
Vol.:(0123456789)1 3

Theoretical and Applied Genetics 
https://doi.org/10.1007/s00122-021-03825-y

ORIGINAL ARTICLE

Discovery of a susceptibility factor for Fusarium head blight 
on chromosome 7A of wheat

Bhavit Chhabra1 · Vijay Tiwari1 · Bikram S. Gill2 · Yanhong Dong3 · Nidhi Rawat1 

Received: 16 December 2020 / Accepted: 24 March 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Key message  Discovery and mapping of a susceptibility factor located on the short arm of wheat chromosome 7A 
whose deletion makes plants resistant to Fusarium head blight.
Abstract  Fusarium head blight (FHB) disease of wheat caused by Fusarium spp. deteriorates both quantity and quality of the 
crop. Manipulation of susceptibility factors, the plant genes facilitating disease development, offers a novel and alternative 
strategy for enhancing FHB resistance in plants. In this study, a major effect susceptibility gene for FHB was identified on 
the short arm of chromosome 7A (7AS). Nullisomic–tetrasomic lines for homoeologous group-7 of wheat revealed dosage 
effect of the gene, with tetrasomic 7A being more susceptible than control Chinese Spring wheat, qualifying it as a genuine 
susceptibility factor. Five chromosome 7A inter-varietal substitution lines and a tetraploid Triticum dicoccoides 7A substi-
tution line showed similar susceptibility as that of Chinese Spring, indicating toward the commonality of the susceptibility 
factor among these diverse genotypes. The susceptibility factor was named as Sf-Fhb-7AS and mapped on chromosome 7AS 
to a 48.5–50.5 Mb peri-centromeric region between del7AS-3 and del7AS-8. Our results showed that deletion of Sf-Fhb-
7AS imparts 50–60% type 2 FHB resistance and its manipulation can be used to enhance resistance against FHB in wheat.

Introduction

Fusarium head blight (FHB) is one of the most destructive 
diseases of wheat worldwide affecting the yield and safety of 
grain. Severe outbreaks of FHB may cause up to 50% yield 
loss, in addition to the serious risk to grain safety because of 
the associated mycotoxins (Snijders 1990; Parry et al. 1995). 
In the USA alone, during 1991–1996, FHB outbreaks caused 
an estimated $3 billion crop loss (McMullen et al. 1997). 
During the 2015–16 crop year, economic loss due to FHB in 
the USA was estimated at $1.2 billion (Wilson et al. 2018). 
FHB is caused by a complex of Fusarium species (Parry 
et al. 1995). In North America, the predominant causal 

organism is Fusarium graminearum (McMullen et al. 1997; 
Goswami and Kistler 2004). In wheat, typical symptoms 
are pre-mature bleaching of infected spikelets resulting in 
aborted or shriveled seeds and hence, reduced yield. Associ-
ated mycotoxins, such as deoxynivalenol (DON), endanger 
safety of the grain (Snijders 1990; Chen et al. 2019). DON 
is phytotoxic and can cause wilting, chlorosis and necrosis 
(Cutler 1988). It inhibits protein synthesis in mammals by 
binding to 60S subunit of eukaryotic ribosomes (Rocha et al. 
2005). US Food and Drug Administration has set an advi-
sory limit of 1 ppm DON for wheat and barley products for 
human consumption, 10 ppm for cattle and poultry, 5 ppm 
for swine and all other animals (https://​www.​fda.​gov/​regul​
atory-​infor​mation/​search-​fda-​guida​nce-​docum​ents/​guida​
nce-​indus​try-​and-​fda-​advis​ory-​levels-​deoxy​nival​enol-​don-​
finis​hed-​wheat-​produ​cts-​human accessed Oct 5, 2020). In 
wheat, DON acts as a virulence factor for Fusarium, helping 
the pathogen to colonize host tissue (Bai et al. 2002; Jansen 
et al. 2005).

Integrated management practices incorporating genetic 
resistance, chemical and agronomic control measures are 
used for controlling FHB (Wegulo et al. 2010; Salgado 
et al. 2014). Genetic resistance is the most economical, 
environment-friendly and effective component of the overall 
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strategy to control FHB (Bai and Shaner 2004). Mesterházy 
et al. (1999) described five types of genetic resistance to 
FHB, out of which, Type 1 (resistance to initial infection) 
and Type 2 (resistance to spread within the spike) are most 
widely studied in wheat. Type 2 resistance is less affected by 
non-genetic variables as compared to Type 1 resistance (Bai 
and Shaner 1994). Resistance against FHB is quantitatively 
controlled. Around 500 QTL (104 major effect) providing 
varying levels of resistance have been reported in the litera-
ture (Buerstmayr et al. 2019). Fhb1, the first quantitative 
trait locus (QTL) for resistance against FHB in wheat, was 
discovered in 1999 and has been extensively investigated 
(Waldron et al. 1999; Rawat et al. 2016; Su et al. 2019; Li 
et al. 2019). Another FHB resistance QTL Fhb7, derived 
from Thinopyrum elongatum, was characterized as a glu-
tathione S-transferase gene (Wang et al. 2020). However, 
even after decades of efforts, achieving high levels of FHB 
resistance in wheat varieties using these QTL has been a 
challenge (Buerstmayr et al. 2019; Gorash et al. 2020). This 
necessitates exploring alternative strategies to engineer FHB 
resistance in wheat.

Plant genes that facilitate pathogen infection and coloni-
zation may be manipulated for enhancing resistance of plants 
against pathogens (van Schie and Takken 2014; Fabre et al. 
2020). Eckardt (2002) first introduced the term ‘suscepti-
bility factors’ for such genes while describing Arabidopsis 
powdery mildew susceptible mutant pmr6. A well-known 
example of a susceptibility gene used in crop breeding is the 
barley mlo gene. This loss of function mutation has provided 
broad spectrum resistance against powdery mildew for over 
35 years in many plant species (Büschges et al. 1997; Engel-
hardt et al. 2018). Susceptibility factors can be divided into 
three categories based on their role during different stages of 
infection: (1) help pathogen in establishment; (2) involved in 
modulating/regulating plant defenses; (3) involved in provid-
ing nutrition to the pathogen (van Schie and Takken 2014). 
Manipulating susceptibility genes by knocking out or knock-
ing down their expression provides a novel and alternative 
breeding strategy for protection against pathogens (Fabre 
et al. 2020). Genetically, susceptibility factors can be con-
sidered as dominant genes whose manipulation will lead to 
recessive resistance (Pavan et al. 2009). Benefits of utiliz-
ing susceptibility genes are that the resistance acquired is 
recessive, broad spectrum and more durable as compared to 
dominant resistant genes (Gorash et al. 2020).

Garvin et al. (2015) reported that deletion of ~ 19% of 
long arm of chromosome 3D in a susceptible cultivated 
variety Apogee increased FHB resistance of the result-
ing lines by ~ 59%. Likewise, Hales et al. (2020) reported 
a 31.7 Mb region on the short arm of chromosome 4D 
to contain prospective FHB susceptibility factors, whose 
deletion made plants resistant to the disease. Ma et al. 
(2006) screened a set of 30 ditelosomic (Dt) lines of 

Chinese Spring wheat for their response to F. gramine-
arum infection and found that the genotypes varied in 
their response to FHB. Five out of thirty ditelosomic lines 
(Dt6BS, Dt4DL, Dt7BL, Dt3BS and Dt7AL) had lower 
proportion of scabby spikelets (p < 0.01) and four lines 
(Dt6AL, Dt6DS, Dt4DL and Dt7AL) had significantly less 
DON content (p < 0.05) as compared to Chinese Spring 
control. Dt7AL (missing 7AS) showed lowest amount of 
FHB severity as well as minimal DON content in their 
study (Ma et al. 2006). This may be because of the pres-
ence of either a potential susceptibility factor(s) or a nega-
tive regulator of FHB resistance on 7AS, as several small 
to large effect FHB resistance QTL have been reported on 
the long arm of chromosome 7A (Semagn et al. 2007; Qi 
et al. 2008; Zhang et al. 2010).

In the present work, we explored the putative suscep-
tibility factor(s) present on chromosome 7AS of Chinese 
Spring indicated by Ma et al. (2006) with the following 
four objectives: (1) confirmation of the effect of deletion 
of chromosome 7AS on plants’ FHB response, (2) study 
of the effect of enhancing dosage of 7A on FHB response, 
(3) study of the effect of 7A chromosome substitution 
from 6 diverse wheat varieties/species and (4) deletion 
bin-mapping of the susceptibility factor on 7AS. If chro-
mosome 7A harbors a susceptibility factor, whose deletion 
enhances FHB resistance in multiple varieties, it will be 
a good target of manipulation for developing a durable 
broad-spectrum resistance in wheat varieties.

Materials and methods

Plant material

Experiments were conducted over three years (2018, 2019 
and 2020) in Research Greenhouse Complex, University 
of Maryland, College Park. Plant materials used in the 
experiments are listed in Table 1. All of the plant mate-
rials used were in Chinese Spring genetic background; 
therefore, wild-type Chinese Spring was used as a posi-
tive control in all the experiments. Temperature condi-
tions were 23–25 °C during daytime and 16–18 °C during 
nighttime. Photoperiod profile of 16 h (day): 8 h (night) 
was used. Five plants for each line were grown in 6″ pots. 
Nulli-tetrasomic lines and ditelosomic lines were tested 
only in year 2020, whereas deletion and substitution lines 
were analyzed in all three sets (2018, 2019 and 2020). 
Del7AS-6 and del7AS-3 could not be tested in year 2019 
because of some technical mishaps. A subset of deletion 
lines critical for locating the susceptibility factor was 
tested again in an additional fourth set in 2020 along with 
control Chinese Spring.
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Marker development, PCR conditions and Gel 
electrophoresis

For monitoring the identity and size of deletions in the set 
of deletion lines used, genome-specific markers were devel-
oped every 10 Mb of 7AS arm, selecting gene sequences 
at 10 Mb interval on the Chinese Spring wheat reference 
genome sequence version 1.0 (IWGSC 2018). To cover the 
entire ~ 360 Mb-long chromosome 7AS (IWGSC 2018), a 
total of 36 markers were designed starting from the telo-
meric end of the chromosome (Table 2). Genome-specific 
primer design software GSP (Wang et al. 2016) was used 
with default settings for designing primers specific to chro-
mosome 7A. A touchdown polymerase chain reaction profile 
from 64 °C to 58 °C (95 °C for 5 min, 7 cycles of 95 °C for 
45 s, 64–58 °C for 45 s with a decrease of 1 °C per cycle, 
72 °C for 1 min, followed by 27 cycles of 95 °C for 45 s, 
58 °C for 45 s, 72 °C for 1 min and a final extension of 
72 °C for 7 min) was used. PCR product obtained was run 

on ethidium bromide stained 1.5–2% agarose gel for 1–1.5 h. 
and visualized under UV light.

Fungal inoculum preparation and inoculation

F. graminearum isolate GZ3639, which is known for its 
high virulence (Desjardins et al. 1997; Rawat et al. 2016), 
was used for inoculation in all the experiments. For mac-
roconidia production, 3–4 plugs of Potato Dextrose Agar 
mycelial culture of the fungus were inoculated in Mung bean 
broth (MBB). For preparing MBB, 20 g of mung bean seeds, 
purchased from a local grocery store, were steeped in 500 ml 
of boiling distilled water for 20 min. The resulting liquid was 
filtered using a cheesecloth, autoclaved and cooled. After 
inoculation with fungal mycelial plugs, the broth was kept 
shaking at a speed of 200 rpm at 28 °C for 7–10 days. Mac-
roconidia were counted on a hemocytometer and inoculum 
was prepared by diluting the culture to a concentration of 
1 × 105 spores/ml using sterile water.

Table 1   Description of plant 
materials used in the study

a Accession numbers of the Wheat Genetics Resource Center (WGRC), Kansas State University
b Abbreviations according to Raupp (1995)

Accessiona Description Abbreviationb

TA 3008 Chinese Spring CS
TA 3110 Chinese Spring Ditelosomic 7AS CS Dt7AS
TA 3111 Chinese Spring Ditelosomic 7AL CS Dt7AL
TA 3121 Chinese Spring Ditelosomic 7BS CS Dt7BS
TA 3122 Chinese Spring Ditelosomic 7BL CS Dt7BL
TA 3130 Chinese Spring Ditelosomic 7DS CS Dt7DS
TA 3071 Chinese Spring Ditelosomic 7DL CS Dt7DL
TA 3282 Chinese Spring Nulli 7A-Tetra 7B CS N7A-T7B
TA 3283 Chinese Spring Nulli 7B-Tetra 7A CS N7B-T7A
TA 3281 Chinese Spring Nulli 7A-Tetra 7D CS N7A-T7D
TA 3285 Chinese Spring Nulli 7D-Tetra 7A CS N7D-T7A
TA 3221 Chinese Spring-Timstein Disomic Substitution 7A T(7A CS) CS-T DS7A
TA 3447 Chinese Spring-Dicoccoides Disomic Substitution 7A TDIC(7A CS) CS-TDIC DS7A
TA 3242 Chinese Spring-Cheyenne Disomic Substitution 7A CNN(7A CS) CS-CNN DS7A
TA 3782 Chinese Spring-Thatcher Disomic Substitution 7A TH(7A CS) CS-TH DS7A
TA 3200 Chinese Spring-Hope Disomic Substitution 7A H(7A CS) CS-H DS7A
TA 3451 Chinese Spring-Axminster Disomic Substitution 7A AM(7A CS) CS-AM DS7A
TA 4536 Chinese Spring Deletion 7AS-1 CS del7AS-1
TA 4546 Chinese Spring Deletion 7AS-2 CS del7AS-2
TA 4546 Chinese Spring Deletion 7AS-3 CS del7AS-3
TA 4546 Chinese Spring Deletion 7AS-4 CS del7AS-4
TA 4546 Chinese Spring Deletion 7AS-5 CS del7AS-5
TA 4546 Chinese Spring Deletion 7AS-6 CS del7AS-6
TA 4546 Chinese Spring Deletion 7AS-8 CS del7AS-8
TA 4546 Chinese Spring Deletion 7AS-9 CS del7AS-9
TA 4546 Chinese Spring Deletion 7AS-10 CS del7AS-10
TA 4518 Chinese Spring Deletion 7AS-11 CS del7AS-11
TA 4546 Chinese Spring Deletion 7AS-12 CS del7AS-12
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Inoculation was performed at pre-anthesis stage on 
spikes, which was about 2 days prior to anthers emerging 
out of the spikes. Tenth and eleventh spikelets counted 
from the base of the spikes were marked with a black 
sharpie pen, and 10  µl macroconidial inoculum was 
injected between the lemma and palea of the florets (one 
floret/spikelet), avoiding injury to any other part of the 
florets. Spikes were covered with moisture saturated zip 
lock bags for 72 h to provide high humidity for optimal 
fungal growth. Each genotype had 5 plants (1 plant/pot). 
All plants in Chinese Spring genetic background produced 
10–15 tillers in our growing conditions, out of which ini-
tial 5–6 healthy spikes were used per plant for inocula-
tions. Therefore, a total of 25–30 spikes were inoculated 
for each genotype in each experiment.

FHB severity, AUDPC and FDKs

FHB severity in the inoculated plants was recorded at 14, 
21 and 28 days after inoculation (dai) and was found to be 
maximum at 28 dai in Chinese Spring control. Therefore, 
final comparisons of FHB severity for all the experiments 
were made at 28 dai in all the experiments. FHB severity 
was recorded by counting the number of bleached spikelets, 
including the inoculated 10th spikelet, downward from the 
point of inoculation. To calculate the percentage of symp-
tomatic spikelets (PSS), the number of bleached spikelets 
below the point of inoculation was divided by 10 and con-
verted to a percentage. To compare the FHB severity pro-
gression among different genotypes, area under the disease 
progress curve (AUDPC) values were calculated from the 

Table 2   Names and sequences 
of genome-specific primers used 
to genotype 7AS deletion lines

Primer name Forward primer sequence 5′–3′ Reverse primer sequence 5′–3′

FHB-SF7AS-1-F AAC​ATT​GGT​GGT​GAA​ATT​CG AAT​GAT​TCA​AAT​TTA​TGG​TGGC​
FHB-SF7AS-2-F AAC​AGG​ACC​AAC​CGG​TAC​TTCTC​ TAT​GTA​GTA​CGT​ACC​TCG​AGCGG​
FHB-SF7AS-3-F TTA​AGC​CAC​CAC​AAA​ACT​CC CGT​CCC​TCT​GCC​TGA​GAC​TATC​
FHB-SF7AS-4-F TGT​TTT​ATT​GTC​TGT​TGC​CTACG​ AGT​CTT​GCT​TAA​TTG​AAG​AGCG​
FHB-SF7AS-5-F ACC​TCT​CCG​TGG​TGT​TGC​ CTT​CCA​CAA​ATT​GCA​ACT​CATC​
FHB-SF7AS-6-F CCT​GAA​AAG​TAT​TGG​AGG​AGGC​ AAG​TGA​CAA​CAG​TCC​TCA​TGTGC​
FHB-SF7AS-7-F GTT​TAC​TTG​TGC​TGA​AGG​AGGG​ TCC​ACC​ATG​TAT​CCA​GAA​ATCG​
FHB-SF7AS-8-F ATG​TTA​AGC​TCT​GAA​AGT​GCTCG​ ACT​TCC​TGC​CCG​AAC​GAG​
FHB-SF7AS-9-F CTG​TCT​ACA​CTG​CCA​TTT​ACACC​ AAA​ATA​CTG​CAA​AGA​GCA​GCC​
FHB-SF7AS-10-F CAA​CAA​AGA​TCT​ATG​AGC​CACTC​ GGC​ATA​TGT​AAG​CAA​ACA​ACG​
FHB-SF7AS-11-F ACA​CAA​TCA​CAC​AAC​CAC​ACAC​ ATC​ATT​AGT​ACA​TAC​CAG​CAGGC​
FHB-SF7AS-12-F TTG​TCT​TTG​TGG​AAT​GTG​ATG​ GAC​TGC​GAG​AAA​CCA​ATA​GC
FHB-SF7AS-13-F TGG​TTT​GGA​TGG​AAC​TTG​G GAT​GTA​TAG​ACT​GGC​CAA​GTAGC​
FHB-SF7AS-14-F AGC​TCA​AGG​ACA​AGA​AGT​GC CAC​CAT​GTG​ATG​AGT​GAT​CC
FHB-SF7AS-15-F CTA​CTC​CAA​GTT​GCC​TGG​TG TCT​CGT​CTT​CGC​TGT​CGT​C
FHB-SF7AS-16-F CTT​TTA​CGG​TCC​ATC​ACT​TACC​ TAA​GGA​GGG​AGT​ATC​GTC​CTG​
FHB-SF7AS-17-F ACT​GCA​GGA​AAT​ATC​CAC​TAACC​ TGG​GGG​ACC​AAA​ATA​TAA​TGC​
FHB-SF7AS-18-F GTT​CGT​GTC​TCC​CTC​TTC​CC CTC​CCT​GTG​GAT​GAT​TCG​
FHB-SF7AS-19-F AGA​GGT​TGT​AGG​CTT​TCC​G CTG​GAC​AGA​GAA​GAT​GGT​TAGG​
FHB-SF7AS-20-F AGG​GTG​GTG​ATC​AAG​TCT​TGTG​ GCG​TGC​AAA​CTC​TCT​CTG​G
FHB-SF7AS-21-F ACT​CGA​GAA​GCA​GGA​GCG​ CAT​GAA​GAT​GTC​CAC​AGC​GG
FHB-SF7AS-22-F CGT​CCA​TAA​TTC​AGA​GGA​CATCG​ GTC​TGT​TCT​TTT​CAG​TCG​GCTC​
FHB-SF7AS-23-F GCA​CCT​ACA​GTA​CCT​GAC​AGC​ GTC​AAA​GCT​TCA​GGA​CGG​TG
FHB-SF7AS-24-F TCC​TGC​AGG​GTA​GGA​GTA​CTTG​ GTG​ATC​CCA​TTC​TCA​TCT​AGCAG​
FHB-SF7AS-25-F TCT​CGG​TAC​CGT​TCA​GGT​AG GCA​GCT​CAG​CTC​AAC​ACA​G
FHB-SF7AS-26-F GCA​GCT​CAG​CTC​AAC​ACA​G AGG​CCA​AAT​AGG​TAT​ATG​AGGCA​
FHB-SF7AS-27-F TGA​CAG​ACT​TCT​CTA​GGA​TCACC​ AGA​GGA​TGT​TTC​CTC​CAC​ACAC​
FHB-SF7AS-28-F TCC​GTT​CCA​AGT​TGG​TAG​TGC​ TGA​CCG​AGA​ATA​TCT​CTT​GTGCT​
FHB-SF7AS-29-F TCC​AGC​AGT​TAA​TCA​TGC​AGC​ CAG​GAT​GGC​GAT​GAT​GAC​C
FHB-SF7AS-30-F CTC​CGT​TTA​TAA​AAG​TGA​AGCTG​ ATT​ACT​GTA​CTG​CAG​CGA​AGG​
FHB-SF7AS-32-F TAA​AGT​CTT​GAA​AAG​CAA​TCGTG​ TTC​AGT​TCA​GGA​TCG​TCA​TCAAG​
FHB-SF7AS-34-F AGG​TTT​GGC​CGG​TCT​GGT​ CGA​GGG​AGT​ACT​AAT​GAT​TGGC​
FHB-SF7AS-36-F AAT​GGA​GAG​CCT​TCA​GCG​TG TGT​TTG​GTA​GAT​AAT​GAA​CGGTG​
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average of PSS at 14, 21 and 28 dai for each genotype. For-
mulae given by Simko and Piepho (2011) were used for cal-
culating AUDPC values:

where Yi is the average of PSS (in percentage) at the ith 
observation, Ti is time (days) at the ith observation, and n is 
the total number of observations.

Seeds were manually threshed individually from each 
inoculated spike after maturity and bulked by genotypes. 
Fusarium damaged kernels (FDKs) were measured for each 
genetic line by counting visually scabby kernels among all 
the threshed seeds of that line in the particular experiment 
and converting into percentage values.

DON content

DON content of seeds was measured at USWBSI DON-
testing laboratory at the University of Minnesota by GC/MS 
following Mirocha et al. (1998). Each sample was analyzed 
in three technical replications. Briefly, seeds from inoculated 
spikes of each genotype were pooled from different plants, 
and then ground to a fine powder. Each pooled genotype 
powder was divided in three technical replications of 1 g 
each. Each 1 g sample was extracted with 10 mL of ace-
tonitrile/water (84/16, v/v) in 50 mL centrifuge tubes. Each 
sample was placed on a shaker for 24 h, and then, 4 ml of the 
extract was passed through a column packed with C18 and 
aluminum oxide (1/3, w/w). Two milliliter of the filtrate was 
evaporated to dryness under nitrogen at room temperature, 
and 100 µl of trimethylsilyl (TMS) reagent (TMSI/TMCS, 
100/1,v/v) was added to the vial, rotating the vial so that 
the reagent makes contact with residue on the sides of the 
vial. The vial was placed on a shaker for 10 min, and then, 
1 mL of isooctane containing 500 ng/mL mirex was added 
and shaken gently. HPLC water (1 ml) was added to quench 
the reaction and the vial was vortexed so that the milky 
isooctane layer became transparent. The upper layer was 
transferred into a GC vial for GC/MS analysis (Shimadzu 
GCMS-QP2020, Shimadzu Corporation, Kyoto, Japan), and 
readings were recorded.

Statistical analysis

Data were analyzed in R (vR x64 3.6.3), R studio and 
Excel for all sets of experiments. All the experiments were 
conducted in a completely randomized design. R packages 
lme4, car, ggplot2 were used for data analysis, ANOVA 
and making graphs, respectively, for all the recorded 
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parameters. Parameters analyzed were: FHB severity, 
AUDPC, FDKs and DON content. Each spike tested was 
considered as an individual replicate. Each data set was 
first tested for normality and homogeneity of error vari-
ances before doing analysis. Normality was checked by 
plotting QQ-plots and performing Shapiro–Wilk tests. 
Homogeneity of error variances was checked by plot-
ting residual vs fitted plots and performing Levene test. 
Experiments on nulli-tetrasomic and ditelosomic lines 
were performed only once in 2020, hence there is no vari-
able year. For FHB severity, PSS was taken as dependent 
variable, whereas genotype was considered as independ-
ent variable with fixed effect. Kruskal–Wallis rank sum 
test was performed for 28 dai as this data set did not meet 
ANOVA assumptions of normality and homogeneity of 
error variances.

For FHB severity data of deletion lines and substitu-
tion lines, PSS was taken as dependent variable, whereas 
genotype and year were considered as independent vari-
ables. Both genotype and year were considered as fixed 
effect. A two-way analysis of variance (ANOVA) with 
interaction was performed for 28 dai over three years. For 
deletion lines, Type-1 two-way ANOVA was performed 
as we lacked two genotypes (del7AS-3 and del7AS-6) in 
2019 set due to technical reasons; however, for substitution 
lines, type-3 two-way ANOVA was performed. Data points 
where significant Genotype * Year interaction was found, 
a simple one-way ANOVA was performed separately for 
each year. Type-3 one-way ANOVA was performed for 
both deletion and substitution lines. Data from which 
residuals were not normally distributed or did not appear 
independent of fitted values were log10 transformed, in 
order to meet the assumptions of data analysis.

In order to make pair-wise comparisons between con-
trol Chinese Spring and other genotypes tested in each 
season for all the experiments, a post hoc test (Dunnett 
test if analysis conducted by ANOVA or Dunn test if 
analysis conducted by Kruskal–Wallis rank sum test) was 
performed. For analysis of AUDPC values and DON con-
tent, same set of procedures was followed as that for FHB 
severity data of deletion lines for all the experiments. Data 
for DON content and AUDPC values which did not meet 
assumptions of ANOVA were square root transformed, in 
order to meet the assumptions of data analysis.

For analysis of FDK values, a single sample t test with 
unknown standard deviation was used as only one rep-
licate/genotype was available for all experiments. First, 
standard deviation was calculated by considering whole 
data set. **A critical t value was obtained from the t-table 
on the basis of degrees of freedom and at α = 0.05. t value 
was calculated between control and other genotypes sepa-
rately for each experiment.
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Results

Short arm of chromosome 7A carries a potential FHB 
susceptibility factor

Chinese Spring group 7 ditelosomic stocks lacking different 
arms of the group 7 chromosomes (Dt7AS-lacking 7AL, 
Dt7AL-lacking 7AS, Dt7BS-lacking 7BL, Dt7BL-lacking 
7BS, Dt7DS-lacking 7DL and Dt7DL-lacking 7DS) were 
evaluated for their FHB response to confirm the presence 
of a potential FHB susceptibility factor as indicated in the 
survey by Ma et al. (2006). The overall FHB severity of 
ditelosomic lines varied from 10 to 100%. Significant geno-
typic differences at p = 1.99e−09 with Chi-square value of 
51.859 were observed at 28 dai (Supplementary Table S1a). 
Chinese Spring parent had an average FHB severity of 80%. 
With an average FHB severity of 49%, Dt7AL had signifi-
cantly less FHB severity at p < 0.001, whereas all other 
ditelosomics were found to be statistically similar to control 
(Fig. 1a, e; Supplementary Fig. S1b). Dt7DL had an aver-
age FHB severity of 62%, which was numerically lower, but 
statistically similar to Chinese Spring control.

A one-way ANOVA for AUDPC revealed significant gen-
otypic effect at p < 0.001 (Supplementary Table S1b). Dt7AL 
showed significantly lower AUDPC values at p < 0.001, 
whereas Dt7AS and Dt7BS had significantly higher AUDPC 
values at p < 0.001 and p < 0.05, respectively, compared to 
control (Fig. 1b). Dt7AL also showed significantly lower 
FDKs, whereas Dt7AS, Dt7BS and Dt7DS had significantly 
higher FDKs than control at α = 0.05 and Dt7BL and Dt7DL 
had FDKs similar to Chinese Spring (Fig. 1c).

For DON content, one-way ANOVA showed significant 
genotype effect at p < 0.001(Supplementary Table S1c). 
Dt7AL and Dt7DL showed significantly lower DON con-
tent at p < 0.001, whereas Dt7AS, Dt7BS and Dt7DS had 
significantly higher DON content at p < 0.001 in comparison 
to control (Fig. 1d).

These results are in agreement with Ma et al. (2006) and 
indicate toward the presence of a major effect susceptibility 
factor(s) on the short arm of chromosome 7A. DON results 
of Dt7DL also indicate possibility of a homoeoallele of the 
7AS factor or another weak susceptibility factor on 7DS 
influencing DON content (Fig. 1d).

7AS FHB susceptibility factor has a dosage effect

Several minor to major effect QTL have been reported on 
7A long arm of wheat (Semagn et al. 2007; Qi et al. 2008; 
Zhang et al. 2010). So, the resistance in dt7AL may be 
due to the presence of either a negative regulator of resist-
ance on 7AL, or a genuine susceptibility factor. It would 
be appropriate to call the underlying factor a susceptibility 
factor, if increasing the copies of 7A makes the plants more 
susceptible as compared to parental Chinese Spring (dos-
age effect). For this purpose, nullisomic–tetrasomic lines 
for chromosome 7A were evaluated for their response to F. 
graminearum infection.

FHB severity of nulli-tetrasomic stocks for chromosome 
7A ranged from 10 to 100%. Kruskal–Wallis test explained 
statistical significance at p = 2.3643e−07 with Chi-square 
value of 36.426 (Supplementary Table S2a). Dunn test 
results showed all four of the tested nulli-tetra lines to be 
significantly different from control. N7A-T7B and N7A-T7D 
both showed significantly lower disease than Chinese Spring 
control, whereas N7B-T7A and N7D-T7A had significantly 
higher disease severity at p < 0.01 (Fig. 2a, e), indicating 
that the underlying factor is a genuine susceptibility factor.

A one-way ANOVA for AUDPC showed significant 
genotype effect at p < 0.001 (Supplementary Table S2b). 
Compared to control, N7A-T7B (p < 0.01) and N7A-T7D 
(p < 0.05) were found to have significantly lower AUDPC 
values, whereas N7B-T7A (p < 0.01) and N7D-T7A 
(p < 0.001) had significantly higher values (Fig. 2b). All 
nulli-tetrasomic lines had statistically similar FDKs as that 
of control Chinese Spring at α = 0.05; however, N7A-T7B 
and N7A-T7D had numerically lower FDKs among all the 
nullisomic–tetrasomic genotypes tested (Fig. 2c).

For DON content, a one-way ANOVA showed significant 
genotype effect at p < 0.001 (Supplementary Table S2c). 
N7A-T7B had significantly lower DON at p < 0.05 as com-
pared to Chinese Spring control. N7B-T7A and N7D-T7A 
showed significantly higher DON content at p < 0.001 and 
p < 0.05, respectively, than Chinese Spring control. DON 
content of N7A-T7D was numerically lower, but statistically 
similar to that of Chinese Spring (Fig. 2d).

In the above experiments, both N7A-T7B and N7A-T7D 
are missing chromosome 7A and both showed significantly 
higher level of resistance than control Chinese Spring. 
This indicates the presence of a potential susceptibility 
factor(s) on chromosome 7A affecting FHB severity and 
DON. Furthermore, since N7B-T7A and N7D-T7A plants 
have four copies of chromosome 7A and thus four doses 
of putative FHB susceptibility factor and these plants, as 
expected, showed higher level of susceptibility to FHB and 
higher DON content. The results showed that the action 
of susceptibility gene was affected by chromosome 7A 
dosage; the deletion of chromosome 7A made the plants 

Fig. 1   FHB response of the Chinese Spring (CS) control and 
ditelosomic lines of group-7 chromosomes. X axis denotes the gen-
otypes, and Y axis denotes the parameters tested. a FHB Severity 
(%); b AUDPC values; c FDKs(%); d DON content(mg/kg); and e 
infected spikes of control and ditelosomic lines of 7A (photographs 
taken at 28 days after inoculation). *Depicts values lower than con-
trol Chinese Spring at p < 0.05, and ***at p < 0.001. ^Depicts higher 
significance values over control Chinese Spring at p < 0.05, and ^^^at 
p < 0.001. Horizontal line over the individual box plots depicts the 
median values

◂



	 Theoretical and Applied Genetics

1 3

resistant, whereas extra copies of 7A made the plants more 
susceptible to FHB. Therefore, it is justified to call it an 
FHB susceptibility factor whose deletion increases resist-
ance. The susceptibility factor was named Sf-Fhb-7AS.

The susceptibility factor is conserved on 7A 
chromosome of multiple wheat cultivars

In order to test whether this susceptibility factor is conserved 

Fig. 2   FHB response of Chinese Spring (CS) control and chromo-
some 7A nullisomic–tetrasomic lines (X axis). Y axis denotes the 
parameters tested. a FHB Severity (%); b AUDPC values; c FDKs 
(%);d DON content (mg/kg); and e infected spikes of tested lines 
(photographs taken at 28  days after inoculation). *Depicts lower 

significance values than control Chinese Spring at p < 0.1, and **at 
p < 0.01. ^Depicts higher significance values over control Chinese 
Spring at p < 0.05, ^^at p < 0.01 and ^^^at p < 0.001. Horizontal line 
over the individual box plots depicts the median values
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across multiple wheat genotypes or not, six disomic substitu-
tion lines: five derived from wheat cultivars and one from wild 
tetraploid emmer wheat (chromosome 7A of T. dicoccoides 
substituted chromosome 7A of Chinese Spring) were tested for 
their phenotypic response to FHB in all three years. The mean 
FHB severity values ranged from 52% (CS-H DS7A)-79% 
(CS-AM DS7A) in 2018; 53% (CS-CNN DS7A)-69% (CS-TH 
DS7A) in 2019; and 58% (CS-CNN DS7A)-89% (CS-TDIC 
DS7A) in 2020. At 28 dai, a two-way ANOVA of FHB sever-
ity showed significant Genotype*Year interaction (p < 0.05) in 
the data set and no significant genotype effect (Supplementary 
Table S3a). Therefore, one-way ANOVA was not conducted 
separately for each year. All substitution lines had statistically 
similar FHB severity values to those of Chinese Spring control 
(Fig. 3a, e). Mean values of FHB severity observed in 2020 
were highest among the three years for all the lines.

A two-way ANOVA of AUDPC with interaction for all 
three years of data showed significant genotype effect, year 
effect and Genotype*Year interaction at p < 0.05 (Supplemen-
tary Table S3b). As G*E effect was found, one-way ANOVA 
was calculated separately for each year. Data set from years: 
2018 (p < 0.001) and 2020 (p < 0.001) showed significant gen-
otype effect (Supplementary Tables S3c, S3d and S3e). For 
2018, no substitution line was found to be statistically different 
from control. However, for 2020, two lines (CS-TDIC DS7A 
at p < 0.001 and CS-AM DS7A at p < 0.01) had significantly 
higher AUDPC values than control (Fig. 3b).

In the three years of testing, all the six analyzed substi-
tution lines had similar or higher FDK values than those of 
control Chinese Spring. Four lines (CS-T DS7A, CS-CNN 
DS7A, CS-TH DS7A, CS-AM DS7A) in 2018, one line (CS-
TDIC DS7A) in 2019 and five lines (CS-T DS7A, CS-TDIC 
DS7A, CS-TH DS7A, CS-H DS7A, CS-AM DS7A) in 2020 
had higher FDKs over control at significance level of α = 0.05 
(Fig. 3c).

DON content measurement was done only for year 2020, 
and the DON values ranged from 9–79 mg/kg in the seven 
genotypes (Fig. 3d). A one-way ANOVA showed significant 
genotype effect (p < 0.001) (Supplementary Table S3f). All 
the substitution lines, except CS-CNN DS7A, showed signifi-
cantly higher DON content than control p < 0.001. CS-CNN 
DS7A showed DON content similar to that of Chinese Spring 
(Fig. 3d).

These results indicate that the susceptibility factor(s) 
located in Chinese Spring is conserved across the 7A chro-
mosomes of all the studied genotypes.

Sf‑Fhb‑7AS is located in the peri‑centromeric region 
of chromosome 7AS

Molecular characterization of deletion lines

For deletion bin mapping of the susceptibility factor on 7AS, 
the deletion stock developed by Endo and Gill (1996) in 
Chinese Spring background was used. These deletion lines 
were originally sorted by Endo and Gill (1996) on the basis 
of the fraction length (FL) of retained chromosome using 
cytogenetic staining techniques as: del7AS-1 (FL = 0.89), 
del7AS-9 (FL = 0.89), del7AS-12 (FL = 0.83), del7AS-2 
(FL = 0.73), del7AS-5 (FL = 0.59), del7AS-8 (FL = 0.45), 
del7AS-10 (FL = 0.45), del7AS-11 (FL = 0.33), del7AS-3 
(FL = 0.29), del7AS-4 (FL = 0.26), del7AS-6 (FL = 0.21). To 
locate the exact Mb position of the physical boundaries of 
these deletion lines, A–genome-specific PCR-based molecu-
lar markers were developed 1 per 10 Mb along the short 
arm of chromosome 7A using the Chinese Spring Reference 
sequence assembly (IWGSC 2018). Genome specificity of 
the developed markers was confirmed using Chinese Spring 
and Chinese Spring N7A-T7B. Out of 36 markers developed, 
33 were found to be specific for chromosome 7A. These 
confirmed genome-specific markers were then tested on all 
eleven deletion lines, and the results are shown in Table 3. 
Markers FHB-SF7AS-1, FHB-SF7AS-2 and FHB-SF7AS-3 
were found to amplify only control Chinese Spring reveal-
ing terminal ~ 30 Mb to be deleted in all the deletion lines. 
Serially, FHB-SF7AS-4 was the first marker to amplify on 
del7AS-12 (FL = 0.83), and absent in all other deletion lines, 
showing del7AS-12 to have retained the maximum segment 
of chromosome 7AS among the deletion lines. The sizes 
of deletions for all the lines were deduced in a similar way 
(Table 3). The order of deletion lines deduced was found to 
be similar with the cytogenetic map of Endo and Gill (1996).

Deletion line del7AS-10 was found to have a small 
interstitial deletion in addition to its major deletion. Fur-
ther application of more 7AS-specific PCR markers on 
del7AS-10 characterized the size of interstitial deletion in it 
to be ~ 1 Mb in size between 148.4 and 149.2 Mb on refer-
ence sequence of 7AS (Supplementary Table S4 and S5).

Deletion bin mapping of Sf‑Fhb‑7AS

To map Sf-Fhb-7AS to a specific chromosome interval, the 
eleven overlapping deletion lines of chromosome 7A short 
arm were tested for their FHB response in 2018, 2019 and 
2020. Control Chinese Spring was found to be susceptible 
in all three years. A two-way ANOVA of FHB severity at 28 
dai found significant genotype effect (p < 0.001) and Geno-
type * Year effect (p < 0.001) (Supplementary Table S6a). 
One-way ANOVA revealed significant genotype effect for 
all three years (p < 0.01 for 2018 and 2019; p < 0.001 for 
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2020; Supplementary Tables S6b, S6c and S6d). Mean FHB 
severity at 28 dai ranged from 22% (del7AS-4) to 73% (Chi-
nese Spring) in 2018; 31% (del7AS-4) to 69% (del7AS-1) 

in 2019; and 26% (del7AS-6) to 88% (del7AS-11) in 2020 
(Fig. 4a). It is important to note that del7AS-6 and del7AS-4 
have peri-centromeric deletions and had significantly lower 

Fig. 3   FHB response of the Chinese Spring (CS) control and sub-
stitution lines. X axis denotes the genotypes, and Y axis denotes the 
parameters tested. a FHB Severity (%); b AUDPC values; c FDKs 
(%); d DON content (mg/kg); and e infected spikes of tested lines 

(photographs taken at 28 days after inoculation). ^Depicts higher sig-
nificance values over control Chinese Spring at p < 0.05, ^^at p < 0.01 
and ^^^at p < 0.001. Horizontal line over the individual box plots 
depicts the median values
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FHB severity in all three years. Telomeric, sub-telomeric and 
proximal deletion lines: del7AS-12, del7AS-9, del7AS-1, 
del7AS-2, del7AS-5, del7AS-11 and del7AS-8 were found 
to have either statistically similar or higher FHB severity as 
compared to Chinese Spring over all three years (Fig. 4a, 
e, and Supplementary Fig. S1b). Del7AS-10 showed FHB 
severity statistically similar to Chinese Spring in 2018 and 
2019, and lower than control at p < 0.01 in 2020. Del7AS-3 
showed significantly lower FHB severity than Chinese 
Spring (p < 0.001) in 2020, whereas in 2018, it had FHB 
severity similar to Chinese Spring. Because of the unclear 
patterns of del7AS-10 and del7AS-3 in both the years, an 
additional fourth set of exclusively the critical deletion lines 

(del7AS-10, del7AS-8, del7AS-3, del7AS-4 and del7AS-6) 
along with control Chinese Spring was tested again in 2020 
for all the FHB parameters.

A two-way ANOVA of AUDPC for all three years 
showed significant genotype effect (p < 0.001) and Gen-
otype * Year interaction (p < 0.001) (Supplementary 
Table S6e). A separate one-way ANOVA for each year 
revealed significant genotype effect at p < 0.001 (Supple-
mentary Tables S6f, S6g, S6h). In 2018, del7AS-4 and 
del7AS-6 had significantly lower AUDPC values than Chi-
nese Spring at p < 0.001. In 2019, only del7AS-4 showed 
significantly less AUDPC values at p < 0.05. In 2020, three 
lines del7AS-3, del7AS-4 and del7AS-6 had significantly 

Table 3   Marker data on Chinese Spring (positive control), Nulli 7A (negative control) and deletion lines

Symbol ‘+’ depicts presence and symbol ‘−’ depicts absence of amplification with the specific primers. Markers are listed in the order of their 
physical location from the telomere to the centromere, and deletion lines are listed based on smallest to largest deletion of terminal 7AS seg-
ments

Primer/genotype CS N-7A 7AS-12 7AS-1 7AS-9 7AS-2 7AS-5 7AS-11 7AS-10 7AS-8 7AS-3 7AS-4 7AS-6

FHB-SF7AS-1 + − − − − − − − − − − − −
FHB-SF7AS-2 + − − − − − − − − − − − −
FHB-SF7AS-3 + − − − − − − − − − − − −
FHB-SF7AS-4 + − + − − − − − − − − − −
FHB-SF7AS-5 + − + + + − − − − − − − −
FHB-SF7AS-6 + − + + + − − − − − − − −
FHB-SF7AS-7 + − + + + − − − − − − − −
FHB-SF7AS-8 + − + + + − − − − − − − −
FHB-SF7AS-9 + − + + + − − − − − − − −
FHB-SF7AS-10 + − + + + + − − − − − − −
FHB-SF7AS-11 + − + + + + − − − − − − −
FHB-SF7AS-12 + − + + + + − − − − − − −
FHB-SF7AS-13 + − + + + + − − − − − − −
FHB-SF7AS-14 + − + + + + + − − − − − −
FHB-SF7AS-15 + − + + + + + + − − − − −
FHB-SF7AS-16 + − + + + + + + − − − − −
FHB-SF7AS-17 + − + + + + + + − − − − −
FHB-SF7AS-18 + − + + + + + + − − − − −
FHB-SF7AS-19 + − + + + + + + − − − − −
FHB-SF7AS-20 + − + + + + + + + − − − −
FHB-SF7AS-21 + − + + + + + + + − − − −
FHB-SF7AS-22 + − + + + + + + − − − − −
FHB-SF7AS-23 + − + + + + + + + + − − −
FHB-SF7AS-24 + − + + + + + + + + − − −
FHB-SF7AS-25 + − + + + + + + + + − − −
FHB-SF7AS-27 + − + + + + + + + + + + −
FHB-SF7AS-28 + − + + + + + + + + + + −
FHB-SF7AS-29 + − + + + + + + + + + + −
FHB-SF7AS-30 + − + + + + + + + + + + −
FHB-SF7AS-32 + − + + + + + + + + + + +
FHB-SF7AS-34 + − + + + + + + + + + + +
FHB-SF7AS-36 + − + + + + + + + + + + +
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lower AUPDC values, whereas del7AS-11 had higher 
AUPDC values over control Chinese Spring (Fig. 4b).

In 2018, four genotypes (del7AS-12, del7AS-5, 
del7AS-4 and del7AS-6) were found to have lower FDKs, 
whereas del7AS-11 had significantly more FDKs in com-
parison to Chinese Spring at α = 0.05. In 2019, del7AS-4 
showed less FDKs and two genotypes (del7AS-1, 
del7AS-11) had significantly higher FDKs. In 2020, 
del7AS-3, del7AS-4 and del7AS-6 had significantly lower 
FDKs than Chinese Spring, whereas del7AS-1, del7AS-2 

and del7AS-11 had significantly higher FDKs than that 
(Fig. 4c).

DON content measurement was done for year 2020 only. 
One-way ANOVA showed significant genotype effect at 
p < 0.001 (Supplementary Table S6i). Two lines showed 
significantly higher DON than Chinese Spring (del7AS-11 
at p < 0.01 and del7AS-2 at p < 0.001). Five deletion lines, 
namely del7AS-10, del7AS-8, del7AS-3, del7AS-4 and 
del7AS-6, were found to have significantly lower DON 
content at p < 0.001 (Fig. 4d). DON content measurement 

Fig. 4   FHB response of Chinese Spring (CS) control and tested 
deletion lines. X axis denotes the genotypes, and Y axis denotes the 
parameters tested. a FHB Severity (%); b: AUDPC values; c FDKs 
(%); d DON content (mg/kg); and e infected spikes of critical dele-
tion lines (photographs taken at 28  days after inoculation). Lower 

significance values over control Chinese Spring are depicted with 
*at p < 0.05, **at p < 0.01 and ***at p < 0.001. ^Depicts higher sig-
nificance values over control Chinese Spring at p < 0.05, ^^at p < 0.01 
and ^^^at p < 0.001. Horizontal line over the individual box plots 
depicts the median values
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of these critical deletion lines was repeated in the additional 
fourth set in 2020 to reconfirm the patterns.

These three-year experiments localized the susceptibility 
factor Sf-Fhb-7AS to the peri-centromeric region of chro-
mosome 7AS. Since the peri-centromeric deletion lines 
del7AS-10, del7AS-8, del7AS-3, del7AS-6 and del7AS-4 
were critical in mapping the susceptibility factor and also 
we lost one year of data (in 2019) for a few of them due to a 
technical mishap, we tested a set of just these critical lines 
again in 2020 for their FHB response to robustly locate the 
susceptibility factor Sf-Fhb-7AS.

Confirmation of the peri‑centromeric location of the major 
susceptibility factor using the critical deletion lines

At 28 dai, significant genotypic differences at p = 4.165e−06 
with Chi-square value of 32.778 were observed (Supple-
mentary Table S7a). Among the critical set of deletion lines 

tested, the three peri-centromeric deletion lines del7AS-6, 
del7AS-4 and del7AS-3 with mean FHB severity values of 
22%, 33% and 27%, respectively, were found to have signifi-
cantly lower disease spread as compared to Chinese Spring 
control. Del7AS-8 and del7AS-10 were statistically similar 
to control (Fig. 5a).

For AUDPC, a one-way ANOVA showed significant 
genotype effect at p < 0.001 (Supplementary Table S7b). 
Del7AS-10, del7AS-3 and del7AS-4, and del7AS-6 showed 
significantly lower AUDPC values than Chinese Spring con-
trol (Fig. 5b). Del7AS-8 was found to be statistically simi-
lar to control. Del7AS-3, del7AS-4 and del7AS-6 showed 
significantly lower FDKs than control at α = 0.05, whereas 
del7AS-8 and del7AS-10 were similar in their FDK percent-
age to control Chinese Spring (Fig. 5c).

For DON content, Kruskal–Wallis test showed significant 
genotype effect at p < 0.001 with Chi-square value of 21.862 
(Supplementary Table S7c). The three peri-centromeric 

Fig. 5   FHB response of Chinese Spring (CS) control and critical 
deletion lines. X axis denotes the genotypes, and Y axis denotes the 
parameters tested. a FHB Severity (%); b AUDPC values; c FDKs 
(%); d DON content(mg/kg). *Depicts lower significance values over 

control Chinese Spring at p < 0.05, **at p < 0.01 and ***at p < 0.001. 
Horizontal line over the individual box plots depicts the median val-
ues
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deletion lines del7AS-6, del7AS-4 and del7AS-3 also 
showed significantly lower DON content than control 
(Fig. 5d). Additionally, del7AS-10 also had lower DON 
content than Chinese Spring control at p < 0.05. Del7AS-8 
had numerically lower, but statistically similar DON content 
to that of the control Chinese Spring (Fig. 5d).

Mapping the susceptibility factor Sf‑Fhb‑7AS to a ~ 50 Mb 
physical region on chromosome 7AS

Del7AS-6, del7AS-4 and del7AS-3 were found to show high 
level of type-2 (against the spread of the fungal pathogen) 
and type-4 (toward kernel infection) resistance against FHB, 
whereas all the other deletion lines were similar to control 
Chinese Spring in all the years of testing. Del7AS-10 had 
significantly lower FHB severity and DON content in year 
2020. Integrated molecular and phenotypic analysis revealed 
the location of Sf-Fhb-7AS in the ~ 50 Mb region between 
214 and 262.5 Mb on the short arm of chromosome 7A 
between del7AS-3 and del7AS-8 (Fig. 6). Some intriguing 
results were obtained for DON content. Del7AS-6, del7AS-4 
and del7AS-3 were found to be resistant for FHB severity, 
AUDPC and FDKs as well as having low DON content. 
However, del7AS-10 showed FHB severity lower than Chi-
nese Spring in 2020 complete set of deletion lines, whereas 
similar to Chinese Spring in 2020 critical set. However, 
del7AS-10 had significantly lower DON content than con-
trol Chinese Spring in both 2020 deletion lines complete 
set and 2020 critical set. Critical deletion line del7AS-8 
sharing the deletion with del7AS-10, in addition to an extra 
20-30 Mb deletion, showed significantly lower DON con-
tent than Chinese Spring during testing in the complete set 
of 2020. When tested again in the subset of critical lines, it 

was found to be numerically lower, but statistically similar to 
Chinese Spring. These results indicate toward the possibil-
ity of an additional DON-regulating factor to be present in 
the common deleted region of the chromosome in del7AS-8 
and del7AS-10. Using marker analysis, we also observed 
an additional ~ 1  Mb interstitial deletion in del7AS-10 
at ~ 211 Mb on chromosome 7A short arm (Supplementary 
Table S4), which is also contained in the major deletion 
of del7AS-8. The potential DON regulating factor may be 
either present either in the 1 Mb interstitial deletion or the 
major ~ 50 Mb deletion between del7AS-11 and del7AS-10. 
More experiments are needed to verify the presence of this 
potential factor and locate it on chromosome 7AS.

Discussion

For decades, resistance genes have been known as the major 
players in imparting resistance to crop plants (Andersen 
et al. 2018; Kourelis and van der Hoorn 2018). However, lit-
tle is known about host susceptibility genes facilitating path-
ogen infection or colonization of crop plants. Such genes can 
be good targets for manipulation to make it difficult for the 
pathogen to survive on the host, and hence making the plants 
resistant (Engelhardt et al. 2018; Fabre et al. 2020; Gorash 
et al. 2020). Following up on a survey of 30 ditelosomic 
lines of Chinese Spring for their FHB response by Ma et al. 
(2006), we selected Dt7AL (lacking short arm of chromo-
some 7A) for systematic investigation for the presence of a 
potential susceptibility factor(s) because it was reported to 
have lowest FHB severity as well as DON content among 
all the lines. Using a complete set of 6 ditelosomic lines 
(Dt7AS, Dt7AL, Dt7BS, Dt7BL, Dt7DS and Dt7DL), we 

Fig. 6   Deletion-bin mapping 
of the candidate region for 
susceptibility gene Sf-Fhb-7AS. 
Deletion lines are depicted in 
decreasing order of the length 
of 7A short arm present in 
them. Response to FHB is 
shown as S (susceptible) or R 
(resistant) on right of each of 
the line. Diagonal pattern filled 
section of del7AS-8 shows the 
candidate region of Sf-Fhb-7AS. 
Location of 1 Mb interstitial 
deletion in del7AS-10 has also 
been shown in the figure
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confirmed that loss of short arm in ditelosomic line Dt7AL 
made it resistant to FHB and DON accumulation. This veri-
fied the presence of a potential susceptibility factor(s) on 
7AS. We also observed that Dt7DL had significantly lower 
DON content and numerically lower FHB severity than 
Chinese Spring (Fig. 1) indicating toward the presence of a 
homoeoallele(s) of the same or an additional minor suscepti-
bility factor regulating DON content on 7DS. However, pre-
viously Ma et al. (2006) found Dt7DL to have either higher 
or similar FHB severity and DON content to that of Chinese 
Spring control. Instead in their study, Dt7BL was found to 
have lower FHB severity and DON content than Chinese 
Spring, whereas in the present study, Dt7BL was found to 
have higher/similar FHB severity and DON parameters. It 
should be noted that in the present study, the ditelosomic 
lines were analyzed only in one year. Nevertheless, the 
results of dt7AL FHB severity and DON content were same 
in both the studies. To analyze the contribution of different 
homoeologous copies and the effect of increasing or reduc-
ing their dosage, we studied nullisomic–tetrasomic lines of 
various group 7 chromosomes for their FHB response.

The presence of the major effect susceptibility factor was 
confirmed on chromosome 7A because N7A-T7B and N7A-
T7D were found to have significantly lower FHB severity. 
Furthermore, increasing the dosage of 7A copy in N7B-T7A, 
and N7D-T7A, made the plants even more susceptible than 
Chinese Spring control. This experiment was conducted only 
in one year, and it indicated that the identified factor on 
chromosome 7A enhances susceptibility of the plants when 
present in multiple copies, and hence can be considered a 
genuine susceptibility factor. It is important to note that 
DON content of N7A-T7D plants was statistically similar 
to that of Chinese Spring control, indicating the possibility 
of a DON-regulating factor on 7D, which may/may not be 
homoeologous to Sf-Fhb-7AS. This pattern for DON content 
of 7D was similar to that observed for Dt7DL.

Using a set of six substitution lines from different varie-
ties/species of wheat, we found that the Sf-Fhb-7AS factor(s) 
is conserved across not only multiple varieties, but also in 
a tetraploid species. All tested substitution lines were found 
to be statistically similar or showing higher disease sus-
ceptibility in comparison to Chinese Spring for all the four 
tested parameters. This indicates that the susceptibility fac-
tor is conserved among multiple varieties/species of wheat. 
Hence, developing a biparental genetic mapping population 
for mapping this trait would not be helpful. However, given 
its peri-centromeric location on the wheat chromosome 7AS, 
the conserved nature of the susceptibility factor as observed 
in tested varieties/species is not unexpected. It is known 
that genetic recombination events in wheat are limited to 
the telomeric and sub-telomeric regions. For example, in 
chromosome 3B of wheat, 82% of the crossover events are 
restricted to the distal ends of the chromosome, representing 

only 19% of the whole chromosome length (Saintenac et al. 
2009; Darrier et al. 2017). However, more experiments are 
needed to confirm that the same conserved factor is leading 
to the susceptibility in all the substitution lines tested.

To physically localize the major susceptibility factor on 
7AS, precise physical boundaries of the 11 overlapping dele-
tion lines of 7AS were determined using genome-specific 
molecular markers based on the Wheat Reference Genome 
Sequence v 1.0 (IWGSC 2018). The order of deletions deter-
mined in all the lines was in agreement with that reported 
by Endo and Gill (1996). FHB response of the deletion 
lines was evaluated four times in the greenhouse for various 
FHB response parameters. For FHB severity, AUDPC and 
FDKs, peri-centromeric lines 7AS-6, 7AS-4 and 7AS-3 were 
found to be resistant, whereas all other lines were found to 
be susceptible. These three deletion lines also had low DON 
content. This indicates that other deletion lines (del7AS-12, 
del7AS-1, del7AS-9, del7AS-2, del7AS-5, del7AS-11, 
del7AS-10 and del7AS-8) harbor the major susceptibility 
gene(s), whereas loss of the chromosome segment carrying 
it makes the peri-centromeric lines (del7AS-3, del7AS-4 
and del7AS-6) resistant. This allowed us to localize the 
major susceptibility factor(s) to a peri-centromeric region of 
48.5–50.5 Mb on chromosome 7AS. It is interesting to note 
that del7AS-10 had lower DON content than Chinese Spring 
(Figs. 4b, 5b), although it retained the major effect suscepti-
bility factor on 7AS. Application of more molecular mark-
ers on this deletion line showed it to contain an additional 
interstitial deletion of ~ 1 Mb (Supplementary Table S4). 
Possibly, this 1 Mb interstitial deletion in del7AS-10 or 
the 50 Mb major deletion of del7AS-10, both of which are 
common with del7AS-8 may harbor such a factor regulating 
DON content. However, more experiments are needed for 
validation of these propositions. In a similar study exploring 
susceptibility factor(s) on wheat chromosome 4DS, Hales 
et al. (2020) also reported presence of two different underly-
ing genes, one providing resistance against FHB severity and 
the other against DON content.

In the present work, a new susceptibility factor(s) Sf-
Fhb-7AS was physically mapped to a 48.5–50.5 Mbp on 
chromosome 7A short arm. Deletion of the region resulted 
in a 50–60% increase in resistance as compared to control 
Chinese Spring. It was also found that 7A from any of the six 
varieties studied in the 7A substitution genotypes set does 
not rescue the susceptible phenotype of Chinese Spring. This 
may have future implications on the utilization of this factor, 
as once the underlying gene is identified, it can be deleted/
made non-functional in potentially several cultivars to make 
them resistant to FHB. It is worth mentioning here that most 
of the deletion lines did not show any major difference in 
their morphology or phenology from control Chinese Spring 
over all the three seasons. Deletion line 7AS-11 was late 
flowering and had compact and light green spikes. It was 
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susceptible and contained the Sf-Fhb-7AS region. However, 
the reason for the abnormal morphology of del7AS-11 may 
be the additional deletion reported in it on the short arm of 
chromosome 2B (Endo and Gill 1996). This indicated that 
the manipulation of Sf-FHB-7AS should theoretically not 
lead to any deleterious effect on the morphology or phenol-
ogy of the plants. Fine mapping and identification of Sf-
FHB-7AS gene will allow better understanding of its role 
in the plant and in the interaction with F. graminearum and 
further its utilization in developing FHB resistance in wheat 
varieties. The 48.5–50.5 Mb-long Sf-FHB-7AS region is still 
a big interval for selecting candidate gene(s) and needs to be 
reduced further. To do that, we plan to use a Gamma-irradi-
ated Radiation-Hybrid panel of Chinese Spring (Tiwari et al. 
2016) to detect smaller deletions in the mapped region and 
delineate the gene further. Manipulation of such susceptibil-
ity factors may provide alternative strategies for designing 
broad-spectrum durable FHB resistance in wheat varieties 
(Fabre et al. 2020; Gorash et al. 2020).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00122-​021-​03825-y.

Acknowledgements  Authors are thankful to US Wheat Barley and 
Scab Initiative (Award# 59-0206-0-177, 59-0200-6-018), National Sci-
ence Foundation (Award# 1943155) and USDA NIFA (Award# 2020-
67013-32558 and 2020-67013-31460) for financial support.

Author Contribution statement  BC performed the experiments, 
recorded data, conducted statistical analyses and co-wrote the manu-
script with NR. VT, BSG and NR developed the idea, BSG provided 
the genetic stocks for conducting the study, YD performed DON con-
tent measurement, and NR designed the experiments and arranged 
funding resources for conducting the experiments. All co-authors pro-
vided their inputs in the manuscript.

Declarations 

Conflict of interest  Authors have no conflicts of interest.

References

Andersen EJ, Ali S, Byamukama E et al (2018) Disease resistance 
mechanisms in plants. Genes (Basel) 9:339. https://​doi.​org/​10.​
3390/​genes​90703​39

Bai G, Shaner GE (1994) Scab of wheat: prospects for control. Plant 
Dis 78:760–766. https://​doi.​org/​10.​1094/​PD-​78-​0760

Bai G, Shaner G (2004) Management and resistance in wheat and bar-
ley to Fusarium head blight. Annu Rev Phytopathol 42:135–161. 
https://​doi.​org/​10.​1146/​annur​ev.​phyto.​42.​040803.​140340

Bai G-H, Desjardins AE, Plattner RD (2002) Deoxynivalenol-nonpro-
ducing fusarium graminearum causes initial infection but does not 
cause disease spread in wheat spikes. Mycopathologia 153:91–98. 
https://​doi.​org/​10.​1023/A:​10144​19323​550

Buerstmayr M, Steiner B, Buerstmayr H (2019) Breeding for Fusarium 
head blight resistance in wheat—progress and challenges. Plant 
Breed 139:429–454. https://​doi.​org/​10.​1111/​pbr.​12797

Büschges R, Hollricher K, Panstruga R et al (1997) The barley Mlo 
gene: a novel control element of plant pathogen resistance. Cell 
88:695–705. https://​doi.​org/​10.​1016/​S0092-​8674(00)​81912-1

Chen Y, Kistler HC, Ma Z (2019) Fusarium graminearum tri-
chothecene mycotoxins: biosynthesis, regulation, and manage-
ment. Annu Rev Phytopathol 57:15–39. https://​doi.​org/​10.​1146/​
annur​ev-​phyto-​082718-​100318

Consortium (IWGSC) TIWGS, Appels R, Eversole K et al (2018) 
Shifting the limits in wheat research and breeding using a fully 
annotated reference genome. Science 361:661. https://​doi.​org/​10.​
1126/​scien​ce.​aar71​91

Cutler HG (1988) Trichothecenes and their role in the expression of 
plant disease. In: Biotechnology for crop protection. American 
Chemical Society, pp 50–72

Darrier B, Rimbert H, Balfourier F et al (2017) High-resolution map-
ping of crossover events in the hexaploid wheat genome suggests 
a universal recombination mechanism. Genetics 206:1373–1388. 
https://​doi.​org/​10.​1534/​genet​ics.​116.​196014

Desjardins AE, Proctor RH, McCormick SP, Hohn TM (1997) Reduced 
virulence of trichothecene antibiotic-nonproducing mutants of 
Gibberella zeae in wheat field tests. MPMI 9:775–781. https://​
doi.​org/​10.​1094/​MPMI-9-​0775

Eckardt NA (2002) Plant disease susceptibility genes? Plant Cell 
14:1983–1986. https://​doi.​org/​10.​1105/​tpc.​140910

Endo TR, Gill BS (1996) The deletion stocks of common wheat. J 
Hered 87:295–307. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​jhered.​
a0230​03

Engelhardt S, Stam R, Hückelhoven R (2018) Good riddance? Break-
ing disease susceptibility in the era of new breeding technologies. 
Agron J 8:114. https://​doi.​org/​10.​3390/​agron​omy80​70114

Fabre F, Rocher F, Alouane T et al (2020) Searching for FHB resist-
ances in bread wheat: susceptibility at the crossroad. Front Plant 
Sci 11:731. https://​doi.​org/​10.​3389/​fpls.​2020.​00731

Garvin DF, Porter H, Blankenheim ZJ et al (2015) A spontaneous seg-
mental deletion from chromosome arm 3DL enhances Fusarium 
head blight resistance in wheat. Genome 58:479–488. https://​doi.​
org/​10.​1139/​gen-​2015-​0088

Gorash A, Armonienė R, Kazan K (2020) Can effectoromics and loss-
of-susceptibility be exploited for improving Fusarium head blight 
resistance in wheat? Crop J 9:1–16. https://​doi.​org/​10.​1016/j.​cj.​
2020.​06.​012

Goswami RS, Kistler HC (2004) Heading for disaster: Fusarium 
graminearum on cereal crops. Mol Plant Pathol 5:515–525. 
https://​doi.​org/​10.​1111/j.​1364-​3703.​2004.​00252.x

Hales B, Steed A, Giovannelli V et al (2020) Type II Fusarium head 
blight susceptibility conferred by a region on wheat chromosome 
4D. J Exp Bot 71:4703–4714. https://​doi.​org/​10.​1093/​jxb/​eraa2​26

Jansen C, von Wettstein D, Schäfer W et al (2005) Infection patterns in 
barley and wheat spikes inoculated with wild-type and trichodi-
ene synthase gene disrupted Fusarium graminearum. PNAS 
102:16892–16897. https://​doi.​org/​10.​1073/​pnas.​05084​67102

Kourelis J, van der Hoorn RAL (2018) Defended to the nines: 25 years 
of resistance gene cloning identifies nine mechanisms for R pro-
tein function. Plant Cell 30:285–299. https://​doi.​org/​10.​1105/​tpc.​
17.​00579

Ma H-X, Bai G-H, Gill BS, Hart LP (2006) Deletion of a chromosome 
arm altered wheat resistance to Fusarium head blight and deoxyni-
valenol accumulation in Chinese spring. Plant Dis 90:1545–1549. 
https://​doi.​org/​10.​1094/​PD-​90-​1545

McMullen M, Jones R, Gallenberg D (1997) Scab of wheat and barley: 
A re-emerging disease of devastating impact. Plant Dis 81:1340–
1348. https://​doi.​org/​10.​1094/​PDIS.​1997.​81.​12.​1340

Mesterházy Á, Bartók T, Mirocha CG, Komoróczy R (1999) Nature 
of wheat resistance to Fusarium head blight and the role of deox-
ynivalenol for breeding. Plant Breed 118:97–110. https://​doi.​org/​
10.​1046/j.​1439-​0523.​1999.​11800​2097.x

https://doi.org/10.1007/s00122-021-03825-y
https://doi.org/10.3390/genes9070339
https://doi.org/10.3390/genes9070339
https://doi.org/10.1094/PD-78-0760
https://doi.org/10.1146/annurev.phyto.42.040803.140340
https://doi.org/10.1023/A:1014419323550
https://doi.org/10.1111/pbr.12797
https://doi.org/10.1016/S0092-8674(00)81912-1
https://doi.org/10.1146/annurev-phyto-082718-100318
https://doi.org/10.1146/annurev-phyto-082718-100318
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1534/genetics.116.196014
https://doi.org/10.1094/MPMI-9-0775
https://doi.org/10.1094/MPMI-9-0775
https://doi.org/10.1105/tpc.140910
https://doi.org/10.1093/oxfordjournals.jhered.a023003
https://doi.org/10.1093/oxfordjournals.jhered.a023003
https://doi.org/10.3390/agronomy8070114
https://doi.org/10.3389/fpls.2020.00731
https://doi.org/10.1139/gen-2015-0088
https://doi.org/10.1139/gen-2015-0088
https://doi.org/10.1016/j.cj.2020.06.012
https://doi.org/10.1016/j.cj.2020.06.012
https://doi.org/10.1111/j.1364-3703.2004.00252.x
https://doi.org/10.1093/jxb/eraa226
https://doi.org/10.1073/pnas.0508467102
https://doi.org/10.1105/tpc.17.00579
https://doi.org/10.1105/tpc.17.00579
https://doi.org/10.1094/PD-90-1545
https://doi.org/10.1094/PDIS.1997.81.12.1340
https://doi.org/10.1046/j.1439-0523.1999.118002097.x
https://doi.org/10.1046/j.1439-0523.1999.118002097.x


Theoretical and Applied Genetics	

1 3

Mirocha CJ, Kolaczkowski E, Xie W et al (1998) Analysis of deox-
ynivalenol and its derivatives (batch and single kernel) using 
Gas Chromatography/Mass Spectrometry. J Agric Food Chem 
46:1414–1418. https://​doi.​org/​10.​1021/​jf970​857o

Parry DW, Jenkinson P, McLEOD L (1995) Fusarium ear blight (scab) 
in small grain cereals? A review. Plant Pathol 44:207–238. https://​
doi.​org/​10.​1111/j.​1365-​3059.​1995.​tb027​73.x

Pavan S, Jacobsen E, Visser RGF, Bai Y (2009) Loss of suscepti-
bility as a novel breeding strategy for durable and broad-spec-
trum resistance. Mol Breeding 25:1. https://​doi.​org/​10.​1007/​
s11032-​009-​9323-6

Qi LL, Pumphrey MO, Friebe B, Chen PD, Gill BS (2008) Molecu-
lar cytogenetic characterization of alien introgressions with gene 
Fhb3 for resistance to Fusarium head blight disease of wheat. 
Theor Appl Genet 117(7):1155–1166

Raupp JW (1995) Suggested guidelines for the nomenclature and 
abbreviation of the genetic stocks of wheat, Triticum aestivum 
L.em Thell., and its relatives. Wheat Info Serv 81:50–55

Rawat N, Pumphrey MO, Liu S et al (2016) Wheat Fhb1 encodes a 
chimeric lectin with agglutinin domains and a pore-forming toxin-
like domain conferring resistance to Fusarium head blight. Nat 
Genet 48:1576–1580. https://​doi.​org/​10.​1038/​ng.​3706

Rocha O, Ansari K, Doohan FM (2005) Effects of trichothecene myco-
toxins on eukaryotic cells: a review. Food Addit Contam 22:369–
378. https://​doi.​org/​10.​1080/​02652​03050​00584​03

Saintenac C, Falque M, Martin OC et al (2009) Detailed recombi-
nation studies along chromosome 3B provide new insights on 
crossover distribution in wheat (Triticum aestivum L.). Genetics 
181:393–403

Salgado JD, Madden LV, Paul PA (2014) Efficacy and economics of 
integrating in-field and harvesting strategies to manage Fusarium 
head blight of wheat. Plant Dis 98:1407–1421. https://​doi.​org/​10.​
1094/​PDIS-​01-​14-​h093-​RE

Semagn K, Skinnes H, Bjørnstad Å et al (2007) Quantitative Trait Loci 
controlling Fusarium head blight resistance and low Deoxyni-
valenol content in hexaploid wheat population from ‘Arina’ and 
NK93604. Crop Sci 47:294–303

Simko I, Piepho H-P (2011) The area under the disease progress stairs: 
calculation, advantage, and application. Phytopathology 102:381–
389. https://​doi.​org/​10.​1094/​PHYTO-​07-​11-​0216

Snijders CHA (1990) Fusarium head blight and mycotoxin contamina-
tion of wheat, a review. Neth J Plant Pathol 96:187–198. https://​
doi.​org/​10.​1007/​BF019​74256

Tiwari VK, Heesacker A, Riera-Lizarazu O et al (2016) A whole-
genome, radiation hybrid mapping resource of hexaploid wheat. 
Plant J 86:195–207. https://​doi.​org/​10.​1111/​tpj.​13153

van Schie CCN, Takken FLW (2014) Susceptibility genes 101: how to 
be a good host. Annu Rev Phytopathol 52:551–581. https://​doi.​
org/​10.​1146/​annur​ev-​phyto-​102313-​045854

Waldron BL, Moreno-Sevilla B, Anderson JA et al (1999) RFLP map-
ping of QTL for Fusarium head blight resistance in wheat. Crop 
Sci 39:805–811. https://​doi.​org/​10.​2135/​crops​ci1999.​00111​
83X00​39000​30032x

Wang Y, Tiwari VK, Rawat N et al (2016) GSP: a web-based platform 
for designing genome-specific primers in polyploids. Bioinformat-
ics 32:2382–2383. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btw134

Wang H, Sun S, Ge W et al (2020) Horizontal gene transfer of Fhb7 
from fungus underlies Fusarium head blight resistance in wheat. 
Science 368:844. https://​doi.​org/​10.​1126/​scien​ce.​aba54​35

Wegulo SN, Bockus WW, Nopsa JH et al (2010) Effects of integrating 
cultivar resistance and fungicide application on Fusarium head 
blight and deoxynivalenol in winter wheat. Plant Dis 95:554–560. 
https://​doi.​org/​10.​1094/​PDIS-​07-​10-​0495

Wilson W, Dahl B, Nganje W (2018) Economic costs of Fusarium 
Head Blight, scab and deoxynivalenol. World Mycotoxin J 
11:291–302. https://​doi.​org/​10.​3920/​WMJ20​17.​2204

Zhang M, Zhang R, Yang J et al (2010) (2010) Identification of a new 
QTL for Fusarium head blight resistance in the wheat genotype 
“Wangshuibai.” Mol Biol Rep 37:1031–1035. https://​doi.​org/​10.​
1007/​s11033-​009-​9809-7

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/jf970857o
https://doi.org/10.1111/j.1365-3059.1995.tb02773.x
https://doi.org/10.1111/j.1365-3059.1995.tb02773.x
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1038/ng.3706
https://doi.org/10.1080/02652030500058403
https://doi.org/10.1094/PDIS-01-14-h093-RE
https://doi.org/10.1094/PDIS-01-14-h093-RE
https://doi.org/10.1094/PHYTO-07-11-0216
https://doi.org/10.1007/BF01974256
https://doi.org/10.1007/BF01974256
https://doi.org/10.1111/tpj.13153
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.2135/cropsci1999.0011183X003900030032x
https://doi.org/10.2135/cropsci1999.0011183X003900030032x
https://doi.org/10.1093/bioinformatics/btw134
https://doi.org/10.1126/science.aba5435
https://doi.org/10.1094/PDIS-07-10-0495
https://doi.org/10.3920/WMJ2017.2204
https://doi.org/10.1007/s11033-009-9809-7
https://doi.org/10.1007/s11033-009-9809-7

	Discovery of a susceptibility factor for Fusarium head blight on chromosome 7A of wheat
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant material
	Marker development, PCR conditions and Gel electrophoresis
	Fungal inoculum preparation and inoculation
	FHB severity, AUDPC and FDKs
	DON content
	Statistical analysis

	Results
	Short arm of chromosome 7A carries a potential FHB susceptibility factor
	7AS FHB susceptibility factor has a dosage effect
	The susceptibility factor is conserved on 7A chromosome of multiple wheat cultivars
	Sf-Fhb-7AS is located in the peri-centromeric region of chromosome 7AS
	Molecular characterization of deletion lines
	Deletion bin mapping of Sf-Fhb-7AS
	Confirmation of the peri-centromeric location of the major susceptibility factor using the critical deletion lines
	Mapping the susceptibility factor Sf-Fhb-7AS to a ~ 50 Mb physical region on chromosome 7AS


	Discussion
	Acknowledgements 
	References




