance coefficient
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Table 1 Phenotypic variation of low phosphorus tolerance in related traits

o $’f5kﬁ5_%ﬂ+§13 qﬁ—ffﬁ%’_@ﬁffﬁ%ﬁ FARRZER T PARRAR R B Eﬁ*zk%ﬂféﬁﬁﬁ %ﬁkﬂ%%ﬁ@é
Traits TE T S S FIFHZCR FIFHRCR
SDW RDW SPC RPC SPUE RPUE
fix KAH Max. 1.176 2.116 0.298 0.598 8.361 8.156
fie/IME Min. 0.497 0.467 0.059 0.102 3.169 2.978
SEE% Mean 0.710 1.320 0.151 0.284 5.037 4.729
FrifEZ= SD 0.111 0.235 0.039 0.076 1.031 0.873
AR ZECV (%) 15.65 17.78 26.12 26.59 20.46 18.47
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Table 2 Polymorphism information

o LA i LML
gk bR ic & H PIC g pric & H PIC

No. of No. of
Chromosome SEPHE 75 3 Chromosome SEPHE 7 L ]

markers markers

Mean Range Mean Range

1A 600 0.355 0.096~0.500 5B 723 0.351 0.096~0.500
1B 880 0.394 0.096~0.500 5D 537 0.340 0.096~0.500
1D 776 0.374 0.096~0.500 6A 432 0.322 0.096~0.500
2A 580 0.358 0.096~0.500 6B 635 0.350 0.096~0.500
2B 756 0.358 0.096~0.500 6D 393 0.329 0.096~0.500
2D 673 0.346 0.096~0.500 TA 531 0.343 0.096~0.500
3A 418 0.354 0.096~0.500 7B 507 0.365 0.096~0.500
3B 664 0.388 0.096~0.500 7D 424 0.344 0.097~0.500
3D 446 0.354 0.095~0.500 Unmap 497 0.345 0.096~0.500
4A 324 0.353 0.097~0.500 A 3448 0.349 0.095~0.500
4B 368 0.344 0.096~0.500 B 4533 0.364 0.095~0.500
4D 169 0.331 0.102~0.500 D 3418 0.345 0.095~0.500
SA 563 0.358 0.096~0.500 31 Total 11896 0.353 0.095~0.500
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Table 3 Loci information of significant correlation between low-phosphorus tolerance and related traits

EiE Frid POGRZN Yy E P{H Dl E

Trait SNP Chromosome Position P value (% )R’

R 22T SDW AX-95148412 5D 549656712 8.01E-04 5.921
AX-94764066 5D 549758159 9.24E-04 5.826
AX-94995255 6D 5987057 4.17E-04 8.862
AX-95204907 6D 332548111 7.69E-04 6.654

BRRE AR T RDW AX-94463649 2D 531348258 8.02E-04 5.919
AX-95255212 2D 531350330 8.14E-04 5.908
AX-95006826 6A 88855086 5.50E-04 6.352
AX-95098535 6A 90032600 5.36E-04 6.382
AX-94712363 6A 90034206 8.73E-04 5.909
AX-94506212 6A 91427030 2.72E-04 7.087
AX-95629839 6A 93818299 5.47E-04 6.359
AX-95168893 6B 149058576 8.95E-04 5.859
AX-94921385 6D 73062256 5.36E-04 6.382
AX-95188774 6D 75375480 5.33E-04 6.389
AX-94635585 6D 363261091 8.86E-04 6.874

PR 2R H R AR SPC AX-95151551 2A 79303847 6.31E-04 6.801
AX-95630434 6A 639383 6.05E-04 7.746
AX-94583199 6B 652376687 2.92E-04 8.379
AX-94995255 6D 5987057 4.77E-04 9.097
AX-94685291 7B 35308354 1.22E-04 8.589
AX-94707406 7B 737099687 5.81E-04 7.528
AX-95190395 7B 740038998 3.27E-04 7.469
AX-95145900 7D 635582898 9.49E-04 6.575

BAPRARARBE SR AE RPC AX-94479134 1A 402258367 4.45E-04 6.522
AX-94558187 1A 403660035 1.91E-04 7.385
AX-94826085 1B 256193565 2.28E-04 8.178
AX-94851996 1B 277423361 2.33E-04 7.162
AX-95158976 1B 277442508 2.37E-04 7.145
AX-94555065 1B 280712168 4.19E-04 7.221
AX-94427330 1B 281038551 2.33E-04 7.162
AX-94526379 1B 282134721 2.37E-04 7.145
AX-94545824 1B 282427873 1.91E-04 7.395
AX-95260484 1B 282427911 2.37E-04 7.145
AX-94910851 1B 285339009 2.67E-04 7.134
AX-95116150 1B 285608131 2.68E-04 7.118
AX-95194781 1B 286707988 2.34E-04 7.161
AX-95211391 1B 342647869 2.29E-04 7.179
AX-94451305 1B 344044080 2.00E-04 7.340
AX-94749797 1B 347021392 2.29E-04 7.179
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F3(4)

b bric PR /LA PE DUHRA

Trait SNP Chromosome Position P value (% )R’
AX-95628967 1B 348419466 2.25E-04 7.193
AX-94889904 1B 443996778 2.20E-04 7.310
AX-94701961 1D 188345155 6.61E-05 8.508
AX-94707483 1D 199595680 1.42E-04 7.988
AX-95234839 1D 199672505 2.37E-04 7.152
AX-94786026 1D 270018261 2.29E-04 7.179
AX-95195442 1D 319615262 3.48E-04 6.835
AX-94540527 1D 322165538 1.30E-04 7.886
AX-94431639 2A 675306025 8.33E-04 5.892
AX-94463649 2D 531348258 7.42E-04 5.996
AX-95255212 2D 531350330 8.11E-04 5.929
AX-94747841 2D 649305672 2.53E-04 7272
AX-94752113 4A 13757992 8.59E-04 6.216
AX-94914669 4B 579392893 4.61E-04 6.477
AX-94613319 4B 579406242 4.22E-04 6.59
AX-94383186 4D 463403680 4.60E-04 6.477
AX-95003472 5A 609195920 9.30E-04 6.174
AX-94997235 7A 315516201 2.25E-04 7.193
AX-94987601 7A 434777635 3.16E-04 6.848
AX-94969629 7D 608447542 3.81E-04 7.369
AX-94533843 Unknown 6017765 1.81E-04 7.419
AX-94383420 Unknown 480753053 1.87E-04 7.411

HUBRAR BRI FHACE RPUE AX-94781649 2B 46891615 8.59E-04 5.952
AX-95003472 5A 609195920 4.95E-05 9.552
AX-94528104 5A 609243917 4.27E-05 8.941
AX-95209080 5B 601328075 1.10E-04 8.57
AX-94690130 6A 379659075 8.17E-04 6.732
AX-95191125 7B 21668434 4.95E-04 6.368

R4 BERGEREERER

Table 4 Candidate gene information obtained by screening

LERIN PR NI RGREN B BEPR A R S AR

Trait SNP Position Chromosome Gene Gene annotation or coding protein
HARRHIZAN TR AX-95148412 549656712 5D TraesCSSD02G536400 Nucleotid_trans

Sbw AX-94764066 549758159 5D TraesCSSD02G536500 RNase_E_G super family

LR AR T E AX-95006826 88855086 6A TraesCS6402G 118100 STKc TEY MAPK

RDW

BRI B AX-95630434 639383 6A TraesCS6402G001000 RING Ubox super family

&L spC TraesCS6402G001100 RINGv

PARRARSRE 2R AX-94826085 256193565 1B TraesCSIB02G154200  Haloacid Dehalogenase-like Hydrolases
RPC

Cation_ATPase super family

AX-95195442 319615262 1D TraesCS1D02G231200 DUF538
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) i 15— A BF 45 45 #4 38 RING_Ubox super family
1 RINGv; TraesCS-1B02G 154200 % 1% =i ¢ it
fitf 25 /K #% M ( HDAs, Haloacid Dehalogenase-like
Hydrolases ) il fH 2§ ¥ %% iz 4 [ ( Cation_ATPase
super family ) ; TraesCS1D02G231200 %ty DUF 538
SR, R G ) S AR Y T A R
AKX

3 it

3.1 ETHEBHAIETEFRAYIERE

B NEA KRB EICRZ — BRI
Z TN R O SN R B R X T
] B /N A2 8 R WL BRI o 22 Il R DGtk
FEBR TN B R 1 B A e () [P, E i, W e A
YA H AR AE R 2 AL AS L RE LU T8 S R A
F 2 R s E M R VR T — T 23
P —JEAERE R AR A B I REAE TR AL R
Z AR R HE R AR RIS ) — Rl AEAE P R
BER ORI R, BR LU B B R AR 9 1 5
HEREE . YR PR, A0 B T Bk =R
I R | PRRRAR R BB PR EE N REEA
FHRCRFARFARERE R FHRCR 4 Mmootk
VLM NFEAT R AR . ML B TS /N 22 3K
R R H A & TR e S g R B,
REHTI A Wy = AR E (—P/AP ) BE S K FH A
A AR AR L T LA S /N 22 ol ot % D (PR e
i i AR REAR AR . AR TS TP B T BRI 2K
I8 S R R AR T S AR A PR /N2 TR 1Y)
HEIRR .
3.2 NETHRBEE SR GWAS 4547

HRYEHAR S ARE B IR BT a5 A S ARG
T8 T S P DR AR ARG I 2] T R 6 A 7 A, 1K B/
{4 T ARS8 1 o 2 6 R s ol . AR IR 7E SA e
oA ARSI 3 2 AN B AR S R AR
WA KB, SuZE ) 23 B 78 SA 5D Y (k- &
P55 /N 22 B ORI R F 8CR CBR A . & AR
LT T T SA LR BRI R A T
B S RSN AR R AR 1038 b AT AR
B/ IL 0 W9 £ 2 VA < W e S SRR N (1R 073 S
PEAT R FE W BB T 1A L 4A . 7A 3B, 5B fil 7D
gtk Horf 1A 4A FITTA YA b0 3 DI A
Fo AR AE W R AL AR RO IR i rh
RIR 1A Gt fAR I 2 ML 4A Jeta iR ek 14
P78 TA G ARSI 2 AN 1, X 2B A 1 ] REXT T

INFE R B A — B AN FRUEAE S TERT Y
2T E R R, SRR E] 106 S WA AL I
1 BS00022688 51 .D GCESAKX02IXEFJ 281 {i
S5 A S TR 5 AX-94764066 BE BSE50T , 43 )
AH BE 0.879 ¢M F1 0.889 cM, AX-94764066 %} I} 1
P S TERE N RNase E_G MR %, & — R
PR T , A7 AE T AL S AR v, R JF RNase_E fiff
RS PEOR T 57 S Wk IR SR RO i . e b
D GDS7LZN0213554_251 Fll RFL_Contig4176 605
7 1 5 AX-95148412 5 B 4 3, A #5 0.715 cM
F10.774 <M, AX-95148412 fvi /5 5 B¢ i &t I &2
TraesCS5D02G536400, Xt I 1Y 3 K 73 B R #
TR - Wi L5 F2 i ( Nucleotid trans ), S bl 3L % % Jiff
(GTs) FIEH i — 0 BB iE T S5 2 )
JBRC 4 5 A AR AR T3 7 TR 2 AR, X
6 SRR A P R 2 IR bR i, ZE R AT /N A I
WAL A>T AL o8 sl L e e B
3.3 /TR R R 5 E E

I ] A R R A B8 T AR R 67 > S T IR
Bl MR 28 56 I5E Y SNP AR 30 91), AR 30 5L X o)
RE R A B, HEI 7 4 3 R 55 /0N 22 T AP Bl 1 A G
(£6), Hr {7 F 5D Yk 5 kk B AR T
% 1 5L B TraesCS5D02G536400 4 i3 STKe
TEY_MAPK., MAPK % Hk ( MAPK cascade ) i 3
A B4OEE 21 R, I 4% MAPKKK ( MAP3K/MEKK )
— MAPKK ( MAP2K/MEK ) — MAPK ¥ i %
MU 1 i A W 1R b O B 67 T o IR
B 5 R Ak 1) MAPK 3l 1k % iR 1k F Ui 35 0 43 7 4%
55165 T £, MY MAPK (34> i A =
55 30 5% W 38 5 I DA B AR B A 240 AR, P R
Iv AtMPK4 FE R W] 52 Z2 AR 1y sl AR A= P v 3e TR
750 I A 3 P TraesCS5D02G536400 W]
fig 52 2K 85 W30 /915 =, ik & MAPK {5 5 % &
I BN S 5 ) 65 a8 R N R AT 6A B
R b Y 5 Rk 25 i SRR QI A o ik R A
TraesCS6402G001000 Fl TraesCS6402G001100 4
) G B — A~ BE 8 45 # U £ 45 #4938 ( RING_Ubox )
FIFR A5 S 45 44 55 ( RINGv ), BF 5% 2 B, 5% 48 & A
KA RN TFHEDRE LT 2S5 T HEEANER
B e BT R R AR Y Bl R AR Y
S Pt AR, 2T 1B G A4 b B KR AR SRR
SR (4455 16 3L P TraesCS1B02G 154200 4% 15
R 5% 5 T 285 7K A i ( HADs ), 1% 25 7K i il & — 1
P R 35 IR R R, ok B3 b B e B B A R 1 L B -
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