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Genome Wide Association Study of Low Phosphorus Tolerance in

Soybean (Glycine max L.)
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Abstract: Soybean is a phosphorus-loving crop, whereas phosphorus deficiency can affect soybean growth and development
finally resulting in yield loss. The grain weight per plant of soybean is a quantitative character, which is an important indicator for
identifying soybean tolerance to low phosphorus. At present, most studies are still in the stage of QTL mapping, so it is particularly
important to discover more regulatory genes and excellent allelic variations in order to promote the analysis of the regulatory
mechanism of soybean tolerance to low phosphorus and its breeding utilization. In this study, 395 soybean germplasm resources were
used to conduct genome wide association scanning (GWAS) and preliminarily predict candidate genes by using grain weight per plant
under low phosphorus and relative conditions as identification indicators for low phosphorus tolerance traits, combined with high-
density SNP markers. The results showed that the tolerance to low phosphorus was significantly different among different soybean
germplasms. The mean values of grain weight per plant under normal phosphorus, low phosphorus and relative conditions were 4.08 g,
1.15 g and 0.34, and their coefficients of variation were higher than 50%. Through cluster analysis, 4 landraces such as ZDD00219 and
ZDDO00163 and 16 cultivars such as ZDD00383 and ZDD23714 were screened as phosphorus efficient soybean germplasms. GWAS
identified 32 SNP loci significantly associated with low phosphorus tolerance of soybean, including 23 SNP loci associated with single
plant grain weight under low phosphorus conditions and nine SNP loci associated with relative single plant grain weight. Two
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candidate genes were proposed by LD block analysis, including a WRKY DNA binding domain gene that was detected with specific
expression in roots, and a pyridoxal phosphate phosphatase gene that was detected with specific expression in root hairs.
Key words: soybean; low phosphorus tolerance; GWAS
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BRI I 1) 395 4 K 0 ol ot B 56 5 i 7 K G R 139 43 Fidk B KGR 256 1y, o, BN 21 4NVE
B KSR 393 4. EAM KSR 2 4 (P 1).

1.2 IRt

2019—2020 SRR AE IR FHAOMY R 228 2 B 07 R HF S e B th 25447 (41.81° N, 123.56° E), KH PVC
ERMTRVE:, PVCEWNIE 16cm, & 25cem, 2K 3MER 0.3em /ML, WEFH /M, 735y E ik
P (NP, Normal phosphorus), ™% J5 U 5 A 0.5 mmol/L A AL FE (LP, Low phosphorus), 75 % 7%



TBEHR A 0.005 mmol/L. ASHF ST BIR R F i e —2U8), B2 (M8 28 &L RN 55 . se e BEpLIX 414k 3
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LA
2 RSN
2.1 RESH
211 FERIBTASERNEST S M BRSNS IR BEROR, 2 A Y0 7E i A 3
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fir, fF% ZDD10252. ZDD02864. ZDD02866 <5/ #1)5i L\ &z ZDD24315. ZDD23852. ZDD24323 %5i% &
PR, RIANMEBEIA AU MXREE 0.1 LURIMEAE 14 4, $ ZDD03969. ZDD13590.
ZDD07540 5 Fii i A K ZDD22643. ZDD05572. ZDD24399 5k B R, 28 B Xof Mk Bl B4 53 W UG (B 25
1R 1) ixsbgh BB AGRIG K GRR MR BETIE R R, & BT T . Guitorbirgs Rk
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Table 1 Statistical analysis of soybean grain weights per plant under different phosphorus treatments

RN e /M =N B AN A 5t 2 H(%)
Trait Type Min. Max. Average SD Cv
AL EE R SRR (g) b7 R 0.49 11.94 3.60 211 58.59
NP grain weight B 0.81 14.43 433 221 50.90
JERa 0.49 14.43 408 2.20 5392
(ST SLNER 7S A: N (o)) b7 R 0.21 4.44 1.00 0.61 60.87
LP grain weight PEEHR 0.05 5.35 1.22 0.65 52.97
st 0.05 5.35 1.15 0.64 56.12
AT B B b 75 T 0.04 0.98 0.34 0.20 59.67
Relative grain weight A 0.05 0.98 0.33 0.20 59.79
HiF 0.04 0.98 0.34 0.20 59.67

NP: WBEAbBE, LP: KBEkbHE. R

NP: Normal phosphorus; LP: Low phosphorus. The same as below
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Fig.1 Phenotypic distribution of grain weight frequency per plant in soybean under normal phosphorus, low phosphorus and relative

conditions
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Fig.2 Analysis of differences in grain weight per plant between soybean landrace and cultivar under normal phosphorus, low

phosphorus and relative conditions
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NBE, TR 395 N KEMTRIS A 3 KFKEE 2): 28 1 KB E 160 MrFrit, S ELEEIY 40.51%, 43
N T2 M A AD 88 ik AT, HAREEAL R SRR EE AR B MOk B > AV 43 A 0.05~1.01 g
F10.04~0.58, LI AACHE AL BT HproRs AU Mok B EUIC, R ABHMRBOR M. S IR
B 215 AT, S AREEEY 54.43%, 435I 63 iy iR 152 ik B A, ARBEALHE N SRR EE A
FE X BB E AR ALY B2 I7E 0.47~2.13 g AT 0.08~0.98, FRHAMKMEALFE T B pkbr F AR X B AR B
AR AL, BRI AR ARG R . SIS 20 A5, AP RLESN 5.06%, 43514 4 4 b Fh
JRF 16 U3 BFH BT,  HARBE AL FE T SR = RIAR X B Mok B AR A0 Y Rl 43 5l 2y 2.40~5.35 g 1 0.24~0.84,
RIS FL N B pRRL SRR X B MoRL B 5005w, R 40 ol o K R o X el e AOK S L 3R
ZDD00219. ZDD00163 Z51h 77 #)5i, 61 ZDD00383. ZDD23714 %53k & i .
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Table 2 Cluste grouping of soybean germplasm under LP grain weight and relative grain weight of

B! P TR AL SRR (g) AFXF BB MR
Groups Number of germplasm LP grain weight Relative grain weight Phosphorus efficiency types
I 160 0.05~1.01 0.04~0.58 BRSNS A5

il 215 0.47~2.13 0.08~0.98 o ] B K A5

I 20 2.40~5.35 0.24~0.84 Ay N LT
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Fig.3 Clustering results of grain weight under LP grain weight and relative grain weight of soybean germplasm

2.2 REMRBHERXMR GWAS 5347

AR GAPIT F5:T- F ARBEMA ) 395 3 Bislbh kIR AL BE T B o s RAR X B R B R A 4
My A farmCPU AR AT 4 3L AL ORI AT (18] 4) AIRWEALER N HpRRLEE AE farmCPU FE AT 3K%K
LM SNPs(-logioP>4)1 9 AN, 43AfE 35, 4 5. 8 5. 125, 13 51 20 SYetafh b X SRR 78
farmCPU A &% G SNPs(-logioP>4)f 234>, /M AifE 15, 55, 65, 8 5H1 15 54+ tafk .
X SNP YEEALE, A g RS a0 NI FUT L UG R, Hrb 13 5 4e itk FE 2 QTL 5k
T REEDE e A7 satt335— satt522 HE . FRIXAMILERIN QTL BAAN, HAhEA 31 QTL bk WARIE, #*
BRI Y QTL 24 il K S MR P 17 2t
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Fig.4 GWAS analysis of soybean grain weight

% 3 farmCPU 1R 8 T REAAL IR T SR EANAERT BARR E XX B2 SNP

Table 3 Significant SNP associated with LP grain weight and relative grain weight under farmCPU model

PEIR et (AR FHuRERFER -logP {E KA
Trait Chromosome Position Alleles -log P max
(]2 (S5 3 3794570 TIC 4.05
FAPRRE 4 2971132 crr 4.08
LP grain weight

8 43814202 TIA 4.05

8 43815543 TIC 4.10

8 43852584 TIA 4.19

12 14472037 G/A 4.34

13 21163574 AIG 4.04

13 34368248 G/A 4.08

20 27144081 G/A 4.00
AFXF BB 1 7755407 A/G 412

1 8467401 TIC 4.64

1 8553492 TIG 4.06




1 8555369 T/C 4.08
1 8651431 G/IA 4.05
5 41913145 CIT 4.36
6 22891623 GIA 4.06
6 29287355 CIT 4.06
6 29949637 CIT 4.05
6 33464838 T/C 4.99
6 34251031 CIT 424
6 34360346 CIT 451
6 34434873 T/G 4.15
8 16553159 CIA 4.76
15 1512455 GIA 5.70
15 1532279 AlIG 4.69
15 1553014 CIT 4.66
15 1612581 T/IC 5.44
15 1623131 G/IA 4.42
15 1761674 CIT 421
15 1778761 AIT 474
15 47479136 AT 4.38

2.3 {RIEEE S

it — e 5 R SRR AR S (B B R, o TR IR DG 1) S AL B R ROREHEAT T 4347, — 2% SNP )
R M P R IR 583 1) S AT R DRI RO, 3R I R PR A8 A 1 {8 JEE IR T i 5 e SNIP AR . JEE 34T
SNP 257 R LS R (AN R BiE A EE R 1) 53 22 591, LA Manhattan BEIRT QQ BISCHRAT s (H R 1k, i F
B AL BE N SRR S SCBE B 8 5 YL AT 25 GmO8_43852584 FIHH X bk HE ICER R 15 5 YL AR {7 o5
Gm15_1778761 #t—B 3T M. Hf GmO08_43852584 A7 sk 25 o7 F2 DRI 74 o o FA) R AE e 1o R e ARG O 8 22 57
(P=6.40x<105<0.01), Gm15_1778761 A £ &5 {7 5 P& 284 S 87 (1) i AEG Bl 14 bR B 3R B0 A B2 3% 22 5% (P=1.81%10
5<0.01). FETZBAARN LD ZIEER, M-SRt &2 /6 5¢H Gm08_43852584 Il Gm15_1778761 1/ /i I
TN 100kb i B P kAT iR B PR ik . It LD block 22 B SR J 100kb 2B, GmO08_43852584 fi7 i
Gm15_1778761 f7 A5 R 5 100kb 1, SNP A7 S5 77EAE R &1 LD block(& 5).

Hrh Gm08_43852584 (1) LD block X[ 3L 23 NMEF (R 4), HH GmLPW22 ZEREF N WRKY
DNA Z5&18, HAUF I RIVEIE R T eI RN WRKY6, 58 [H1 WRKY6 @it i PHOL 23k R 5 i fa
A, HAEBRUUHHHIN G PR, 12 % B3 IEHMHEIR [ Bz 2 E3 LIGASEL(PRUL)AJ 75 WRKY6 & H 7KL
M AR B 717, GMWRKY6 1) Jik DR Mk Ak P A 2kl 5 1 S5 v T AR R, BRiZ ik IR A, HAh I (R
KA RIE S IHEBEAIS. Gm15_1778761 1) LD block [X [a] Y 3L45 20 3£ K (% 5), GmRW14. GmRW15 3
DR B A T PR, 22, M/ R M ok PR TG /PHOSPHOL, L 40 1 I [ Y356 [N 0 00 0 A G e 1V RS e 2 I A
W WEER CBERG/BE IR E R RS L(PECPL) IR FR LIRS FIEIR 2(PS2) I8 TR YLK T M — 2B ALk
BRI, AT EAAR P A A IR HELR AN B R . 12 i (PEn) R (K11, PHOSPHOL I 58 % OsACP1 [ 7E /K Fg it 5t
HRASR RIS AR RAE Pi SERMGRZS6AF T, H7 W) S (EA)FIAH R ES (Cho) ik FE 2 & 19 n,  —

B B P A R AR R PR o R e A T R R R2OY . BRI DRI, BRI AR A R0 S TR A 2%
RS AR S SCRRIROE P S K S I B A R GG R ZER AR R, ik —25 43T LD block X3 P4 f



FK, FIF Phytozome ¥¥iE)ZE, ERIEEFLNAENFHLAMERE R, EREE, GmLPW22 FER MR &
Fik; GmRW14 HRTEMR B mRiE; GmRWIS FERE TP mRIE. B, HRAERERERIEERNIEE 6
VEBAHEN GmLPW22 7 GmRW14 g K 57 i Bl e 30 i R

% 4 Gm08_43852584 #J LD block (X &) P f& st £ EE
Table 4 Annotation of candidate genes in the LD blocks interval of Gm08_43852584

I R

Gene Annotation

GmLPW1 SWSN-9 & H

GmLPW2 SWSN-9 & H

GmLPW3 VU — 4 4V
GmLPW4 TEHR FYVE 45MIME AR
GMLPW5 NA

GMLPW6 NA

GmLPW?7 PPR H 5 ¥ X 5:(PPR_2) | DYW #% B2 i 2 ¥ 2% (DY W_deaminase)
GmLPWS NA

GmLPW9 /NAR TR F HSP20 Sk
GmLPW10 % C2H2 iR EA
GmLPW11 NA

GmLPW12 NA

GmLPW13 AR ES EA
GmLPW14 Ry B R & U HISHF
GmLPW15 TR K REE(HIT 5XHE)
GmLPW16 NA

GmLPW17 NA

GmLPW18 Z 54 kB W E R
GmLPW19 TR A AL A i R R R
GmLPW20 STIGL R EAE K
GmLPW21 FEHFRFHZE A SECI3 R
GmLPW22 WRKY DNA 4 £ 45 138 (WRKY)
GmLPW23 NA

NA: ZEEFTDIREERE. TR

NA: No functional annotation of genes. The same as below

& 5 Gm15_1778761 9 LD block [X 8] &% £ F 72
Table 5 Annotation of candidate genes in the LD blocks interval of Gm15_1778761

L R

Gene Annotation

GMRW1 e AR E S A R AR ER KL &S EEA
GMRW2 e AR E S A R AR ER KL EMSEEEA
GMRW3 e AR E S A R AR ER KIS EEA
GmMRW4 3R F BHLH87

GmMRWS5 NA

GmMRW6 23S rRNA(JR 1% (1939)-C(5))- F L H4 A fg/ RNA JRH B Bl A
GmMRW7 IAA-ZUREMK AR ILRLFE 1 AHC

GmRW8 NA

GmMRW9 Jacalin FEEEER R 4 f sk

GmMRW10 2R EA

GmRW11 60S & BER 1 L28

GmMRW12 DOF 4488 H 1

GmMRW13 & A RN PP2A 5 TF A4 B

GmRW14 TR 2 I e/ R AR DU 2 il PHOSPHO1

GmMRW15 TR LTI TR RE B TR S/ PHOSPHO1



GmRW16 A R AZ IR o 7K R R A5 A3 B O A
GmRW17 AL S
GmRW18 PRAL ZKJRE A CAHIE
GmMRW19 WA D €
GMRW20 NA
A P=6.40X10*** B
“ P=0.67 | P=1.66x10" “ Physical Lengin-177.1kb
L T
Bl RS
A —— - '\ 4 °
¢ oot
, - - — -/
; i | '
) GmOS;3852584 W H 0z 0s 5 :i 08 1
C P=1.81X 105" D
! P=0.67 P=0.18 [ Physical Length:189.7kb
\ | \ 2 ;
L Vi, angt
%?ﬁ- ,z' RS “
= 2X¢ -
B2 3 ‘
o] N3
. R? Color Key
N Gm15761r778761 ' 0 02 0.4 08 08 1

A: I35 SNP 7 £ GmO08_43852584 2547 5K 72 S & PR AT, L AA R TT RoRiZ AL s i B AA B TT Ai G I3, AT RomiZAr sl AT 244
MR B: M3 SNP A7 GmO08_43852584 LD block 43-#, 3 A 14 sl 53 B Rl 2.2 SNP 47 5 Gm08_43852584 il GmLPW22 J&[F7E 8 S 4Lt
R B 1/ SNPALEL: C: ARIZ3E SNP AL Gm15_1778761 S5A7 JE Rl 25 7 W3 /04, b CC I TT Rmizf s th I CC N TT 4B ik, CT 3R

INEALT L CT 24 A 083; D: M3 SNP 4755 Gm15_1778761 LD block 437, 3t bl €4 1) 55 40 s 2. 3% SNP 375 Gm15_1778761 Fll

GMRW14 JE[AI7E 15 5 4Lt _F 1 14> SNP {7 f£1; ***: 7£ P<<0.001 /K75 57 5. 3%

A: Peak SNP site Gm08_43852584 allele difference analysis, AA and TT represent the frequency of AA and TT homozygosity at this site, AT indicates the
frequency of AT heterozygosity at this site; B: Peak SNP site Gm08_43852584 LD block analysis, where the blue dots respectively represent a peak SNP locus
GmO08_43852584 and a SNP in the GmLPW22 gene on chromosome 8; C: Peak SNP site Gm15_1778761 allele difference analysis, CC and TT represent the
frequency of CC and TT homozygosity at this site, CT indicates the frequency of CT heterozygosity at this site; D: Peak SNP site Gm15_1778761 LD block

analysis, where the blue dots respectively represent a peak SNP locus Gm15_1778761 and a SNP in the GmRW14 gene on chromosome 15; ***: Correlation is

significant at P<0.001 level
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Fig.5 Analysis of 2 significant association sites
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Fig.6 Heatmap profiles of the candidate genes in tissues
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