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Identification and genome-wide association analysis of seedling-stage Fusarium
crown rot resistance in 200 wheat cultivars from Henan province, China
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Abstract: Fusarium crown rot (FCR) is a globally prevalent soil-borne fungal disease of wheat. In recent years, its incidence has
steadily increased in the middle-lower Yangtze River and Huang-Huai wheat-growing regions of China. However, wheat cultivars
with strong resistance remain scarce. As a result, the identification of resistant germplasm and the discovery of resistance genes
have become key priorities in resistance breeding. In this study, the dominant FCR pathogen Fusarium pseudograminearum strain
WZ-8A, isolated from the Huang-Huai wheat region, was used to evaluate seedling-stage resistance in 133 landrace cultivars and
67 modern cultivars from Henan province. Phenotypic data were integrated with wheat 660K SNP genotyping data to perform a
genome-wide association study (GWAS). The results revealed that only eight cultivars—Tutoumai (Qixian), Zaoyangmai, Bai-
quan 41, Kaimai 18, Zhoumai 24, 04 Zhong 36, Yumai 35, and Zhongyu 3—exhibited moderate resistance. GWAS identified 30
significant loci, with two SNPs (4X-111055517 and AX-110584552) consistently detected across multiple models and environ-
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ments. Functional annotation and expression analysis of candidate regions suggested that TraesCS4B02G048500 may be a key
resistance gene. This study identified eight moderately resistant wheat accessions at the seedling stage, and the significant loci and

putative genes discovered provide valuable resources, insights, and a theoretical foundation for future FCR resistance breeding

and related research.
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Identification results of tested wheat cultivars for Fusarium crown rot resistance at the seedling stage (MR and MS)

b Joa 155 8 KX IR e SR st A VNG RR B
Cultivar Disease index Resistant type Cultivar Disease index  Resistant type
JF# 18 Kaimai 18 17.13+1.73 MR 17 # Shangianmai 23.25+0.09 MS
&3k F (i 2 Tutoumai (Qixian)  17.37+0.92 MR ¥ 379 Zhengmai 379 23.37+1.23 MS
J&# 24 Zhoumai 24 17.39+£2.31 MR ZIf8 Hongsuibai 23.51+2.40 MS
" F 35 Zhongyu 3 17.61£2.39 MR B 8% Jiyulin 23.60+2.45 MS
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#x1)
i it I 145 4 4L B R s Foft I 1%+ 5L bR
Cultivar Disease index Resistant type Cultivar Disease index Resistant type
#7453k Hulutou 17.68+2.44 MS AT Zhiliaomai 23.61£1.39 MS
H % 41 Baiquan 41 17.82+2.03 MR 21~ Baiquanmang 23.82+2.01 MS
04 1 36 04 zhong 36 18.02£1.53 MR B 29 Xinmai 29 24.06+2.26 MS
HLPEFE Zaoyangmai 18.82+0.62 MR i3k (Bl 24.11£0.89 MS
Hongyouzitou (Lushan)
2 58 Yumai 58 18.91+4.42 MS 1k Baihuomai 24.19+5.01 MS
JA % 22 Zhoumai 22 18.98+4.26 MS ¥4 70-36 Yumai 70-36 24.47+4.10 MS
% # 35 Yumai 35 19.53+0.37 MR fifi )\ Yingbazhuang 24.51+4.13 MS
# % 30 Yumai 30 19.98+9.11 MS S AT RE (¥ 1) Duangancao (Luoshan)  24.54+0.46 MS
Z1F85% Hongsuimai 20.08+0.08 MS T4 207 Bainong 207 24.76+0.84 MS
%5 47 Yumai 47 20.11£0.88 MS #1.% Hongmai 25.61£1.20 MS
122 (%101 2) Baimai (Lushan 2) 20.66+1.61 MS E 35 Aifeng3 25.63£0.69 MS
B 18 Xinmai 18 20.70+2.70 MS HHE Misuimai 25.66+2.50 MS
B E (35%) 20.98+2.68 MS PUfET Sinenggan 25.73+2.71 MS
Huangguaxian (Yancheng)
07H508-05-3 21.27+0.19 MS JNFFLT Xiaozihong 25.74+1.43 MS
HILFGEE 2) 21.28+1.45 MS M2 (PG 1E 3) 26.04 +1.04 MS
Chushanbao (Songxian 2) Baimanghong (Xihua 3)
137 Baishenmai 21.85+0.37 MS il 72 (7% F) Youzimai (Qingfeng) 26.38+2.01 MS
Tt E ) 22.28+1.36 MS FBM 6 5 Zhengzhou 6 26.40+2.33 MS
Ermangmai (Yexian)
FEt-4 Simangmai 22.57+4.04 MS £1#h 1= Hongqumang 26.47+1.20 MS
% 15 Yumai 15 23.15+4.21 MS Pi4 979 Xinong 979 26.52+3.48 MS

MR: H13i; MS: H1/& ., MR: medium resistance; MS: medium susceptibility.
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Fig. 1 Phenotypic comparison between resistant and suscepti-
ble cultivars

Ao i 04 th 36; A7 B L FEDT 58, The left is resistant
cultivar 04 zhong 36; the right is susceptible cultivar Aikang 58.
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a. the number of subgroups in the mapping population was preliminarily determined according to the CV error value; b. structure analysis; c.
phylogenetic tree analysis; d. principal component analysis (PCA) figure. Red indicates landraces; blue indicates modern cultivars.
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Table 2 Results of significant resistance loci to wheat crown rot

FRic Pefafk fir LOD f& RH g Ttk

Marker Chromosome Position (Mb) LOD value R? value (%) Environment Method
AX-110558351 1A 568.572 3.342-3.538 2.790-2.839 2 3,5
AX-109891083 3A 711.403 5.050 5.968 1 4
AX-108862176 3A 726.114 4.246 6.314 1 4
AX-108782079 4A 391.543 3.584 3.319 2 1
AX-111505478 SA 439.398 3.214 3.390 1 5
AX-110609154 6A 18.702 3.302 2.312 1 5
AX-111046608 TA 700.110 4.452 5.218 3 6
AX-108962340 7A 27.881 3.757-4.242 4.180-9.198 2,3 2,5
AX-110529952 TA 700.169 5.330-8.190 6.314-11.748 2,3 2,3,5
AX-110465087 1B 633.326 5.613 5.977 1 5
AX-111701470 1B 394.063 3.811-7.592 2.474-8.475 3 1,3,6
AX-111539199 1B 682.179 3.120-5.402 1.942-5.842 2,3 1,3,5
AX-108806094 3B 796.307 3.048-13.383 3.707-8.887 1,2 1,2,3,4
AX-111055517 4B 34.765 3.239-5.036 2.468-12.607 1,2,3 1,3,4,5,6
AX-110923840 5B 494.795 4.555 3.673 2 5
AX-109833911 5B 586.274 3.751-4.655 2.588-3.622 2 3,5
AX-110584552 7B 748.346 3.459-6.850 3.674-11.655 1,2,3 1,2,3,5
AX-111780551 7B 478.188 3.741-5.036 2.145-7.235 1,3 1,5
AX-109425763 7B 119.899 3.191 1.834 2 5
AX-110573466 7B 498.543 3.592 1.846 2 3
AX-109902289 7B 746.970 5.923 6.373 2 4
AX-94821517 7B 679.794 3.679 2.855 3 5
AX-111080917 1D 40.172 5.271 3.436 3 3
AX-108993485 2D 50.014 4.459-9.507 6.860-12.562 2,3 1,4,6,7
AX-111084917 3D 588.485 3.237 2.069 2 5
AX-110548692 4D 67.803 3.446 1.763 3 3
AX-111265237 6D 448.430 3.004-3.611 6.754-7.184 2,3 2
AX-108942273 6D 2.358 3.283 1.997 2 5
AX-109486821 6D 2.446 3.684 2.430 2 3
AX-111521306 6D 2.427 4.071 5.593 2 4

WRBE: 1.2,3 FoR 2022 4, 2023 4F | 2024 AR WIZE LSRRI TEE; 15 1.2.3.4.5.6. 7 /KK # /R FASTmrMLM, pKWmEB
pLARmMEB, IIIVmrMLM, ISIS EM-BLASSO. FASTmrEMMA , mrMLM X 7 F A M1 5 i o
Envionment: 1, 2, and 3 indicate FCR disease index in 2022, 2023, and 2024; Method: 1, 2, 3, 4, 5, 6, and 7 indicate FASTmrMLM,
pKWmEB, pLARmMEB, HIVmrMLM, ISIS EM-BLASSO, FASTmrEMMA, and mrMLM, respectively.
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Fig. 6 Relative expression differences of predicted candidate genes

a. b, ¢ 5RFE TraesCS4B02G045700 . TraesCS4B02G046500 FI TraesCS4B02G048500; ", ""FI™™" 43 B /R 5/ J5 K —f ) 5 0 h AH
K2 EBFEP <0.05), WBFHP < 0.0D)FHHEEP <0.001), d HEMERAHIIE 48 h )5, Hi. BEFT TraesCS4B02G048500
B P QRT-PCR Fik S Hr4h A, "R 53 5IAR BT a4l -5 800 i BT 58 A L 22 54 1035 (P < 0.0 IR Ll 35 (P < 0.001). 3%
P22 S AR YR B R T7 220 W7 o

a, b and c represent TraesCS4B02G045700, TraesCS4B02G046500 and TraesCS4B02G048500, respectively; *, ™ and ™" indicate significant
(P < 0.05), highly significant (P < 0.01), and extremely significant (P < 0.001) differences compared with 0 h after inoculation. d shows the
qRT-PCR results of TraesCS4B02G048500 in resistant and susceptible cultivars 48 h after inoculation with Fusarium pseudograminearum; "
and """ mean that the two resistant cultivars show significantly different at P < 0.01 and P < 0.001 compared with the susceptible cultivar
Aikang 58, respectively. Significant differences were determined using one-way analysis of variance (ANOVA).
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Relative expression level (TPM)
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B 7 TraesCS4B02G048500 fENELRREBIAHIRIEE
Fig. 7 Expression levels of TraesCS4B02G048500 in different wheat tissues
TPM: 4 T-~08 2 A0 75 53 B 0 WL (1954 5% 4% . TPM: transcript per kilobase per million mapped reads.
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Table 3 Functional annotation of candidate genes

Fric UARLERES oL T e 2 A hRE R
Marker Chromosome  Position (Mb) Candidate gene Functional annotation
AX-111055517 4B 34.765 TraesCS4B02G045500 14-3-3 HH A

14-3-3-like protein A
TraesCS4B02G048500 g 1 12-8 - 0 R 18 I g 5

Putative 12-oxo-phytodienoic acid reductase 5

AX-110584552 7B 748.346 TraesCS7B02G495200 KA BR 45 5 A0 0 - 2 2 e 7 2 )3 S o 2 1 e
Disease resistance protein (NBS-LRR class) family

TraesCS7B02G495700 % BTB/POZ Y5 MATH %5 #3411 3
BTB/POZ and MATH domain-containing protein 3
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FRic UARERZN (AL o e K] ThRETE R
Marker Chromosome  Position (Mb) Candidate gene Functional annotation
AX-110584552 7B 748.346 TraesCS7B02G496000 R TR AS 5 0L i - B 8 BB TR A 1 91 v B 1 A
Disease resistance protein (NBS-LRR class) family
TraesCS7B02G496500 WA BRES G i md - T 58 BR T BT 9 DU & 11 e
Disease resistance protein (NBS-LRR class) family
TraesCS7B02G497100 W R ES 5 i - 1 5 B BR T P 91 0 4 11 52
Disease resistance protein (NBS-LRR class) family
TraesCS7B02G497500 PURE 1 RPMI

Disease resistance protein RPM1

ABTERE, THEEE] 8 A SHUm AR B (3R 3). 45 &
e BE A XS R80T, TraesCS4B02G048500
£ 2 PO M TR T Y O BN L . A R
ZHEH, TEAMEARS SR 48 h )5, RH qRT-PCR
RrL et Al iz B R 2k KT 25 R R (8] 6-d),
B Pl b 2 35 DR A R T 22 36 B 2 TR
. BEAh, Ead Wheat Omics H %1% £ R 4H 21 %1k
B AT AT (8 7), R R Rk, ot
— 2 LR BB S 5 /N A 0 25 B T8 9 P R 1)
HHEDT .
3 iTie

AHGEXT 200 /N2 SRR EAT T B AR IR
Puk e, 455 8 A Rk b R K B e g B m bt
anAh, ANRRE 8 1y RIS Th PR S AR 38 A
HR A, R B AR 20 4N, HB T R 26 4,
FW M T AL ZE S R R TR, /N RIS R
Y455 TAESRAE T30y 1) o 384 Ak i b 7 A
WEoE i O A U TE A iE %, 2RSSR 5 AT Y %
EE—E, MEFEDT 58, ¥4 8 5. PR 718
FEM =P R PO R R SE Tt R B
T FEAMIF ST A O e ) 8 AN P25 L i A, 04
36 7E 4 m S PORBE IT P A R I TR R
5o BRI, RO LR PTEPEN A E AR — S, LU
Pa4e 979 AP, ABEFTIERE R, A A SOk
o R T S A B B IR 25 S R AR IR T A
T AL, s 5 45 R b i ik g O 0 2 25
LRI TR T A 4 A R g A S R
vk HAhE WO RS R R
FRZ AL S04 guah, BUME PR AR E A AN G —
E—AEEREE, %8R b arse s e
e < 25 & SCHHL(R), JimTh 16 %L 25.01~35.00 &

SR HHLMR); il 7 S T 1 4 Bl< 20 52 R
EHL(HR), JRFEFEE 25.00~40.00 F X K HHL(MR);
Mitter 55PN T BB ECh 0 & SChRIE®D), T
YR IERECN 0.01~10.00 & XA EPL(HR), FH5%
TEHEECH 10.01~20.00 % L HHL(MR), FPFH
PRUER AR IR S 22 5. 9 — i, Bt R R
PRI 10 28, 2 S ) 68 2 2 S, G /N S P B
B AR A 4k 7 DA 5 AR A 4k 0 TRDRE TR] — A i) 00 1 A
TEDCH], Fan, R 316 X ARS8k I3 22 00 R i,
X BOR A5 S T TR R 0y e S, 2 R S ARG —
o BT IR AR RS —, R
PUPE PP 45 R 1Y — SO T PR, X e R
HELR T B E RO RR . R, ST A E S —R
HEAL S B R R T ). A I I % 5 vk 9t
P 22 (] P AH G R B, (L D3 32 T A R0 TR
OB, DR R R Y TR B fer . A T L
(B BREE T i — 20 B R 0 AR Bt A ), DA
B bR FR AL /N

SIS T Z N TANE L K
K FE RN I S VR 0 52 e MR A 3 A g by . {HLAE
SEBRECE AT AR R, BT RN RV A 2R R 1 38
TR25 K S BEARRRAE,  H 1T M JC 58— bn o FH T 0 128 B
PRI A AT T o B — 3B 7 1 3 ST TR A2 i 4
TR Z b, FLAERE il PHA: o ARSI T 2% A Kkt 45
T 53 A P 1 305 P A T T % LRI BRI AR 9
KAT 7 FEERIE T AR A CH O, iR A
ARV RRAE AL 3 0 Z B S M HE SR, J2%
B B RN S A 2 A B, W T AR
AJEEPE

Hap, MM FRRER RN 2R R i
FCR HUPENL s, ARR 2B s i A AR SL AR A 75
FNGGUF, HA M 58 R . iz 250
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SR TTIROR AR, MELUE R S PRE A oK, B
LB RIEH PO S . ARFRIET/NE 660K
O R R BE S I IZE I R AL, 1 3 A
IR E] 30 A WM . Ho 4 4> SNP fi
5 R AR 9 I 3 A A7 0, — B B AR
T 7B Ytk b1 SNP AX-94821517 5 Jin ZE19) 1]
358 /N WM ORL E 7 ) FCR I 25 i 5%
Affx-109846651 Fric #HA; 1A Je ik iy SNP
AX-110558351 53 5k FLEEPORI 311 AN /N2 R0 Ff
B E L) SNP AX-111698714 FHER 1.99 Mb; 1D 414,
K b SNP AX-111080917 5 Jin 459 fi7 1
Affx-92785941 FE 1.60 Mb; 2D Yfafk [-ff) SNP
AX-108993485 5 Martin ZCUHI ] Sunco/2-49 I
CPI133814/Janz 2 > DH BRI 2 (L5 Xgwm484
FHEE 1.84 Mb. HARN7 sS4 B IR IRIE, Ry & 85T Y
FCR B0 5 P F A T 38 X [H) o 30 A & 35 07 s 2
BUL 3 B — oy iR 2, A R R
FRAE SR L3 25 55, 20— 5 IR 1) 04 057 5 T
Ik E R TN, s R TR i — 4
SR, BIAHE Y SR T T 2 I 2 R G
V5 o

AW ILFZIE R 2 A 3N IR P R e AR 2
FEPEA A, R B X R] PN A v A S R R AT 2
G UIReE BRI IA AT, TEDRRIE Ry i R B 8
SHORAHAIER . Hi, TraesCS7B02G495200 .
TraesCS7B02G496000 . TraesCS7B02G496500 #lI
TraesCS7B02G497100 #i % NBS-LRR T & 11 ;
TraesCS4B02G045500 4mt% 14-3-3 ZE [ A; TraesCS
4B02G048500 4w 15 12- % - ¥ — M 1R i D i
(12-oxo0-phytodienoic acid reductase, OPR); TraesCS
7B02G495700 % B 14 i ik B2 AH OC 19 A 2R 3k A
(non-expressor of pathogenesis-related genes, NPR)Zg
) BTB 45#3; TraesCS7B02G497500 ikt
RPM iR H o Ik ibon, B 3 NS FEREF T
JRRIK AR E S G UIRe R S RIS
Br, M SNP AX-111055517 X|8]N TraesCS4B02G
048500 W] BE S/ INAZ ZEBL R Uk i) DG SR BRI ik
H4miS A OPR J& T iy #HE i (old yellow enzyme,
OYE)ZK %, & —Fh 8 & H. ¥ 1 IR (flavin mononu-
cleotide, FMN){f#61 (1) S fb 14 s iff, #2711 OPR 4K 1
HA 14 Oxidored FMN #5438k, H#if, OPR FK % ik
RETEZA Y T pdE R, S R P Fh b 5% 51 B
HAE ., H, NE2dg 48 AP, 5okt 8 A~

KRG A 13 AP OPR FE H A 335 AU EAT 4141

SR, TE AT B 2 R A Y AR AR Y i S, A
R JEAA . 4> A5 5% 5 . KA (jasmonic acid,
JA). ZEATFR i (methyl jasmonate, MeJA) . K%
(salicylic acid, SA). ZJfi(ethene, ET)FNHfth 135 il
M. BARC iR Z Y OPR FL KX AR E W) a8
%) Wi Ly AL T, LR B TR A6 A ) M 3 e g AL ) 20 A
A . Gao %EPRI AR A 9k ) B 4 AS[R] FCR Btk
1Y /NZZ o Pl AT HE A, G MR AR SR AL o b . AR
PR S EE AN OER AL FRISR AR & A OC JE
TaOPR3 I RIAMR R R Y E, K FCR B )5
HNER R ER, P, B FERE AR R DB
) R R G B 25 A, Had ik TuOPR3 W]
PASE 58 /N A2 FCR TR IS 5 0 R A 13 2R
B o AE H R 4 8 B — > 32 & TR (abscisic acid,
ABA). MeJA. SA SRS B ScOPR2 HEH,
Hid i e #F JA [ SA R4 B H RK S-F% #% il (glutathione
S-transferase, GST)RYFL R, J I VA B A 55 518
LR e 3k, IS8 S AR A B 1 B0

4 #ig

ARTFGEXS 200 13 /NZ2 b P A 7 1 25 ST bt
PESEE, 45 RERWI, AU 1E B0 A i ) w51 &
1) /1N 22 25 0 JE5 9 101k 96 Bk e e R s B ), O
VEH] 8 AN e i 2RSS R, 3l R 7T Sk 27 (1
By, . AR 41, JFE 18, JHE 240 hE 3
T, 04 36, B 35, BT LRRAMESIR, 4
H /A 660K SNP U JE P ARUE I, Xt i )R 5L 0
SRS T T 2 JE A SCIR AAT, 3 A P45 LG ) )
30 AN A, o 2 AN S (SNP AX-111055517
Fl SNP AX-110584552)7F 3 DR85S 2 3 &5
A UReE R E AT, W SNP AX-111055517
XA TraesCS4B02G048500 T BE /N2 25 5L i 5
P Y SCHE LA

Mz FHILMWL%iR: 1) AF M3k http://zwxb.
chinacrops.org/; 2) W H 4% KW http://www.cnki.net/;
3) 7 7 ## http://c.wanfangdata.com.cn/Periodical-

Zuowxb.aspX,
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