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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) was developed via microspore culture from a cross F; between the G922 and
Zhongshuang 11 (ZS11). 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
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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 positive significantly. 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, in which 17 QTLs were identified in more than two environments, including six QTLs for SD, five QTLs
for stalk strength (SS), two QTLs for SRT and four QTLs for SBS. The major QTL of SD, c¢gSD.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 c¢SS.C6 consisting of four SS QTLs. 3.
Stem diameter QTL cluster cgSD. A2 and its three linked molecular markers (Bn-A02-p7893901, Bn-A02-p10176749,
Bn-A02-p10668400), QTL c¢gSD.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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Tablel Comparison of stalk strength-related traits from parental and hybrid traits (2018 Xining)
ES=k EX300; 3 ZEBE AT HEEGE ) ESl:ipa] EFT R
R EL A SD SRT SXT RPR SBS SS
Variety or BH heRfis B doRt® B RIS TR B
. SRR A (%) BMH (ND BIE (ND R (%)
hybrid (mm) (%) (mm) (%) (mm) (%) (%) (N/mm
o Mid-parent ~ Mean Mean Mid-parent
combination Mean  Mid-parent Mean  Mid-parent  Mean Mid-parent Mid-parent 2) Mean
heterosis value value heterosis
value heterosis value heterosis value heterosis heterosis  value
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 16.54 ab 10.27 1.77 a 7.27 0.78bc -1.89 23.99b -4.31 66.80 b 12.11 0.3111b -12.48
G922 15.53 b 1.70 b 0.75bc 1930 ¢ 40.54 ¢ 0.2141c
ZS11 1420 ¢ 1.60 ¢ 0.84ab 30.84a 78.63 a 0.4968a

ZS11: W11 55 NEFEERIRTE 0.05 KT REZER; TH

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 penctrometer resistance: SBS: Stalk bending strength: SS: Stalk strength: The same as below
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G: G922; Z: 11 % EP: KM; CO: KJ=; PH: #¥IHHE: XY: ARG PL #ffE; SXT: ZEFRFAMEE; SRT: KEEW
H21H) THATLLE S em 228 20 HIEH (7 3 4 HD) THATELE 20 em 228G 30 A48 (7 16 HD) THTLLE 20 cm Z5BL
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)

B 1 MEEFETEAETRE

Fig.1 Paraffin section images of stalks from the parents
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[A; ZREEZIE ) SREE R R AR, (HAFEME TR EFEEAN, 2017 4 BT AL 3]

PR K, T 2017 4RPE T IR N AR IEA B3

2 ZEFFUR A RAERAR SN 23
Table 2 Correlation analysis of SS-related traits
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78 [ERN ZEREELE ESpe ZERE A5 I LREGIE )
Environment Traits SRT SD SXT RPR
2017 H.B) BV 0.5314%* 0.4599%* 0.3322%* 0.3709%*




2017HZ EX: XS0yl 0.2802%** -0.0494 0.3804%** 1.0000**

2017 P E-Xi:iv] 0.4260%* 0.6289** 0.1858** 0.3243%*
2017XN LBETEIE ) 0.0503 -0.2165%* 0.2531%* 1.0000%*
2018 L. 2018HZ EX v 0.5123%* 0.5957**
2018 7§°7* 2018XN EXi v 0.5142%* 0.6673%*

* R IRORTE 0.05. 0.01 K EREMR; - THLE

* ** indicate significant correlation at 0.05, 0.01 level, respectively;HZ:Huzhu; XN:Xining;The same as below; -:No data
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PR A AR S BURE, JE3RA8 19 ANIEBIRE, 05 1984 /4~ SNP 1) Bin 4, 18 £% B 4K FE N 2592.64 oM,
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QTL 3 />, ZEEEFFIE 7 QTL 10 >, 23l /1 QTL 21 4. X FZANMAEIE K31 QTL #4171 Meta 4
B, BEEE 17 A8 QTL (X 3) . Hrh, ZXEA 8 QTL6 4, /0 fifE A2. C3 Al C8 Befivfk |,
cgSD.C8-1 1t 4 NAEE F#RERL IR, X RAAR FHITTHRE N 14.67%, J& 1 MERLQTL; A2 Jetifk L 4
ANQTL AT 14 QTL #% (cgSD.A2), HiiT 84.91~107.10 cM f X 8] P, BAA7 55 A fift B 32 U AR B ()
7.41%~10.35%. ZEFFSREZ 1%k QTL 5 4>, b 4 MrT Co Yefafk b, X 4 4> QTL X R ALAL 7 [ STHk %
PR T 10%, AT 1/~ QTL #% (cgSS.C6) , fiiT C6 Jetiufhk 59.01~82.69 cM X [A] N . ZEHT 7 /1 —E ik
QTL 4 4>, 2rwlorAi T A3, C1 M C8 Bethik b, Py fr sl REAE 2 NS T E A F], X 2 AAZ 57 1) 51
BRI, VEEN 5.25%~7.21%. ZREEJEFE—30HE QTL2 A4S, /A AifE A3 Al CS Peafh b, XPAMLA
HRBEAE 2 DIAEE AL S, XFER AL F I TTIR AR, DY 5.82%~6.20%

<3 Meta SHTIRISH—E QTL

Table 3 Consensus QTLs for SS-related traits in multiple environments by Meta analysis

“R IEMEALE (M) HIEXE(cM) TR R (%) 224

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




cqSD.A2-3

cqSD.A2-4

cqSD.C3-3

cqSD.C§-1

cqSS.C1-1

cqSS.C6-1

¢qSS.C6-2

cqSS.C6-3

cqSS.C6-4

cqSRT.A3-3

cqSRT.C5-1

cqSBS.A3-1

cqSBS.A3-2

cqSBS.CI-1

cqSBS.C8-2

97.41

106.12

140.89

431

80.11

62.01

70.18

75.87

82.11

131.30

57.11

120.01

128.61

80.21

9.02

95.09~99.73

105.14~107.10

139.69~142.84

4.12~5.21

79.75~80.93

59.01~65.62

66.88~71.56

73.66~76.28

81.17~82.69

130.6~134.34

56.25~57.44

118.86~123.62

125.56~131.24

79.9~81.2

7.35~17.58

13.61

10.38

10.44

10.54

2017XN/2018HZ/2018XN

2017XN/2018HZ/2018XN

2017XN/2018HZ/2018XN

2017HZ/2017XN/2018HZ/2018XN

2017XN/2018HZ

2017XN/2017HZ

2017HZ/2017XN

2017HZ/2017XN/2018HZ/2018XN

2017HZ/2017XN/2018HZ

2017XN/2018HZ

2017HZ/2018XN

2017HZ/2017XN

2017HZ/2017XN

2017HZ/2018XN

2017XN/2018HZ

RHARA: QTL AEZNIABE T R R R I T

Phenotypic variation percentage: The average of the phenotypic variation rate of a QTL in multiple environments.
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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
2 EEHRF QTL LUt E
Fig.2 Epistasis effect of the QTLs for stalk diameter
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RAEN) QTL W, RA X EAMZEFSREZ QTL 78 3~4 MR N ELANE], HX R W TTRERBK,
AATREH T2 FARic B B F. AT IPM B AP — B0k QTL KB 43 FHRIC e & Al (¥ 5L
FAE, AHE 705 3220 QTL B 4 FARicxt 130 4 AR T IRBEAGIEAT %52, JEBFA S PR 6 R AL,
B PPN R R B 2 [ R AR RAFAEZE

% B /% QTL E4009 5 TARICE A RTTR A 2541 16 FRBHIREEA S, FIH A2 Qe fk 5 QTL f%
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5 QTL ¢SD.C8-1 B 2 4> Fhric (Bn-scaff 25981 1-p90999. Bn-scaff 16287 1-p366585) 4374 130
PrEREPE R AR, S5REW (F4) , A2 Q10K EH 2 Mrid (Bn-A02-pl0176749 .
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FER. 3 Mrid (Bn-A02-p7893901. Bn-A02-p10176749. Bn-A02-p10668400) &4 A B3 V43 1 1
FREER M BRI ZEEALFAELE ER. C8 Jtafk b QTL ¢SD.CS-1 EHIH 2 N4 Fhrid

(Bn-scaff 25981 1-p90999. Bn-scaff 16287 1-p366585) , FFHHANFRICHE: BT A B8543 1 A 795 Feb 3o R 78 h

RHE ZZ BARMREA B 257, HEE A bR ic L F R o s R R AR R R 22 B E R E 2R . b
SEIGUERH: A2 Yetafk b QTL #% ¢SD.A2 M HIEBIH) 3 N Thrid, C8 Yetafk b QTL ¢SD.C8-1 J HEH
2 S FARC T T ZEA M T AR d i Bh & Fh o AR 10 (5 27 L http:/doi.org/10.13430/j.cnki.jpgr.20240301003,
B 1.

EATIZE QTL E A 09 o TARITA LAY B R ¥ 89w 2R 76 130 i BRI, FIFE Co Jefafk F2X
FF 58 £ QTL #% ¢SS.C6 #8111 4 4> THric (Bn-scaff 15763 1-p234548. Bn-scaff 15818 1-p202214.
Bn-A07-p16095589. Bn-A07-p15758978) AT %, AKINFIMAEFH 4 Ahric X 43 09 kDR Y k) 2 Ta] (1)
R RER AR R E R M 4 MR ICEE X BT MR T R AL 025, BRI B R R 25 FF
SRERE A AR EE RS (R5) o X REW Co Yetalk FZEFTREZ QTL #% ¢SS.C6 M ILER 4 45
Fhrid, FTZ2FFSRE 5 AR iChH B & R BCR A .



* 4 ZERE 0L EBARET S FARICHBNERHR

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

PRiC AR Retafk HEREM B X H AR (mm) P

Marker name Chr. Genotype Germplasm number SD P value

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.42-3) 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 (¢SD.C8-1) 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 FEF A BB: ZS11 HERFA; 5 A ARDESIN QTL; TH

AA: Genotype of G922; BB: Genotype of ZS11; The contents in parentheses are the QTLs linked to the marker; The same as below

*5 ZEFTEE L ABREFD O FIRCHBNEFR

Table 5 Marker-assisted selection effects of linked markers for stalk strength in the germplasm accessions

[FNREY it Geto i Erispit IR ZFFSREE (N/mm?) P1E

Marker name Chr. Genotype Germplasm number SS P value

Bn-scaff 15763 _1-p234548 (¢SS.C6-1) Cé6 AA 67 0.31940.071 0.8450
BB 52 0.315+0.071

Bn-scaff 15818 1-p2022143 (gSS.C6-2) Cé6 AA 69 0.31740.072 0.6829
BB 47 0.314+0.071

Bn-A07-p16095589 (¢SS.C6-3) C6 AA 23 0.322+0.077 0.1672
BB 90 0.303+0.060

Bn-A07-p15758978 (¢SS.C6-4) Cé6 AA 37 0.31340.071 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 it

FEMISIER 52 AR B RIZE 18] CERFFHTIN PIRETL, 25FF S0 I AN T 60K RIS, EBUR 225
SRATITRRCA B0, BRI R TR R R R RIS . B . I RS ERFIRR A LR, S
FER T FBEZES, B AR, PR E PP 2 B R . BSOSO A
S VS FR OB Sy, SR CEFFRUIT SR IRD LSRR AR .
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TSR EAS 2P IR E DG, EFTEAAER, RISt st ikee, Bk, AR A
SPU ZEFFRE D) AR (R0 4T T ) SR ik B 25 AT R

o PR A S R PR QTL AG IAERA ML) = A EE R R0, AHF 53R F 710 RS 28 60 k SNP 5
FrRa s 7 — S H i R e S v B R, KN 2592.64 <M, ARICIET- R E IR B Y 1.42 M,
AT BT 5 QTL A Il g T FEEAIRCE o SARFI A SNP 5 by 14 2 (a8t 4% P % (R b i 5 B i T2 T PCR
G AR R IR A B R, (RS R o AR — S A ARG R X B CRAEEIBE R T 15 M), IXEERX
BAAAE — e R RS T QTL A A . thdh, IR BUIX BE AT FRic i K X BEAE C DR 4 AP (3 b
12 A JERAH 2, P ILRAEZ B 0 R AR IE R . S BOX R G 1 Z 5 R 0T R A JEIRIZH A (1R
S C BNAEEE.

AWEFAE A2 F Co et fh 145 5E 32K EAR R ZEAT SR BEVEIRAR G QTL #5841 A4S, fEVF2AEY QTL &
PR TR I T QTL SEIIAFAENT2442451, KT, ABFFUR I, 2EEAE QTL % ¢SD.A2 1, FF1EHA QTL
(R b B R 20 2 ) ¥ R 2 22 3 5 2 A QTL [RIIS A7AE [ P P R R Y 2 ) (i e 84 22 S AHRD, TR A QTLNeet
work 2.0 3T QTL B A Hr it KB, 76 QTL #% ¢SD.A2 KyIX ) d R & 14 QTL, X iHIEX
MXBUNFTRE RAFAE 1A QTL. ABFFEAET X 11 S 4 E B 5 AT 98—t QTL 73442 C1 Al Cé6
Jetafh b, Hrb QTL f% cgSS.C6 55 Shao ZFR201% 5 B HT B 582 QTL (cqF.C06-1+ cqF.C06-2) Fi{EfiE K
B, (25 TianPHERXU 11 52201 4 DN ZEFREE QTL (A2, A6, A7 Fll C3) A T AN A G ik,
FEAE PR 11 5 g BIRRTAL A, o R AR S AT SR R R . AT ST Bl R B — B
QTL 3 AiTE A2, C3 Fll C8 Jufifhk b, Li %527E C8 Yotk L% E F) 3 N5 EEAAAHRMIER, Shen 5524
1E A2 Jetifh F%EE) | NS EBEAMOGN QTL, B A2 55 C8 Jeti ik b nl BEAE1E 44 25 ELAR AR DG e
DRIAT R

FEKFEEFh, BN ZMH T DU s B BIRTE, 222 B A% QTL (2R -G AT LAF= A SR 1 2500 5 SR [y e 151
PERSL, AW TR A2 C3 Jettfk FaEE GBI =2 ER QTL KA IEMINMERN, FHLE HAREF 4 - iE o]
AT HIE RS A L i R, W TR R B AR AT PRI R It S 0 A A7 A E R
HIR Co Yetifh b 22FF 3L QTL 7% ¢SS.C6 TEZ AN MEEREE LA F], F+ HAE GZ-DH 5& A 1A v 7 ol ik [
M2 BFRAMEAEREZR, (ALE 130 fr AR R IR MR IE R R 2 M %H B35 25, Y ZEF xR
MR QTL K& 4> Fhric T4 B & Pk & ELi A . ZEAF 3R E QTL #% ¢SS.C6 S B 43
FHRCARE T FAric B & A, A LUN =AM R —= 130 4 FAR TR A VF 2 e 2
FEARA B AL, ZZATRE DT AR 2 AN Gl v A S iz B AT (K L SE AT DI AR, S BOTHZE
From (R Sl R ARBERAREL ZMRAS, RS, (AIFAETF 2 FE AL AU A A 1,
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Supplementary Table 1 SNP chip probes and upstream and downstream sequence information of SNP markers linked to SD and SS

JITTE B
% AR SR R YIFLLE (bp) FERHAAE (bp) FER 5% BRI RS
FRic 4 #% Marker name IS HRER P51 AlleleA_ProbeSeq
Tlmn SNP Address A ID Genome build Source Strand Source sequence
strand
Bn-A02-p7893901 TOP [A/G] 38668307 AATCAACATGGAATTGATGAAACAA 3192012 BOT TTGAAGAAAAATAAAGTCAACTATGCTCTTAGA
ATCAAAATGTCACTTGATAAAATAT TMATATCAAAACACTATTTATGGCCAGIT/C]AT
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 CCAAACCAGTCGGTGAGATAGAAAAAA[T/C]GT
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

TOP [A/G] 25669346 TTCTATAAGTTATATCGCAACTTGAT 4022012 TOP
TATATACACATCTCACTCGCAGGG

TOP [A/C] 11661379 AACTACAACGTGCACACCTCATCGT 3192012 BOT

CCTATGTAAAATCTTGTTGGGTTAA

BOT [T/C] 53749475 AATTTTAAATAAGGCAATTAAAATA 4022012 TOP
ATACTTCACTAGGTGATAATCCGCG

BOT [T/G] 52698406 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]JCA
GATTTTAAAAATCCGAGATTAAAGTTTCGAGTA
TTGAAATAATTATGTAGTGTTGTAA
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