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Abstract

Key message A locus conferring Fusarium crown rot resistance was identified on chromosome arm 3DL through
genome wide association study and further validated in two recombinant inbred lines populations.

Abstract Fusarium crown rot (FCR) is a severe soil borne disease in many wheat growing regions of the world. In this
study, we attempted to detect loci conferring FCR resistance through a new seedling inoculation assay. A total of 223 wheat
accessions from different geography origins were used to assemble an association panel for GWAS analysis. Four genotypes
including Heng 4332, Luwanmai, Pingan 998 and Yannong 24 showed stable resistance to FCR. A total of 54 SNPs associated
with FCR resistance were identified. Among the 10 putative QTLs represented by these SNPs, seven QTLs on chromosome
2B, 3A, 3D, 4A, 7A and 7B were novel and were consistently detected in at least two of the three trials conducted. Qfcr.
cau.3D-3, which was targeted by 38 SNPs clustered within a genomic region of approximately 5.57 Mb (609.12-614.69 Mb)
on chromosome arm 3DL, was consistently detected in all the three trials. The effects of Qfcr.cau.3D-3 were further validated
in two recombinant inbred line populations. The presence of this locus reduced FCR severity up to 21.55%. Interestingly,
the collinear positions of sequences containing the four SNPs associated with two FCR loci (Qfcr.cau.3A and Qfcr.cau.3B)
were within the regions of Qfcr.cau.3D-3, suggesting that genes underlying these three loci may be homologous. Our results
provide useful information for improving FCR resistance in wheat.

Introduction

Fusarium crown rot (FCR) is a soil-borne fungal disease
which resulted in significant yield losses for wheat world-
wide (Kazan and Gardiner 2018). It can be caused by various
Fusarium species, but mostly by Fusarium pseudogramine-
arum and Fusarium culmorum (Burgess et al. 2001; Smi-
ley et al. 2005; Nicol et al. 2007; Zhang et al. 2015). The
pathogens can survive in the crop residues for several years,
making FCR a chronic problem once it occurs in the fields
(Burgess 2005; Jansen et al. 2005). FCR was firstly identi-
fied in Australia and then was reported in other regions of
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the world, including USA, Canada, South Africa, the Middle
East and China (Burgess et al. 1975; Kazan and Gardiner
2018). The fungi could infect root and stem base of wheat,
resulting in brown discoloration on these organs and lead
to the formation of white heads at mature stage (Kazan and
Gardiner 2018; Gao et al. 2023). The mycotoxin produced
during infection is also a concern for human and animal
health (Chakraborty et al. 2006; Mudge et al. 2006).

One of the economical and environmentally friendly
approaches to control the spread and damage of FCR is
growing disease-resistant wheat varieties. Although immune
germplasm is not available, those with partial resistance,
such as 249, Sunco, CSCR6 and EGA Wylie, were iden-
tified (Wildermuth et al. 2001; Wallwork et al.2004; Ma
et al. 2010; Zheng et al. 2014; Shi et al. 2020). Bi-parental
mapping with these genotypes identified many quantitative
trait loci (QTL) conferring FCR resistance (Wallwork et al.
2004; Collard et al. 2005, 2006; Bovill et al. 2006, 2010;
Ma et al. 2010; Poole et al. 2012; Zheng et al. 2014; Martin
et al. 2015; Li et al. 2023a). Some loci were consistently
detected in multiple genetic backgrounds. For example, a
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QTL on the chromosome 3BL was repeatedly detected in
wheat germplasm CSCR6, W21MMT?70, Ernie, IRN497,
Macon and Otis, respectively (Bovill et al. 2010; Li et al.
2010; Ma et al. 2010; Poole et al. 2012; Martin et al. 2015).
QTL on chromosomes 4B, 2D and 5D were also detected in
multiple genetic backgrounds (Wallwork et al. 2004; Bovill
et al. 2006, 2010; Ma et al. 2010; Zheng et al. 2014).

As a powerful complementary approach to bi-parental
mapping for traits of interest, genome-wide association
study (GWAS) is widely employed to identify QTL associ-
ated with complex traits in major crops. Compared with bi-
parental mapping, GWAS is based on linkage disequilibrium
(LD) and usually uses natural populations as QTL mapping
resources (Yu et al. 2006; Zhang et al. 2010; Zhou and Ste-
phens 2012). In recent years, many novel and major loci
for FCR were identified via this approach (Erginbas-Orakci
et al. 2018; Yang et al. 2019; Alahmad et al. 2020; Jin et al.
2020; Pariyar et al. 2020; Rahman et al. 2020, 2021; Malos-
etti et al. 2021; Lin et al. 2022; Sohail et al. 2022; Hou et al.
2023). For example, Yang et al. (2019) identified a novel
FCR QTL on chromosome 6A using a panel of 234 Chinese
wheat cultivars released in the Yellow and Huai River wheat
region. In the study of Jin et al. (2020), a novel locus on
chromosome arm 5SDL for FCR resistance was reported. A
total of 23 significant and unique marker-trait associations
were identified by Rahman et al. (2020).

Although significant efforts have been made, there is still
urgent need to identify additional resistant germplasms and
loci for FCR resistance since most of current wheat varie-
ties are susceptible to this disease (Mitter et al. 2006; Bhatta
et al. 2019; Yang et al. 2019; Jin et al. 2020; Laasli et al.
2022). In this study, we evaluated the FCR resistance level of
223 hexaploid wheat germplasms using a recently published
seedling inoculation method (Li et al. 2022). A GWAS anal-
ysis was performed using 90 K SNP array. The aims of our
study were to: (1) identify genomic regions associated with
FCR resistance; and (2) validate the effects of GWAS-iden-
tified putative loci in different genetic backgrounds.

Materials and methods
Plant materials

A total of 223 wheat germplasms consisting of 153 Chinese
cultivars, 36 advanced lines, 25 abroad cultivars, and nine
Chinese landraces were used to assemble the association
panel for the GWAS analysis (Table S1). Three FCR resist-
ant varieties including 04zhong36, CSCR6, Sunco and one
FCR susceptible variety Xinmai 26 were used as control
(Jin et al. 2020). Plant height (PH) and heading date (HD)
of the 223 accessions were recorded in the field station of
China Agricultural University in Jize county, Handan city,
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Hebei province during seed increasing. Two recombinant
inbred line populations, consisting of 113 and 118 Fg recom-
binant inbred lines (RILs) that were derived from crosses of
Chinese wheat varieties Doumai with Shi 4185 and Linmai
2 with Zhongmai 892, were used to validate the effects of
putative QTL identified from the GWAS analysis.

Seeding disease assessment

The Fusarium pseudograminearum strain NLS, provided by
Professor Haiyan Hu at Henan Institute of Science and Tech-
nology, was used for FCR inoculation (Yang et al. 2015).
The methods used for inoculum preparation, inoculation and
FCR assessment were based on that described by Li et al.
(2022). Briefly, NLS was incubated on half-strength potato
dextrose agar plates and grow at room temperatures (25 °C)
for five to seven days. When the mycelium grew over the
plate and showed peach-red to dark-red pigmentation, ten
pieces of 6 X4 mm culture medium with mycelium were
taken out from the plate. The medium was then transferred
into a conical flask containing 400 ml carboxymethy!1 cel-
lulose (CMC) liquid medium. The conical flask was put into
a shaking incubator at 160 rpm and 25 °C for approximately
72 h. The spores were harvested and the concentration of
spore suspension was adjusted to 1 x 107 spores/ml. Tween
20 was added to the spore suspension to a final concentration
of 0.5% v/v before for inoculation.

FCR reactions of the 223 accessions were assessed in
three trials. Each trial contained two replicates with ten seed-
lings in each replicate. At 7 days after planting (when most
seedlings reached to one leaf and one heart stage), the spore
suspensions were injected into the seedling stems using a
10 ml syringe with a needle. The injection stopped when
the suspension flowed out from the top of the seedlings.
FCR severity was assessed at about 15 days post inoculation
by observing the disease symptoms on the leaf sheaths of
each plant after inoculation, using a 0 (no obvious symp-
tom) to 6 (the whole plant severely to completely necrotic)
scale as described by Li et al. (2022). A disease index (DI)
was then calculated for each line following the formula of
DI=(YnX/6N) x 100, where X is the scale value of each
plant, n is the number of plants in the category and N is
the total number of plants assessed for each line. Statistical
analyses of the phenotype were conducted using IBM SPSS
22.0 software. The broad-sense heritability for each trait was
estimated by the formula H?>=VG/(VG + VE), where VG
and VE represent estimates of genetic and environmental
variance, respectively.

Genome wide association analysis

The genotypic data from the wheat iSelect 90 K SNP array
for the 223 accessions was obtained from previous studies
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(Lou et al. 2021; Wang et al. 2021). After filtering out SNPs
with minor allele frequency (MAF) of <5% and SNPs with
> 10% missing data, 19, 496 SNPs remained and were
used for following analysis. STRUCTURE 2.3.4 software
(Evanno et al. 2005) was used to estimate the genetic pop-
ulation structure of panel based on polymorphic SNPs. A
model-based Bayesian clustering approach was performed,
where the numbers of hypothetical groups ranged from K =1
to 10, using an admixture model with ten independent runs
of 10, 000 burn-in time and 10, 000 MCMC (Markov chain
Monte Carlo) replication number. The output from STRU
CTURE was analyzed for the delta K value (DK) in STRU
CTURE HARVESTER (Earl and vonHoldt 2011). The
optimal K value was determined by the log probability of
LnP(K) and delta K based on the rate of change of LnP(K)
between successive K. A pairwise distance matrix derived
from the simple matching distance for all SNP sites was
calculated using TASSEL v5.2.57 (Bradbury et al. 2007)
and neighbor-joining tree was visualized with MEGA 7.0
(Kumar et al. 2016).

GWAS was conducted using the mixed linear model by
GAPIT packages in R version 4.0.2, and the variance—covar-
iance kinship matrix (K) was calculated using the VanRaden
method (VanRaden 2008; Zhang et al. 2010; Lipka et al.
2012). A threshold —log;,(P) value> 3.0 was set to detect
significant associations between markers. LD analysis for
the whole genome and the three sub genomes (A, B and
D) of bread wheat was performed using the filtered marker
data in TASSEL v5.2.57. Best linear unbiased predictors
(BLUP) were estimated for each line using the Ime4 pack-
age in R version 4.0.2. Collinearity analysis for selected
loci among homologous chromosomes was performed on
Triticeae-Gene Tribe (TGT) (http://wheat.cau.edu.cn/TGT/;
Chen et al. 2020).

Validation in two recombinant inbred line
populations

Kompetitive allele-specific PCR (KASP) markers, which
were designed for selected SNPs loci significantly associated
with FCR resistance in the GWAS analysis, were used to
genotype the two RILs populations of Doumai/Shi 4185 and
Linmai 2/Zhongmai 892 to verify the effects of the selected
locus in multiple genetic backgrounds. The genomic DNA
of these two populations were extracted using a modified
cetyltrimethylammonium bromide (CTAB) method (Magu-
ire et al. 1994). Based on screening results, the individuals
of the two validation populations were divided into three
groups: group 1 carried resistant alleles of the SNP loci;
group 2 carried susceptible alleles of the SNP loci, and
group 3 were heterozygous and carried both resistant and
susceptible alleles, respectively.

Twenty seedlings of each line in the two RILs populations
were evaluated for FCR severity. The methods for inocula-
tion and disease assessment were described as above. The
average difference in DI between the two groups of homozy-
gous plants was used to validate the effects of the GWAS-
identified SNP loci. Student #-test was used to determine if
there was significant difference between the group 1 and 2.

Candidate gene analysis

Chinese Spring IWGSC RefSeq v 1.1 (Ma et al. 2021) was
used to retrieve high-confidence annotated genes located
within the SNP loci that we are interested in. Four parental
lines of the two RILs populations, including Doumai, Shi
4185, Linmai 2 and Zhongmai 892, were used to investigate
the expressions of selected genes of interest. Samples from
these four varieties were harvested by cutting the shoot bases
2 cm at 72 h post inoculation (hpi). RNA was isolated with
an RNA isolation reagent TRIzon PalTM from Cowin Bio-
tech Co., Ltd., Jiangsu, Nanjing, China (www.cwbio.com).
The qRT-PCR analysis was performed as described by Li
et al. (2023b). A total of 30 seedlings from three biologi-
cal replicates were pooled together to correct for variation
between plants during infection. The average values from
three technical replications were used in gene expression
analysis. Relative expression levels were evaluated accord-
ing to the relative quantification method (2722<}) (Livak and
Schmittgen 2001). The wheat Actin gene (IPR: IPR004000)
was used as an internal control. qRT-PCR primer sequences
are listed in Table S2.

Results
Phenotypic data analysis

In the three trials conducted, the DI values of 223 acces-
sions ranged from 29.17 to 85.94, with a mean value of
58.57-59.20 (Table 1). The correlation coefficients among
the three trials and BLUP values varied from 0.86 and 0.97
(Table 2). The broad-sense heritability (H?) of FCR resist-
ance was 0.98, suggesting high level of genetic variations
for this trait in the association panel (Table 1). Frequency
distributions of FCR severity were approximately normally
distributed (Fig. 1). Based on BLUP datasets, a total of seven
accessions showed DI values less than 40.01, 21 accessions
showed less DI than 50.01, and the majority of the acces-
sions showed DI above 50.01 (195). The DI of resistance
controls genotypes CSCR6, 04zhong36 and Sunco were
30.83, 33.33 and 56.67, whereas that of the susceptible con-
trol genotype Xinmai 26 was 74.17 (Table S1). Among the
seven genotypes with DI values less than 40.01, Heng 4332,
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Table 1 Fusarium crown rot

. Trials Minimum Maximum Mean SD CV (%) H?
severity of the 223 germplasms
in the association population CRS1 31.06 85.94 59.20 8.99 15.19
CRS2 30.24 84.51 58.57 10.19 17.40
CRS3 29.17 83.75 59.04 9.85 16.68
BLUP 31.67 84.35 58.90 9.02 15.31 0.98

CRS1, average DI values in the first trial; CRS2, average DI values in the second trial; CRS3, average DI
values in the third trial; BLUP, best linear unbiased predictions

SD, Standard deviation; CV, coefficient of variation; H?, broad-sense heritability

Table 2 Pearson correlations of Fusarium crown rot reactions in three
trials and BLUP

Trials CRS1 CRS2 CRS3 BLUP
CRS1 1

CRS2 0.86 1

CRS3 0.91 0.92 1

BLUP 0.96 0.97 0.96 1

CRS1, average DI values in the first trial; CRS2, average DI values
in the second trial; CRS3, average DI values in the third trial; BLUP,
best linear unbiased predictions
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Fig. 1 Phenotypic distributions of Fusarium crown rot resistance
based on three trials and BLUP. CRS1, average DI values in the first
trial; CRS2, average DI values in the second trial; CRS3, average DI
values in the third trial; BLUP, best linear unbiased predictions

Luwanmai, Pingan 998 and Yannong 24 showed comparable
resistance level to 04zhong36 and CSCR6 (Table S3).

SNP marker statistics
After filtering, 19, 496 SNPs were used for GWAS analysis.
A total of 7, 527, 10, 008 and 1, 961 SNPs were located on

the A, B, and D genomes, respectively. The average marker
densities of the three genomes were 0.65, 0.44, and 2.00 Mb
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per marker in each of the genomes, respectively. Among
the 21 chromosomes, chromosome 1B had the largest num-
ber of markers (1959) and highest density (one marker per
0.35 Mb). The number of markers on chromosome 4D was
lowest (56), with an average distance of 8.91 Mb between
markers (Table 3). We investigated the population struc-
ture of the association panel using STRUCTURE software.
The delta K value reached a sharp peak at K=2. There-
fore, this association population was clustered into two sub-
populations (Fig. Sl1a and Table S4). While 106 accessions
(47.53%) were assigned into the Q1 group, 117 accessions
(52.47%) were assigned into the Q2 group (Table S4). The
LD decay distances of A, B and whole genome were simi-
lar (2-3 Mb), whereas that of D genome was about 7 Mb
(Fig. S1b).

Loci associated with FCR resistance, PH and HD

A total of 54 SNPs on chromosomes arms 2BL (3), 3AL
(2), 3BL (2), 3DS (1), 3DL (39), 4AL (1), 5DL (4), 7AS (1)
and 7BS (1) were significantly (P <0.001) associated with
FCR resistance based on BLUP dataset (Fig. 2; Table 4).
Of the 40 SNPs that were consistently detected in all the
three trials and BLUP dataset, the SNP BS00003119 51
on chromosome arm 3DL had the lowest —log,(P) value
(3.06) (Table 4). The P values of the other four SNPs on
chromosomes 2BL and 7BS also just reached the significant
level (Table 4). In contrast, wsnp_Ex_c12963_20529964 on
chromosome arm 3DL was the most significant SNP asso-
ciated with FCR resistance (—log,4(P)=5.67). Two SNPs
including TA006354-0937 and Excalibur_c6906_804 which
explained the largest phenotypic variations (8.45%) were
also located on chromosome 3DL.

Based on LD decay distance, the 54 SNPs represented
10 putative QTLs (Table 4). Of these QTLs, three QTLs
located on chromosome 3D were consistently detected in
three trials and BLUP dataset. They were designated as
Ofcr.cau.3D-1, Qfcr.cau.3D-2 and Qfcr.cau.3D-3 based
on the orders of their physical positions. The first QTL,
namely Qfcr.cau.3D-1, was associated with RFL_Con-
tig5322_219 at 37.11 Mb. The second QTL Qfcr.cau.3D-2
was associated with SNP BS00062806_51 at 517.38 Mb.
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Table 3 Molecular marker distribution in the A, B, D and whole genomes

Chromosome Number of markers Map length (Mb) Density of Marker (Mb/marker)

A B D Total A B D Total A B D Total
1 1185 1959 517 3661 593.55 688.76 495.23 1777.54 0.50 0.35 0.96 0.49
2 1113 1584 660 3357 780.71 801.25 650.74 2232.70 0.70 0.51 0.99 0.67
3 921 1311 242 2474 749.34 830.78 614.69 2194.81 0.81 0.63 2.54 0.89
4 868 692 56 1616 744.27 672.23 499.16 1915.66 0.86 0.97 8.91 1.19
5 1086 1878 160 3124 708.44 712.69 562.83 1983.96 0.65 0.38 3.52 0.64
6 1151 1435 192 2778 615.82 720.98 472.89 1809.69 0.54 0.50 2.46 0.65
7 1203 1149 134 2486 736.69 750.60 634.59 1371.28 0.61 0.65 4.74 0.55
All 7527 10,008 1961 19,496 4928.82 4426.69 3930.13 13,285.64 0.65 0.44 2.00 0.68

The third QTL Qfcr.cau.3D-3 was targeted by 38 SNPs clus-
tered within a genomic region of approximately 5.57 Mb
(609.12-614.69 Mb) on chromosome 3DL. In addition to
these three loci on chromosome 3D, the other seven loci on
chromosome 2B, 3A, 3B, 4A, 5D, 7A and 7B were detected
in at least two trials and BLUP data set. Of these QTLs, two
loci including Qfcr.cau.3A and Qfcr.cau.3B on chromosome
3AL and 3BL were associated with two SNPs, respectively.
Collinearity analysis indicated that the collinear positions
of sequences containing four SNPs associated with these
two loci were within the regions of Qfcr.cau.3D-3 (Fig. S2).

Seven SNPs were associated with PH in the association
panel, representing five QTLs on chromosome 1B, 2D,
3A, 4D and 5B. Among these putative QTLs, Oph.cau.2D
associated with two SNPs including tplb0053n05_793
and 1plb0057n10_689 were located near Rht8 (Table S5).
For HD, a total of 13 significant SNPs representing eight
putative QTLs were identified. Chromosome 5AL, which
harbored Vrnl, had the largest number of SNPs for HD.
Similar to PH, no HD-related SNP was on chromosome 3D
(Table S5). The correlation analysis indicated that the cor-
relation values between PH, HD and FCR severity were 0.03
and 0.08, respectively (Table S6).

Validation of Qfcr.cau.3D-3

Due to the large number of SNPs associated with Qfcr.
cau.3D-3, the effect of this locus was further vali-
dated in multiple genetic backgrounds. A KASP marker
KASP3D61373 was developed for the significant SNP
Kukri_c19514_1602 associated with this locus (Table S2
and Table 4). Among the four parental lines of the valida-
tion populations, Doumai and Linmai 2 carried the resist-
ance alleles of KASP3D61373 and had DI values of 58.33
and 59.26, respectively. Shi 4185 and Zhongmai 892, which
had the susceptible alleles, had DI values of 67.59 and 75.00,
respectively (Table S7).

Based on the marker profile of the population of Dou-
mai/Shi 4185, group 1 contained 53 lines with the DI values

ranging from 41.30 to 70.83, whereas group 2 contained 52
lines with the DI values varying from 52.50 to 85.19 (Fig. 3).
The difference between the two groups was 21.55% (Fig. 3
and Table S7). A similar trend was observed in the population
of Linmai 2/Zhongmai 892. The lines with resistant alleles of
QOfcr.cau.3D-3 had an averaged DI value of 56.80, compared to
that of lines with the susceptible alleles (DI=72.26) with the
average difference of 21.39% (Fig. 3 and Table S7).

Putative candidate genes for Qfcr.cau.3D-3
on chromosome 3DL

Based on LD analysis, genes located within 7 Mb regions on
each side of Qfcr.cau.3D-3 were treated as candidates and a
total of 264 high confidence genes were identified. Of these
genes, 30 genes may be related to plant disease resistance
based on their functions (Table S8). Eight genes were selected
for qRT-PCR analysis. Of these genes, the fold changes of
five genes failed to reach the significant level (Fig. 4b, c, d, g
and h). In contrast, the expression of TraesCS3D02G524700
encoding pathogenesis-related protein PR-4 significantly
increased in the four parental genotypes at 72 hpi (Fig. 4a).
Compared with that of Zhongmai 892 and Shi 4185 which
carried susceptible allele of Qfcr.cau.3D-3, the fold changes of
this gene in Linmai 2 and Doumai with resistance alleles were
much higher (Fig. 4a). Nearly 18-fold and 15-fold changes
of this gene were observed in Doumai and Linmai 2 at 72
hpi (Fig. 4a). Similarly, TraesCS3D02G535700 and TraesC-
S$3D02G541500, which encoded protein kinase (receptor-like
cytoplasmic kinase 176) and disease resistance protein RPP13,
were also significantly induced by FCR infection in four varie-
ties at 72 hpi (Fig. 4e and f).

Discussion
A reliable inoculation method which could generate repro-

ducible results is essential for the genetic analysis of FCR
resistance in wheat (Liu and Ogbonnaya 2015). Due to the
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Fig.2 Manhattan and Q-Q plots for Fusarium crown rot resistance.
The dashed line represents the significance threshold —log,,(P) value
of 3.0. a Average DI values in the first trial; b average DI values in

long cycle and strong environmental influences in field
assays, most of the current FCR-related studies was con-
ducted using wheat seedlings grown in controlled envi-
ronments (Wildermuth and McNamara 1994; Mitter et al.
2006; Li et al. 2008; Yang et al. 2019; Shi et al. 2020). In
those studies, wheat plants were inoculated through vari-
ous assays such as placing conidia on seedling stem (stem
droplet), soaking 1- to 4-day old seedlings in fungal spore
suspension (seedling dip) or placing colonized grains above
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Expected —log,,(P)

the second trial; ¢ average DI values in the third trial; d best linear
unbiased predictions

the seed (colonized grain) (Wildermuth et al. 2001; Mitter
et al. 2006; Li et al. 2008; Erginbas-Orakci et al. 2018). Pre-
viously, we developed a spore suspension injection method
to screen a total of 139 wheat and barley germplasms by
injecting spore suspensions of Fusarium pseudogramine-
arum into their seedling stems (Li et al. 2022). Compared
with other inoculation methods, this assay was able to con-
sistently establish a 100% infection and finish disease assess-
ment within a short time frame of approximately 22 days (Li
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Table 4 QTLs for Fusarium crown rot resistance identified by genome-wide association analysis

QTL SNP Chr  Position (Mb)  -log,,(P) PVE(%)

CRS1 CRS2 CRS3 BLUP CRS1 CRS2 CRS3 BLUP

Ofcr.cau.2B Ex_c55735_1012 2B 605.00 342 305 - 3.06 576 616 - 5.62
Kukri_rep_cl112675_676 2B 605.00 385 - - 3.26 317 - - 3.00
wsnp_Ex_c55735_58127324 2B 605.00 3.67 3.08 - 3.17 314 323 - 3.00

Ofcr.cau.3A BobWhite_c5246_196 3A 746.63 3.27 335 - 3.33 5.18 6.02 - 5.47
RAC875_c4841_753 3A  747.61 3.38 337 - 3.35 494 563 - 5.12

Ofcr.cau.3B CAP7 _¢c3438_196 3B 821.08 340 316 - 3.24 3.09 338 - 3.13
IAAV686 3B 822.11 324 - - 3.12 6.00 - - 6.11

Ofcr.cau.3D-1  RFL_Contig5322_219 3D 37.11 490 468 428 488 712 793  7.11 7.40

Ofcr.cau.3D-2  BS00062806_51 3D  517.38 4.41 394 354 417 649 695 6.16 6.55

Ofcr.cau.3D-3  wsnp_Ex_c12369_19730765 3D 609.12 366 354 - 3.59 709 795 - 7.31
Excalibur_c3821_1355 3D 609.62 3.07 3.1 - 3.06 562 648 - 5.85
RAC875_c5222_59 3D 609.62 3.07 3.11 - 3.06 562 648 - 5.85
Excalibur_c4302_2208 3D  610.35 356 351 3.15 3.60 594 673 5.98 6.23
BS00024422_51 3D 611.00 374 366 340 378 569 643 5.83 5.98
D_GDEEGVY02FOMHM 250 3D  611.11 468 487 422 485 6.23 730  6.35 6.64
wsnp_Ku_c2249_4335279 3D  611.25 469 449 403 464 390 435 386  4.04
TA006354-0937 3D 611.25 540 540 470 547 8.05 920 8.02 8.45
Excalibur_c17654_1090 3D  611.29 506 483 425 498 416 464 406 430
BS00105800_51 3D  611.55 522 488 436  5.09 428 470 4.15 4.39
D_GDEEGVY01COS8IT 81 3D 612.06 349 336 - 3.42 3.05 342 - 3.15
BS00003119_51 3D 61227 3.69 3.56  3.06 3.62 3.13 3.51 3.02 323
Excalibur_c6906_804 3D  612.88 540 540 470 547 8.05 920  8.02 8.45
wsnp_Ku_c7264_12545135 3D  612.90 4.85 500 429 499 7.33 854 737 7.717
wsnp_Ex_c12963_20529964 3D  612.90 566 556 4.85 5.67 418 474 413 436
IAAV5582 3D  613.12 496 475 420 4.89 794 886 177 8.21
CAPI1_cl051_121 3D  613.39 474 490 4.01 4.81 378 442 3.07 3.98
Ku_c9895_1750 3D 61348 5.28 529 452 531 786 9.00 7.76 8.23
Excalibur_c46790_502 3D 613.61 435 456 372 444 664 780 655 7.01
BS00087693_51 3D  613.62 430 450 374 441 637 749 634 675
BS00066691_51 3D  613.69 412 3091 334 399 688  7.63 6.58 7.04
wsnp_Ex_c5061_8986366 3D  613.69 449 458 377 452 732 848 7.14  7.66
Kukri_rep_c87658_1436 3D 613.69 449 458 377 452 732 848 7.14  7.66
Excalibur_c54670_110 3D  613.70 437 477 390 4.60 6.51 7.85 659  7.00
RAC875_c51595_177 3D 613.70 491 5.31 4.17 5.07 7.39 8.86  7.27 7.86
Kukri_c19514_1602 3D 613.73 449 458 377 452 7.32 848 7.14  17.66
Excalibur_c15009_1082 3D 61373 462 520 398 487 6.67 8.16  6.63 7.17
RAC875_c19233_256 3D 613.78 426 445 388 444 6.74 791 692 721
RAC875_c43838_146 3D  613.78 4.93 522 427 508 746  8.83 742 792
Excalibur_c56069_128 3D  613.78 432 466 374 448 6.67 798  6.63 7.11
RFL_Contig2432_953 3D  614.20 4.13 440 351 4.25 6.77 8.04 6.64 717
Kukri_c1458_1705 3D  614.20 5.31 520 439 5.24 7.98 9.01 7.71 8.26
BS00042131_51 3D 614.36 472 504 410 4.89 7.11 846  7.08 7.57
BS00078098_51 3D 614.36 5.28 529 452 531 393 450 388 412
D_GBFIXIDO2HLMWB_65 3D 614.63 4.84 479 397 479 389 443 374 403
Excalibur_c21265_461 3D  614.67 468 502 452 503 6.98 832 740 759
BS00070059_51 3D  614.69 423 452 403 4.51 6.41 7.63 6.75 6.95
BS00070060_51 3D  614.69 509 505 478 527 754 858 7.86 8.02

QOfcr.cau.4A Tdurum_contig75819_559 4A  712.86 3.02 - 3.48 3.30 4.62 - 5.48 5.08
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Table 4 (continued)

QTL SNP Chr  Position (Mb)  -log,,(P) PVE(%)
CRSI CRS2 CRS3 BLUP CRSI CRS2 CRS3 BLUP
Ofcrcau5D  D_GCESAKXO2IXEFJ 281 5D  548.86 335 339 362 361 520 598 590 552
BS00022688_51 SD  548.87 327 335 373 370 498 578 585  5.67
RFL_Contigd176_605 SD  548.88 307 348 364 356 486 600 584 555
D_GDS7LZNO213554_251 5D 548.94 320 351 387 361 498 602 604 567
Ofcr.can.7A  BS00069242_51 TA  32.62 391 - 308 328 572 - 543 537
Ofcrcau.7B IAAV5530 7B 1530 301 - 332 302 491 - 552 5.00

PVE, phenotypic variation explained; CRS1, average DI values in the first trial; CRS2, average DI values in the second trial; CRS3, average DI
values in the third trial; BLUP, best linear unbiased predictions

Fig.3 Effects of Qfcr.cau.3D-3 21.55%
in the ‘Doumai/Shi 4185° and 4500 + 100 k%
‘Linmai 2/Zhongmai 892’ —  —
populations. ‘Red” and ‘blue’ 5 4000 | = 80 F
represent groups with and =2 a8
without the resistant allele of = 3500 - heterozygote _?cé 60
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et al. 2022). In this study, we further investigated the appli-
ance of injection assay in GWAS analysis using 223 wheat
accessions. Out of the 54 SNPs identified, 40 SNPs (74.07%)
were repeatedly detected in all the three trials conducted
(Fig. 2; Table 4). The DI values among the three trials were
highly correlated (Table 2). Four Chinese wheat germplasms
including Heng 4332, Luwanmai, Pingan 998 and Yannong
24 showed similar resistance levels to FCR as the resistant
control varieties 04zhong36 and CSCR6 (Table S3). These
consistent results at phenotypic and genotypic level demon-
strated the potential value of our injection assay in further
genetic analysis of FCR resistance.
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Of the 10 QTLs represented by the 54 SNPs loci identi-
fied in the study, only three were located near known FCR
loci. Qfcr.cau.5D, which were targeted by four SNPs located
between 548.86 and 548.94 Mb on chromosome 5D, was
close to the SNP locus at 546.92 Mb reported by Pariyar
et al. (2020). Two SNPs associated with Qfcr.cau.3B at
821.08 and 822.11 Mb were also located within the genomic
region of Qcrs.cpi-3B from Spelt wheat CSCR6 reported by
Ma et al. (2010). In addition to these known loci, the other
seven loci on chromosomes 2B, 3A, 3D, 4A, 7A and 7B may
be novel considering their long distances to the known FCR
loci on same chromosomes (Table 4) (Bovill et al. 2006;
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Fig.4 Relative expression level of eight selected genes located within
the region of Qfcr.cau.3D-3. a TraesCS3D02G524700; b TraesC-
S3D02G527600; ¢ TraesCS3D02G528300; d TraesCS3D02G535300;
e TraesCS3D02G535700; f TraesCS3D02G541500; g TraesC-

Poole et al. 2012; Martin et al. 2015; Jin et al. 2020; Pariyar
et al. 2020; Rahman et al. 2020, 2021; Su et al. 2021; Hou
et al. 2023). The high proportion of novel loci in the current
analysis (70.00%) maybe due to the inoculation method. It
was known that wheat resistance to Fusarium head blight,
which was another important Fusarium disease in wheat,
had two major resistance types including resistance to ini-
tial pathogen penetration (Type I) and resistance to spread
of FHB symptoms (Type II) (Bai et al. 2018). In injection
assay, the wound on the leaf sheath created during injection
may help FCR pathogens to avoid the resistance mechanisms
at the epidermal level (Lai et al. 2020; Li et al. 2022). The
loci identified via this method may mainly confer resistance
to spread of the pathogens on wheat stems, whereas those
identified previously using seedling dip, stem droplet or
colonized grains may confer resistance to initial pathogen
penetration and spread of pathogens to various extent (Wil-
dermuth and McNamara 1994; Mitter et al. 2006; Li et al.
2008; Yang et al. 2010, 2019). In line with this hypothesis,
three partial resistant varieties including Sunco, CSCR6 and
04zhong36, which all showed stable resistance to FCR using
seedling dip or colonized grain methods, showed large varia-
tions in FCR reactions in injection assay. While CSCR6 and
04zhong36 remained resistant with the DI values of 30.83
and 33.33, the DI value of Sunco reached 56.67 (Ma et al.
2010; Poole et al. 2012; Jin et al. 2020) (Table S1). Similar
to this study, significant variations in FCR severity of some
other resistant varieties inoculated with different methods
were also reported (Erginbas-Orakci et al. 2018). Therefore,
it is possible that genes identified by different inoculation
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at P<0.05; **, statistically significant at P<0.01; ***, statistically
significant at P <0.001; ns, not significant; Fp—, mock-inoculated
control plants; Fp+, inoculated with Fusarium pseudograminearum

methods may confer different types of resistance. Further
gene mapping studies using same set of germplasms will
help to confirm this hypothesis.

More than half of the SNPs (70.37%) identified in this
study were clustered in a region of approximately 5.57 Mb
on chromosome arm 3DL. The locus Qfcr.cau.3D-3 asso-
ciated with these 38 SNPs was consistently detected in
three trials. A previous GWAS analysis also identified a
SNP locus wsnp_Ex_c14027_21925404 in a similar region
using 161 diverse international wheat genotypes (Pariyar
et al. 2020). The significant amounts of SNPs associated
with Qfcr.cau.3D-3 in this study and the repeatedly iden-
tification of this locus via spore suspension injection (this
study) and colonized grains (Pariyar et al. 2020) indicated
its potential value in FCR breeding program. In addition, it
was known that several FCR QTLs have significant interac-
tions with their nearby PH or HD QTLs that also segregated
in the same mapping populations (Wallwork et al. 2004; Li
et al. 2009; Chen et al. 2013a, 2013b; Zheng et al. 2014).
In current study, a total of five QTLs on chromosome 1B,
2D, 3A, 4D and 5B were associated with PH (Table S5).
Among these QTLs, Oph.cau.2D were located near Rht8
which was a major gene controlling plant height (Chai et al.
2022). Similarly, of the eight QTLs associated with HD,
Qhd.cau.5A-2 was located near Vrnl gene (Table S5) (Yan
et al. 2003). Fortunately, none of these QTLs for PH and
HD was on chromosome 3D, suggesting Qfcr.cau.3D-3 is a
‘pure’ resistance locus independent from the effects of PH
and HD (Table 4 and Table S5). On the other hand, as the
effects and stability of loci identified from GWAS analysis
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usually need to be confirmed in bi-parental populations, we
further validated Qfcr.cau.3D-3 in two RILs populations
between four Chinese wheat varieties. The results showed
that the presence of this locus could reduce FCR severity up
to 21.55% (Fig. 3 and Table S7). Interestingly, collinearity
analysis indicated that the collinear positions of sequences
containing SNPs associated with two other FCR loci (Qfcr.
cau.3A and Qfcr.cau.3B) on chromosome 3D were within
the regions of Qfcr.cau.3D-3 (Fig. S2). Similar results were
obtained in previous QTL mapping studies, in which FCR
loci located on chromosome 3BL in wheat and 3HL in bar-
ley were identified (Li et al. 2009; Ma et al. 2010; Liu et al.
2011). It was likely that genes underlying the three loci on
group 3 chromosomes in this study are homologous but fur-
ther experiments are required.

To further investigate the putative candidate genes for
QOfcr.cau.3D-3, we investigated the expression levels of eight
disease-related genes located within the genomic regions
of this locus. The expressions of TraesCS3D02G524700
encoding pathogenesis-related protein PR4 in Linmai 2 and
Doumai were much higher than that of Zhongmai 892 and
Shi 4185 at 72 hpi. A nearly 18-fold and 15-fold changes
of this gene was induced by FCR in Doumai and Linmai
2 at 72 hpi (Fig. 4). PR4 proteins were shown to inhibit
the growth of Fusarium culmorum and Fusarium gramine-
arum (Caruso et al. 1993, 1996, 2001; Bertini et al. 2009).
These two pathogens are also casual agents of FCR in wheat
(Kazan and Gardiner 2018). These results suggested that
TraesCS3D02G524700 is a strong candidate gene for the
trait. However, the roles of other FCR induced genes includ-
ing TraesCS3D02G535700 and TraesCS3D02G541500 were
also worth further investigations. The products of these two
genes were also known to be related to disease resistance
(Hall et al. 2009; Ao et al. 2014).

Conclusion

In this study, we characterized FCR resistance of 223 wheat
germplasms using the spore suspension injection method.
Four genotypes including Heng 4332, Luwanmai, Pingan
998 and Yannong 24 with stable FCR seedling resistance
were identified. GWAS analysis identified 54 SNPs associ-
ated with FCR resistance. Based on LD decay distance, these
54 SNPS represented 10 putative QTLs which potentially
confer resistance to the spread of FCR pathogen in wheat
stems. Of these loci, Qfcr.cau.3D-3, which was targeted by
38 SNPs clustered within a region of approximately 5.57 Mb
(609.12-614.69 Mb), could reduce up to 21.55% of disease
severity in different genetic backgrounds. qRT-PCR analy-
sis confirmed the involvement of several genes inside the
region of Qfcr.cau.3D-3 for FCR resistance. Interestingly,
the collinear regions of other two FCR loci (Qfcr.cau.3A and

@ Springer

QOfcr.cau.3B) on chromosome 3D were within the regions of
QOfcr.cau.3D-3, suggesting that genes underlying these three
loci may be homologous. Our results provide useful genetic
resources for further improvement of FCR resistance in the
breeding programs and insights on cloning the casual genes
underly the Qfcr.cau.3D-3 locus.
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