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QTL Mapping of Stalk Strength-Related Traits in Rapeseed
(Brassica napus L.)
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Abstract: Lodging not only reduces the yield, but also is the most important factor affecting mechanized
harvesting. Improving the strength of stalk is an important target for lodging-resistant breeding.In this study, a
doubled haploid (DH) population (GZ-DH population) developed via microspore culture from a cross F,
between the G922 and Zhongshuang 11 (ZS11) was used as material, quantitative trait loci (QTL) mapping for
stalk strength and its related traits were performed. The main results are as follows: (1) The F, progeny crossed
by ZS11 and G922 had significant mid-parent heterosis in three traits, stalk diameter (SD) , stalk rind thickness
(SRT) and stalk bending strength (SBS). The correlation between the SBS and four traits, SD, SRT, stalk
xylem thickness (SXT), rind penetrometer resistance (RPR) , as well as between the RPR and SXT, were all
positively significant correlation. (2) A genetic linkage map was constructed with 1984 SNP markers, and the
total length was 2592.64 ¢cM. 90 QTLs for stalk strength and its related traits were detected in four environments,
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in which 17 QTLs were identified in more than two environments, including 6 QTLs for SD, 5 QTLs for stalk
strength (SS), 2 QTLs for SRT and 4 QTLs for SBS. The major QTL of SD, c¢¢SD. C8-1 could be detected

repeatedly in all four environments, and explained 14.67% of phenotypic variation. Two QTL clusters were

found on chromosome A2 and C6, respectively, cgSD.A2 consisting of four SD QTLs and ¢¢SS. C6 consisting of
four SS QTLs. (3) Stem diameter QTL cluster c¢gSD. A2 and its three linked molecular markers (Bn-A02-
p7893901, Bn-A02-p10176749, Bn-A02-p10668400) , QTL cgSD. C8-1 and its two linked molecular markers
(Bn scaff 25981 1-p90999, Bn scaff 16287 1-p366585) can be used for molecular marker assisted breeding.

This study further enriches the genetic mechanism of stem lodging resistance in Brassica napus, laying the

foundation for fine mapping of stem diameter traits and molecular marker assisted breeding.
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Table 1 Comparison of stalk strength-related traits from parental and hybrid traits (2018 Xining)

E K ZEREJEL R ZEREA TR KBTI ] E S| EFFIRE
TR SD SRT SXT RPR SBS ss
Variety or W PRI BE PR BE ORI BN ORILE M PRI M ORI
hybrid (mm) (%) (mm) (%) (mm) (%) (%) (N) (%)  (N/mm?) (%)
combination Mean Mid-parent Mean Mid-parent Mean Mid-parent Mid-parent Mean Mid-parent Mean Mid-parent
value heterosis ~ value  heterosis  value  heterosis heterosis value  heterosis  value  heterosis

ZS11xG922 17.09a 13.93 1.82a 10.30 0.89a 11.95 25.05b -0.08 72.45ab  21.59 0.3160b  -11.09
G922xZS11 16.54ab 10.27 1.77a 7.27 0.78bc -1.89 23.99b -4.31 66.80b 12.11 03111b  -12.48
G922 15.53b 1.70b 0.75be 19.30 ¢ 40.54c 0.2141c
ZS11 14.20c 1.60c 0.84ab 30.84a 78.63a 0.4968a

ZS11: O 115 s /NG FHREFRORTE P<0.05 K- i & 24 5 T
ZS11: Zhongshang No. 11; Lowercase letters indicate significant difference (P<0.05) ; SD: Stalk diameter; SRT: Stalk rind thickness; SXT: Stalk
xylem thickness; RPR : Rind penetrometer resistance; SBS: Stalk bending strength; SS: Stalk strength; The same as below
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W LL S em ZEBE; 2 00461 (7 H 4 HD PR 20 em 25BE;3: 48 W1(7 A 16 H)FIATLRLE 20 em 258
G :G922;Z:ZS11;EP: Epidermis; CO: Cortex; PH: Phloem; XY : Xylem;PI: Pith; SXT: Stalk xylem thickness; SRT : Stalk rind thickness;

1: Stalk segment at 5 cm above the cotyledon node on the bolting date (sampling on June 21); 2:Stalk segment at 20 cm above the cotyledon

node in the initial flowering stage (sampling on July 4) ;3: Stalk segment at 20 cm above the cotyledon node in the final flowering stage
(sampling on July 16)
WEEFETEART A

Fig.1 Paraffin section images of stalks from the parents
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Table 2 Correlation analysis of SS-related traits

FIEMSE. 201742 IR T, 25T b 1 28R
JE TR JEEE | ZEREOE I ) M A S A G 2R A
5 1 5 2R TR AN T S IO, 2R EHAR
E PSR ER NG S R P AT S W NP
BEZEIT ) 5 2R R R 1 B IE A OG  (HR R 38 T A
Kbk AR N TR, 2017 4F B B PR T A M i
B 2 2 K, T 2017 45 P9 7 IR T A OGN
.

B85 PER ZKREJEL E SERE ZERER TR B ZERELE )
Environment Traits SRT SD SXT RPR
2017 H B 2017HZ EX: [V 0.5314%% 0.4599%* 0.3322%* 0.3709%*
ZERETEIR ) 0.2802%* -0.0494 0.3804%* 1.0000%*
2017 757 2017XN ESin. v 0.4260%* 0.6289%* 0.1858%* 0.3243%%*
EX TSyl 0.0503 -0.2165%* 0.2531%* 1.0000%*
2018 H.1)j 2018HZ EX: V)] 0.5123%* 0.5957** - -
2018757 2018XN EX v 0.5142%% 0.6673%* - -

* kSN FIRAE P<0.05 . P<0.01 /K- | A0 s - TTER

*,** indicate significant correlation at P<0.05, P<0.01 level, respectively; —:No data; HZ: Huzhu; XN : Xining; The same as below
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Table 3 Consensus QTLs for SS-related traits by Meta analysis

R EAA B QTL 64, A i fE A2 .C3 FllC8 ¢
ik I, cqSD.CS-1 75 4 43R5 T AR REAG I 21, % 3%
RIAR S BTk RN 14.67% , 42 1 > %4 QTL; A2 It
R F 44 QTLALA T 141~ QTL#% (cqgSD.A2),
1T 84.91~107.10 cM Y X 1] P, B4 3 AT i fe e 7l
AR 511 7.41%~10.35% . ZEFF98EE—2(E QTL 51,
HAp a7 F Co itk |, X 44~ QTL Xt F A AR 57
AIBTHRRISEIL T 10%, 408 T 17~ QTL#%(cgSS.C6),
H7 T C6 YL i 44 59.01~82.69 cM X [ P . ZEHT T Iy
— 3Pk QTL 44>, 43594341l T A3 . C1 il C8 YLt {4
b B s ERRETE 2 A FREE T T ARSI B, X
A5 S TR R RAIG JEE 5.25%~7.21%., Z5RE)R
JE—20: QTL 24>, 43 5l 43 A e A3 FICS YLtk |-,
XA S EBRETE 2 A PR T R 2], X e AU AR 5
) DTRR AR, Y LR 5.829%0~6.20%

#iF SR (M) A (M) HHPE (%) #R5E

Name Peak position Confidence interval Phenotypic variation percentage Environments
cqSD.A2-1 86.33 84.91~87.75 7.41 2017XN/2018HZ/2018XN
cqSD.A2-2 91.97 90.78~93.16 7.51 2017XN/2018HZ
cqgSD.A2-3 97.41 95.09~99.73 10.35 2017XN/2018HZ/2018XN
cqSD.A2-4 106.12 105.14~107.10 9.99 2017XN/2018HZ/2018XN
cqSD.C3-3 140.89 139.69~142.84 5.82 2017XN/2018HZ/2018XN
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AR WEAELAZ 7 (cM) EAFIX ] (M) TV (%) PR
Name Peak position Confidence interval Phenotypic variation percentage Environments
cqSD.C8-1 431 4.12~5.21 14.67 2017HZ/2017XN/2018HZ/2018XN
cqSS.Cl-1 80.11 79.75~80.93 8.89 2017XN/2018HZ
cqSS.C6-1 62.01 59.01~65.62 13.61 2017XN/2017THZ
¢qSS.C6-2 70.18 66.88~71.56 10.38 2017HZ/2017XN
¢qSS.C6-3 75.87 73.66~76.28 10.44 2017HZ/2017XN/2018HZ/2018XN
¢qSS.C6-4 82.11 81.17~82.69 10.54 2017HZ/2017XN/2018HZ
cqSRT.A3-3 131.30 130.6~134.34 6.20 2017XN/2018HZ
cqgSRT.C5-1 57.11 56.25~57.44 5.85 2017HZ/2018XN
cqSBS.A3-1 120.01 118.86~123.62 5.89 2017HZ/2017XN
cqSBS.A3-2 128.61 125.56~131.24 7.21 2017HZ/2017XN
cqSBS.C1-1 80.21 79.9~81.2 5.25 2017HZ/2018XN
cqSBS.CS-2 9.02 7.35~17.58 5.92 2017XN/2018HZ

FAVE A QTLIEZ A AT TR AVE SR 1V 24 {H

Phenotypic variation percentage: The average of the phenotypic variation rate of a QTL in multiple environments
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14U http://doi.org/10.13430/j.cnki.jpgr.20240301003,
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£ A% E QTLE 0 o T AR B R T RA
e A RO AT TE 130 A AR BR IR, A
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40y FHRic (Bn-scaff 15763 1-p234548 .Bn-scaff
15818 1-p202214. Bn-A07-p16095589. Bn-A07-
p15758978) AT 45 , K BLERAM (5 FH 4 M ARic X 43
{18 T o K DRI TR A 6} 2 ) ) 25 5 38 240 AT A 31 i
S M A 4 D FRIC R T bRE R 7 35 R 7Y
A3, P 28 L R AR b ) 2 ) 25T i R e Y A R F
BEEFRS) XG50 KH CoYL ok 257
58 % QTL 7% ¢SS.C6 X ILIEH ) 4 rFhric, T
ZEFFSR I AR IC T B B IR AN i
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EJrREARCAAFR, T BT RO E UL S ERIALE , SN M
Letters and digits refer to the code of chromosomes on the left of the figure; The red dots refer to QTLs with additive effects, the black dots indicate
QTLs without additive effects; The red lines indicate epistatic effects between QTLs; The words above the chromosome are the marker name, the
numbers below the chromosome are the positions of the markers on the genetic map, and the units are cM
B2 ZEEZQTL LA3iE
Fig.2 Epistasis effect of the QTLs for stalk diameter

F4 EZEEHRQTLEBAABEH S FHRICHENEERR

Table 4 Marker-assisted selection effects of linked markers for the stalk diameter QTLs in the germplasm accessions

R pen o oamn O g e
Marker name Chr. Genotype Germplasm SD P value
number

Bn-A02-p7893901(¢SD.A42-2) A2 AA 48 14.51£1.56 0.2087
BB 62 14.02+1.61

Bn-A02-p10176749(¢SD.A2-3) A2 AA 67 14.68+1.59 0.0097
BB 41 13.88+1.48

Bn-A02-p10668400(gSD.A2-4) A2 AA 76 14.60+1.60 0.0138
BB 42 13.87+1.48

Bn-A02-p7893901 .Bn-A02-p10176749 .Bn-A02-p10668400 A2 AA 29 14.91+£1.55 0.0129
BB 18 13.74+1.47

Bn-scaff 25981 1-p90999(gSD.CS8-1) C8 AA 50 14.67+1.64 0.0882
BB 70 14.17+1.51

Bn-scaff 16287_1-p366585(¢SD.C8-1) C8 AA 104 14.49+1.85 0.0674
BB 19 13.78+1.48

Bn-scaff 25981 1-p90999 .Bn-scaff 16287 1-p366585 C8 AA 47 14.55+1.76 0.0337
BB 18 13.62+1.46

AA G922 HE AL BB ZS 11 FERIAL; 155 Ny SARICIE BN QTL; T 1)
AA :Genotype of G922;BB:Genotype of ZS11; The contents in parentheses are the QTLs linked to the marker; The same as below
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Table 5 Marker-assisted selection effects of linked markers for stalk strength QTLs in the germplasm accessions

., . BRUREL E VAR
(BT Yetafk SRR o N Pt
Germplasm (N/mm?)
Marker name Chr. Genotype P value
number SS
Bn-scaff 15763 1-p234548(gSS.C6-1) Co6 AA 67 0.319+0.071 0.8450
BB 52 0.315+0.071
Bn-scaff 15818 1-p2022143(¢SS.C6-2) Co AA 69 0.317+0.072 0.6829
BB 47 0.314+0.071
Bn-A07-p16095589(¢SS.C6-3) C6 AA 23 0.32240.077 0.1672
BB 90 0.303+0.060
Bn-A07-p15758978(¢SS.C6-4) Co AA 37 0.313+0.071 0.6436
BB 72 0.319+0.069
Bn-scaff_15763_1-p234548 .Bn-scaff 15818_1-p202214 C6 AA 32 0.319+0.077 0.7715
Bn-A07-p16095589 .Bn-A07-p15758978
BB 23 0.316+0.070

3 g
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Supplementary Table 1 SNP chip probes and upstream and downstream sequence information of SNP markers linked to SD and SS

JRESE
% LR YEALE (bp) FHHHEAE (bp) FERIH % FEFIH BT
Fric 4 K Marker name {7 S ERET P 51 AlleleA_ProbeSeq
IImn SNP Address A_ID Genome build Source Strand Source sequence
strand
Bn-A02-p7893901 TOP [A/G] 38668307 AATCAACATGGAATTGATGAAACAA 3192012 BOT TTGAAGAAAAATAAAGTCAACTATGCTCTTAGA
ATCAAAATGTCACTTGATAAAATAT TMATATCAAAACACTATTTATGGCCAG[T/C]IAT
ATTTTATCAAGTGACATTTTGATTTGTTTCATCA
ATTCCATGTTGATTCTCCATCACA
Bn-A02-p10176749 BOT [T/C] 66766414 GCTTTCGAATAAAAATTTCGGATAA 3192012 TOP TCAAAWAATGTTAAAAATACTATTTATAAATTG
TTTCAAGTATTTTAAATAAAAAGTA AATTATTCAACAAAYTGAATTACTCTA[A/G]TAC
TTTTTATTTAAAATACTTGAAATTATCCGAAATT
TTTATTCGAAAGCCSCACCTTCA
Bn-A02-p10668400 BOT [T/G] 55668300 TATCTATTAACCGGCCTAATGGTGAC 3192012 BOT ACATGCAATTTATCTATTAACCGGCCTAATGGT
ACAACGGCGTCAGTAATACAAACT GACACAACGGCGTCAGTAATACAAACT[T/G]GT
ATGTTATGATAATTTAACGGGTCTAKTTTAAAG
AGGTAGTTTGGTTCAGATTAAAGGA
Bn-scaff 25981_1-p90999 BOT [T/C] 64625455 AAACGACGCCTCTGATCTAGTCACC 3192012 BOT ACCACAACACAAACGACGCCTCTGATCTAGTCA
AAACCAGTCGGTGAGATAGAAAAAA CCAAACCAGTCGGTGAGATAGAAAAAAI[T/CIGT
GAGTGAAAAACAACATATGAATGAAAAAAAAT
AGAAGGGAAGCTTCTTATTGCACAGT
Bn-scaff 16287_1-p366585 TOP [A/G] 23682375 GCCGAATCAGTCAATCATTGCCTATT 3192012 BOT TTCACTAATGTGACCAAATCGAGAGAAAAAAA

ATTAAGTATCAGCCCACTAAAATC

TGAACAAAATTTTATCCTCTCGAATCTT[T/C]GA
TTTTAGTGGGCTGATACTTAATAATAGGCAATG
ATTGACTGATTCGGCCTCTTTTAAT



Bn-scaff 15763 _1-p234548

Bn-scaff 15818 1-p2022143

Bn-A07-p16095589

Bn-A07-p15758978

TTCTATAAGTTATATCGCAACTTGAT 4022012 TOP
TATATACACATCTCACTCGCAGGG

AACTACAACGTGCACACCTCATCGT 3192012 BOT

CCTATGTAAAATCTTGTTGGGTTAA

AATTTTAAATAAGGCAATTAAAATA 4022012 TOP
ATACTTCACTAGGTGATAATCCGCG

AAATCTGGTATTTTGGGGTTCATTGA 3192012 BOT
AGTTGGCCGTAGAAATAAATTGTT

TTTTTCCGATGTGAATGTTCTATAAGTTATATCG
CAACTTGATTATATACACATCTCACTCGCAGGG[
A/G]JGAGAGAGAGAGAGGGAGGATGACAAATA
TCATTGATTTCGCGTGATCTTTGGAACTCGAGT
GTAGTTTTATAAACTCTTTTTTTTTTC[T/G]TTAA
CCCAACAAGATTTTACATAGGACGATGAGGTGT
GCACGTTGTAGTTGGAACATACC
AAATAAATACAGCTTCCGAATGATTGTTATATT
TTAAAAGAATTAAATCTAAAAAAATCCAACCTA
AAATCAAATCGATGTCCACACTAAACAAATCTA
ATATTTTCTTATCTTATAAATATTAAAATTAATA
ATTTTATTCCACGCAAG[A/G]JCGCGGATTATCAC
CTAGTGAAGTATTATTTTAATTGCCTTATTTAAA
ATTATGTTGCGAGTTACATCTCAGTTATCCTGAT
TTTAAAGAGGTCGATGAAGCCGCTACAGAGAA
AAAGATCAGCGACACACTGAAATTATGGATGG
ACCTA
AAGTTACAAAAAATCTGGTATTTTGGGGTTCAT
TGAAGTTGGCCGTAGAAATAAATTGTT[T/G]CA
GATTTTAAAAATCCGAGATTAAAGTTTCGAGTA
TTGAAATAATTATGTAGTGTTGTAA
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