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Abstract: Soybean is a phosphorus loving crop, the lack of phosphorus can lead to reduced soybean yields or even prevent
normal growth. Soybean root traits are an important index to identify soybean tolerance to low phosphorus, therefore, it is

particularly important to explore the related genes regulating the function of low phosphorus stress in soybean to improve
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the low phosphorus tolerance and soybean breeding. In this study, 206 soybean germplasm resources were used for
phenotypic identification of root morphological traits under low and normal phosphorus treatments. In the low phosphorus
treatment, root weight, total root length, root total surface area, root total volume, as well as relative root weight, relative
total root length, relative root total surface area, and relative root total volume were utilized as indicators for assessing low
phosphorus tolerance traits. A genome—wide association study (GWAS) was performed based on 93 436 SNPs (single
nucleotide polymorphisms) to screen significant associated SNPs loci and mine candidate genes. The resulis indicate
significant variations in phosphorus tolerance among different soybean germplasms. Under low—phosphorus conditions, the
range of variation in root weight, total root length, root total volume, and root total surface area is 0.04 to 0.75 grams,
700.95 to 4300.12 centimeters, 0.96 to 8.56 cubic centimeters, and 91.54 to 614.58 square centimeters, respectively. The
relative root weight, relative total root length, relative total root volume and relative total root surface area ranged from 0.34
to 2.07, 0.49 to 1.78, 0.52 to 1.96 and 0.4 to 1.67, respectively. Genome—wide association analysis identified a total of 49
SNPs loci significantly associated with soybean phosphorus tolerance. Among them, 10 SNPs loci were associated with root
weight, root total surface area, and root total volume under low phosphorus treatment, while 39 SNPs loci were associated
with relative root weight, relative root length, relative root total surface area, and relative root total volume. By haplotype
analysis and LD block analysis, two candidate genes were obtained, which were specifically expressed in the root for
encoding phosphopanethynyltransferase and a—glucan phosphorylase. The results of qRT-PCR showed that the expression
levels of GmYBI and GmYB3 in low=P tolerant varieties were significantly higher than those in low—P sensitive varieties
after low—P treatment. The findings of this study provide a theoretical reference and genetic resources for a deeper
understanding of the molecular mechanisms underlying soybean tolerance to low phosphorus stress.
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Table 1 Nutrient solution formula

B (N AR
Normal phosphorus Low phosphorus Concentrated liquor
2 e/ (umol - L) B2 e/ (umol - L) B2 e/ (umol - L")
Experimental drug Concentration Experimental drug Concentration Experimental drug Concentration
CaS0,-2H,0 3 600.00 CaS0,-2H,0 3 600.00 H,BO, 10.06
KNO, 2 000.00 KNO, 2 000.00 MnSO,-H,0 2.66
FeSO,+7H,0 18.00 FeS0, - TH,0 18.00 ZnS0,-TH,0 452
KCl 18.90 KCl 513.90 CuSO,-5H,0 0.79
MgSO, - 7TH,0 250.00 MgSO, - TH,0 250.00 (NH,)Mo,0, - 4H,0 3.89
KH,PO, 500.00 KH,PO, 5.00
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IS AR AR ZR B R PR

BRI (g mg™ ) =AW /TR R o
AR AT B A AR =R T A AR Z A FHRCR R T DA AR R A ISR
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SNPs 7 i H T 5 22 GWAS 73 #r
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Fik, PLKRTEZENE Actin NS N, 1 %2 1RiEEEqRT-PCRET A3
R 3N EY R E A A 2 M 3L Table 2 Primers for qRT-PCR of candidate gene
AHXSFAB N, Fr R 51 WK 2. ERZEL SIIFAIE-3")
Primer name Primer sequences (5’ -3")
2 QE % 5 ﬁ*ﬁ GmaPHO1-HI-F CATATTGGTGGCGTGCATTAC
GmaPHOI1-HI-R GCAACCATTGCTGACACATA
GmaPHO1-H8-F CGAGACGGTGGTTTGATGAT
= 4 I I |5 1] 7
2.1 *E ?: ﬂi % E‘&ﬁé e ll‘i'lk E,] iE B zﬁ GmaPHO1-H8-R GGTCATTCTGTCTGCTGTATGT
P22 3 AT (R B AL PR AR B L BAR K AR R GmPHTI;14-F GATCGCTGGAATGGGTTTCT
GmPHTI1;14-R GTGCACCTGGTTCTGTGTAATA

PR AR S SR T AR Y AR Ak L 53931 8 0.04 ~ 0.75 ¢
700.95 ~ 4 300.12 cm ,0.96 ~ 8.56 cm’ H191.54 ~ 614.58 em?, e P B T B ML AR FRAS 53 R MUK, 35
3 37.94% A ASBAE P A A X AR R L ARG A AR e AR R A AR AR AR X AR i 2 T AL ) AR Ak v 1
54 0.34 ~2.07,0.49 ~ 1.78,0.52 ~ 1.96, 0.4 ~ 1.67 , FHH A X AR 5 (19 48 53 RECR R, 1881 27.45%. 11X
A AR BN K EAREE B R B FRURIAR 3R 10 B R AR X AR AR ARG R X R AR
ARG AR G TR B2 TE S A0 (81 1) 45 B A gl P Ras A e, H =88 55 R0 = T 20%, 1
B BG A BHE B A AR 7 T A F & A S el UL, (R a8 X R G AR R MR s i Ak, mf
DA3E 3o 985 R AR A B T e AR AR R PR e O A A e
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Table 3 Phenotypic statistics of 206 soybean root biomass related traits

PR SN e/ MHE SEBIE FrifE2E 55 R A
Trait Max. Min. Mean SD (%
i /
FRmAR B . 0.75 0.04 0.33 0.12 36.36
Low phosphorus root weight
R K e
{FeB B i /om 4300.12 700.95 2213.44 564.91 25.52

Low phosphorus total root length

B B R em?

8.56 0.96 3.11 1.18 37.94
Low phosphorus root total product
AR L F/cm?
IRBHR B A B 614.58 91.54 293.47 84.32 28.73
Low phosphorus root total surface area
*ﬂx"ﬂﬁi . 2.07 0.34 1.02 0.28 27.45
Relative root weight
T EAR K
,*HXTM Bk 1.78 0.49 1.01 0.22 21.78
Relative total root length
AR EARFR
TﬁX“H‘EM s 1.96 0.52 1.02 0.25 24.51
Relative root total product
AR R AR
AR SR 1.67 0.40 1.01 0.22 21.78

Relative root total surface area

22 EEREAXESH

AT FFH GAPIT XL R b BT 206 17 K AT BHIHR RAFE (IR BRI MRS FURITAR 3%
T AR ) RIS AR Fl A 0T R 0 R X AR R A G AR A R O AR S AR URITRE X A A 3R AT ) 2k 4 S R 25
WP B 5548 FH farmCPU #3847 4 L PR 20 SCHR 20 BT (161 2) o 28 B 25 SRR AR b B R 53 4 4 PAR
HHIRER Y SNPs (—log,,p>4) 345 491~ (R 4)

55 R 5 P 3 AH 1Y SNPs (—log,, p>4) A 154, 435I F2,6,8,11,13,16,17,18,19,20 Y fa fk
AT 2 5 YAk B SNPs e 22 (44 ) o S ARK W35 A 5C 19 SNPs (—log,, p>4) 354 104>, 23 547 F
2,4,6,9,15,18,20 5 Qe A ik I i F 6 5 YL B K (1) SNPs e £ (31>) . 5HR F B i A0 C 1Y
SNPs(-log,,p>4) 34 114, 0 %I6: T 2,4,6,10,13,15,16,17,20 S Y A4k b, 67 T 13 S Y@K iy
SNPs £ (24>) . 5 H & B R AR B 25 M 54 () SNPs (—log,, p>4) 34 134, 4356 F 6,7,10,13, 15,
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a—c. Distribution of soybean in LP, NP root weight, and relative root weight frequency; d—f. Distribution of soybean in LP, NP root length, and relative root length fre-

quency; g—i. Distribution of soybean in LP, NP total root volume, and relative total root volume frequency; j-1. Distribution of soybean in LP, NP total root surface ar-

ea, and relative total root surface area frequency
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Figure 1 Distribution of soybean in LP, NP root character, and relative root character frequency
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[] Bsf Az 0 2], Gm15_9404754 F1 Gm20_23663337 FE AH XT b AR 4 FAH X AR 2. 2% 11 AR o [w] e A6 0 2]
Gm17_10236654 F1 Gm06_49116475 7 AH X ML S A4 FR FIAH X AR 2% 181 AR v [ B A I £1)
2.3 ERIEEEFN

RAZHE S K LR B A S Mg HE R, A58 R T T 55 ARl A DG 1) 45 67 35 1R 24 0 43 BT 7 s o
25 5L % B A 5 43 SNP S R R Al P 2 0 ) S 3 198 A58 i PRI A R, 35K ¢ B 5 PR 2 AR S 1) i
TEFE R AT B 5 X 26 SNP A3 SCHK o d 2t /3#r AS [R] Bl b B T 1) SNP 4557 3 A1 28 5 Manhattan K F1QQ 51 5¢
Bef S22 55 M PR S R A . 5 2 5 4 A1k Gm02_249928 . Gm02_626869 Fll Gm02_846239 {1}
AT PR RGT IO PR AH XS AR 48 R AN 135 2% 5 (p=8.00%107* <0.01,p=1.00x10"* <0.01,p=3.00x10* <
0.01) ;5 8 5 Y a1k GmO08_9924574 {37 1 55 {57 Jk R U Xof 1 14 A X AR i 22 A i 3 25 57 (p=6.00x107* <
0.01) ;5 155 YAk Gm15_9738846 37 1, 550 5 PR 7Y X5J 7 (149 AH X AR Jab AR FH 3 A, B 35 2% 57 (p=2.00%
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a—d. LP root weight, total root length, total root volume and total root surface area correlation analysis Manhattan plot and Q—Q plot under the farmCPU model; e-h.
Relative root weight, relative total root length, relative total root volume and relative total root surface area correlation analysis Manhattan plot and Q-Q plot under
the farmCPU model
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Figure 2 GWAS analysis of root traits in soybean seedling stage

107 <0.01) ;5 155 YL (A fk Gm15_9404754 437 15 45 (v 3 R 780 06 7 0 AF G AR K R B 18 3 22 5% (p=
3.00x10™ <0.01) 5 5 155 YL (ALK Gm15_9404754 {3 pii, 5557 5 PRI U X6 1o 0 R ) AR e 2% 11 AR 28 A, 8 3%
253 (p=3.00x10" <0.01) ;5 18 S YL A /& Gm18_6078421 {7 11 5407 J [K U X6F 17 AEG Wi b B AR B 55 1
TR BN 2 3 22 5 (p=1.00x107< 0.01) ; 5 20 5 G (A 1k Gm20_44507753 {37 o5 5540 5 PRI U X6F 107 149 AH o
SR R B 2 225 7 (p=2.20%10" <0.01) .

BTG LD S Ul FE 2, DA 5 ARGl 1 f 350 5 19 8 A7 4 (Gm02_249928 . Gm02_626869
Gm02_846239 .Gm08_9924574 .Gm15_9738846.Gm15_9404754 .Gm18_6078421 Fl Gm20_44507753) |-
i 200 kb ¥ LN T e e B 38 e UL SR FS 200 kb i#£4T LD block 23 45 SRR M, LA B 847 s
T 200 kb { FE A, SNP A AU AEAE W] Y LD block (&13)

DL 35 JCHK SNPs | I 200 kb Ay DXl ik 474 12 56 PR i a2, 2B 3 5L 1 669 41> Xf F iR JE A
FEAT 51 W 30 R G 1) 5 PR T B 7 6 (2. 5) L GmYBI ;T 15 S YLt dh b i i BEFR 12 2 Mo S 7% il
(phosphopantetheinyl transferase, PPT), GmYB2 7E 4 R S H 1Y) [7] Y5 5L A 9 i Sec 14p ZS 4 A 6 LB 56 7%
K I 75 H SFHO (Sec14p-like phosphatidylinositol transfer family protein SFH9) ; GmaPHOI-H1 Fl Gma-
PHO1-HS8FE 3R I v i (] U5 35 R 2 B e 122 2 % 42 28 11 (phosphate 1, PHOT) ; GmYB3 B0 a 57 [ Y5 I
IR 2 Bt oo — ] SR B IR AL 1 , H W) 1. i (alpha—glucan phosphorylase 2; PHS2); GmPHT1;14 754X 55 57 [F] I
LN gt Bl R £E 532 85 F 1,7 (phosphate transporter 1; 7, PHT1;7) o

Xof 5 356 1) 1 669 A4~ Jk K FE 47 BT 8 43 Bt 2L % 1) 5 AN LR (3R 6) , I HLitE— 20 Xof 3 S 15 3k X
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&4 farmCPUREE TREEALIE TR R MR FIAE X R R PEIK B & K BRAISNP

Table 4 SNP significantly associated with root traits and relative root traits under low phosphorus treatment
in farmCPU model

PEIR P ik i E B B[R A —log,(p) AR KMH
Trait Chromosome Position Alleles —log,,(p)max

IR AR 16 29519713 A/lC 4.11
Low phosphorus root weight 18 22159817 G/A 4.22
19 6514967 C/T 4.40
(RHEAR AR 2 641140 G/A 4.00
Low phosphorus root total product 10 28578714 T/G 4.22
16 19058451 C/T 4.45
(AR 8 Fe AR 7 36979248 T/A 4.16
Low phosphorus root total 15 42772842 A/C 4.03
surface area 18 6078421 AIG 4.75
20 36344177 G/T 4.03
FEXT EAR K 2 7637088 A/T 4.30
Relative total root length 4 3962423 T/C 4.23
6 9071254 C/T 4.57
6 9705743 T/A 4.14
6 9768049 C/T 4.50
9 50064651 C/T 4.10
15 9404754 AIG 4.34
18 39067709 C/T 4.06
20 23662227 AIG 6.08
20 44507753 C/A 4.30
MR AR 2 19402246 C/G 4.40
Relative root weight 2 249928 T/G 4.27
2 626869 T/A 4.79
2 846239 T/G 4.16
6 23726888 A/C 4.28
6 25881969 C/A 4.48
8 9924574 A/C 4.30
11 32971254 T/C 4.18
13 14630892 G/A 4.15
13 14737195 T/C 5.45
17 8693889 T/C 5.05
20 1085347 A/G 5.90
FHXTHR B AR FH 40514223 G/A 4.19
Relative root total product 49116475 AIG 4.44
13 1330440 AIG 4.22
13 39753897 A/C 4.96
15 9738846 T/A 4.44
17 10236654 G/A 5.01
20 39471718 A/C 4.94
20 553256 SIA 4.09
AEX AR B R THIFR 49116475 AIG 425
Relative root total surface area 10 80244 C/T 4.20
13 14737195 T/C 4.70
15 27312933 A/G 4.30
15 9404754 AIG 4.15
17 10236654 G/A 6.36
17 8693889 T/C 443
19 12112966 T/C 4.05
20 23662227 AIG 4.04
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** Correlation is significant at p<0.01 level; ***.Correlation is significant at p<0.001 level.
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Figure 3 Allelic difference significance analysis for highly significant SNP loci and LD block analysis
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Table 5 Information of candidate genes
HEH (ERIN SNP#Ric R
Gene Traits SNP marker Annotation
XIR B 1 1 s R s
Relalijfrjjlﬁtotaﬁizce area LRI T M- R BRI ML F RO NG
GmYBI ’ l*ﬂXTHﬁK T Gm15_9404754 L-aminoadipate — semi—aldehyde dehydrogenase —
Relative total root length phosphopantoyliransferase
AR AR R T AR
Relative ;é(;(lj—t(;a;t;j;facc area Gm15_9404754 AR S S S 1 AR £ 26 1 SFHO
GmYB2 . - Phosphatidyl inositol/Phosphatidyl choline transfer pro-
Relative total root length tein SFHO
ein
AR AR A FR
Relative root total product
Gm15_9738846
TRBAR SR AR - ,
) —Hi) RA R JH [A] T
GmaPHOI-H1 Low phosphorus root total surface Gm18_6078421 o R Al [_EJ il
a—glucan phosphorylase, H isoenzyme
area
fHXﬂ'ﬂ%E . Gm02_626869 , -
Relative root weight BEIR AN IZ H A PHOL
CmaPHOI-HS KRR Phosphate t ter PHO1
0 osphate transporter
_ , Gm02_249928 P P
Relative root weight
R K PHO1 FKjGEEL
GmYB3 fHXT BK Gm20_44507753 0 %ﬁ%% H_
Relative total root length PHO1 family proteins
fﬁXﬂ‘Eé . Gm02_626869 ot T —
CmPHT1:14 Relative root weight oML B R 4512 4 19 1-14(PHT1-14)
m ’ FHXTAR Inorganic phosphate transporter 1-14 (PHT1-14)

Relative root weight

Gm02_846239

AN AR AR A MR AT 350 22 S 00, A R SR B HOA e 1 5L Y GmYB1 H1 GmY B3 e [R) B A 24 1)
IR P A 3 25 5 (K 4) . WHEGEREN GmYBI FEAT A5 T 04T, 25 51 S R 40l 3 R il | 43
512 Hapl (AAAACCCCGG) \Hap2 (AAGGTTAAGG) il Hap3 (GGAACCAAAA) , Hapl . Hap2 il Hap3 7£
AFNF R A AR o AR S 2 T B P A 4B 43 30 £ 1,01, 1.12,0.95 F11.00, 1.18,0.93 . X i 1E 3L K GmYB3
43514 Hapl (CCTTAATTAAAA ) Fl Hap2 (CCTTAATTG-
GAA),Hap1 Fl Hap2 7EIRBEAR B4 AL H 9 1k 276.87 F1332.81.

AT AR RS0 HT L 25

7R 43 Ry 2 Fh AT Y

F6 BREEFRERHSERBSHAERFSNPAR
Table 6 Candidate gene haplotype group and the composition of each haplotype SNP

S PAREARY 1/ R PR 2/ 5 Fh AL PAAHHY 3/ FhEL
Gene Hapl/Number Hap2/Number Hap3/Number
GmYBI1 AAAACCCCGG/25 AAGGTTAAGG/19 GGAACCAAAA/14
GmYB2 GGTTTT/51 TTCCCC/29 TTTTCC/25
GmaPHOI-HI AAGGGG/62 TTAAAA/22
GmaPHOI1-HS8 AAAA/69 GGTT/54
GmYB3 CCTTAATTAAAA/T0 CCTTAATTGGAA/10

24 EERIESH

R IE LA S B B S B s FE AL, FE B R A G Rt ) RN A8t A (IR A0 26 4T
RRB S IR WD B0 , I X JE PR Y 2 iR A 1740 BT o qRT—PCR 45 523 B, 9l 2 2080 A 14 AR v
(B 5)6mYBI1 .GmYB2 .GmaPHOI-HI ,GmaPHO1-HS8 .GmYB3 Fl GmPHT1;14 1) 235 2 10 [l A il 36 b 3
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a. Haplotype analysis of GmYBI correlated with relative total root length; b. GmYBI haplotype analysis correlated with the relative total root surface area; c.
GmYB2 haplotype analysis correlated with relative total root length; d. Haplotype analysis of GmaPHOI-H1 correlated with relative root weight; e. Haplotype
analysis associated with relative total root length GmaPHO1-HS; {. Haplotype analysis of GmYB3 in relation to total surface area of low—phosphorus roots; ns.

No significance; *.Correlation is significant at p<0.05 level; **.Correlation is significant at p<0.01 level

B4 SXEHHRFEKEZXKERNBFRIN

Figure 4 Haplotype (Hap) analysis of genes significantly associated with root traits in soybean seedling stage
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Figure 5 Root phenotype difference between phosphorus efficient and phosphorus inefficient varieties under low

phosphorus treatment and constant phosphorus treatment
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Figure 6 Expression analysis of candidate genes under low phosphorus stress
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