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QTL analysis of native Fusarium head
blight and deoxynivalenol resistance
in‘D8006W’/'Superior, soft white winter
wheat population
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Abstract

Background Fusarium head blight (FHB), caused by Fusarium graminearum, is a major disease of wheat in North
America. FHB infection causes fusarium damaged kernels (FDKs), accumulation of deoxynivalenol (DON) in the grain,
and a reduction in quality and grain yield. Inheritance of FHB resistance is complex and involves multiple genes. The
objective of this research was to identify QTL associated with native FHB and DON resistance in a'D8006W'/'Superior,
soft white winter wheat population.

Results Phenotyping was conducted in replicated FHB field disease nurseries across multiple environments and
included assessments of morphological and FHB related traits. Parental lines had moderate FHB resistance, however,
the population showed transgressive segregation. A 1913.2 cM linkage map for the population was developed

with SNP markers from the wheat 90 K Infinium iSelect SNP array. QTL analysis detected major FHB resistance QTL

on chromosomes 2D, 4B, 5A, and 7A across multiple environments, with resistance from both parents. Trait specific
unique QTL were detected on chromosomes 1A (visual traits), 5D (FDK), 6B (FDK and DON), and 7D (DON). The plant
height and days to anthesis QTL on chromosome 2D coincided with Ppd-D1 and were linked with FHB traits. The plant
height QTL on chromosome 4B was also linked with FHB traits; however, the Rht-B1 locus did not segregate in the
population.

Conclusions This study identified several QTL, including on chromosome 2D linked with Ppd-D1, for FHB resistance
in a native winter wheat germplasm.
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Background

Wheat (Triticum aestivum L.) is a major staple food crop.
Fusarium head blight (FHB) caused by Fusarium gra-
minearum Schwabe is one of the major diseases affect-
ing wheat produced around the world, including North
America [1]. Fusarium head blight causes premature
bleaching of spikelets, rachis discoloration, and shriveled
grain known as Fusarium-damaged kernels (FDKs), and
accumulation of the mycotoxin deoxynivalenol (DON)
in the grain [2, 3]. FHB has been reported as a threat to
wheat yield, and end-use quality, in addition to causing
economic losses in many countries, including Canada
[4]. There are also strict regulatory limits for DON lev-
els which are 2 ppm in adult and 1 ppm in baby foods in
Canada [5]. Ensuring DON concentrations in grain do
not exceed regulatory limits and reducing the high yield
penalty associated with FHB are challenges for Canadian
wheat growers.

An integrated approach is required to control FHB and
may include growing cultivars with higher FHB resis-
tance, use of fungicides, crop rotation, use of biological
control, and other agronomic practices [4]. Among the
FHB management practices, genetic resistance is a very
crucial component. The wheat-Fusarium graminearum
pathosystem is complex due to multiple types of host
resistance; type I (resistance to initial infection), type II
(resistance against fungal spread within spike), type III
(resistance to kernel infection/FDK), type IV (tolerance),
and type V (resistance to mycotoxin/DON accumulation
in grain) [6, 7]. Environment also plays a significant role
on FHB disease development [1]. As a result, breeding for
FHB resistance is a challenging task.

Numerous FHB resistance quantitative trait loci (QTL)
mapping studies have been conducted using different
populations and more than 52 QTL have been reported
across all of the wheat chromosomes [7, 8]. However,
many of these QTL are based on Sumai-3 or related
Asian sources of resistance, which are mainly present
on chromosomes 3B and 6B [9-13]. Frontana, a Brazil-
ian based source of FHB resistance, is also commonly
used by breeders and resistance from this source has
been identified on chromosomes 3A [14] and 5A [15, 16].
There are few studies on QTL mapping for FHB resis-
tance in Canadian wheat and those that have been con-
ducted mainly showed either Sumai-3 (3B and 6B) based
resistance [17, 18] or association of FHB reaction with
the semi-dwarfing loci on chromosomes 4B and 4D [19,
20]. Despite mapping of major FHB loci such as Fhb1 and
Fhb2, resistance is not complete and multiple genes are
required to improve FHB resistance. The genetic back-
ground of winter wheat in North America is quite dif-
ferent from spring wheat, and FHB resistance in winter
wheat has been considered a challenging puzzle.
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This research is based on soft white winter wheat which
is mainly used for cakes, biscuits, and pastries, and has
been facing FHB as a major threat [21, 22]. Superior has
been widely grown as a soft white winter wheat variety in
Eastern Canada. Superior does not have a known major
FHB resistance background such as Sumai-3 or Frontana
(Tamburic-llincic, personal communication). D8006W is
a breeding line from Michigan State University and pos-
sesses an intermediate reaction to FHB (Tamburic-llin-
cic, preliminary trials). The detection of QTL associated
with FHB resistance in this population may be unique
and could be used in marker-assisted selection in winter
wheat breeding programs as an alternative to Sumai-3
based FHB resistance. The objective of this research was
to identify QTL associated with FHB resistance, plant
height and days to anthesis in a D8006W/Superior dou-
bled haploid (DH) population.

Methods

Plant materials

The doubled haploid (DH) winter wheat population used
in this study was developed using the wheat-maize pol-
lination and embryo rescue method [23]. The parental
cross was developed by Dr. Tamburic-Ilincic, and DHs
were created from the F; generation of a cross between
two soft white winter wheat genotypes, ‘D8006W’ (a
breeding line from Michigan State University) and ‘Supe-
rior’ (a cultivar from Ontario, Canada). ‘Superior’ has
the pedigree ‘Rebecca’/’Harus’ and ‘D8006W’ has the
pedigree 2555’/'Lowell’ (Plant Gene Resource of Canada,
Agriculture and Agri-Food Canada). The DH popula-
tion consisted of 105 winter wheat lines. Both parents
have native, intermediate resistance to FHB [24], and
lack backgrounds related to Sumai-3, Frontana, or other
major known FHB resistance sources (24, Neupane,
Tamburic-Ilinic, and McCartney unpublished haplotype
analysis).

Disease phenotyping

FHB symptom evaluation was conducted in eight site
years. The environments included two sites in Western
Canada and one in Eastern Canada in 2016 and 2017, one
site in Germany in 2017, and one site in Western Canada
in 2018. The Western Canada sites were located at Win-
nipeg and Carman, Manitoba and the Eastern Canada
site was at Ridgetown, Ontario. The Germany site was in
Hohenheim.

A randomized complete block design with three rep-
lications was used in each site year. The DH popula-
tion, parents and checks were tested for FHB reaction
at each site. The check lines used in the Manitoba tri-
als were ‘FHB 148; ‘32 C*17, and ‘Emerson’ as resistant
checks, ‘Hanover’ and ‘Caledonia’ as susceptible checks,
and ‘Freedom’ and ‘431*18’ as intermediate FHB checks.
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The checks used in the Ontario trials were ‘Ava’ and ‘AC
Morley’ (moderately resistant), and ‘Emmit’ (moder-
ately susceptible). Different checks were used in the two
Canadian provinces based on adaptation of the checks in
the respective climatic conditions. Each plot was a sin-
gle row and were 1 m long in Manitoba and 2m long in
Ontario. The plots in Germany were double row micro-
plots (0.42x1.25m?). The checks used in Germany were
‘Venture’ (moderately susceptible), ‘Gallus’ (moderately
resistant), and ‘Priesley’ (moderately resistant).

The Julian calendar date, in which 50% of spikes in
each plot were at anthesis (referred to as days to anthesis
and abbreviated DA), was recorded by visually assessing
the flowering spikes in each plot. In the Manitoba trials,
each plot was inoculated at 50% anthesis and then again
three days later, using a mixture of two 15-acetyldeoxyni-
valenol (15-ADON) E graminearum isolates (M7-07-1,
M09-07-1), and two 3-acetyldeoxynivalenol (3-ADON) E
graminearum isolates (M1-07-2, M3-07-2). The isolates
were provided by Dr. Jeannie Gilbert of the former Cereal
Research Centre of Agriculture and Agri-Food Canada.
The inoculum for each isolate was prepared with slight
modification to research article from von der Ohe et al.
[25]. Briefly, each isolate was grown in Spezieller Nahr-
stoffarmer agar (SNA) media plates and transferred to
Carboxymethyl Cellulose (CMC) flasks. The isolates were
mixed in equal concentrations, and the final spore con-
centration was 50,000 macroconidia/ml. Four milliliters
of Tween 20 (Unigema Americas LLC) were added into
each 2-liter mixture solution to increase conidia adhe-
sion. Each plot was spray inoculated with 50 ml of the
E graminearum macroconidia suspension. Spraying was
done using a CO, backpack sprayer with 30 psi pres-
sure. Through the ten hours period after field inocula-
tion, a misting system was operated for ten minutes every
hour to maintain high humidity for disease development.
Similar inoculation procedures were followed in Ontario
as described in Tamburic-Ilincic et al. [26]. Eighteen to
twenty-one days after the initial inoculation, each plot
was visually assessed for disease incidence and sever-
ity. The FHB disease incidence (DI) was estimated as a
percentage of spikes in the plot that were infected and
disease severity (DS) as the percentage of the infected
spikelets in the infected spikes. FHB index was calculated
as disease incidence x disease severity /100. Plant height
(PHT) was recorded, in each plot, using the mean of
three measurements from the soil surface to the tip of the
main spike (excluding awns).

At maturity, each plot was hand harvested, and spikes
were threshed with a small plot stationary combine with
reduced wind speed to reduce loss of FDK. FDK were
measured from a 50 g of sample, from each line, using
a composite of replicates. After the FDK measurement,
the sample was ground into powder that was fine enough
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to pass through 20 mesh sieves. Ten grams of flour were
sampled for DON quantification with the enzyme linked
immunosorbent assay (ELISA) using DON kit (Neogen
Corporation, Lansing, MI). DON quantification limit was
5ppm. The samples with over 5ppm of DON were kept
within limit using dilutions of filtrate.

The D8006W /Superior population was also tested in
Germany for FHB resistance, by Dr. Thomas Meidner’s
program [27]. The spray inoculation was performed
using an aggressive F culmorum isolate at a spore sus-
pension concentration of 200,000 macroconidia/ml
applied with an agricultural field sprayer. All genotypes
were inoculated three to four times, with two days inter-
val at mid anthesis, to ensure successful inoculation
based on flowering time. The FHB rating was conducted
based on Miedaner et al. [28] using both the number of
infected spikes per plot and number of infected spikelets
per spike in one rating scale [25, 29]. The percentage of
infected spikelet’s was rated (0-100) for each plot which
is the product of percentage of infected spikes per plot
and percentage of infected spikelets per spike. Addi-
tionally, anthesis date was recorded at 50% anthesis and
anther extrusion was recorded on a 1-4 scale (1 being
the least extruded anthers and 4 being the most extruded
anthers). The post-harvest measurements, including
FDK, and DON analysis were not conducted for trials
from Germany.

Genotyping

The DH and parental lines were grown on sterilized cot-
ton balls placed on Deep Inserts trays using 4-5 seeds
per line. The Deep Inserts contained 48 cells with each
cell dimension of 2” x 2.25” x 3.25” and were placed over
flat trays (https://www.greenhousemegastore.com/con-
tainers-trays/trays-flats/deep-inserts). Cotton balls were
moistened regularly with distilled water for optimal ger-
mination and growth. Trays were placed in normal room
temperature under 12 h light and grown until seedlings
reached the one to two-leaf stage. Tissue samples were
collected and freeze dried and stored at -78 °C until DNA
extraction could be performed. The DNA extraction of
D8006W/Superior population was done using Qiagen
DNeasy kit (Qiagen, Toronto, Canada). DNA was quan-
tified using PicoGreen stain (Molecular Probes, Inc.,
Eugene, Oregon, USA) and the working DNA concen-
tration was adjusted to 50 ng/pl. Genotyping of the DH
population was performed using the wheat 90 K Infinium
iSelect SNP array (Illumina, San Diego, CA, USA) [30].
Genome Studio V2011.1 software (Illumina, San Diego,
CA, USA) was used to analyze the raw data generated
from the genotyping platform. Genome Studio identified
clusters, which were then converted to A (female parent),
B (male parent), or missing data. Markers with greater
than 10% missing data or strong segregation distortion,
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(based on X2 value at P<0.001), were removed from the
dataset. The final set of high quality markers was used
for linkage map construction and QTL analysis. The DH
population was also genotyped using the Fhbl Kom-
petitive allele specific PCR (KASP) marker ‘WMAS0008’
to check for the presence of Fhbl on chromosome 3B
[31, 32]. In addition, the photoperiod gene Ppd-D1 on
chromosome 2D was analyzed using the KASP marker
‘WM AS00024’ [33].

Linkage and QTL analysis

Polymorphic markers were used to create a linkage
map using MapDisto version 1.7.7 [34]. Linkage map
construction was similar to the method described in
McCartney et al. [35]. Briefly, the first linkage groups
were created using the Automap function in MapDisto
with the Kosambi mapping function. Initially, a strin-
gent LOD score of 4 and recombination fraction (RF)
of 0.20 cM were used to identify the number of linkage
groups and later a LOD score of 3 and RF of 0.3 cM were
used to relax the criteria and finalize linkage groups. To
order the markers, “sum of adjacent recombination frac-
tion” (SARF) was used as an objective function along
with “Branch and Bound II” and “Seriation II’; as the fit-
ting criteria. All marker data were checked, and possible
error candidates were replaced with missing data. All
linkage groups were assigned to respective chromosomes
using available wheat reference maps [30, 36].

The QTL analysis method was similar to McCartney
et al. [35] and Thambugala et al. [37]. For QTL analysis,
markers were sorted based on position and the most
informative marker (i.e., least missing data) was retained
per linkage bin. QTL analysis was conducted using soft-
ware QTL IciMapping version 4.0.6.0 [38] using the
interval mapping (IM) and inclusive composite interval
mapping (ICIM) functions. The QTL analysis was con-
ducted with 0.1 cM scanning steps, and QTL were identi-
fied as significant based on a 5% experiment-wise LOD
significance threshold based upon 10,000 permutations.
The LOD threshold was 3.10 for additive QTL analysis for
IM and 3.06 for ICIM. The QTL confidence interval was
estimated based upon one-LOD drop from QTL peak
position. QTL were reported if they were significant in at
least two environments. For those significant QTL, other
environments QTL data were also reported for QTL with
minimum LOD 2.5. The QTL that fit the above criteria
were considered QTL of interest in this research and
were further discussed. The additional QTL were further
discussed if they were associated to multiple traits. The
physical position of SNP markers flanking the impor-
tant QTL, were checked with the International Wheat
Genome Consortium (IWGSC) Chinese Spring RefSeq
v1.0 (https://wheat-urgi.versailles.inra.fr/Seq-Reposi-
tory/Assemblies) and potential candidate genes were
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analyzed with the basic local alignment tool (BLAST)
available in different bioinformatics platform (https://
urgi.versailles.inra.fr/blast_iwgsc/?dbgroup=wheat_
iwgsc_refseq_vl_chromosomes&program=blastn;
https://plants.ensembl.org ; https://wheat.triticeaetool-
box.org).

Statistical analysis

All statistical analyses were performed using SAS 9.4.
Analysis of variance was performed using the proc mixed
function with treatments as a fixed effect, and site year
and block as random effects. Least-squares means were
calculated for each phenotypic trait for each environ-
ment as well as the combined dataset. The normality of
the datasets was tested using the proc univariate test,
and homogeneity of the variance for the combined data-
set was checked using the Levene test in SAS. Data were
homogenous across environments, and thus combined
across multiple site years. Correlations between all phe-
notypic variables were calculated using the Pearson cor-
relation and variance components were estimated using
the proc var procedure in SAS. Heritability was calcu-
lated, for each trait, using the broad sense heritability
equation:

h? = 6°G / (6°G + 6>GS/S+ c%e/SR); where h*=herita-
bility of traits, c>=variance component, G=genotypes,
e=error variance, S=site years, S x E=genotype x site
years interaction, R=replicates/blocks.

Results

Phenotypic analysis

The DH population showed transgressive segregation of
genotypes, with DH lines containing phenotypic trait val-
ues higher or lower than the parents used in study, for all
traits measured (Fig. 1, Table S1). ‘D8006W’ was shorter
and had earlier anthesis than ‘Superior. The mean plant
height of ‘D8006W’ parent was 75.3 cm, while Superior
was 86.2 cm. The mean days to anthesis for ‘D8006W’
was 161.4, and for ‘Superior’ was 163.4. Although both
parents had an intermediate FHB resistance, ‘D8006W’
had slightly higher DI, DS, FHB index, FDK and DON
than ‘Superior’ (Fig. 1, Table S1). The mean DI, DS,
FHB index, FDK, and DON for ‘D80006W’ was 32.9%,
37.1%, 12,8%, 8.2%, and 15.7 ppm, respectively, while for
‘Superior’ was 26.0%, 36.3%, 9.8%, 8.0%, and 13.5 ppm,
respectively.

Analysis of variance showed that both genotype and
genotype x site year interaction were significant for all
phenotypic traits (Table 1). The broad sense heritabil-
ity (h?) calculation showed that plant height (85%) and
days to anthesis (89%), had higher heritability than FHB
related traits, DI (77%), DS (76%), FHB index (75%), FDK
(71%) and DON (75%) (Table 1). All variables were sig-
nificantly correlated with each other, except plant height
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Fig. 1 The frequency distribution of plant height (A), days to anthesis (B), FHB disease incidence (C), FHB disease severity (D), FHB index (E), Fusarium-
damaged kernels (FDK) (F), and deoxynivalenol (DON) content (G) of D8006W/Superior doubled haploid (DH) population (parents and 105 DH lines)
based on combined site years of data. Means of parental lines are indicated for each traits (A-G). Pearson correlation coefficients and statistical signifi-
cance levels among phenotypic traits are presented (bottom). The significant correlations are referred as ****p <0.0001; ***p <0.001; **p <0.01; *p < 0.05
and non-significant correlation referred to as ns. Phenotypic data were collected across seven site years (Winnipeg 2016, Carman 2016, Ridgetown 2016,
Winnipeg 2017, Carman 2017, Ridgetown 2017, Winnipeg 2018) except plant height and days to anthesis which were based on six site years (Ridgetown

2017 excluded)

and days to anthesis with disease incidence (Fig. 1). How-
ever, plant height and days to anthesis were strongly
correlated with each other and to DS, FHB index, FDK
and DON. There was also strong correlation between
FHB symptoms (DI, DS) and harvested grain data (FDK,
DON).

Linkage mapping

In total, 5195 SNP polymorphic markers were used for
marker grouping into linkage groups, and after further
refining, 1254 high quality, informative SNPs were used
to generate the final linkage map (Supplementary Table
S4). The linkage map of the ‘D8006W’/Superior’ DH
population consisted of 31 linkage groups (LG) with a
total map length of 1913.17 ¢cM and 1254 high quality
informative SNP marker loci (Table 2, Supplementary

Table S5). The majority of the markers mapped to the
B genome (about half of the SNP markers), followed by
the A genome containing one third of the SNP markers,
and the D genome contained the least amount of total
SNP markers (Table 2). The low number of SNP mark-
ers in the D genome was expected based on the literature
and nature of polyploidization in hexaploid wheat. The
average spacing per SNP marker loci was 1.5 ¢cM in the
genetic map and 9.4 Mb in the physical map, giving the
overall genetic and physical map ratio of 6.2 Mb/cM. The
physical map and genetic map were fitted in expected
order based on reference maps (Fig. S1, Table S5) [30, 36].

QTL analysis
The major QTL for each measured phenotypic trait
were detected in different environments as well as the
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go Bl S maoTess QDa.ufg-2D.1, QDa.ufg-2D.2, QDa.ufg-4A, QDa.ufg-5A,
o Q [a i, = ;
& = £c2s QDa.ufg-7A, and QDa.ufg-7D, respectively (Table 3).
o v s oE s
8 g 5E5% Two QTL were detected on chromosome 2D, QDa.ufg-
2< N 2D.1 and QDa.ufg-2D.2, which in the 30-
c g 0 o R vl = .1 an a.ufg-2D.2, which were in the 30-35 cM,
s = I o ~N M AN < 2
gy § - f—i‘:’ % T £ and 55-60 cM regions of chromosome 2D, respectively.
E X Elg35F QDa.ufg-2D.1 was consistently expressed across most
£% :T - ki ; of the environments, and accounted for 16.0-54.0% of
gé Sls qi K _§ E? Q the phenotypic variation using ICIM. QDa.ufg-2D.2
_ﬁi;f b8 T E g E ;NJE was expressed in fewer environments. QDa.ufg-2D.1
5 Qs % x g|5% 20 was a major days to anthesis QTL, and the ‘D80006W’
- é S "g é"‘; & é’ 5 & %% q;;"k‘z allele decreased days to anthesis on this locus. QDa.ufg-
Lol ERxEaTTeLs 2D.1 collocated with a plant height QTL QPht.ufg-2D at
2 T 2|5 S 28 5@ oldery ) ,
Ps3l8 6&a8&alflie 30-35 cM. The KASP marker ‘wMAS00024’ for Ppd-D1
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Table 2 Summary of genetic map of D8006W/Superior doubled haploid (DH) population including genetic distance (cM), physical
distance (mb), and number of SNP markers across individual linkage groups (LG), genomes, and homeologous groups based on the

final linkage map used in QTL analysis

Wheat Genome Linkage groups  No. of SNP markers  Genetic map (cM) Physical map (Mb) Genetic map aver-  Physical
age spacing (cM) map aver-
age spac-
ing (Mb)
A 1A1* 66 121.29 587.89 1.84 891
1A2 3 440 50.75 147 16.92
2A 43 63.29 731.71 147 17.02
3A1 3 7.73 324 2.58 1.08
3A2 27 93.51 712.18 346 26.38
4A 21 114.88 685.35 547 32.64
5A1 6 440 2.28 0.73 038
5A2 29 14.36 474.88 0.50 16.38
5A3 18 55.69 93.38 3.09 5.19
6A 120 111.21 705.98 093 5.88
7A 75 130.64 690.86 1.74 9.21
Sub-total 411 (33%) 7214 4738.5 1.75 11.52
B 1B 96 107.74 680.23 1.12 7.09
2B 145 100.86 767.92 0.70 530
3B 148 143.14 822.84 0.97 5.56
4B 76 71.33 654.46 094 8.61
5B 81 142.38 687.86 1.76 8.49
6B 31 52.31 675.67 1.69 21.80
7B.1 26 4.40 3346 017 1.29
7B2 53 52.39 602.11 0.99 11.36
7D 12 113.26 579.53 9.44 48.29
Sub-total 668 (53%) 787.8 5504.08 1.75 9.21
D 1D 16 53.67 435.77 3.35 27.24
2D 105 92.39 634.63 0.89 6.10
3D.1 2 11.17 7.36 559 3.68
3D.2 3 18.96 15.08 6.32 5.03
3D3 4 9.93 26.52 248 6.63
4D 4 13.25 26.75 3.31 6.69
4D.2 2 6.63 9.01 332 451
5D 4 2.21 2.55 0.55 0.64
5D.2 23 126.57 370.61 550 16.11
6D.1 10 64.73 180.86 6.47 18.09
6D.2 2 445 2.05 223 1.03
7D 12 113.26 579.53 9.44 48.29
Sub-total 186 (14%) 517.22 2290.72 2.78 12.31
Total 1254 1913.17 11953.77 1.53 9.54

* denotes corresponding linkage group for chromosome

located at 31.70 cM on chromosome 2D showed that the
population segregated for Ppd-DI and this locus lies in
the region identified for plant height and anthesis QTL
(30-35 cM) (Fig. 2). The remaining six QTL: QDa.ufg-1B,
QDa.ufg-2A, QDa.ufg-4A, QDa.ufg-5A, QDa.ufg-7A, and
QDa.ufg-7D were detected in fewer environments and
explained less phenotypic variation compared to QDa.
ufg-2D.1. QDa.ufg-1B, QDa.ufg-2A, QDa.ufg-4A, QDa.
ufg-5A, and QDa.ufg-7A explained 4.2—-49.7%, 0.7-7.8%,
2.1%, 9.6-48.9%, and 1.6% of the phenotypic variation
across individual environment(s), respectively using

ICIM. The additive effects were negative across six out
of eight of the QTL, indicating that the ‘D8006W" alleles
contributed to early anthesis. However, the additive effect
was positive for QDa.ufg-7A, and QDa.ufg-7D indicating
that the ‘Superior’ allele decreased the days to anthesis at
these loci, but this effect was minimal compared to other
QTL.

Anther extrusion QTL
Two QTL associated with anther extrusion were reported
on chromosomes 5A (LG: 5A.3), and 7A which were
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Fig. 2 Genetic map of D8006W/ Superior doubled haploid (DH) population chromosome 2D showing major QTL for plant height, days to anthesis, FHB
index, Fusarium-damaged kernels (FDK) and deoxynivalenol (DON) for the combined dataset using interval mapping method

named as QAE.ufg-5A, and QAE.ufg-7A, respectively,
based on one German site year of data (Table 3). QAE.
ufg-5A (LG: 5A.3), and QAE.ufg-7A explained 17.1% and
17.4% of the phenotypic variation, respectively, using
ICIM. The additive effects were positive for QAE.ufg-
5SA and negative for QAE.ufg-7A which means that the
‘D8006W’ and ‘Superior’ alleles contributed to higher
anther extrusion, respectively, on those two QTL.

FHB resistance QTL

Disease incidence, disease severity, FHB index, FDK and
DON content (collectively referred as FHB related traits)
are measures of FHB and DON resistance in this study.
QTL related to DI, DS and FHB Index, which were based
on direct phenotypic measurement, were grouped under
the same QTL designation as QFhb. QTL related to FDK
and DON were kept distinct as QFdk and QDon, respec-
tively (Table 3). The QTL analysis detected common QTL
across multiple FHB traits along with a few unique QTL
specific for each trait (Table 3; Table S3).

FHB incidence, FHB severity, and FHB Index

A total of eight FHB resistance QTL were detected on
chromosomes 1A.1 (DI and FHB index), 1B (DI and DS),
2D (DI, DS, and FHB index), 4B (DS, and FHB Index),
5A.2 (DI, DS, and FHB index), 5A.3 (DI, DS, and FHB
index), and 7A (DI, DS, FHB index) and were named as

QFhb.ufg-1A, QFhb.ufg-1B, QFhb.ufg-2D.1, QFhb.ufg-
2D.2, QFhb.ufg-4B, QFhb.ufg-5A.1 (LG: 5A.2), QFhb.ufg-
5A.2 (LG: 5A.3), and QFhb.ufg-7A, respectively (Table 3).

QFhb.ufg-1A explained 11.5%, and 4.1% of the pheno-
typic variation for DI and FHB index, respectively, across
individual environments using ICIM (Table 3). QFhb.ufg-
1B explained 9.6%, and 9.2% of the phenotypic variation
for DI and DS, respectively, across individual environ-
ments using ICIM (Table 3). For both QFhb.ufg-1A and
QFhb.ufg-1B, the additive effect was negative, indicating
that resistance was contributed from the ‘D8006W’ par-
ent. However, these QTL were detected in only a few
environments and explained less phenotypic variation
compared to other QTL.

The major FHB resistance QTL on chromosome 2D
were classified into two groups QFhb.ufg-2D.1 and QFhb.
ufg-2D.2, based on genetic position within the chromo-
some. QFhb.ufg-2D.1 explained phenotypic variation
of 14.4%, 16.3%, and 13.5-17.0% for DI, DS, and FHB
index, respectively, across individual and combined
environments using ICIM (Table 3). The phenotypic
variation explained by QFhb.ufg-2D.2 were 10.7-15.6%,
17.0-23.9%, and 14.0-20.0% for DI, DS, and FHB index,
respectively, across individual and combined environ-
ments using ICIM. The additive effect was negative
for QFhb.ufg-2D.1 and QFhb.ufg-2D.2 indicating that
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‘DB006W’ decreased DI, DS, and FHB index and acted as
the allelic source of resistance.

The QTL located on two linkage groups (LG) of chro-
mosome 5A; 5A.2 and 5A.3, were major FHB resistance
QTL which were detected across multiple environments
and multiple FHB traits (Table 3). The QFhb.ufg-5A.1
(LG: 5A.2) explained phenotypic variation of 11.6—18.4%,
13.6%, and 15.9-16.6% for DI, DS and FHB index, respec-
tively, across individual environments using ICIM. The
phenotypic variation explained by QFhb.ufg-5A.1 (LG:
5A.2) were 7.4%, 9.2%, and 11.1% for DI, DS, and FHB
index, respectively, across combined environments using
ICIM. The QFhb.ufg-5A.2 (LG: 5A.3) explained 10.2—
34.3%, 8.7-32.4%, and 33.7-34.1% of phenotypic varia-
tion across individual environments for DI, DS, and FHB
Index, respectively using ICIM. The phenotypic varia-
tion explained by QFhb.ufg-5A.2 (LG: 5A.3) across com-
bined environments were 35.9%, 22.4%, and 27.1% for DI,
DS, and FHB index, respectively using ICIM. The addi-
tive effect was negative for all of the QFhb.ufg-5A.1 and
QFhb.ufg-5A.2 QTL indicating that ‘D8006W’ decreases
DI, DS, and FHB index and was an allelic source of
resistance.

QFhb.ufg-7A was the third most important FHB QTL
in this study which was detected for DI and FHB index
using ICIM (Table 3). QFhb.ufg-7A explained phenotypic
variation of 7.0-22.9%, and 20.9%, for DI and FHB index,
respectively across individual environment(s) using
ICIM. QFhb.ufg-7A explained 12.8% of phenotypic varia-
tion for DI across combined environment using ICIM.
The additive effects were positive for QFhb.ufg-7A indi-
cating that ‘Superior’ decreases DI, DS, and FHB index
and was the allelic source of resistance.

QFhb.ufg-4B was another important QTL which was
detected using DS and FHB index. The QFhb.ufg-4B
explained phenotypic variation of 12.9-17.8%, and 12.3—
14.2% for DS and FHB index, respectively, for individual
environments using ICIM (Table 3). The phenotypic vari-
ation explained by QFhb.ufg-4B across combined envi-
ronments was 12.4%, and 6.9% for DS, and FHB index,
respectively using ICIM. The additive effect was posi-
tive for QFhb.ufg-4B, indicating that the ‘Superior” allele
decreased DI and, FHB index, and acted as allelic source
of resistance.

The German site also detected significant FHB QTL
on chromosomes 1B, 2D, 5 A.3 and 6B (Table 3). QFhb.
ufg-1B, QFhb.ufg-5A.2 (LG: 5A.3), and QFhb.ufg-6B
explained 9.8%, 25.1%, and 10.9% of phenotypic varia-
tion for FHB index, respectively using ICIM (Table 3).
The additive effects of those QTL were negative, indi-
cating ‘D8006W’ acted as a resistance allele. QFhb.ufg-
5A.2 (LG:5A.3) collocated with anther extrusion QAE.
ufg-5A at the 48 cM position of the 5A.3 linkage group.
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Phenotypically, both parents also showed intermediate
FHB resistance based on Germany data (Table S2).

FDK and DON content

Seven major QTL were detected for FDK on chromo-
somes 2B, 2D, 4B, 5A (LG: 5A.2), 5D (LG: 5D.2), and 7A
which were named as QFdk.ufg-2B, QFdk.ufg-2D.1, QFdk.
ufg-2D.2, QFdk.ufg-4B, QFdk.ufg-5A, QFdk.ufg-5D, and
QFdk.ufg-7A, respectively (Table 3). The QTL on chro-
mosome 2D were classified into two groups QFdk.ufg-
2D.1 and QFdk.ufg-2D.2 based on genetic position within
the chromosome. QFdk.ufg-2B, QFdk.ufg-2D.1, QFdk.
ufg-2D.2, and QFdk.ufg-5A explained 6.2%, 8.2—-15.9%,
13.6-21.7%, and 10.4—30.7% of phenotypic variation for
FDK, respectively, across individual environment(s) using
ICIM. QFdk.ufg-2B, QFdk.ufg-2D.1, and QFdk.ufg-5A
explained 7.4%, 15.9%, and 19.9% of phenotypic variation
across combined environments, respectively using ICIM.
The additive effect of those three QTL was negative, indi-
cating that resistance was contributed from ‘D8006W’
parent. The additive effects of QFdk.ufg-4B, QFdk.ufg-5D,
and QFdk.ufg-7A were positive, indicating that resistance
was contributed from ‘Superior’ parent for this three
QTL. QFdk.ufg-4B explained 8.7%, and 13.5% of pheno-
typic variation for FDK across individual and combined
environment(s), respectively using ICIM. QFdk.ufg-5D,
and QFdk.ufg-7A explained 13.5% and 23.1% of pheno-
typic variation, respectively, in individual environment
using ICIM. Two additional minor QTL related to FDK
were detected in single environment on chromosomes
1D (QFdk.ufg-1D) and 6B (QFdk.ufg-6B) where ‘D8006 W’
carried the resistant allele.

Four major QTL were detected for DON content on
chromosomes 2D, 4D (LG: 4D.1), 5 A (LG: 5A.2) and
7 A which were named as QDon.ufg-2D.1, QDon.ufg-4D,
QDon.ufg-5A, and QDon.ufg-7A, respectively (Table 3).
The QTL on chromosome 2D were classified into two
groups QDon.ufg-2D.1 and QDon.ufg-2D.2 based on
genetic position within the chromosome, but QDon.
ufg-2D.2. was only detected using IM. QDon.ufg-2D.1
and QDon.ufg-5A explained 25.6%, and 13.5-18.6% of
phenotypic variation across individual and combined
environment(s), respectively using ICIM. The additive
effect of those two QTL was negative, indicating that
lower DON content was contributed from the ‘D8006W’
parent. QDon.ufg-4D, and QDon.ufg-7 A explained 10.5%,
and 17.9% of phenotypic variation across individual
environments, respectively using ICIM. The phenotypic
variation explained by QDon.ufg-4D, and QDon.ufg-7A
across combined environments were 16.4% and 5.2%,
respectively using ICIM. The additive effect of those two
QTL was positive, indicating that lower DON content
was contributed from the ‘Superior’ parent. A few addi-
tional minor QTL related to DON content were detected
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in single environments on chromosomes 1B, 1D, and 6B
(D8006W as a resistance allele), and 4B, and 7D (Superior
carried the resistant allele).

QTL common across FHB traits

The QTL on chromosomes 2D, 4B, 5A.2 and 7A con-
tained combinations of four or more FHB related traits;
DI, DS, FHB index, FDK, and DON (Table 3). QFhb.
ufg-2D.1, QFdk.ufg-2D.1 and QDon.ufg-2D.1 collocated
approximately at 8 ¢cM in the ‘D8006W’/'Superior’ 2D
linkage map (Table 3). Similarly, QFhb.ufg-2D.2, QFdk.
ufg-2D.2 and QDon.ufg-2D.2 collocated at 40-60 cM in
the ‘D8006W’/’Superior’ 2D linkage map. The additive
effect was negative, for both groups, on chromosome
2D QTL indicating that ‘D8006W’ decreased all FHB
related traits and acted as the allelic source of resistance.
QFhb.ufg-5 A.1 (LG: 5 A.2), QFdk.ufg-5 A (LG: 5A.2)
and QDon.ufg-5A (LG: 5A.2) collocated at 8-13 cM of
the ‘D8006W’/’Superior’ 5 A.2 linkage map. The addi-
tive effect was negative for those QTL indicating that
‘DB006W’ decreases all FHB related traits and acted as
allelic source of resistance. The QFhb.ufg-7A, QFdk.ufg-
7A and QDon.ufg-7A were collocated approximately at
92-112 cM of the ‘D8006W’/’Superior’ 7 A linkage map.
The additive effect was positive for those QTL indicating
that ‘Superior’ decreases all FHB traits and acted as allelic
source of resistance. Likewise, QFhb.ufg-4B, QFdk.ufg-4B
and QDon.ufg-4B were also detected at 17-27 cM of 4B
linkage map. The additive effect was positive for those
4B QTL, indicating that ‘Superior’ allele decreases DS,
FHB index, FDK and DON content and acted as allelic
source of resistance. A few minor QTL were also asso-
ciated with multiple FHB traits. QFhb.ufg-1B and QDon.
ufg-1B were located within 5 cM distance with the resis-
tance allele contributed from ‘D8006W’ parent. Similarly,
the QFdk.ufg-1D and QDon.ufg-1D were located within
5 cM distance with the resistance allele, contributed from
‘DB006W" QFdk.ufg-6B and QDon.ufg-6B were located
in the 7-11 cM vicinity with the resistance allele from
‘D8006W”

Discussion

Phenotypic attributes of the DH population

This study reported on inheritance of FHB visual symp-
toms, FDK and DON resistance, and related morphologi-
cal traits based on a biparental mapping population. The
analysis of variance with significant genotype x site year
interaction illustrates the effect of multiple environments
on FHB traits. The phenotypic variation for FHB traits
showed continuous distribution patterns and heritabil-
ity (Table 1) of the trait was quite high (75% using FHB
index, 72% using FDK, and 76% using DON). This phe-
notypic performance illustrated that enough trait varia-
tion existed in the population; parents differed in genes
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associated with FHB resistance; and multiple genes were
associated with FHB resistance. Similar results were illus-
trated in a previous study [39]. The phenotypic correla-
tion between FHB variables were strong and supported
the QTL analysis results.

Morphological traits QTL and relationship with FHB QTL
Plant height, and days to anthesis were key morphologi-
cal traits studied in this study. The major plant height
QTL QPht.ufg-2D collocated with the days to anthesis
QTL QDa.ufg-2D.1 approximately at 34 ¢cM on chro-
mosome 2D (Table 3). The photoperiod gene Ppd-
DI, based on ‘WMAS00024’KASP marker, mapped at
31.7 ¢M on 2D, which corresponds to QPht.ufg-2D and
QDa.ufg-2D.1 region with the flanking SNP marker
‘D_GAB8KES402GRIFZ_148-23.2 c¢cM and ‘Excalibur_
¢51559_220’-34.4 cM (Fig. 2). The physical location of
Ppd-D1 was also compared using IWGSC Chinese Spring
RefSeq v1.0 map and it appeared in the same physical
region of QDa.ufg-2D.1 flanking SNP markers, between
27.980 and 36.114 Mbp based on the physical map (Fig.
S1, Table S5). This is the expected position of Ppd-DI
[40]. Therefore, the days to anthesis QTL QDa.ufg-2D.1
is due to the effect of Ppd-D1I. Few studies reported that
Rht8 and Ppd-D1 are closely linked [40-42]. The Rht8
allele, based on the ‘Rht8-KASP-V3’ marker, didn’t seg-
regate in population suggesting a pleiotropic effect of the
Ppd-D1 loci to both the days to anthesis and plant height.
The additive effect was negative for both QPht.ufg-2D
and QDa.ufg-2D.1 implying that ‘D8006W’ decreases the
values (shorter plant height and early days to anthesis).
This agrees with the phenotypic differences between the
parents for these traits; the ‘D8006W’ parent was shorter
and also reached anthesis earlier than ‘Superior’. Sur-
prisingly, the alleles for shorter plant height and earlier
anthesis at this locus was associated with greater FHB
resistance, which were mainly due to Ppd-D1I effect. The
FHB QTL QFhb.ufg-2D.1 for DI, DS, FHB index, which
was also located in vicinity of QPht.ufg-2D and QDa.ufg-
2D.1, showed negative additive effects, meaning that the
‘D8006W” alleles for this QTL also account for a decrease
in FHB value, which is unique to this study. Additionally,
the additive effects of QFdk.ufg-2D.1 and QDon.ufg-2D.1
were negative indicating that all FHB (DI, DS, FHB index,
FDK and DON) QTL were correlated and also linked
with QPht.ufg-2D and QDa.ufg-2D.1. Similarly, QDa.ufg-
2D.2 was in vicinity with QFhb.ufg-2D.2, QFdk.ufg-2D.2
and QDon.ufg-2D.2 with all QTL containing negative
additive effects, meaning that the ‘D8006W’ alleles for
those QTL also account for decrease in days to anthesis
and FHB related traits.

Another plant height QTL of interest was on chromo-
some 4B (QPht.ufg-4B) which was collocated along with
QTL for FHB traits (QFhb.ufg-4B, QFdk.ufg-4B, and
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QDon.ufg-4B) where ‘Superior’ allele decreased both
plant height and FHB level. Previous studies reported
important dwarfing gene, Rht-Bl, located on chromo-
some 4B, was associated with FHB susceptibility [43]. In
our study, the ‘wWMAS00001” Rht-BI KASP marker was
monomorphic for the population and QPht.ufg-4B was
detected a distance away from the expected location of
Rht-B1 indicating that the effect of QPht.ufg-4B was not
due to the major dwarfing gene. The effect QPht.ufg-4B
was also minor compared to the plant height QTL QPht.
ufg-2D.

In addition to QDa.ufg-2D, there were days to anthesis
QTL on chromosomes 5A and 7A which accounted for
less phenotypic variation than the QDa.ufg-2D (Table 3).
The QDa.ufg-5A QTL collocated with QFhb.ufg-5A.1,
QFdk.ufg-5A.1, and QDon.ufg-5A.1 with negative addi-
tive effects for all these QTL on chromosome 5 A (LG:
5A.2). This suggests that early anthesis was also associ-
ated with lower FHB index, FDK and DON. This phe-
nomenon is dependent on anthesis coinciding with
weather conditions that are conducive to disease devel-
opment. This association will be useful for breeders that
want to combine shorter plants and early maturity with
FHB resistance. Previous studies also reported associa-
tion of favourable QTL for plant height, days to anthesis,
and FHB related traits [19, 20], however, further study is
required to confirm the effect of the Ppd-D1 gene in FHB
resistance/susceptibility in this study. Other minor effect
morphological traits QTL, such as QPht.ufim-3B, QPht.
ufm-7B, QPht.ufm-2A, and QDa.ufm-4A were not associ-
ated with FHB traits.

Anther extrusion (AE) was another morphological
trait for discussion based on data from Germany. QFhb.
ufg-5A.2 and QAE.ufg-5A.2 were collocated at 48 cM on
chromosome 5 A (LG: 5A.3) (Table 3) where ‘D80006W’
allele increased anther extrusion and conferred FHB
resistance. Likewise, QAE.ufg-7A was detected within
the same region of QFhb.ufg-7A, with the ‘Superior’
allele contributing to higher anther extrusion and lower
FHB values. Anther extrusion data was not evaluated
in field environments in Canada; however, QTL for AE
and FHB were associated based on Germany data. Fur-
ther research is required to better understand the role
of AE in FHB resistance in D8006W/Superior popula-
tion. Previous studies also reported association of AE
with FHB resistance [16, 43—45]. Steiner et al. [45] fine
mapped FHB resistance QTL on chromosome 5A, Qf#s.
ifa-SA, in Fhb5 region, in two resistance QTL Qf#s.ifa-
5As and Qfhs.ifa-5Ac which were associated with anther
extrusion. The Qfhs.ifa-5A interval corresponds to physi-
cal position 46.6-364.4 Mbp flanked by Xbarci86 and
Xwmc805 on IWGSC Chinese Spring RefSeq v1.0 map.
QFhb.ufg-5A.2 (LG: 5A.3) and QAE.ufg-5A.2 (LG: 5A.3)
in this study mapped on the 48 cM position of the linkage
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map and approximately at 700.4 Mbp based on IWGSC
Chinese Spring RefSeq v1.0 map, indicating that QAE.
ufg-5A.2 (LG: 5A.3) is not genetically linked with Fhb5
and it is likely that this QTL is novel to D8006W/Supe-
rior population.

Relationship among QTL for FHB related traits (DI, DS, FHB
index, FDK and DON)

Both parents contributed favourable alleles for FHB
visual traits, FDK and DON content. ‘D8006W’ contrib-
uted FHB resistance alleles on chromosomes 1 A, 1B, 2D,
5 A.2, and 5 A.3, while ‘Superior’ contributed FHB resis-
tance alleles on chromosomes 4B, 7 A (Table 3 and S3).
The QTL for the three field disease measurements DI, DS
and FHB Index were similar to the FDK and DON QTL.
The FHB related QTL on chromosomes 2D; QFhb.ufg-
2D.1, and QFhb.ufg-2D.2 were in proximity of QFdk.ufg-
2D.1/QDon.ufg-2D.1 and QFdk.ufg-2D.2/QDon.ufg-2D.2
respectively. Similarly, QFhb.ufg-5 A.1 (LG: 5 A.2) and
QFhb.ufg-7 A were in proximity of QFdk.ufg-5 A.1 (LG:
5 A.2)/QDon.ufg-5 A.1 (LG: 5 A.2), and QFdk.ufg-7 A/
QDon.ufg-7 A, respectively. For these QTL, it is likely
that the same gene(s) controlling all FHB traits (DI, DS,
FHB index, FDK and DON). The strong phenotypic cor-
relation between these traits may be explained, in part,
by QTL that control the same traits, or by the biological
relationship between these traits (Table 3 and S3). How-
ever, there were some QTL unique to FDK and DON,
QFdk.ufg-5D, QFdk.ufg-6B, QDon.ufg-6B, and QDon.
ufg-7D, indicating that FDK and DON resistance should
be considered in addition to field FHB evaluations in
wheat breeding programs. Similarly, some QTL such as
QFhb.ufg-5 A.2 (LG: 5 A.3), and QFhb.ufg-1 A were not
detected for FDK and DON, signifying the importance of
field resistance.

Possible source of FHB resistance QTL in D8006W/Superior
population

FHB resistance QTL QFhb.ufg-2D.1, QFhb.ufg-2D.2,
QFhb.ufg-4B, QFhb.ufg-5 A.2, and QFhb.ufg-7 A were
detected across multiple environments, and collocated
with FDK or DON QTL, thus are considered for dis-
cussion of the source of native FHB resistance. Other
important QTL were QFhb.ufg-1 A, QFhb.ufg-1B, QFhb.
ufg-5 A.3, QFdk.ufg-2B, and QDon.ufg-4D which were
detected in at least two environments.

The major FHB resistance QTL (3B) used in North
America is primarily derived from Sumai-3 and deriva-
tives [12, 17], but is not present in native sources of
resistance from North America. The marker test with
the ‘WMAS00008" KASP marker for segregation of the
major FHB resistance gene from Sumai-3, Fib1 on chro-
mosome 3B [31, 32, 46], confirmed that the Fibl back-
ground was lacking in D8006W/Superior population.
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Further, the haplotype analysis for FHB resistance in
our study (data not presented) showed that both parents
‘D8006W’ and ‘Superior’ do not share Fib1 haplotypes.
There is also no direct source of Asian lines in the genetic
background based on pedigree information of the two
parents (https://pgrc-rpc.agr.gc.ca/gringlobal/search).

The QTL on chromosome 2D associated with all FHB
related traits, plant height and days to anthesis was the
most prominent QTL detected in thus study. ‘D8006 W’
contributed the favourable alleles for FHB resistance,
shorter plants, and earlier days to anthesis. Most previ-
ous studies have reported FHB QTL on chromosome 2D
with negative association among plant height and FHB
resistance [43]. McCartney et al. [35] reported FHB QTL
on chromosome 2D in ‘Kenyon’/’86ISMN’ population,
where 86IMSN2137 had the early maturity and short
alleles, but increased FHB susceptibility. The FHB QTL
on chromosome 2D was also reported in a winter wheat
cross ‘Vienna'/’25R47’ [20] and a cross between Asian
sources “Wuhan-1’/’"NyuBai’ [15]. The DH population in
this study does not share a relationship with any of those
populations. The source of FHB resistance might be
linked to Ppd-D1 on chromosome 2D since plant height
and days to anthesis QTL were also detected in this
study. The QTL on chromosome 4B was associated with
DS, FHB index, FDK, and DON with the resistance allele
contributed by ‘Superior. Multiple studies have reported
FHB QTL on chromosome 4B [20, 47, 48]. Rht-B1 did
not segregate in the D8006W/Superior population, thus
QFhb.ufg-4B could not be explained by allelic variation
for Rht-B1. Therefore, QFhb.ufg-4B is unique to this pop-
ulation and it will be interesting to discover the possible
source of resistance associated with QFhb.ufg-4B in this
population.

Another major FHB resistance alleles in this study was
on chromosome 5A.2 (QFhb.ufg-5A.1) for all FHB related
traits and on 5A.3 for field visual traits (QFhb.ufg-5A.2)
with the resistance allele contributed by ‘D8006W" The
FHB QTL on chromosome 5A was reported in studies
involving ‘Frontana’ with a Brazilian background, and
studies with European wheat backgrounds in Steiner
et al. [45]. QTL on chromosome 5A were also reported
in other studies including the Asian line “Wangshuibai’
[49], European wheat cultivar ‘Arina’ [50] and the US cul-
tivars ‘Everest’ [51] and ‘Ernie’ [52]. FhbS is one of the
major FHB resistance genes and is associated with FHB
QTL on chromosome 5A based on previous studies [45,
53]. The physical position of Fib5 located between 46.6
and 364.4 Mbp of IWGSC Chinese Spring RefSeq v1.0
map, based on Steiner et al. [45]. This region also corre-
sponds to QFhb.ufg-5A.1 (LG: 5A.2) located at 0-10 cM
on chromosome 5A.2 (Fig. S1). Therefore, the QFhb.
ufg-5A.1 (LG: 5A.2) is likely Fhb5. However, no known
pedigree information was available to further validate
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FhbS in D8006W/Superior population. QFhb.ufg-5A.2
(LG: 5A.3) is a different locus than FkbS since it is in a
different linkage group and QTL position, mapped at
48 c¢M and approximately at 700.4 Mbp of the IWGSC
Chinese Spring RefSeq v1.0 map. Based on Steiner et al.
[45], the FhbS5 locus is located between 46.6 and 364.4
Mbp of IWGSC Chinese Spring RefSeq v1.0 map. Thus,
QFhb.ufg-5A.2 (LG: 5A.3) is not associated with FhbS
and it is likely that this QTL is novel to D8006W/Supe-
rior population.

Another QTL for FHB traits (DI, DS, FHB index, FDK
and DON) was on chromosome 7A with ‘Superior’ as a
source of resistance allele (Table 3 and S3). FHB related
QTL on chromosome 7A were reported in previous stud-
ies with Asian based germplasm [54—56]. Skinnes et al.
[57] mapped FHB resistance QTL on the 7AL chromo-
somal region using European winter wheat ‘Arina’ QF#hb.
ufg-7A was also mapped in the long arm of chromosome
7A, however, it is not clear whether these QTL are the
same or genetically linked based on pedigree information
and marker information.

QFhb.ufg-1A was detected for visual FHB triats (DI, DS
and Index) in this study with ‘D8006W’ as a source of the
resistance allele. QFhb.ufg-1B was detected for DI, DS
and DON and ‘D8006W’” was the source of the resistance
allele. QFdk.ufg-2B and QDon.ufg-4D had ‘D8006W’ and
‘Superior’ as the source of the resistance allele, respec-
tively. FHB QTL on chromsomes 1 A, 1B, 2B and 4D have
been also previously reported in Buerstmayr et al. studies
[7, 43].

Conclusion

This study used two winter wheat parents which showed
intermediate resistance to FHB, FDK and DON. The seg-
regating DH population contained genotypes with bet-
ter FHB related traits resistance than both parents. Both
parents contributed FHB resistance alleles, however
‘D8006W’ parent contributed more resistance alleles.
The QTL analysis showed common QTL across mea-
sured phenotypic traits, in addition to unique QTL for
each trait. QTL for FHB visual traits were detected con-
sistently across multiple environments on chromosomes
2D, 4B, 5A and 7A. Additional QTL specific for FDK and
DON resistance were detected on chromosomes 1D, 5D
and 6B. The major QTL on chromosome 2D, which is
related with shorter plants, earlier anthesis and resistant
to all FHB related traits, brings couples useful alleles for
use in wheat breeding programs. These findings contrast
with past studies in which shorter genotypes are associ-
ated with FHB susceptibility [35, 43]. Further, QTL on
chromosomes 4B, 5A and 7A would be useful sources
of resistance as they exist in adapted backgrounds and
would reduce the potential for linkage drag often asso-
ciated with using unadapted sources of resistance. This
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would also provide an alternative to ‘Sumai-3’ based
resistance, which is often associated with a negative
impact on yield and other agronomic traits. In addition,
all the significant QTL can be used in the marker-assisted
selection-based winter wheat breeding programs. QTL
bringing forward in the breeding program should be
validated and the phenotypic effect examined using other
populations for effective introgression.
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