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Genome—wide association study of root traits in Brassica napus L. seedlings under salt stress
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Abstract: Soil salinization is a major abiotic stress restricting rapeseed production. As the primary organ sens-
ing salt stress, root architecture is closely associated with salt tolerance. To dissect the genetic mechanism underly-
ing salt tolerance in roots of Brassica napus, a natural population consisting of 202 B. napus accessions was used as
material. 4 root salt—tolerance traits, including relative root length, relative root surface area, relative root volume
and relative root tip number, were measured under salt stress. Combined with resequencing data, a mixed linear
model was adopted to perform genome—wide association study. The results revealed abundant phenotypic variation
in the 4 root traits, with extremely significant positive correlations observed among them. A total of 120 significantly
associaled single—nucleotide polymorphisms (SNPs) were detected, which were integrated into 70 candidate associa-
tion intervals. 6 candidate genes responsible for root salt tolerance were ultimately selected by integrating transcrip-
tomic data and gene functional annotation. Comprehensive evaluation of root salt tolerance was performed using
principal component analysis and membership function, and 6 germplasm resources with strong salt tolerance were
screened out. This study provides novel loci and candidate genes for dissecting the molecular genetic mechanism of
root salt tolerance in B. napus.
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Table 1 Statistical analysis of root traits of CF population under salt stress
(EXIN pivzl BRE R/ME FEE Frift 22 I 5t AL
Trait Replicate Max /% Min /% Mean /% Standard deviation /% CV /%
RL 1 98.34 28.06 64.14 17.06 26.59
. 2 99.55 27.61 64.35 16.90 26.26
AR AR
3 99.88 27.98 64.00 16.96 26.50
1 95.85 7.10 59.30 18.02 30.38
RSA
2 99.79 24.01 59.10 17.15 29.02
AR AR T AR
3 93.03 19.83 58.91 17.42 29.57
RV 1 99.19 10.93 54.60 20.73 37.97
2 98.95 12.74 54.19 20.86 38.50
AHXTAR AR
3 99.71 10.02 54.59 20.61 37.75
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RTN
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Fig.1 Correlation of root salt—tolerance traits
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Fig.2 Genome—wide association study of root architecture under salt stress
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Table 2 High—confidence association loci for root salt—tolerance based on GWAS

AR Ye(fh /B AC SNP %t AR UARGRIN /B AC SNP %tk

Trait ~ Chromosome Physical position Number of SNP | Trait  Chromosome Physical position Number of SNP
A01 15900 430~16 081 030 1 A03 16 326 299~16 506 899 1
A0l 24 646 964~24 827 564 1 A03 37 850 867~38 031 467 1
A03 14932 423~15 114 498 3 A06 948 819~1 129 419 1
A08 15904 263~16 084 863 1 A09 21 183 814~21 364 414 1
A10 6 649 640~6 830 240 1 A09 53 382 200~53 562 800 1
Co1 27384 112~27 564 712 1 A10 2213 655~2 407 037 10
Co1 28 539 285~28 719 885 1 A10 24 344 753~24 558 384 4
Co1 28 882 106~29 062 706 1 C02 27 329 638~27 513 789 8
CO1 31197 139~31 377 739 1 C03 6616917~6 797 517 1
CO1 33109 271~33 289 871 1 Co3 65 569 456~65 750 056 1
Co1 33 913 659~34 094 259 1 Co3 76 855 330~77 035 930 1

i Co1 37217 140~37 397 740 1 RV CO5 32461 271~32 641 871 1
€02 14 184 312~14 364 912 1 CO5 44 619 457~44 800 057 1
C02 43 470 969~43 651 569 1 CO5 53 546 859~53 727 460 2
co2 62 963 120~63 148 763 2 CO5 54 609 761~54 790 361 1
C04 29 087 356~29 267 956 1 C06 16 697 421~16 878 021 1
Co4 38 330 548~38 511 148 1 C06 35 658 192~35 838 792 1
C05 24291 691~24 472 291 1 Co8 10 075 575~10 256 175 1
C05 29 084 777~29 265 377 1 C09 1~109 695 2
CO05 31 696 070~31 876 670 1 C09 41 533 594~41 714 194 1
Cco7 5049 716~5 230316 1 C09 46 180 118~46 360 718 1
C09 34 141 222~34 321 904 2 C09 47973 319~48 153 919 1
A02 1364 333~1 544 933 1 C09 64 947 642~65 128 242 1
A02 35 129 847~35 347 540 5 A01 9804 417~9 985 192 2
A03 16 142 868~16 325 626 3 A07 22994 331~23 174 931 1
A03 37 850 867~38 031 499 2 AO07 24 266 365~24 446 971 2
A09 47 131 679~47 312 286 2 Co1 16 629 929~16 810 529 1
Al10 23 945 233~24 126 713 8 €02 27 402 484~27 583 092 2
COo1 6252 913~6 433 513 1 C03 5679 271~5 859 871 1
COo1 25214 878~25 395 478 1 RTN C03 6 840 918~7 023 839 2
Cco1 33109 271~33 289 871 1 C04 35 742 804~35 923 407 2

A Cco1 50 102 355~50 282 955 1 Co4 49 085 925~49 266 525 1
C03 6616917~6 797 517 1 Co4 9690 243~9 870 843 1
Co4 49 689 124~49 869 725 2 CO5 1068 716~1 249 316 1
CO05 22 494 782~22 675 382 1 C06 38 956 469~39 137 069 1
CO5 53 546 859~53 727 460 2 CO8 416 814~597 414 1
Co7 28 593 430~28 774 030 1
C09 34 570 494~34 751 101 2
C09 41533 594~41 714 194 1
C09 59 091 840~59 272 443 3

24126 713) , LA X2 5 RV KRB A10 (2 213 655 ~
2 407 037)F1C02(27 329 638~27 583 092).,
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Fig.3 Heat map of candidate genes expression under salt

stress

R} A5 T 5 T N M S T RE
JG 3 h 12 h.24 h P —A oA ], Ab PR AN

(%3), fedhab#

{58, ATPE AR R AR M 25 A 3R AR (CD o 1A
131 A BT 45 CI Y SR JE pR A, I AR 4l 5 ik 3 K
AN GTHRHAEE . AR SR sR U E FIAY E TR
Py S B 25 G PEME (DE) (MK 1) . ADIE
VAN 25 BT A AR R T P, R E 1 6 £ AR R SR T
A (K 4), £ 55 : CF41 (0.931+0. 012) ., CF37
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Table 3 Root salt—tolerance candidate genes screened by GWAS
IFITIR] A
TRk L A (DA . ke
T Short :
Candidate gene Position Function
Homologous ~ name
i WUBEZBERR 5 BERR AR (SPTase) , 2 50 i 5 ¥ 445 212U /3L s )8 T 1
71 5PTase , 1] KA 1P3 \1P4 FYBEIR KL AT 5 cvp2 0 3 145 PIP2 Fa 25 5 0 J5 2 B i 3
5270 065 A SR A A A
BnaA10G0037700ZS 5972 348 AT1G05470 CVP2  Encodes inositol polyphosphate 5'~phosphatase (5PTase) involved in differentiation
of vascular tissues in leaves and cotyledons; belongs to type I 5PTase capable of hy-
drolyzing phosphate groups from IP3 and IP4; cvp2 modulates protophloem differentia-
tion and root system architecture by regulating PIP2 homeostasis
5325301 Cals1 S JPFIRTT A Al | AL, J T AL FE Al 48 R (GT48)
~ alSt,
BnaA10G0038500ZS AT1G05570 Encodes catalytic subunit of callose synthase 1, belonging to glycosyltransferase fami-
2328253 GSL6
ly 48 (GT48)
2 S B A D, 5 PU R T S B SR ) U5 6 11 P3(SP: P52577) 741 — 2L
AT S B A S ST S5 H 3 PRO27 16, 2 5 SR ARt W37 5 mRINA L4 i il
R
27 376 602~
BnaC02G0286200ZS 27378 048 AT1G75280 Putative isoflavone reductase sharing sequence identity with Arabidopsis thaliana iso-
flavone reductase—like protein P3 (Swiss—Prot: P52577); contains conserved isofla-
vone reductase domain (PF02716) and participates in oxidative stress response; its
mRNA exhibits intercellular movement
AFAAH 105 R I9E ¥ /K e 1 ) T 7K itk N=TE L S i (NAE) | AR i S I 5530 S i
JUSTR , ALY IR NAE & 4 NAE fIHFES 5 R AR 1R, o mRNA B4R
1R sl 44
35219 494~
BnaA02G0408700ZS 35293 356 AT5G64440 FAAH  AtFAAH (fatty acid amide hydrolase) hydrolyzes N—acylethanolamines (NAEs) to
produce ethanolamine and free fatty acids, thereby regulating endogenous NAE lev-
els; NAE depletion is involved in modulation of plant growth, and its mRNA exhibits
intercellular movement
35249 274~ BXL4,  Zth s THE 7 i 3 S5 A0 B-D-ARE 1T
BnaA02G0409200ZS AT5G64570
35252 857 XYL4  Encodes a B—D—xylosidase belonging to glycoside hydrolase family 3
I 72 T -6~ WR FR R BRI 1(TPPD) fH fL 15 B -6~ BE AR L A Tt , 2 5l i
23970 383~ A
BnaA10G0245000ZS AT5G10100  TPPI
23973 291 Putative trehalose—6—phosphate phosphatase I (TPPI) that catalyzes the conversion of

trehalose—6—phosphate to trehalose, participating in trehalose metabolic pathway
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Table 4 Coefficients and contribution rates of comprehensive indices
) Hi1 HE2 Hi3
SgE|
Replicate 1 Replicate 2 Replicate 3
Ttem
CI1 CI2 CIl CI2 CcI1 CI2
FFiF{A Eigen value 2.845 0.697 2.855 0.712 2.845 0.711
J7 £ BTHRR Variance contribution rate /% 71.120 17.420 71.370 17.790 71.14 17.770
FE Weight 0.803 0.197 0.800 0.200 0.800 0.200
RLI1 0.540 -0.074 0.541 -0.072 0.536 -0.051
RSA1 0.560 -0.282 0.561 -0.276 0.561 -0.275
RV1 0.498 -0.302 0.502 -0.294 0.505 -0.316
RTN1 0.383 0.908 0.374 0.912 0.377 0.906
RbERZ ol B4 1 bk >
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Fig.4 Root phenotypes of 6 strong root salt-tolerant

germplasm under salt-stress and control conditions
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