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Mining of Genetic Loci Controlling Phosphorus Efficiency at
Crucial Phosphorus Requirement Stages in Soybean
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( College of Agronomy, Hebei Agricultural University / Key Laboratory of Ministry of Education for

North China Crop Germplasm Resources, Baoding 071001 )

Abstract: The lack of available phosphorus in soil has become the major restricted factor for yield and
quality of soybean ( Glycine max (L. )Merr. ). Therefore, the mining of genetic loci at crucial phosphorus
requirement stages becomes very important for genetic improvements of phosphorus efficiency in soybean. In
view of this, the association analysis based on the SoySNP6K ( 5403 SNP markers ) was used in this study to
find 10 genetic loci controlling phosphorus related traits of soybean at the crucial stages, with the result that 78
SNPs were detected under normal phosphorus condition at T, stage ( four-leaf stage ) , of which relatively more
were associated with root and total dry weights, and 134 SNPs were detected under low phosphorus condition
at T, stage, of which relatively more were associated with total dry weight, with SNP clusters on chromosomes
8, 13 and 20 detected controlling shoot and total dry weights, shoot fresh and dry weights, and total dry weight.
At T, stage ( six-leaf stage ) , 83 SNPs were detected under normal phosphorus condition, of which relatively
more were associated with plant height and shoot dry weight, and 53 SNPs were detected under low phosphorus
condition, of which relatively more were associated with plant height and root/shoot ratio, with an SNP cluster

on chromomsome 18 detected controlling root and total dry weights, and 3 SNPs on chromomsomes 11, 16 and
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18 detected associated with pleiotropism. More importantly, 9 SNPs were detected controlling shoot fresh and

dry weights, root/shoot ratio, and plant height at T, and T, stages simultaneously, which provided some selected

molecular markers for soybean phosphorus efficiency genetic improvements in future.
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Table 1 Genetic variations of phosphorus efficiency related traits in soybean natural population

LEN 44 b B W = b A 51 ] A RE(%) () U t{d
Traits Stage  Treatment Mean + SD Range cv Skew Kurt t value
P (em ) T, LP 27.04 +4.75 15.23~41.58 17.57 0.56 0.37 4.162™
PH NP 2778475 16.25-42.43 17.10 0.54 0.34
T, LP 50.42 = 8.70 26.68~72.88 17.25 0.06 -0.08 9.473™"
NP 54.22+9.09 27.95~86.28 16.76 021 0.33
LitSENEd T, LP 0.51+0.11 0.26~0.82 20.72 0.77 0.46 -15.681""
R/ NP 0.41 +0.08 0.20~0.67 19.78 0.34 0.45
T, LP 0.44 +0.08 0.22~0.69 18.04 0.34 0.51 -6.03""
NP 0.40 + 0.09 0.14~0.65 22.06 0.28 0.17
o LR (g) T, LP 1.71 £0.38 0.68~2.75 2222 -0.07 0.23 13.074™
SEW NP 2.00 £0.47 0.87~3.22 2335 0.03 027
T, LpP 2.37+£0.47 1.33~3.75 19.95 0.13 -0.32 16.663"
NP 2.98 +0.69 1.52~5.34 2323 0.53 0.32
T E(g) T, LP 0.21 +0.06 0.08~0.37 26.74 -0.02 -0.30 12.989"™
SbW NP 0.25+0.07 0.10~0.43 26.68 0.14 -0.52
T, LP 0.35+0.08 0.15~0.60 24.10 0.31 -0.23 75327
NP 0.40+0.11 0.20~0.81 2721 0.74 0.89
HREETE (g) T, LP 1.41£0.31 0.65~2.11 21.95 -0.01 -0.47 2713
REW NP 137030 0.43~2.07 2191 -0.05 023
T, LpP 137+0.33 0.62~2.36 24.34 0.37 -0.01 5746
NP 1.52+0.42 0.73~2.94 27.50 0.43 -0.16
WTHE(g) T, LP 0.11 +0.03 0.05~0.18 24.56 0.14 -0.47 -5.396""
RDW NP 0.10 £ 0.02 0.04~0.15 2351 0.07 -0.59
T, LP 0.150.04 0.05~0.32 29.06 0.58 0.51 2.328"
NP 0.16 +0.05 0.06~0.38 32.27 0.66 0.59
B (g ) T, LP 3.08 +0.64 1.17~4.80 20.71 -0.21 -0.08 876"
TEW NP 337+0.72 1.38~5.28 21.31 -0.05 -0.24
T, LP 3.74+0.74 2.06~5.91 19.87 0.17 -0.33 13.5377
NP 4.50 + 1.01 2.35~7.80 21.50 0.34 -0.06
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F1(4)
PER A fbE P + ARifE2E 5 St 5 FRE (%) T % 2353 t{H
Traits Stage  Treatment Mean + SD Range cr Skew Kurt t value
BFE(g) T, LP 0.32 +0.08 0.12~0.53 24.20 -0.03 -0.37 8.3217"
TDW NP 0.35+0.08 0.16~0.56 2437 0.05 -0.65
T, LP 0.50 £0.12 0.22~0.88 24.16 0.37 0.04 6387
NP 0.56+0.15 0.28~1.05 26.11 0.54 0.24
MARBE (%) T, LP 0.42+0.15 0.11~0.99 36.88 0.74 0.75 11.496™
PC NP 0.58+0.17 0.16~1.11 28.72 0.16 0.11
T, LpP 0.48 +0.15 0.11~0.99 30.22 0.34 0.37 14.325™
NP 0.69+0.21 0.21~1.39 29.73 0.65 0.68
MR BEFI R T, LP 3.26+1.49 0.91~7.28 45.55 0.86 0.11 ~10.645™"
(% )PUE NP 217092 0.70~4.75 42.46 0.89 -0.07
T, LP 3.81+1.75 0.84~9.08 45.89 0.89 0.15 -5.313"
NP 3.08 + 1.59 0.50~7.20 51.54 0.94 0.14

{2 BERAR IR BIFCXT ¢ 45305 T A1 P<0.05 Rl P < 0.001 KT i) i1

t value: indicates paired t-test between two phosphorus treatments, and * indicate the significant differences at P<0.05 and P < 0.001 levels. PH:
Plant height, R/S: Root shoot ratio, SFW: Shoot fresh weight, SDW: Shoot dry weight, RFW: Root fresh weight, RDW: Root dry weight, TFW:
Total fresh weight, TDW : Total dry weight, PC: Phosphorus concentration, PUE: Phosphorus use efficiency, the same as below
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Fig.1 Correlation coefficients of phosphorus efficiency related traits in soybean
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Fig.2 Chromosome distributions of the SNPs for phosphorus efficiency related traits in soybean
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Table 2 The pleiotropic and co-associated SNPs for phosphorus efficiency related traits in soybean

(s Jeto i YPEfrE (bp) PEIR (A PR YA E (bp) RN

SNP Chromosome  Physical position Trait SNP Chromosome  Physical position Trait
$s715593012 6 13264621 T,-LP-RFW $s715612154 12 3230818 T,-LP-TDW
$s715593012 6 13264621 T,-LP-RDW 88715612154 12 3230818 T,-LP-PH
$s715593012 6 13264621 T,-LP-TFW 85715612609 12 3593342 T,-LP-SFW
ss715600312 8 1973360 T,-LP-SDW 85715612609 12 3593342 T,-LP-SDW
ss715600312 8 1973360 T,-LP-TDW 55715612609 12 3593342 T,-LP-RDW
$s715599905 8 17207837 T,-LP-SDW 88715612609 12 3593342 T,-LP-TFW
$s715599905 8 17207837 T,-LP-TDW 85715612609 12 3593342 T,-LP-TDW
§s715599912 8 17241295 T,-LP-SDW 85715613005 12 3979185 T,-NP-SFW
§s715599912 8 17241295 T,-LP-TDW 55715613005 12 3979185 T,-NP-RFW
$s715599932 8 17333566 T,-LP-SDW $s715613005 12 3979185 T,-NP-TFW
$8715599932 8 17333566 T,-LP-TDW 88715613179 12 5486355 T,-LP-SDW
§5715599942 8 17464069 T,-LP-SDW 88715613179 12 5486355 T,-LP-TDW
§5715599942 8 17464069 T,-LP-TDW 55715612166 12 32347348 T,-NP-R/S
ss715601936 8 42195720 T,-LP-R/S 88715612166 12 32347348 T,-NP-SFW
ss715601936 8 42195720 T,-LP-R/S 88715612166 12 32347348 T,-NP-SDW
ss715603786 9 3700452 T,-NP-SFW 85715612166 12 32347348 T,-NP-RDW
ss715603786 9 3700452 T,-NP-SDW 55715612166 12 32347348 T,-NP-TFW
ss715603786 9 3700452 T,-NP-TFW 55715617240 13 13691537 T,-NP-RFW
$s715604063 9 41449318 T,-LP-RFW 88715617240 13 13691537 T,-NP-TFW
ss715604063 9 41449318 T,-LP-RDW 88715617240 13 13691537 T,-LP-SFW
ss715604063 9 41449318 T,-LP-TFW $s715617303 13 11887842 T,-LP-SFW
ss715604063 9 41449318 T,-LP-TDW 55715617303 13 11887842 T,-LP-SFW
ss715607334 10 4353967 T,-LP-SFW 88715617244 13 13626971 T,-LP-SDW
ss715607334 10 4353967 T,-LP-SFW 88715617244 13 13626971 T,-LP-TDW
ss715605561 10 1227933 T,-NP-R/S 85715617260 13 13331067 T,-LP-SDW
ss715605561 10 1227933 T,-NP-SFW 85715617260 13 13331067 T,-LP-TDW
ss715605561 10 1227933 T,-NP-SDW 88715617268 13 13136275 T,-LP-SDW
ss715605561 10 1227933 T,-NP-RDW 88715617268 13 13136275 T,-LP-TDW
ss715605561 10 1227933 T,-NP-TFW $5715614459 13 27478816 T,-NP-RDW
ss715607431 10 44852490 T,-NP-PH 55715614459 13 27478816 T,-NP-PUE
ss715607431 10 44852490 T,-LP-R/S $s715616158 13 40093680 T,-LP-SDW
$s715607450 10 45023591 T,-LP-R/S $s715616158 13 40093680 T,-LP-TDW
ss715607450 10 45023591 T,-LP-R/S 85715623780 16 2428113 T,-LP-SDW
ss715610444 11 33309696 T,-LP-RFW $5715623780 16 2428113 T,-LP-TDW
ss715610444 11 33309696 T,-LP-RDW 55715622182 15 47478799 T,-LP-PH
ss715612154 12 3230818 T,-LP-SFW 88715622182 15 47478799 T,-LP-PH
ss715612154 12 3230818 T,-LP-SDW $s715630653 18 41965392 T,-NP-RDW
ss715612154 12 3230818 T,-LP-TFW 85715630669 18 42299316 T,-NP-TDW
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Fza2(8)
(A et fk WELALE (bp) PEAR (A Jetufk WELALE (bp) LN
SNP Chromosome  Physical position Trait SNP Chromosome  Physical position Trait
ss715630715 18 43090752 T,-LP-RDW ss715637225 20 30744968 T,-LP-TDW
ss715630715 18 43090752 T,-LP-TDW 88715637229 20 30862344 T,-LP-SFW
ss715630720 18 43143256 T,-NP-SDW 5715637229 20 30862344 T,-LP-SDW
$s715630720 18 43143256 T,-NP-TDW 5715637229 20 30862344 T,-LP-TDW
ss715630771 18 43486787 T,-NP-SDW 5715637234 20 31016379 T,-LP-SFW
ss715630771 18 43486787 T1-NP-TDW $s715637234 20 31016379 T,-LP-SDW
ss715630794 18 43602711 T,-NP-SDW ss715637234 20 31016379 T,-LP-TDW
ss715630794 18 43602711 T,-NP-TDW 5715637240 20 31129249 T,-LP-SFW
$s715630832 18 43794293 T,-LP-RDW 5715637240 20 31129249 T,-LP-SDW
ss715630832 18 43794293 T,-LP-TDW 5715637240 20 31129249 T,-LP-TDW
ss715634961 19 40246729 T,-NP-TDW ss715637241 20 31195048 T,-LP-SFW
ss715634961 19 40246729 T,-NP-PUE ss715637241 20 31195048 T,-LP-SDW
ss715637220 20 30662956 T,-LP-SFW 5715637241 20 31195048 T,-LP-TDW
$s715637220 20 30662956 T,-LP-SDW ss715637241 20 31195048 T,-LP-SDW
ss715637220 20 30662956 T,-LP-TDW 5715637690 20 36473914 T,-NP-SDW
ss715637225 20 30744968 T,-LP-SFW $s715637690 20 36473914 T,-NP-TFW
ss715637225 20 30744968 T,-LP-SDW 5715637690 20 36473914 T,-NP-TDW
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(3 Root dry weight under LP at T, stage, @ Total dry weight under LP at T, stage
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Fig.3 Analysis of co-associated genetic loci for phosphorus efficiency related traits in soybean
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Table 3 Analysis of candidate genes associated with phosphorus efficiency related traits in soybean
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Fig.4 The network of candidate genes for phosphorus efficiency related traits in soybean
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