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ABSTRACT

Fusarium graminearum (Fg) is the primary causal agent of Fusarium head blight (FHB) in wheat.
Resistance to FHB is complex and involves multiple genes with relatively small effects. A winter
wheat line, 32c*17, demonstrated strong FHB and deoxynivalenol (DON) resistance. Two
quantitative trait loci (QTL) mapping studies were conducted using two doubled haploid
populations (32c*17/Peregrine (3CPR) and 181*45/32c*17 (813C)) tested for FHB resistance in
field and greenhouse trials. In the 3CPR population, three main QTL for FHB resistance on
chromosomes 4D, 6A and 6D were detected. Markers for QTL on chromosomes 4D, 6B and 6D
accurately predicted FHB resistance in the reciprocal cross. In the 813C population, two major 4B
and 6D QTL for disease incidence (Inc) and DON content and one major 7A QTL for disease
severity (Sev) were identified. The 32c*17 allele on chromosome 4B in the 813C population
increased height, reduced anther retention, Inc and DON content, while no 4B QTL was detected
in the 3CPR population. The 32c*17-derived 6D QTL was identified in both 813C and 3CPR
populations. Moreover, the 813C 4D QTL for height and the 3CPR 4D QTL for FHB resistance
were detected in the similar region. Height QTL on chromosomes 1D, 2B and 7B in the 813C

population were not associated with FHB resistance.

A gene expression study was conducted to wheat- Fg interaction on five genotypes which included
two near isogenic lines carrying either the Rht-Bla or Rht-B1b allele and three checks Sumai 3,

32¢*17 and Caledonia. For four Trichothecene (TRI) genes (TRI5, TRI6, TRI12 and TRI101)



examined, lower gene expression in genotypes with high disease severity were found in the
inoculated spikelets in the point-inoculated Fg treatment. Higher expression of the three genes
(ABCC6, AOS and PR4) at earlier time points (3 dai) and a lower expression level of NFXL1 at the
late time point may be associated with FHB resistance in all three inoculation treatments, while

late expression of the same three genes might be insufficient to reduce disease severity.
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CHAPTER 1

GENERAL INTRODUCTION

Fusarium head blight (FHB) is one of most common diseases of wheat (Triticum aestivum L.)
worldwide and can be caused by multiple fungal pathogens Fusarium spp. (McMullen et al. 1997,
Gilbert and Tekauz 2000). In North America, Fusarium graminearum sensu stricto Schwabe
(teleomorph: Gibberella zeae (Schwein.) Petch) (Fg) is the predominant causal species of FHB in
wheat. High yield loss, poor grain quality, seedling blight, reduced kernel weight, and low
germination rates are common negative impacts of FHB in wheat (Dexter and Nowicki, 2003;
McMullen et al., 1997; Parry et al., 1995). Also, the mycotoxin, deoxynivalenol (DON), released
by Fg is toxic to human and animal cells and poses a threat to food and feed safety (Proctor et al.
1995; Bai et al. 2002; Jansen et al. 2005; Sobrova et al. 2010; Buhrow et al. 2016; Mayer et al.
2017). In western Canada, since the first major FHB epidemic occurred in 1993, FHB has become
a common problem to wheat growers in most of years (Clear and Abramson 1986; Gilbert and
Tekauz 2000; Aboukhaddour et al. 2020). Great economic losses due to FHB infection have been

widely reported (Canadian grain commission 2021; Government of Alberta 2021).

Integrated FHB management in Canada includes the uses of resistant cultivars, fungicides and
cultural practices (such as including crop rotation and tillage) (Gilbert and Haber 2013). Common
sources of FHB resistance come from Asian spring wheat genotypes including Sumai 3 and its
derivates and Wangshuibai, but these alleles are also functional in winter wheat (Buerstmayr et al.
2009, 2019). More than 100 FHB quantitative trait loci (QTL) for FHB resistance have been

identified and are distributed across all 21 wheat chromosomes. To date, seven Fhb genes have
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been characterized from wheat and its related species (Liu et al. 2006; Cuthbert et al. 2007; Qi et
al. 2008; Xue et al. 2010a, 2011; Cainong et al. 2015; Guo et al. 2015; Rawat et al. 2016). However,
FHB resistance is a complex of traits and often involves multiple genes with relatively small effects.
Expression of resistance is influenced by many environmental factors. No single resistance gene
is sufficient to completely resist FHB (Gilbert and Haber 2013). The current breeding strategy is
to combine different types of resistance into a single genotype and to continue the identification
and characterization of more FHB resistance from potential new sources/germplasms through

genetic studies.

Several morphological traits, especially plant height, are associated with FHB resistance
(Mesterhazy 1995; Buerstmayr et al. 2009; Yan et al. 2011; Saville et al. 2012). In particular, the
Rht-Bla and Rht-D1a alleles in two gibberellic acid (GA)-insensitive dwarfing loci Rht-B1 and
Rht-D1 were associated with increases in height and FHB resistance in several QTL studies (Lu et
al. 2013; He et al. 2016; Xu et al. 2020). In addition to height, floral traits contribute to FHB
resistance. In particular, anther retention (anthers retained between the lemma and palea) is
associated with FHB susceptibility by providing a path for the fungus to enter and infect the host
tissues (Buerstmayr et al. 2019). The Rht-Bla or Rht-D1a alleles were also associated with lower

anther retention.

However, the Rht-B1b and Rht-D1b alleles in the two common wheat dwarfing loci reduce plant
height, which allows wheat growers to increase fertilizer use to achieve high yield without the risk
of lodging (Hedden 2003). The introduction of dwarf alleles Rht-B1b or Rht-D1b has increased

grain yield and lodging resistance, but has been associated with FHB susceptibility. Thus, the use



of wildtype Rht-Bla or Rht-D1a alleles for improving FHB resistance has been discouraged due
to the associated height increase leading to lodging and yield reduction (Verma et al. 2005; Voss
et al. 2008; Guedira et al. 2010; Lanning et al. 2012; Chen et al. 2016). The ideal breeding goal is

to maintain optimal height and improve FHB resistance.

Saville et al. (2012) reported that a Maris Huntsman near-isogenic line (NIL) carrying the Rht-B1b
allele had less FHB symptoms than its NIL carrying the Rht-Bla allele in both indoor point
inoculation and direct DON injection tests, while the Rht-B1la NIL had less bleached spikelets than
the Rht-B1b NIL in a field spray experiment. Plants carrying the wildtype Rht-Bla allele are able
to encode an intact DELLA protein as an important negative regulator in GA pathway. The name
of DELLA protein comes from the abbreviation of a conserved amino acid sequence (Asp-Glu-
Leu-Leu-Ala; D-E-L-L-A) in its N-terminal motif. The degradation of DELLA protein releases
DELLA-suppressed transcriptional factors to promote plant height growth. Compared with
wildtype Rht-Bla allele, the Rht-B1b allele encodes a truncated DELLA protein that is unable to
be degraded; consequently, plant height fails to increase leading to semi-dwarfness (Nelson and
Steber 2016; Thomas 2017). The host-pathogen interaction relying on salicylic acid (SA) or
jasmonic acid (JA) pathway can be affected by crosstalk with other phytohormones (Berens et al.
2017; Yang et al. 2019; Liu and Timko 2021). DELLA protein in the GA pathway is able to bind
with a key JA-repressor JASMONATE ZIM-DOMAIN (JAZ) protein, resulting in enhancing the
JA signaling pathway, where the ZIM domain is named from zinc-finger protein expressed in
inflorescence meristem. Thus, Saville et al. (2012) hypothesized that the Rht-B1b allele might
promote the JA signalling pathway and inhibit the SA signalling pathway, resulting in

susceptibility to biotrophic pathogens and resistance to necrotrophic pathogens.



An elite winter wheat breeding line (named 32c*17) was developed by the University of Manitoba,
Canada breeding program and demonstrated strong FHB and DON resistance under severe disease
pressure in both Canada and Germany. Based on a haplotyping study (unpublished data), this line
does not carry any common Sumai3 FHB resistance alleles (Fhb1, Qfhs.ifa-5AS and Fhb2), which
indicated that this line has inherited non-common useful FHB resistance from its parents and
possesses a potential breeding value for FHB resistance. To better understand the resistance carried
by 32¢*17, two QTL mapping population (32c*17/Peregrine (3CPR) and 181*45/32¢*17 (813C))
with the common parental line 32c*17 were generated. The first two objectives of this research
project were to: 1) identify QTL of FHB resistance and other agronomic traits associated with FHB
resistance in both populations, and 2) estimate the efficiency of markers closely linked with 3CPR
FHB QTL to predict resistant lines in the reciprocal population (PR3C) for marker-assisted

selection (MAS).

Moreover, in order to further understand how the truncated DELLA protein encoded by the Rht-
B1b allele plays a role in the JA and GA pathways with the Fg-wheat pathosystem, a gene-
expression study on five genotypes was conducted. The five genotypes consisted of the same two
NILs used in the study of Saville et al. (2012) and three wheat checks, including Sumai 3, 32¢*17
and Caledonia. The objectives of this research project were: 1) to study expression of important
DON biosynthesis four TRI (Trichothecene) genes (TRI15, TRI6, TRI12 and TRI1101) using different
inoculation methods and 2) determine expression levels of selected genes involved (ABCCS,

NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2) by time series.



CHAPTER 2

LITERATURE REVIEW

2.1 Wheat

2.1.1 Canadian wheat production

Wheat is one of the most important crops in Canadian agriculture. In 2020, Canada produced more
than 35 million metric tonnes of wheat, which consisted of 25.84 million metric tonnes of spring
wheat, 6.57 million metric tonnes of durum wheat, and 2.77 million metric tonnes of winter wheat
(Statistics Canada 2020). Based on grain end use characteristics, Canadian wheat varieties are
designated into six eastern Canadian wheat classes and nine western Canadian wheat classes for
international and domestic markets (Canadian Grain Commission 2019). The most commonly
grown wheat classes in western Canada were the Canada western red spring (4.54 million hectares)
and the Canada western amber durum (1.51 million hectares) classes, which accounted for 92
percent of commercial wheat area in western Canada in 2020 (Canadian Grain Commission 2020).
Canada Western Red Winter wheat was produced on 0.049 million hectares in western Canada in
the same year. Canada exported 24.35 million metric tonnes of wheat, domestically used 9.14
million metric tonnes and imported 0.275 million metric tonnes in 2020 (Agriculture and Agri-

Food Canada 2021).



2.1.2 Wheat genome and genetics

Triticum aestivum L. (AABBDD) consists of three sub-genomes with seven chromosomes on each
sub-genome (Shewry 2009; Charmet 2011; Peng et al. 2011; Marcussen et al. 2014; El Baidouri
etal. 2017). The origin of the A sub-genome is thought to be an ancestral progenitor closely related
to a diploid wheat T. urartu (AA), while an ancient progenitor of the B sub-genome remains
unknown and could be a distant relative of a diploid goat grass Aegilops speltoides (SS) (El
Baidouri et al. 2017). Another diploid goat grass Ae. tauschii is considered as the origin of the D

sub-genome and was recently sequenced (Luo et al. 2017).

The genome size of hexaploid wheat T. aestivum was estimated to be around 16 giga base pairs
(Gbp) (Walkowiak et al. 2020). The first draft genome assembly of hexaploid wheat on the cultivar,
Chinese Spring, was published in 2014 (IWGSC 2014). In 2018, the first fully assembled and
annotated Chinese Spring wheat reference sequence was released. This reference sequence
(IWGSC RefSeq v1.0) contained a 14.5 Gbp assembly of genomic information and provided
107,891 high confidence genes. It also revealed that a high proportion (11.91 Gbp) of the wheat
genome consisted of transposable elements (International Wheat Genome Sequencing Consortium
(IWGSC) 2018). The latest version for the Chinese Spring wheat reference sequence is IWGSC
RefSeq v2.1 (Zhu et al. 2021). Besides Chinese Spring, fifteen diverse wheat lines from different
countries, including two Canadian cultivars, were further sequenced to form the first global wheat
pangenome (Walkowiak et al. 2020). The first online graphing tool for the wheat pangenome
assembly was recently released to researchers to better visualize regions of interest across all

sixteen wheat lines including the Chinese Spring (Bayer et al. 2022). With more precise sequence



level genomic and genetic information in this reference sequence, breeders and scientists can
accelerate their basic science studies and applied research by better understanding important traits

at the chromosome level (International Wheat Genome Sequencing Consortium (IWGSC) 2018).

In applied wheat genetics, various molecular marker types have been used to generate wheat
linkage maps and detect quantitative trait loci (QTL) of traits of interest over time. Prior to the
early 1990s, several linkage groups were constructed using restriction fragment length
polymorphisms markers (Chao et al. 1989; Nelson et al. 1995). Simple sequence repeats (SSRs),
one type of polymerase chain reaction (PCR)-based markers, was widely used in linkage and QTL
mapping in the early 2000s (Roder et al. 1998; McCartney et al. 2004; Cuthbert et al. 2007). One
of the early T. aestivum consensus maps was constructed with 1,235 SSRs (Somers et al. 2004).
Sequence characterized amplified region (SCAR) markers, which are also PCR-based, were
developed to link with certain genes of interest, such as disease resistance genes (Liu et al. 1999).
A common fluorescence-based PCR genotyping method, Kompetitive allele-specific PCR (KASP),
has recently been used to validate single-nucleotide polymorphisms (SNPs) linked to a genomic
region of interest (like a gene or QTL) (Allen et al. 2011; Singh et al. 2019; Xiong et al. 2021).
The KASP system has a high SNP assay conversion rate (from chip-based SNPs to PCR-based
SNPs) and has been used as a high throughput, cost-effective PCR-based genotyping method for
marker assisted selection (Semagn et al. 2014; Makhoul et al. 2020). In current wheat marker-
assisted selection in Canada, SNPs derived from KASP assays, SSRs and SCARs linked with
important traits (i.e. agronomic, grain quality and disease resistance) have been widely adapted for

use in breeding programs (Randhawa et al. 2013; Goutam et al. 2015; Toth et al. 2019).



Compared with relatively low throughput PCR-based assays, high throughput genotyping methods
in wheat enabled the screening of hundreds of thousands of SNP markers for various genetic
studies, including linkage and QTL mapping (Wang et al. 2014). Diversity arrays technology
(DArT) was one of the early generation high-throughput genotyping methods used in linkage
mapping (Akbari et al. 2006). DAIT technology combined with SSRs was used to generate a high-
density consensus map for durum wheat (Marone et al. 2012). The 90K Infinium iSelect SNP
custom beadchip is an SNP-based genotyping platform developed from 19 hexaploid wheat
accessions and 18 tetraploid wheat accessions (Wang et al. 2014). It was designed to be used in
worldwide wheat accessions and has become popular in linkage mapping (Wang et al. 2014).
Using the 90K array, a new SNP based high density consensus map was generated (Wang et al.
2014). The 90K array significantly increased the number of markers in linkage mapping from
hundreds or thousands of SSRs or DArTS, to tens of thousands SNPs (Somers et al. 2004; Marone
et al. 2012; Cabral et al. 2014). In 2016 and 2017, two Affymetrix Axiom SNP arrays (820K and
660K) designed by United Kingdom and Chinese scientists, respectively, were available for high-
throughput wheat SNP genotyping (Winfield et al. 2016; Cui et al. 2017). In addition to the PCR-
based and array-based methods, genotyping-by-sequencing (GBS) was another approach for
genotyping in wheat for QTL mapping and genome-wide association study (Elshire et al. 2011;
Akram et al. 2021; Blackburn et al. 2021). With the available wheat reference sequences (like
IWGSC RefSeq v1.0), numbers of usable SNPs from GBS have been dramatically increased by

using an imputation algorithm to reduce missing data (Alipour et al. 2019).



2.2 Fusarium graminearum

2.2.1 Taxonomy and genome of Fusarium graminearum

Morphological and molecular genetic studies have been conducted for taxonomic classification of
Fusarium species. Fusarium pseudograminearum, previously named F. graminearum Group 1, is
currently considered a different species from F. graminearum, because it only causes crown rot on
cereals and not head blight (Aoki and O’Donnell 1999). Fusarium graminearum sensu stricto
Schwabe (teleomorph: Gibberella zeae (Schwein.) Petch) (Fg), which produces the mycotoxin
deoxynivalenol (DON) and causes bleached cereal head blight symptoms, was previously named
F. graminearum Group 2. With the help of molecular markers, 27 strains of F. graminearum
collected globally were perfectly separated into seven lineages corresponding to their geographic
regions. This grouping refined the relationships in F. graminearum that could not be identified
using traditional methods that mainly relied on morphological characterization (O’Donnell et al.
2000). Nine new Fusarium species within the F. graminearum clade were further identified based
on their biogeographical distribution (O’Donnell et al. 2004). Furthermore, several novel species
have been described and added into this F. graminearum species complex (FGSC) (Starkey et al.
2007; O’Donnell et al. 2008; Yli-Mattila et al. 2009; Sarver et al. 2011). What was initially
described as F. graminearum was found to be fifteen distinct Fusarium species within the FGSC
based on molecular phylogenetic data (Valverde-Bogantes et al. 2019). Morphologically, these
fifteen species were indistinguishable based on their phenotypic characters and were only
separated based on their genotypic information (Valverde-Bogantes et al. 2019). F. graminearum
s.s. (lineage 7) is the only species within the FGSC to have a cosmopolitan distribution, however,

all 15 species are self-fertile and produce Type B trichothecene mycotoxins (such as DON) to



cause disease symptoms on infected cereal florets (Valverde-Bogantes et al. 2019). Any Fg
species within the FGSC is capable of producing the same mycotoxin components and cause the
same level of disease infections in both resistant and susceptible wheat cultivars (Amarasinghe et

al. 2019).

Additional Fusarium spp. not within the FGSC are commonly found in the Canadian prairies and
can cause disease in wheat (Henriquez et al. 2018a, b, 2019a, b, 2020a, b; Ziesman et al. 2018,
2019). The frequency of different Fusarium spp. in the prairies has been regularly monitored in
spring and winter wheat fields (Henriquez et al. 2018a, b, 2019a, b, 2020a, b; Ziesman et al. 2018,
2019). Currently, the two most predominant Fusarium species in the Manitoba and Saskatchewan
are F. graminearum and F. poae (Henriquez et al. 2018a, b, 2019a, b, 2020a, b; Ziesman et al.
2018, 2019). Due to the absence of annual disease surveys, the diversity and occurrence of
Fusarium spp. in Alberta remains unknown. Fusarium species can be genetically differentiated
using multilocus genotyping which uses six primer pairs to amplify species-specific genes (Ward
et al. 2008). Globally, F. graminearum and F. culmorum are the most widely occurring species

that cause FHB (Foroud et al. 2019).

The genome of Fg consisted of four chromosomes totaling approximately 36 Mbp and with a
genetic map length of 1,234 cM (in Kosambi) (Gale et al. 2005; King et al. 2015; Walkowiak et
al. 2016). An updated linkage map totaling 1,140 cM in length was reported by Lee et al. (2008)
which aligned nine linkage groups of the genetic map to the physical map of G. zeae. The Fg
genome sequence contains few repetitive sequences and duplicated sequences with high identity

(Cuomo et al. 2007). A Fusarium pan genome was constructed using a total of ten isolates spanning
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three Fusarium species within the FGSC (Fg, F. asiaticum and F. meridionale) to enable further
genomic studies of the pathogen (Walkowiak et al. 2016). High density SNPs were found in all

proximal regions of the telomeres (Cuomo et al. 2007; Walkowiak et al. 2016).

2.2.2 Disease symptoms and epidemics of FHB in Canada

Infection of susceptible cereals by Fusarium spp. leads to Fusarium head blight (FHB). Infected
wheat spikes initially appear water soaked and later appear to be bleached as disease progresses
(Trail 2009). Infected grain appears shrivelled due to either direct infection by the pathogen, or
insufficient supply of water and nutrients caused by Fusarium mycelia blocking the rachis (Bai
and Shaner 2004). Severe FHB infection reduces both grain yield and grain quality. In addition
infected grain can be contaminated with the mycotoxin DON that is toxic to humans and animals
(Windels 2000). Ultimately, severe FHB epidemics can be financially devastating to farmers
(Windels 2000). Historical FHB epidemics and their associated economic losses have been
reviewed by several authors (McMullen et al. 1997; Gilbert and Tekauz 2000; Bai and Shaner

2004; Trail 2009; Aboukhaddour et al. 2020).

Although FHB has been prevalent in eastern Canada, the first record of FHB in wheat on the
Canadian prairies was reported in southern Manitoba in 1984 and the first major outbreak in 1993
(Clear and Abramson 1986; Gilbert and Tekauz 2000; Aboukhaddour et al. 2020). To date, FHB
remains a common wheat disease across western Canada, likely due to the switch from

conventional tillage to conservation tillage (Aboukhaddour et al. 2020). The estimated economic
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losses was more than $1.5 billion (CAD) in Canada since the middle of 1990s (Innovation Express

2014).

2.2.3 The life cycle of Fusarium graminearum

The Fusarium disease cycle has been extensively reviewed by several authors (Gilbert and
Fernando 2004; Trail et al. 2005a; Trail 2009; Gilbert and Haber 2013). Briefly, the pathogen
overwinters as dikaryotic mycelia and perithecial initials in infected crop residues. Warm spring
weather induces perithecia to develop from the mycelia (Guenther and Trail 2005; Trail et al.
2005a; Trail 2009). Ascospores produced by perithecia become airborne and serve as primary
inoculum for FHB infection in wheat fields (Trail et al. 2005b). Infection begins when ascospores
land on flowering wheat spikes, germinate and produce mycelia which enter the floret (Trail 2009).
Upon successful colonization of the floret, the mycelia then secrete the mycotoxin DON which
enables infection of neighbouring spikelets through the vascular bundles of the rachis (Jansen et
al. 2005; Trail et al. 2005a; Trail 2009). Colonized spikelets become necrotic and develop a
bleached appearance typical of FHB symptoms (Guenther and Trail 2005; Trail 2009). Severe
disease results in shriveled Fusarium damaged kernels (FDK) that contain high amounts of DON
(Trail 2009). In the final stage of the life cycle, mycelia travel through the xylem vessels to the
stems where they form the lipid rich dikaryotic hyphae to overwinter (Guenther and Trail 2005;

Trail et al. 2005a; Trail 2009; Gilbert and Haber 2013).
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2.3 Fusarium head blight mycotoxins - Deoxynivalenol

2.3.1 Fusarium chemotypes

In the life cycle of Fusarium, mycotoxins play an important role during colonization. Mycotoxins
in Fusarium belong to a class of compounds called trichothecenes. These compounds are
characterized by a core three ring structure containing an epoxide functional group (Figure 2.1)
(Foroud and Eudes 2009; McCormick et al. 2011; Foroud et al. 2019). Of the four classes of
trichothecenes, only two, type A and type B, are produced by Fusarium spp. (Foroud and Eudes
2009; McCormick et al. 2011; Foroud et al. 2019). Generally, the distinguishing feature between
type A and type B trichothecene is observed at the C-8 position: a carbonyl group is present in
type B, while various other functional groups are present in type A (Figure 2.1) (McCormick et
al. 2011). Type A trichothecenes encompass T-2 toxin, HT-2 toxin and the recently discovered
NX-2 and NX-3 mycotoxins (Foroud et al. 2019). Type B trichothecenes include nivalenol (NIV),
DON, 3-acetyldeoxynivalenol (3ADON) and 15-acetyldeoxynivalenol (15ADON) (Figure 2.1).
Different Fusarium species produce a different array of trichothecenes: F. poae and F.
sporotrichioides typically produce type A trichothecenes while F. culmorum and F. graminearum
produce type B trichothecenes (Foroud and Eudes 2009). Interestingly, F. avenaceum produces
moniliformin mycotoxins that are not in the trichothecene class (Foroud et al. 2019). Overall, DON
is the most common trichothecene mycotoxin found in FHB infected cereal grains (Foroud et al.

2019).
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Figure 2.1 A schematic diagram of main structure of type A and type B trichothecene, which was
adapted from Foroud et al (2019). The “OAc” and “Olsoval” refer to O-acetyl and O-isovalerate,
respectively.

Given the diversity of mycotoxins produced by Fusarium species, pathogenic isolates are
classified by chemotype (Foroud and Eudes 2009). The presence of a C-4 hydroxyl group
distinguishes NIV from DON and its attachment is catalyzed by the trichothecene biosynthesis
genes TRI7 (Trichothecene) and TRI13. The presence of functional TRI7 and TRI13 genes
differentiates NIV from DON chemotypes that have non-functional forms of these genes
(McCormick et al. 2011). DON chemotypes are further distinguished by their biosynthesis
pathway. Although the 3ADON chemotype and 15ADON chemotype both ultimately produce
DON, small amounts of DON precursor acetylated at the C-3 and C-15 position are present in the
respective chemotypes (Puri and Zhong 2010; Alexander et al. 2011). Genetic variation in the
trichothecene biosynthesis gene TRI8 differentiates the two chemotypes (Alexander et al. 2011).
In Canada, the Fg 3ADON and 15ADON chemotypes are dominant, while the NIV producing Fg
has been not documented (Amarasinghe et al. 2015, 2019). The Fg NIV chemotype has been

detected with low frequency in wheat in North Carolina (Cowger et al. 2020).
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In addition to producing different mycotoxins, 3ADON and 15ADON chemotypes differ in their
aggressiveness and resilience. 3ADON isolates typically produce more mycotoxin compared to
15ADON isolates under both in vitro and in vivo tests (Ward et al. 2008; Puri and Zhong 2010).
Under in vitro conditions, 3ADON isolates accumulated greater biomass and produced both larger
spores and higher spore counts than 15ADON isolates (Ward et al. 2008; Amarasinghe et al. 2019).
Furthermore, 3ADON isolates grew better at extreme temperatures compared to 15ADON isolates,
suggesting the former has better abiotic stress tolerance than the latter (Vujanovic et al. 2012,
Gilbert et al. 2014). Given the increased-apparent fitness of 3ADON isolates, it is of interest to
monitor changes in the frequency of this chemotype in western Canadian wheat fields. Although
the 15ADON chemotype was historically predominant in western Canada, the more aggressive
3ADON chemotype had risen to account for approximately one third of the pathogen population
in the early 2000s (Ward et al. 2008). By the early 2010s, the 3ADON chemotype had become the
dominant chemotype in Manitoba (Gilbert et al. 2014); A similar shift in chemotype abundance
was observed in North Dakota in the same period (Puri and Zhong 2010). To date, the mechanisms
underlying the shift to 3ADON dominance in western Canadian wheat fields remain uncertain

(Gilbert et al. 2014).

2.3.2 Deoxynivalenol biosynthesis pathway and important TRI genes

The biosynthesis pathways for type A and type B trichothecenes begin with the common
conversion of farnesyl pyrophosphate to calonectrin before diverging to form individual
mycotoxins. The DON biosynthesis pathway has been thoroughly reviewed (a graphical summary

is presented in Figure 2.2) and a summary of all known TRI biosynthesis genes is presented in
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Table 2.1 (Foroud and Eudes 2009; McCormick et al. 2011; Foroud et al. 2019). For DON
biosynthesis, calonectrin is further converted into 3,15-acetyldeoxynivalenol which is then
selectively de-acetylated into either 3ADON or 15ADON, depending on the chemotype, through
the action of TRI8 (Foroud et al. 2019). The differential de-acetylation action of TRI8 is a direct
result of two genetic variants of the same gene which show 78% nucleotide sequence homology
(85% peptide sequence homology) to each other (Alexander et al. 2011). A final de-acetylation
step converts 3ADON or 15ADON into DON (Foroud and Eudes 2009; McCormick et al. 2011;

Foroud et al. 2019).

Farnesyl Trichodiene Isotrichotriol:> Isotrichodermol
pyrophosphate

:
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Figure 2.2 A schematic diagram of the biosynthesis pathway of deoxynivalenol with several
important Trichothecene (TRI) genes in F. graminearum (adapted from McCormick et al 2011).
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Table 2.1 Location and function of all Trichothecene (TRI) genes involved in the deoxynivalenol
(DON) biosynthesis pathway in Fusarium genome. Data were obtained and modified from
multiple sources (Brown et al. 2002; McCormick et al. 2004; Gale et al. 2005; Kulik 2008; Lee et
al. 2008; Foroud et al. 2019).

TRI gene Chromosome Gene description in F. graminearum strains producing DON

TRI1 Chr1t C-7 and C-8 hydroxylation by cytochrome P450 monooxygenase
TRI2 N/A? Very little information (only found in F. tricinctum)
TRI3 Chr2 C-15 acetylation by acetyltransferase
TRI4 Chr2 Four oxygenations from trichodiene to isotrichotriol by
cytochrome P450 monooxygenase
TRI5 Chr2 Farnesyl pyrophosphate cyclized to produce trichodiene by
sesquiterpene cyclase
TRI6 Chr2 Transcription factor (Zinc-finger DNA binding protein)
TRI7 Chr2 *Dysfunction of C-4 acetylation due to mutations and an insertion
TRI8 Chr2 C-3 or C-15 deacetylation by esterase/deacetylase
TRI9 Chr2 Unknown
TRI10 Chr2 Transcription factor
TRI11 Chr2 C-15 hydroxylation by cytochrome P450 monooxygenase
TRI12 Chr2 MFS transporter for toxin efflux
TRI13 Chr2 *Dysfunction of C-4 oxygenation due to substitution, insertions,
and deletions
TRI14 Chr2 Unknown
TRI15 Chr3 Transcription factor (Zinc-finger DNA binding protein)
TRI16 Chrl *Dysfunction of C-8 acetylation due to stop codons and frame
shift
TRI101 Chr4 C-3 acetylation by acetyltransferase

1Chr Chromosome; 2N/A Not applicable

*The DON producing strains have non-functional TR17 and TRI13 genes, while NIV strains have
functional TRI7 and TRI13 genes. Type B trichothecene chemotypes had non-functional TRI16
gene, compared with Type A trichothecene chemotypes.

2.3.3 Toxicity of deoxynivalenol and its role in pathogenicity

The structure of DON imparts toxicity by enabling it to bind to the ribosome, thus, impeding
protein synthesis (Garreau De Loubresse et al. 2014). Specifically, studies in yeast and animal cell
lines demonstrated that the 12,13-epoxy ring binds to the magnesium ion (Mg?*) in the aminoacyl-
transfer RNA site of the peptidyl transferase center within the 60S ribosomal subunit, inducing a

conformational change in the complex which inhibits the elongation of the nascent polypeptide
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(Figure 2.1) (McLaughlin et al. 2009; Garreau De Loubresse et al. 2014; Foroud et al. 2016; Mayer
et al. 2017). Alternatively, the toxicity of trichothecene has been suggested to result from the
disruption of both mitochondrial structure and function through a yeast study (McLaughlin et al.

2009).

In the Fusarium-wheat pathosystem, DON functions as an important virulence factor and elevated
DON concentrations are often seen directly beneath the penetration pegs and ahead of the
movement of mycelia (Kang and Buchenauer 1999). Disease spread from spikelet to spikelet can
be facilitated by the presence of DON, although the mycotoxin is not required for initial infection
(Proctor et al. 1995; Bai et al. 2002; Langevin et al. 2004). Studies using a Fg mutant deficient in
trichothecene production demonstrated that the pathogen was confined to the rachis of the
inoculated floret due to the plant defense response of thickening the cell wall in the rachis node;
this resulted in limiting the spread of the pathogen into neighboring spikelets. Conversely, when
the wildtype trichothecene-producing Fg was used, the host plant failed to develop a thicken cell
wall and the pathogen was able to invade neighboring florets, suggesting DON functioned to
repress the host defense response in this pathosystem (Jansen et al. 2005). Chemical modification
to DON such as acetylation and biological conjugation of DON (i.e., glucoside, glutathione and
sulfate) can reduce the toxicity to Fg itself or host plants and results in less disease severity than

unmodified DON (Okubara et al. 2002; Berthiller et al. 2005; Kluger et al. 2013; Warth et al. 2015).
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2.4 Management of Fusarium head blight

2.4.1 Cultural practices

Use of resistant cultivars and fungicides, as well as cultural practices including crop rotation and
tillage are common FHB management tools used in Canada (Gilbert and Fernando 2004,
McMullen et al. 2012; Gilbert and Haber 2013; Chen et al. 2019; Aboukhaddour et al. 2020). The
use of genetic resistance in wheat is discussed in section 2.5 and fungicide application is briefly
mentioned in section 2.4.2. In Manitoba, even after two years, both soil buried and unburied FDK
could produce perithecia, but only unburied FDK successfully produced ascospores which act as
the primary inoculum responsible for natural FHB infections. This suggests that at a least two
years without an FHB susceptible crop and tillage should be recommended as cultural practices to
control FHB in Canada (Inch and Gilbert 2003). Maize grown one to two years prior to wheat was
strongly discouraged due to high FHB infection and substantial DON content (Dill-Macky and
Jones 2000; Blandino et al. 2012; VVogelgsang et al. 2019). Canola-wheat and flax-wheat rotations
accumulated the same amount of F. graminearum colonies on crop residues as wheat-wheat
rotation, thus such crop rotation patterns should not be promoted in Manitoba (Guo et al. 2010).
Soybean-wheat and pea-wheat as two year rotations had lower FHB disease incidence, disease
severity and DON contamination as well as higher wheat yield than wheat-wheat or maize-wheat
rotations (Dill-Macky and Jones 2000; Guo et al. 2010). Ideally, more than two year rotation
periods were the best way to reduce primary ascospore inoculum and should be strongly

recommended to wheat farmers in Canada (Inch and Gilbert 2003).
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Zero or minimum tillage systems were not enough to reduce the colonization of F. graminearum
on crop stubble, but conventional tillage was able to decrease fungal colonies based on a four year
field study in Manitoba (Guo et al. 2010). Another field study in Minnesota demonstrated that
conventional tillage (e.g. moldboard plow) dramatically reduced previous crop residues left on the
soil surface compared to conservation tillage (e.g. chisel plow) and no-till, resulting in statistically
different, but relative small decreases in FHB disease incidence, disease severity and DON
accumulation along with slightly increased wheat yield (Dill-Macky and Jones 2000; Gilbert and
Fernando 2004). A six site-year study in Europe also showed that ploughing in conventional tillage
consistently reduced DON content compared with no-till system (Blandino et al. 2012). In
conclusion, it was believed that good crop rotations had much larger impact on FHB management

than different tillage methods (Gilbert and Fernando 2004).

2.4.2 Chemical control

In addition to the use of resistant wheat cultivars and the proper cultural practices, fungicide
applications are common FHB management tools in Canada, United States and Europe (Gilbert
and Fernando 2004; Blandino et al. 2012; McMullen et al. 2012; Gilbert and Haber 2013; Chen et
al. 2019; Vogelgsang et al. 2019; Aboukhaddour et al. 2020). To maximize fungicide coverage in
FHB management, the best spray technique was to deliver droplets within 300 to 350 pm size by
flat fan spray nozzles angled at 30 degrees from horizontal (McMullen et al. 2012). The optimal
spray timing for most fungicides (except strobilurin fungicides) was just before the beginning of
the anthesis stage up to seven days after anthesis (McMullen et al. 2012; Gilbert and Haber 2013).

There is a concern that strobilurin fungicides increase DON accumulation when FHB infection
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occurs before the fungicide application, thus it was strongly suggested to apply strobilurin type

fungicides at the stem elongation stage (Gilbert and Haber 2013).

Triazole-based fungicides belonging to demethylation inhibitor (DMI) fungicides were able to
reduce FHB visual rating index and DON content on both spring and winter wheat. As a result,
they were recommended as one of the most effective fungicides in FHB disease control in North
America and Europe (Paul et al. 2008; Blandino et al. 2012; Gilbert and Haber 2013; Torres et al.
2019; Vogelgsang et al. 2019). Common triazole-based fungicides are tebuconazole,
prothioconazole, metconazole, propiconazole and the combination of tebuconazole and
prothioconazole (Paul et al. 2007, 2008; McMullen et al. 2012). The mode-of-action of azole
fungicide is to damage the integrity of fungal cell membranes through the change of ergosterol
biosynthesis pathway by elevating expression of three Cyp51 genes (cytochrome P450 sterol 14a-
demethylase) (Becher et al. 2011). After the tebuconazole treatment, the ergosterol content in F.
graminearum was reduced (Liu et al. 2011). Further, it was found that different DMI fungicides
preferentially target different Cyp51 proteins in F. graminearum This explained why various F.
graminearum strains showed different sensitivities to different types of DMI fungicides,
suggesting that the mixture of different DMI fungicides with synergistic effects had very good
control on FHB disease (Liu et al. 2011). This was confirmed by the combination of
prothioconazole and tebuconazole which was associated with lower field FHB visual rating index
than the other four individual DMI fungicides used individually (Paul et al. 2008). There was a
significant reduction of field disease infection and DON content achieved by using the
combination of prothioconazole and tebuconazole on different wheat cultivars with various

resistant levels (Willyerd et al. 2012). However, this beneficial synergistic effect might not always
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apply to the reduction of mycotoxin accumulation, since one study found that metconazole alone
had higher field FHB visual rating index, but slightly lower DON content than the combination of

prothioconazole and tebuconazole (Paul et al. 2008).

Strobilurin is another common fungicide class used since the late 1990s and is capable of
restricting fungal growth through interference in mitochondrial respiration by blocking electron
transport (Gilbert and Haber 2013; Torres et al. 2019). The combination of strobilurin and triazole
was commonly used in Switzerland to prevent FHB disease and DON contamination (\VVogelgsang
et al. 2019). However, in an eight-year winter wheat field survey study conducted in Switzerland,
farms relying on strobilurin-based fungicides alone had much higher DON content and FHB
disease than farms using triazole alone, or the combination of triazole and strobilurin (Vogelgsang
et al. 2019). Thus, strobilurin fungicides alone have been considered as the least effective
fungicides to reduce DON accumulation in FHB management (Gilbert and Haber 2013; Torres et

al. 2019).

Fungicide applications alone in susceptible cultivars were insufficient to prevent economic loss in
heavy FHB epidemics (Mesterhazy et al. 2003). The use of resistant cultivars had a synergistic
effect on fungicide efficacy compared to fungicide use on susceptible cultivars (Mesterhazy et al.
2003). Moderately resistant cultivars without any fungicide application had similar visual disease
symptoms, but much lower DON content than susceptible cultivars treated with a fungicide
application (Willyerd et al. 2012). Overall, the best FHB disease management is fungicide
application combined resistant cultivars, which gives a strong additive effect for FHB control

(Willyerd et al. 2012; Torres et al. 2019).
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2.4.3 Biological control

In addition to chemical fungicides, there were several biocontrol agents (BCAs) available for
integrated management of FHB: fungi, yeast and bacteria (McMullen et al. 2012; Gilbert and
Haber 2013). Some fungal species (like Clonostachys rosea) were found to repress Fusarium
growth. A strain of C. rosea consistently repressed mycelial growth and conidial germination in
vitro, but inconsistently reduced FHB infection in field trials (Xue et al. 2009). Another test of the
same strain of C. rosea as a bio-fungicide found it did not successfully reduced FHB infection or
DON content in two field trials (Nowakowski 2018). A few yeast strains (Cryptococcus spp.)
acting as antagonists could compete for nutrients with Fusarium were shown to reduce disease
severity in greenhouse, but insignificantly decreased FHB symptoms in the field (Schisler et al.
2011; McMullen et al. 2012; Gilbert and Haber 2013). Treatment with the gram negative bacteria
Lysobacter enzymogenes prior to Fusarium infection induced host resistance and limited disease
severity in greenhouse tests, but could not effectively control FHB infection in field experiments
(Jochum et al. 2006; Li et al. 2008b). Gram positive bacteria Bacillus subtilis is one BCA that
produced antimicrobial components (like fengycin and bacillomycin D) to restrict Fusarium
growth in wheat spikes in a indoor study (Ramarathnam et al. 2007; Chan et al. 2009). Two
Bacillus spp., B. subtilis and B. velezensis, reduced FHB infection in field tests (Zhao et al. 2014;
Palazzini et al. 2016). Use of biocontrol agents may be an alternate management tool for
controlling FHB resistance, especially for organic growers, however, requires more research and
evaluations specific to improving their effectiveness in field applications is required (McMullen

et al. 2012).

23



2.5 FHB disease resistance breeding in wheat

2.5.1 Active host defense mechanisms of FHB resistance

2.5.1.1 Five types of FHB resistance

In wheat breeding, the development of FHB resistant cultivars is typically focused on mitigating
yield loss and minimizing mycotoxin contamination in the grain. Host genetic resistance to FHB
is divided into active and passive mechanisms. Active response mechanisms relate to the direct
response to the pathogen, while passive mechanisms usually relate to morphological traits that
indirectly contribute to resistance (Mesterhdzy 1995). Five types of active host resistance are
described in the Fusarium-wheat pathosystem: Type | resistance describes the decrease of initial
FHB infection; Type Il describes the restriction of the fungus inside infected spikes; Type IlI
resistance describes the reduction of FDK; Type IV describes the prevention of yield loss under
disease pressure; and Type V describes the reduced accumulation of mycotoxin in infected grains

(Mesterhazy 1995).

2.5.1.2 Sources of genetic resistance to FHB

Currently most sources of FHB resistance come from spring wheat, but these alleles are also
functional in winter wheat (Buerstmayr et al. 2009, 2019). Although QTL for FHB resistance have
been identified on each chromosome, no single QTL grants total resistance to the disease. Sources

of FHB resistance can be found in cultivars, landraces, and wild cereal relatives. Since 1999, the
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Chinese spring wheat cultivar, Sumai 3, has been the most important source of FHB resistance
(Waldron et al. 1999; Anderson et al. 2001; Cuthbert et al. 2006, 2007; Ma et al. 2006b, a). A
Sumai 3-derived cultivar, Ning 7840, has been also a good candidate for FHB resistance (Bai et
al. 1999; Zhou et al. 2002; Guo et al. 2003; Somers et al. 2005; Kang et al. 2011). Another Sumai
3-derivative, CM-82036, was found to carry a Type Il resistance gene Fhbl and a Type I resistance
QTL Qfhs.ifa-5A, both of which have been transferred to European winter wheat (Buerstmayr et
al. 2002, 2003; Salameh et al. 2011). CM-82036 was also used in other studies related to FHB
resistance, including the study of the Fhbl gene and resistance of toxicity of DON and T-2 toxin
(Lemmens et al. 2005; Nathanail et al. 2015; Schweiger et al. 2016). FHB resistance derived from
Sumai 3 and its derivates have repeatably reported on the five chromosomes (2D, 3B, 4B, 5A and
6B), which are allelic or identical to Qfhs.nau-2DL, Fhbl, Rht-Bla, Qfhs.ifa-5A and Fhb2,

respectively (Buerstmayr et al. 2009, 2019).

The Chinese wheat landrace, Wangshuibai, is another important FHB resistance source from Asian
and recently reviewed by Jia et al. (2018). Notably, this landrace had been repeatedly found to
carry four Fhb genes (Fhbl, Fhb2, Fhb4 and Fhb5) (Buerstmayr et al. 2009, 2019; Jia et al. 2018).
Also, the FHB resistance of Nyubai with unknown pedigree has been studied in several QTL
mapping populations and three transcriptional profiling studies with microarray or RNA
sequencing technology (Somers et al. 2005; Cuthbert et al. 2006; McCartney et al. 2007;
Tamburic-Ilincic et al. 2009; Pan et al. 2018; Brauer et al. 2019; Fauteux et al. 2019). Two regions
allelic to Fhbl and Qfhs.ifa-5A were repeatedly reported with FHB resistance in Nyubai

(Buerstmayr et al. 2009, 2019).
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In addition to the Asian resistance sources, a spring wheat Brazilian cultivar, Frontana, is a good
alternative resistance source (Steiner et al. 2004; Mardi et al. 2006; Srinivasachary et al. 2008b;
Yabwalo et al. 2011; Szab6-Hevér et al. 2012; Mesterhazy 2020). Type | resistance on
chromosome 3A in Frontana was consistently reported. A review written by Zhu et al. (2019)
mentioned the good impact of Frontana to United States spring wheat germplasm pedigrees.
However, introgression of this Frontana-derived 3A resistance into Canadian winter wheat
germplasms could be a concern due to association with low protein content (Tamburic-lIlincic

2012).

Several QTL studies on European winter wheat cultivars (e.g. Arina, Dream, Patterson) were
review by Buerstmayr et al (2009). Several regions in eight chromosomes in Arina were associated
with Type Il resistance, where QTL for anther retention and Type Il resistance were co-localized
on chromosomes 4A and 6B (Paillard et al. 2004; Draeger et al. 2007; Semagn et al. 2007;
Buerstmayr and Buerstmayr 2015). Also, the presence of wildtype allele Rht-D1a in the dwarfing
gene Rht-D1 locus in Arina increased height and FHB resistance (Draeger et al. 2007). Three
winter wheat populations were found to carry QTL for FHB resistance in fourteen chromosomes,
where chromosomes 1B and 4D were common regions among three linkage maps and a common
dwarf gene Rht-D1 was co-localized with the 4D QTL (Holzapfel et al. 2008). According to a
review paper written by Buerstmayr et al (2019), major FHB resistance QTL published in 2009-
2019 were located on ten chromosomes (1A, 1B, 2A, 4A, 4D, 5A, 6B, 7A and 7B) for European
winter wheat, two chromosomes (3B and 7D) for Asian winter wheat, and fifteen chromosomes
(1A, 1B, 2A, 2B, 2D, 3A, 3B, 3D, 4A, 4B, 4D, 5A, 5B, 6A and 6B) for North America winter

wheat. Many other QTL for FHB resistance have been detected in diploid and tetraploid wheat
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and wild relatives (such as T. macha, Thinopyrum elongatum, Th. ponticum, Leymus racemosus)
and mentioned in review articles (Gilbert and Tekauz 2000; Buerstmayr et al. 2009; Gilbert and

Haber 2013; Ma et al. 2020).

2.5.1.3 Common QTL for Type I, Il and V resistance

Several reviews have shown that numerous FHB QTL have been identified and many of them have
been validated (Liu et al. 2009; Buerstmayr et al. 2009, 2019). Reviews of reported major QTL for
FHB resistance in Table 2.2 showed that the largest number of major FHB QTL detected were
associated with reducing disease severity, while the number of major QTL for decreasing disease
incidence and DON content was similar for both types of resistances and much lower than for
reducing disease severity (Table 2.2) (Buerstmayr et al. 2009, 2019). Numbers of QTL for disease
severity included QTL identified in both spray inoculation methods from field trials and point
inoculation methods from greenhouse experiments, while numbers of QTL for disease incidence
and DON content were obtained from inoculated field trails and measurement of DON content.
Seven chromosomes (2B, 2D, 3A, 3B, 4B, 4D and 5A) were commonly reported to contain major
QTL for disease incidence, while major QTL for disease severity were often detected on
chromosomes 1B, 2A, 2D, 3B, 4B, 5A, 6B. Two chromosomes (3B and 5A) commonly had the
highest number of QTL associated with DON content. Markers closely linked to common FHB
resistance QTL and genes on seven chromosomes (2D, 3A, 3B, 4B, 5A, 6A, 6B and 7B) were

recommended by Buerstmayr et al (2009) for marker assisted selection.
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Table 2.2 Summary of previously reported major QTL for Fusarium head blight (FHB) resistance
and morphological traits associated with these major FHB resistance in 21 wheat chromosomes
based on information adapted from the two reviews (Buerstmayr et al. 2009, 2019).

(Buerstmayr et al. 2009)* (Buerstmayr et al. 2019)?

LG? Inc* Sev® DON® Ht’ Anth® Inc Sev DON Ht Anth AEY/AR™Y
1A 3 2 1 2 3 2
2A 7 2 1 1 7 2 1 1
3A 3 8 1 4
4A 1 1 1 1 3 1 1
5A 3 9 4 2 1 14 6 6
6A 3 1 3 1 1
TA 6 1 4 2

A genome 7 37 9 5 0 7 38 14 7 1 2
1B 1 10 2 4 2 1 1
2B 3 7 1 1 2 5 1
3B 3 32 6 2 16 5 1
4B 1 6 3 8 2 7 3
5B 5 1 3 1 1
6B 2 10 1 8 1 1
B 1 5 1 3 1 1

B genome 11 75 6 2 1 11 47 10 13 1 5
1D 2
2D 2 8 3 1 1 4 7 2 5 3 1
3D 4 2
4D 1 3 2 3 7 1 7 2
5D 1 1 1
6D 1 1
7D 2 4

D genome 4 19 4 4 1 9 18 5 12 3 3

Total 22 131 19 11 2 27 103 29 32 5 10

IFifty-two QTL studies for FHB resistance and morphological traits associating FHB resistance
in 2001-2009 were reviewed by Buerstmayr et al (2009); 2Another fifty-two QTL studies in 2009-
2019 were summarized by Buerstmayr et al (2019); 3LG represents Linkage group; *Inc disease
incidence; °Sev disease severity; °DON deoxynivalenol content; "Ht plant height; 8Anth anthesis
date; >AE anther extrusion; °AR anther retention

*Major QTL for three FHB traits (Inc, Sev and DON) are shown, while morphological QTL for
Ht, Anth, AE and AR co-localized with major QTL for the three FHB traits were also listed in
this table.
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2.5.1.4 Common Fhb genes

To date, seven Fhb genes have been discovered from wheat and its related species (Table 2.3)
(Liu et al. 2006; Cuthbert et al. 2007; Qi et al. 2008; Xue et al. 2010a, 2011; Cainong et al. 2015;
Guo et al. 2015; Rawat et al. 2016). The Fhbl gene was first fine mapped in Sumai 3 and Nyubai
in 2006 (Cuthbert et al. 2006; Liu et al. 2006) (Table 2.3). Several potential functional genes in
this locus/region have been proposed to confer Type Il resistance: a pore-forming toxin-like gene
(Rawat et al. 2016), a start codon deletion of a gene encoding a putative histidine-rich calcium-
binding (His) protein (Su et al. 2019), and a rare deletion in the 3’ exon of the same His gene (Li
et al. 2019). Notably, Su et al (2019) hypothesized that a His allele as a susceptibility factor was
disrupted by the deletion of the start codon in Ning 7480, resulting in a loss-of-function mutation
conferring the Fhb1 resistance, while Li et al (2019) suspected a rare deletion created an alternative
splicing for the open reading frame in a His® allele in Wangshuibai, resulting in a gain-of-function
mutation for the Fhbl resistance. Lagudah and Krattinger (2019) suggested a dominant-negative
effect theory that either the deletion of the His® allele in Ning 7480, or the altered variation of the
His® allele in Wangshuibai, might change formations of multimers from normal His proteins,
leading to reduce the FHB infection. More future studies are required to understand and validate
the exact mechanism of the resistance of Fhbl gene. Beside the Fhbl gene, other four Fhb genes
(Fhb2, Fhb3, Fhb6 and Fhb7) also improve Type Il resistance and reduce disease severity, where
Fhb2 was derived from Sumai 3 and the other three Fhb genes from close relative grass species
(Table 2.3). Two Fhb genes (Fhb4 and Fhb5) were derived from Wangshuibai and decrease

disease incidence.
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Table 2.3 Current Fhb genes in characterized in wheat or wheat relatives, their chromosomal
location, type of resistance and source.

Name Chromosome Resistance Source References

1 - (Liu et al. 2006;
Fhbl 3B Type |l Sumai 3 Rawat et al. 2016)
Fhb2 6B Type 1l Sumai 3 (Cuthbert et al. 2007)
Fhb3  T7AL-7Lr#1S (7A) Type Il Leymus racemosus (Qi et al. 2008)
Fhb4 4B Type I? Wangshuibai* (Xue et al. 2010a)
Fhb5 5A Type | Wangshuibai (Xue et al. 2011)
Fhb6 1Ets#1S (1A) Type 1l Elymus tsukushiensis (Cainong et al. 2015)
Fhb7 7DS.7el2L (7D) Type 1l Thinopyrum ponticum (Guo et al. 2015)

Type | resistance reduces disease incidence; 2Type |1 resistance decreases disease severity
3Chinese wheat cultivar, Sumai 3, belongs to hexaploid wheat Triticum aestivum; “Chinese wheat
landrace, Wangshuibai, also belongs to hexaploid wheat Triticum aestivum

2.5.1.5 The association of FHB susceptibility

An alternate approach to improve FHB resistance is the identification and removal of the regions
associated with FHB susceptibility as summarized by Fabre et al. (2020). Deletion of a few regions
on chromosomes 3B, 4D, 6A, 6B, 7A and 7B reduced disease severity and DON content (Ma et
al. 2006a). A susceptible tetraploid T. turgidum genotype had less FHB infections in three
greenhouse tests after substituting its chromosome 2A with a tetraploid wild emmer wheat T.
dicoccoides, suggesting the presence of susceptibility determinants in that chromosome (Garvin et
al. 2009). A region located on the short arm of chromosome 2D in Sumai 3 was suspected to
associate with FHB susceptibility and increased FDK (Basnet et al. 2012). A deletion of the long
arm of chromosome 3D in a susceptible spring wheat cultivar, USU-Apogee, decreased FHB
infection and DON content (Garvin et al. 2015). Moreover, other traits could also associate with
high FHB infection. The presence of Rht-B1b or Rht-D1b alleles often associated with higher FHB
infection and DON content (Buerstmayr and Buerstmayr 2016; Tamburic-1lincic and Rosa 2017).

Also, the presence of vernalization genes Vrn-Ala or Vrn-Bla alleles was also associated with
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increasing FHB infection. In total, Fabre et al. (2020) summarized the existence of FHB

susceptibility determinants in fourteen wheat chromosomes.

2.5.2 Morphological traits affecting FHB

Several QTL for morphological traits including plant height, anthesis date and spike characteristics
(awns and compactness) have been associated QTL for FHB resistance (Mesterhazy 1995;
Buerstmayr et al. 2009, 2019). More recently, an understanding of the role of anther
extrusion/retention in FHB resistance has risen and led to the detection of numbers of QTL related
to this trait. Table 2.2 shows that QTL for plant height, anthesis date and anther extrusion/retention

co-localized with QTL for FHB resistance.

2.5.2.1 Association between plant height and FHB

In the host-pathogen pathosystem, wheat genotypes do not only use their resistance genes against
FHB infection, but they also rely on several passive mechanisms to limit the initial Fg invasion.
As an important agronomic trait, plant height plays an important role in passive resistance to FHB
(Mesterhazy 1995; Buerstmayr et al. 2009, 2019; Yan et al. 2011; Saville et al. 2012). Three
hypotheses have been developed to explain the association between the two traits. The first theory
postulates that tall plants have an increased distance between the spikes and the primary inoculum
source on the ground, which reduces the chance of natural infection (Mesterhazy 1995). The
second hypothesis suggests that height alters the micro-environment around the spikes, thus

contributing to lower FHB infection. In this scenario, short plants have higher local humidity
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around the spikes compared to tall plants, which can create favorable conditions for Fg
development (Yan et al. 2011). The third hypothesis proposes that the association between height
and FHB resistance is due to the pleiotropic effect of the dwarfing genes on hormone crosstalk
(Saville et al. 2012; Buerstmayr and Buerstmayr 2016). To date, none of above hypotheses proven
to be the sole mechanism by which increased height enhances FHB resistance, while decreased

height promotes susceptibility to the disease.

Taller plant height has been associated with better FHB resistance (Mesterhazy 1995; Buerstmayr
et al. 2009; Yan et al. 2011; Saville et al. 2012). In particular, the Rht-Bla and Rht-D1a alleles
were associated with increases in height and FHB resistance in several QTL studies (Lu et al. 2013;
He et al. 2016; Xu et al. 2020). However, the gibberellic acid (GA)-insensitive dwarfing alleles
Rht-B1b and Rht-D1b reduce plant height, which allows wheat growers to increase fertilizer use
to achieve high yield without the risk of lodging under high input agriculture (Hedden 2003). The
introduction of dwarf alleles Rht-B1b or Rht-D1b has increased grain yield and lodging resistance
but is associated with FHB susceptibility. Many other agronomic traits were improved by using
either of the two semi-dwarfing alleles (Lanning et al. 2012). The presence of the dwarf allele Rht-
B1b or Rht-D1b in near isogenic lines (NIL) reduced plant height and produced more tillers and
higher seeds per spike than the NILs with the tall allele types, Rht-Bla or Rht-D1a (Lanning et al.
2012; Chen et al. 2016). Although the semi-dwarf plants carrying either the Rht-B1b or Rht-D1b
allele had slightly lower thousand kernel weight, test weight and grain protein, and slightly delayed
maturity compared to the tall plants carrying either the Rht-Bla or Rht-D1a allele, the two dwarf
alleles have been widely used in spring and winter wheat cultivars in North America (Guedira et

al. 2010; Lanning et al. 2012; Chen et al. 2016). Thus, the use of wildtype Rht-Bla or Rht-Dla
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allele for improving FHB resistance has been discouraged due to the associated height increase
leading to lodging and yield reduction (Verma et al. 2005; Voss et al. 2008; Guedira et al. 2010;

Lanning et al. 2012; Chen et al. 2016).

In the early 2000s, the frequency of the Rht-B1b allele in US soft winter wheat cultivars and hard
winter wheat cultivars was 28% and 77%, respectively (Guedira et al. 2010). The distribution of
the Rht-D1b allele was 45% and 8% in US soft winter wheat cultivars and hard winter wheat
cultivars, respectively (Guedira et al. 2010). The two dwarf alleles have been introduced and
widely used in western Canada since the 1990s (Chen et al. 2016). Balancing optimal height and

strong FHB resistance is one of current breeding challenges.

2.5.2.2 Association between anther retention and FHB

In additional to height, other morphological traits such as anther extrusion/retention have been
found to be associated with FHB (Skinnes et al. 2010). In wheat, anther morphology ranges from
being completely enclosed in cleistogamous florets to being completely extended beyond the floret;
both situations are unfavorable for Fg to infect and/or colonize wheat spikes. Intermediate anther
morphology, where the anther is retained (anther retention) in the open floret, has been correlated
with FHB susceptibility. Although the exact mechanism underlying this association remains
unknown, one hypothesis is that anthers trapped between the lemma and palea in wheat florets
provides favorable conditions for initial mycelial growth and colonization (Buerstmayr and
Buerstmayr 2016). Specifically, mycelia might be able to grow within the filaments which

provides an expedited pathway to the rachis from which it invades neighboring spikelets.
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Several QTL for anther retention have been identified across the genome through genetic mapping
studies (Lu et al. 2013; He et al. 2016; Xu et al. 2020). Coincidentally, these QTL often co-localize
with QTL for FHB resistance and plant height (Lu et al. 2013; He et al. 2016; Xu et al. 2020). In
particular, QTL for FHB resistance, anther retention and plant height all overlapped such that they
all contained the Rht-B1 gene (Lu et al. 2013; He et al. 2016; Xu et al. 2020). Based on the additive
effect, the Rht-Bla allele was associated with increased height, anther extrusion and FHB
resistance. Conversely, the Rht-B1b allele was associated with decreased height, and increased
anther retention and FHB occurrence (Lu et al. 2013; Buerstmayr and Buerstmayr 2016; He et al.

2016; Xu et al. 2020).

2.6 Cross talk among different phytohormones during host defense

2.6.1 The regulation of gibberellin on plant height and the gibberellin-dependent dwarfing

Plant growth can be regulated with different hormones, including auxins, brassinosteroid,
cytokinins and gibberellin. The interactions among those hormoneses have been reviewed by
several authors (Wang et al. 2017b; Liu and Timko 2021). The Rht-Bla allele in wheat affects
plant height through a GA-dependent mechanism, which was first well understood in Arabidopsis
and rice (Xu et al. 2014; Nelson and Steber 2016). More than one hundred GAs have been
discovered in plants, but only six are bioactive forms (Murase et al. 2008; Xu et al. 2014). In
Arabidopsis, a GA receptor GA-insensitive dwarfl (GID1) first uses its N-terminal extension to

recognize a lactone ring in a bioactive GA molecule through several hydrophobic interactions
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(Murase et al. 2008; Shimada et al. 2008) (Figure 2.3 a). Then, a pocket-like core domain in the
GID1 forms hydrogen bonds with the C3 hydroxyl group and the C6 carboxylate group in the GA
molecule to further embed the GA inside the GID1, which results in a stable GA-GID1 complex
(Murase et al. 2008; Shimada et al. 2008). The change from a C2 non-hydroxyl group to a C2
hydroxyl in a GA molecule switches a bioactive form to a non-activated form by disturbing the
hydrophobic interactions between GA and GID1, which causes a conformational change in the
GID1, resulting in failure to bind with the non-bioactive GA molecule (Murase et al. 2008). All
three wheat homoeologous TaGID1 genes (TaGID1-Al, TaGID1-B1 and TaGID1-D1) producing
functional GA receptors have been found in the long arms of the three group 1 wheat chromosomes

(1A, 1B and 1D, respectively) (Li et al. 2013).

In Arabidopsis, DELLA protein, which is named based on its N-terminal conserved amino acid
sequence (Asp-Glu-Leu-Leu-Ala; D-E-L-L-A), consists of a N-terminal DELLA domain and a C-
terminal domain. The C-terminal domain was also named as GRAS functional domain containing
three genes (GA insensitive, Repressor of GA1 and SARECROW) (Figure 2.3 b) (Hauvermale et
al. 2012; Thomas et al. 2016). Several reviews focused on how the C-terminal GRAS domain of
the DELLA protein interacts with different transcriptional factors (TFs) to suppress GA-dependent
plant growth in Arabidopsis (Hauvermale et al. 2012; Thomas et al. 2016). DELLA protein uses
its N-terminal DELLA domain to interact with the N-terminal extension of GA-GID1 complex to
further form a GA-GID1-DELLA complex (Silverstone et al. 2001; Griffiths et al. 2006; Murase
et al. 2008; Shimada et al. 2008). After binding with the GA-GID1 complex, the C-terminal GRAS
domain of the DELLA protein is further interacted with a SCFS-Y1SLEEPYD (Skp1, Cullin, F-box)

E3 ubiquitin ligase complex via multiple processes, which leads to the polyubiquitination of the
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DELLA (Hedden and Sponsel 2015; Nelson and Steber 2016). The polyubiquitinated DELLA
protein carrying an ubiquitin chain can be recognized by 26S proteasome, which results in the
destruction of DELLA protein complex and release of DELLA-suppressed TFs to promote the

growth of plant height (Hedden and Sponsel 2015; Nelson and Steber 2016).

Activated

(a) GA-GID1 complex GA molecule

N-terminal extension

(b) Normal DELLA protein N terminal —-_. C-teminal_ ; (orminal
(Rht-B1a allele) domain

(c) Truncated DELLA protein . Partial DELLA C-terminal __ ,

(Rht-B1b allele) N terminal _ doman | domain C terminal
Figure 2.3 A schematic diagram of the formation of GA (gibberellic acid)-GID1 (GA-insensitive
dwarfl)-DELLA (D-E-L-L-A; Asp-Glu-Leu-Leu-Ala) complex for the regulation of gibberellin
on plant height, which was adapted from Nelson and Steber (2016) and Hedden and Sponsel (2015).
(a) A GID1 protein binds a bioactive GA molecule by using its N-terminal extension and the
pocket-like core domain, which forms a GA-GID1 complex. (b) A wildtype allele Rht-Bla
produces a normal DELLA protein with an intact DELLA domain and a C-terminal GRAS
functional domain, which enables interaction with GA-GID1 complex to form a GA-GID1-
DELLA complex. (c) A dwarf allele Rht-B1b encodes a truncated DELLA protein, which the
partial DELLA domain cannot bind with GA-GID1 complex.

In wheat, Rht-Bl1a in chromosome 4B encode DELLA proteins like Arabidopsis (Peng et al. 1999;
Pearce et al. 2011) (Figure 2.3 b). Compared with wildtype Rht-Bla, semi-dwarf allele Rht-B1b
replaces a cytosine by a thymine in the LEXLE motif of the N-terminal DELLA domain and causes
a change from a Q64 codon (CGA) to a translational stop codon (TGA), resulting in a truncated
DELLA protein (Figure 2.3 c) (Peng et al. 1999; Pearce et al. 2011). Truncated DELLA protein

has an incomplete N-terminal DELLA domain preventing binding of the GA-GID1 complex and

remains a C-terminal GRAS functional domain, which results in failure to be degraded by 26S

36



proteasome and continually binds with TFs to suppress plant growth, thus the Rht-B1b allele in

wheat produces semi-dwarf plants (Pearce et al. 2011).

2.6.2 Role of jasmonic acid signalling in wheat FHB resistance

Jasmonic acid (JA) is involved in host plant-pathogen interactions (Glazebrook 2005; Koornneef
and Pieterse 2008; Shigenaga and Argueso 2016). The JA biosynthesis and signalling pathways in
Arabidopsis have been reviewed in detail (Zhai et al. 2017; Ruan et al. 2019). In Arabidopsis, the
jasmonate ZIM-domain (JAZ) protein family is the most important negative regulator in the JA
signaling pathway, where the ZIM domain is named from zinc-finger protein expressed in
inflorescence meristem (Chini et al. 2007; Thines et al. 2007). Typically, a JAZ1 protein has three
important domains, N-terminal (NT), ZIM and JA-associated (Jas), located in the N-terminal,
center, and C-terminal of the protein, respectively (Hou et al. 2010). In the absence of a bioactive
JA jasmonoyl-isoleucine (JA-1le), both ZIM and Jas domain of JAZ proteins suppress JA-related
disease resistance by interacting with an important TF myelocytomatosis oncogenes (MYC2) that
responds to bind G-box motifs (where G-Box motif is a DNA sequence having the core motif
CACGTG) in promoter regions of JA response genes (Meier and Gruissem 1994; Chini et al. 2007;
Thines et al. 2007; Hou et al. 2010). In the presence of JA-lle, an F-box protein coronatine
insensitive (COI1) recognizes and binds the JA-lle molecule to form a JA-COI1 complex (Sheard
et al. 2010; Zhai et al. 2017; Ruan et al. 2019). The JA-COI1 complex further physically interacts
with a JAZ1 protein to form a JA-COI1-JAZ1 complex. Later, the ubiquitination of JAZ1 occurs
in the JA-COI1-JAZ1 complex, which leads to the degradation of JAZ1 by 26S proteasome

resulting in release of MYC2 to trigger downstream JA response genes (Xie et al. 1998; Thines et
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al. 2007; Chini et al. 2009). Similarly, in wheat, the protein TaJAZ1 enables binding with the

transcriptional factor TaMYC4 to suppress the JA pathway (Jing et al. 2019).

During wheat-Fg interaction, the JA signalling pathway plays an important role in FHB resistance
(Ding et al. 2011; Qi et al. 2016; Buhrow et al. 2016; Pan et al. 2018; Brauer et al. 2019). The
direct application of JA into fungal growth media is able to reduce Fg spore viability and mycelial
growth in vitro (Qi et al. 2016). After FHB infection, a resistant cultivar, Wangshuibai, had higher
endogenous JA content and stronger expression of JA-response genes than a susceptible line (Ding
et al. 2011). Similar observations have been found in two hormonal profiling studies where the
levels of JA and/or SA increased after FHB infection (Buhrow et al. 2016; Brauer et al. 2019).
Several real time polymerase chain reaction studies have confirmed that transcripts of JA-response
genes are up-regulated during FHB infection (Qi et al. 2016, 2019; Brauer et al. 2019). Moreover,
recent microarray studies suggest that the JA signalling pathway is able to be up-regulated in both
resistant and susceptible cultivars, which suggests it may be involved in several defense processes,
such as DON detoxification, glutathione conjugation, and thickened cell walls (Brauer et al. 2019;
Qi et al. 2019). In an RNA sequencing (RNA-seq) study, many differentially expressed genes

(DEGs) related to JA pathways were trigged after the FHB infection (Pan et al. 2018).

Resistant wheat had earlier and stronger expression of JA response genes than susceptible wheat
in one RNA-seq study (Wang et al. 2018). A similar result was found in one wheat microarray
study that showed that resistant wheat had more up-regulated genes specifically related to the JA
pathway than susceptible wheat, even though susceptible wheat had more total DEGs than resistant

wheat (Sun et al. 2016). In contrast, a few other experiments have observed a different expression
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pattern related to the JA signaling pathway between resistance and susceptible wheat (Pan et al.
2018; Brauer et al. 2019; Qi et al. 2019). An RNA-seq study discovered that FHB susceptible
wheat had more gene expression involved with the JA pathway than FHB resistant wheat (Pan et
al. 2018). A microarray study showed that a susceptible wheat cultivar, Roblin, had very few SA-
related DEGs and high amounts of JA-related DEGs four days post inoculation (Qi et al. 2019).
Another microarray study found that expression of disease response genes in susceptible wheat
was higher than that in resistant wheat (Brauer et al. 2019). Overall, it has been well recognized
that JA related defense responses are involved in FHB resistance and inconsistency among
different studies could be related with other factors (such as sampling timing and genotype) that

play important roles during the FHB infection in wheat.

2.6.3 Crosstalk between GA and JA pathways affecting wheat FHB resistance

The host-pathogen interaction relying on the JA pathway can be affected by crosstalk with other
phytohormones. In Arabidopsis, DELLA protein enhances the JA pathway and its related
resistance against necrotrophic pathogens, while inducing host susceptibility toward biotrophic
pathogens by suppressing the SA pathway (Navarro et al. 2008). The mechanism for such
phenomenon can be explained by understanding the interaction of DELLA and JAZ1 during
crosstalk between the GA and JA pathways. DELLA protein uses its C-terminal GRAS domain to
physically interact with NT and Jas domains in a JA negative regulator JAZ1 protein and releases
the TF MYC2 that previously bound with the Jas domain, resulting in the increase of the JA
signaling pathway and expression of JA response genes (Hou et al. 2010). Hou et al. (2010) also

discovered that the N-terminal side of the C-terminal GRAS domain in DELLA protein was the
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key binding site for the DELLA-JAZ1 interaction. Even deletion of the entire N-terminal DELLA
domain in truncated DELLA protein resulted in partial interaction between truncated DELLA and

JAZ1 proteins.

In wheat, a similar pattern to Arabidopsis has been found between the Rht-Bla NIL producing
normal DELLA and the Rht-B1b NIL producing truncated DELLA after testing several biotrophic,
hemi-biotrophic and necrotrophic pathogens (Saville et al. 2012) (Figure 2.3 b and c). Plants
carrying either the Rht-Bla or Rht-B1b allele produce bioactive JA (JA-lle) to degrade JAZ protein
to release TF MYC2 and initiates JA-related defense response, while truncated DELLA proteins
produced by the Rht-B1b allele can further bind with additional JAZ proteins to free more MYC2
and provide a stronger JA-related disease resistance than normal DELLA proteins produced by the
Rht-Bla allele that cannot interact with JAZ protein due to the degradation of the GA-GID1-

DELLA complex.

On the other hand, through the same hormonal crosstalk, the JA pathway is able to affect GA-
related growth (Hou et al. 2010; Yang et al. 2012). Exogenous methyl jasmonate can reduce shoot
length in rice seedlings (Yang et al. 2012). Exogenous JA also can reduce root length in
Arabidopsis seedlings while increasing DELLA protein levels (Hou et al. 2010; Yang et al. 2012).
The dysfunction of the important JA receptor COI1 significantly increases cell lengths and
internode lengths (Yang et al. 2012). Overexpression of JAZ protein increases the lengths of the
petiole and hypocotyl, and induces early flowering (Yang et al. 2012). All these phenomena result
in JAZ proteins in the JA signaling pathway that compete with GA-related growth TFs such as

PIF4 to bind with the C-terminal GRAS domain in DELLA protein leading to suppression of plant
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growth (Yang et al. 2012). Therefore, the JA and GA signaling pathways have antagonistic effects
to each other in disease resistance and plant growth (Yang et al. 2012; Qi et al. 2014; Liu and

Timko 2021).
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CHAPTER 3

QTL MAPPING OF FUSARIUM HEAD BLIGHT RESISTANCE IN AN ELITE
DOUBLED HAPLOID WINTER WHEAT CROSS 32C*17/PEREGRINE AND
EVALUATION OF MARKER ASSISTED SELECTION EFFICIENCY OF DETECTED

QTL IN THE RECIPROCAL CROSS

3.1 Abstract

Resistance to Fusarium head blight (FHB) is complex and involves multiple genes with relatively
small effects. The breeding line 32c*17 showed strong FHB resistance under severe disease
pressure in both Canada and Germany. A doubled haploid (DH) population (3CPR) was generated
from the cross between 32c*17 and the cultivar, Peregrine, with intermediate FHB resistance.
Another DH population (PR3C) was created from the reciprocal cross. The objectives of this study
were to identify quantitative trait loci (QTL) for FHB resistance and other agronomic traits
associated with FHB resistance. The efficiency of marker assisted selection (MAS) based on the
detected strong FHB QTL in the 3CPR population was estimated in its reciprocal population PR3C.
Transgressive segregation in the 3CPR population was observed for all traits measured in field and
greenhouse tests. Three main QTL were detected across a combination of FHB traits (especially
for deoxynivalenol (DON) content) on chromosomes 4D, 6A and 6D with resistance derived from
32c¢*17 in the 3CPR population. Several other FHB QTL on chromosomes 1A, 1B, 2A, 2D, 3A,
4A, 5D, 6B, 7A and 7B were inconsistently detected in different individual environments.

QFhb/QFdk/QDon.umb-4D were not associated with plant height. Unlike previously published
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QTL on chromosome 6D that were associated with disease severity, the current
QFhb/QFdk/QDon.umb-6D strongly associated with Type | and DON resistance, which provided
a new insight on FHB QTL on chromosome 6D. Markers within QTL on chromosomes 4D, 6B
and 6D consistently predicted FHB resistance in the reciprocal cross PR3C across the two site

years tested, which suggests that they may be good candidate markers for future MAS.
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3.2 Introduction

One of the most serious diseases of wheat (Triticum aestivum) worldwide is Fusarium head blight
(FHB), caused by fungal pathogens Fusarium spp., resulting in yield and end-use quality losses
(McMullen et al. 1997). Fusarium graminearum sensu stricto Schwabe (teleomorph: Gibberella
zeae (Schwein.) Petch) (Fg) is the most predominant causal agent of FHB in North America
(Gilbert and Tekauz 2000). Fusarium head blight disease symptoms and historical FHB epidemics
with economic loss were reported in several review papers (McMullen et al. 1997; Gilbert and
Tekauz 2000; Bai and Shaner 2004; Trail 2009). Deoxynivalenol (DON) released by F.
graminearum is an important virulence factor for disease spread among spikelets in infected spikes
and is toxic to human and animal cells (Proctor et al. 1995; Bai et al. 2002; Jansen et al. 2005;
Sobrova et al. 2010; Mayer et al. 2017). Mesterhazy (1995) introduced five types of active FHB
resistance; Type | resistance reduces numbers of infected spikes, while Type Il resistance
decreases numbers of infected spikelets within infected spikes. Type Il1 resistance indicates low
Fusarium damaged kernels (FDK). Type IV resistance is a general overall tolerance to FHB

infection. Type V resistance results in low DON content in infected grains.

In addition to the five types of active resistance, several morphological traits, especially anther
extrusion and plant height, play important roles in FHB resistance (Mesterhdzy 1995; Buerstmayr
et al. 2009; Skinnes et al. 2010; He et al. 2016). Anther extrusion is associated with FHB resistance
and anther retention links with FHB susceptibility (Skinnes et al. 2010; Lu et al. 2013; He et al.
2016; Xu et al. 2020). The two most common semi-dwarfing genes Rht-B1 and Rht-D1 used in

wheat were originally introduced from a Japanese dwarf wheat line Norin 10. The semi-dwarfing
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alleles increase grain yield by reducing height and lodging, and increasing harvest index under
intensive management (Hedden 2003). Current spring and winter cultivars in North America
commonly carry one, or both, of the dwarfing alleles Rht-B1b or Rht-D1b (Guedira et al. 2010;
Chen et al. 2016). However, it has been found that both Rht-B1b and Rht-D1b decrease Type |
resistance and anther extrusion, leading to FHB susceptibility (Srinivasachary et al. 2009; He et al.
2016). Another dwarfing gene named Rht8 located on chromosome 2D has been commonly used
in European wheats varieties and is also associated with FHB (Worland et al. 1998b; Mao et al.
2010; McCartney et al. 2016). The relationship between anther extrusion/retention and Rht8 gene
remains unknown. Thus, FHB resistance that is associated with increased plant height might
increase risk of lodging, resulting in limited application of tall plant height for FHB resistance. It
is important for wheat breeding programs to improve FHB resistance without increasing height
and anther retention, or to use dwarfing genes that are not associated with FHB susceptibility (e.g.,

Rht24) (Tian et al. 2017; Herter et al. 2018; Miedaner et al. 2022).

Numerous QTL for FHB resistance had been found and are distributed across all 21 chromosomes
in wheat (Buerstmayr et al. 2009, 2019). The Chinese spring wheat cultivar, Sumai 3, is one of the
most important FHB resistance source and has been widely used in breeding programs worldwide
(Gilbert and Tekauz 2000; Bai and Shaner 2004; Buerstmayr et al. 2009, 2019; Zhu et al. 2019).
After reviewing many United States and Canadian spring and winter wheat pedigrees, Zhu et al.
(2019) demonstrated that Sumai 3 has played an important role in North American wheat cultivar
development. To date, FHB resistance from Sumai 3, and its derivatives, has been repeatedly found
in four chromosomes (2D, 3B, 5A and 6B) (Liu et al. 2009; Loffler et al. 2009; Buerstmayr et al.

2009). The 2D QTL for Type Il resistance derived from Sumai 3 and Sumai 3-derivates (CJ9306,
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CS-SM3-7ADS and DH181) was located in the long arm of the chromosome, which is in a
different region from the dwarfing gene Rht8 (Liu et al. 2009; Buerstmayr et al. 2009). The recently
cloned Fhb1 gene contributing Type 11 resistance was first widely reported in the Sumai 3 genetic
background and mapped in chromosome 3B (Liu et al. 2006; Buerstmayr et al. 2009; Rawat et al.
2016; Steiner et al. 2017). Several potential functional genes (a pore-forming toxin-like gene, a
histidine-rich calcium-binding gene or a putative membrane gene) in the Fhb1 region have been
suggested to confer FHB and DON resistance (Rawat et al. 2016; Li et al. 2019; Su et al. 2019;
Paudel et al. 2020). The 5A QTL for Type I resistance derived from Sumai 3 has been fine mapped
into one QTL with a major effect and one QTL with a minor effect, which were located across the
centromere (Qfhs.ifa-5Ac) and a distal region of the short arm (Qfhs.ifa-5AS) of chromosome 5A,
respectively (Steiner et al. 2019). A superfamily of transcript factor (named as NAC) consists of
no apical meristem, Arabidopsis transcription activation factor and cup-shaped cotyledon and
involved with different stress response signaling pathways (Puranik et al. 2012). Recently, it was
hypothesized that Qfhs.ifa-5Ac encodes a NAC secondary wall thickening promoting factorl-like
protein, which might be associated with increased FHB resistance and anther extrusion (Steiner et
al. 2019). Another common Sumai 3 QTL for Type Il resistance was fine mapped in chromosome
6B and renamed as Fhb2 gene (Cuthbert et al. 2007). In addition to the previously mentioned four
QTL, many other QTL and genes for FHB resistance have been reported in Sumai 3 (Buerstmayr

et al. 2009, 2019, 2021; Zhao et al. 2018a; Zhu et al. 2019; Berraies et al. 2020).

Based on the summary of previously reported major QTL for FHB resistance in the Table 2.2 in
the previous section 2.5.1.3, major QTL for disease incidence were identified on seven

chromosomes (2B, 2D, 3A, 3B, 4B, 4D and 5A), while major QTL for disease severity were
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frequently reported on another seven chromosomes (1B, 2A, 2D, 3B, 4B, 5A, 6B) (Buerstmayr et
al. 2009, 2019). Chromosomes 3B and 5A had the highest number of major QTL for DON content.
There have been much higher number of identified major QTL for disease severity compared to
the number of major QTL for incidence and DON content. The complexity of FHB resistance
means that optimal resistance levels require multiple genes with relatively small effects, rather
than only a few resistant genes with big effects. Thus, the identification of new major QTL for
Type | and DON resistance to pyramid with the previously reported major QTL for Type Il

resistance could benefit FHB resistance breeding in wheat.

An elite winter wheat breeding line (hamed 32c*17) was developed by the University of Manitoba,
Canada breeding program and demonstrated strong FHB and DON resistance under severe disease
pressure in both Canada and Germany. Based on a haplotyping study (unpublished data), this line
does not carry any common Sumai 3 Type | and Type Il FHB resistance (Fhb1, Qfhs.ifa-5AS and
Fhb2), which indicated that this line has inherited non-common useful FHB resistance from either
of its parental line (Sumai 3 or a winter wheat cultivar, McClintock) and possesses a potential
breeding value for FHB resistance. To better understand the resistance carried by 32c¢*17, a QTL
mapping study was conducted in one elite winter wheat doubled haploid (DH) population (named
as 3CPR) generated from a cross between 32c*17 and a winter wheat cultivar, Peregrine. The
objective of this study was to: 1) identify QTL of FHB resistance and other agronomic traits
associated with FHB resistance in the 3CPR population and 2) estimate the efficiency of markers
closely linked with 3CPR FHB QTL to predict resistant lines in the reciprocal population (PR3C)

for marker-assisted selection (MAS).
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3.3 Materials and Methods

3.3.1 Plant material

The 3CPR population consisted of 122 DH lines, generated from a cross where 32c*17 was the
maternal parent and Peregrine was the paternal parent. The winter wheat breeding line, 32¢c*17,
was generated from a cross between susceptible female parent McClintock and resistant male
parent Sumai 3. Peregrine, which was generated from a cross between McClintock and S86-808,
is a FHB intermediate cultivar released by the Crop Development Centre, University of
Saskatchewan and is in the Canadian Western Special Purpose wheat class (Fowler 2010). All
field and greenhouse tests related to the 3CPR population included DH lines, parental lines and six
checks. The six check lines were Caledonia, Emerson, FHB148, Freedom, Hanover and 431*18.
Caledonia is a FHB susceptible soft white winter wheat developed and released by Cornell
Agricultural Experiment Station in 1998 (Sorrells et al. 2004). Emerson is a FHB resistant hard
red winter wheat developed by the Lethbridge Research and Development Centre of Agriculture
and Agri-Food Canada (AAFC) in Lethbridge, AB (Graf et al. 2013). FHB148 is a FHB resistant
winter wheat line developed by the Ottawa Research and Development Centre, AAFC in Ottawa,
ON. Freedom is a FHB intermediate soft red winter wheat released and developed by the Ohio
State University, Ohio Agricultural Research and Development Centre in 1991 (Gooding et al.
1997). Hanover is a FHB susceptible line (pers. comm. A. Brilé-Babel., 2015) and 431*18 is an

intermediate resistant winter wheat breeding line.
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3.3.2 Inoculum preparation

Four F. graminearum isolates obtained from Dr. Jeannie Gilbert at the Cereal Research Centre,
AAFC in Winnipeg, Manitoba were used in this study. Two isolates were the 3-acetyl-
deoxynivalenol (3ADON) chemotype: M7-07-1 and M9-07-1. Two isolates were the 15-acetyl-
deoxynivalenol (15ADON) chemotype: M1-07-2 and M3-07-2. All macroconidia suspensions
were prepared based on a modified protocol originally developed by Dr. Jeannie Gilbert and
described in McCallum et al. (2004). For each isolate, a single conidium was first isolated from a
previous sporodochia colony and then grown on a potato dextrose agar (PDA) plate. After mycelia
colonized the whole plate (four to seven days), a portion of mycelia and the PDA agar were
selected and transferred into a sterile Spezieller Nahrstoffarmer agar (SNA) media plate (20
milliliter (ml) media/plate). After culturing seven days in light at room temperature, the contents
of several SNA plates (eight to twelve plates) were added into a 1.5-liter liquid carboxymethyl
cellulose (CMC) media. Then, CMC media flasks were aerated for seven days in light at room
temperature. Macroconidia were then harvested from each flask by filtration through sterile
cheesecloth. A haemocytometer under a 10x magnification microscope was used to determine
conidia numbers in order to obtain the accurate concentration of the different macroconidia
suspensions. The inoculum suspensions used in both field and greenhouse tests were a mixture of
equal proportions of the four isolates. The total concentration of inoculum was 50,000
macroconidal per ml. Four ml of Tween 20 (Unigema Americas LLC) were added to each two-

liter mixture suspension to increase conidia adhesion prior to the inoculation.
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3.3.3 Field experiments for the 3CPR population

All DH lines in the 3CPR population, parental lines and six checks were evaluated in a total six
field trials conducted at two field research stations in the University of Manitoba (The Point Field
Research Laboratory, Winnipeg, MB and lan N. Morrison Research Farm, Carman, MB) from
summer 2015 to 2017. Each field trial was a randomized complete block design with three
replicates. Each plot was a one-meter row and rows were spaced 30 cm apart. Seventy seeds were
planted in each one-meter plot. When 50 percent of spikes in the same plot were flowering (record
as anthesis date (Anth) based on Julian calendar), approximately 50 ml of the inoculum were
applied to both sides of the spikes in each plot. The same amount of inoculum was applied again
to each plot two or three days after the first inoculation. A CO backpack sprayer operated at 30
psi was used to spray the inoculum. An overhead misting system was run for ten minutes every
hour for ten to twelve hours immediately following the inoculations to maintain high humidity for

optimal disease development.

Eighteen to 21 days after the first inoculation, disease incidence (Inc) and severity (Sev) were
visually estimated for each plot, when plots were at the maximum disease development stage and
before the disease symptoms became indistinguishable from symptoms caused by natural
senescence. Incidence was the percentage of infected spikes for each plot and Sev represented the
mean percentages of infected spikelets in infected spikes for each plot. FHB visual rating index
(VRI) was calculated by multiplying Inc and Sev and dividing by 100. When plants were fully
mature, a final plant height (Ht), excluding awns, was determined by taking the average of three

measurements for each plot. Each plot was hand cut with a sickle and threshed using a low wind
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speed stationary combine, which prevented the loss of shriveled kernels. Seeds from the same
genotype in three replicates at each site year were pooled together before sending out to SGS
Canada Inc, Mississauga, ON, Canada (former BioVision Seed Labs, Winnipeg, MB) for post-
harvest analyses. Fusarium damaged kernel were identified based on typical shrunken chalk-like
or pink colored appearance and were represented as a percentage by weight of a 50 g sample. For
DON measurement, 10 g sub-samples take from the 50 g sample were ground into fine powder,
which enabled the sample to pass through a 20-mesh sieve. Each of the 10 g samples was first
dissolved into 100ml distilled water follow by filtering through a Neogen filter syringe. The filtrate
from the syringe was collected for measurement using a standardized Enzyme-linked
immunosorbent assay (ELISA) kit Veratox® DON 5/5 quantitative test kit (Neogen Corporation,
Lansing, MI). To accurately measure DON content within the accuracy range of the kit, additional

distilled water dilutions were conducted where necessary.

3.3.4 Greenhouse experiment for the 3CPR population

To specifically estimate FHB Type 1l resistance, all 3CPR DH lines, parental lines and the six
checks were tested in a greenhouse located at the University of Manitoba, Winnipeg, MB in 2015.
All genotypes were first sown in root trainers (root trainer cell size: 3.5 cm x 2.5 cm x 14 cm) and
grown for two to three weeks in a growth chamber with 16 hours of light at 22 °C followed by 8
hours of dark at 18 °C until they reached the three-leaf stage. Each root trainer consists of seventy
cells and one seed was planted per cell. All plants were then moved to a cool room set with 16
hours light and 8 hours dark at 4 °C and vernalized for nine to ten weeks. After vernalization,

plants were placed in a growth chamber set at 10-15 °C with 16 hours of light and 8 hours of dark
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for one week of acclimation before transplanting into 2-liter pots in a greenhouse (16 hours light
with 22+6 °C and 8 hours dark with 18+2 °C). The experimental design was a completely
randomized design with five replicates. Each replicate contained one plant per genotype and was
seeded within a two- to three-week interval between each replicate to manage workload and
prevent all plants flowering together. The ideal stage for inoculation was when spikes were at the
30-50% anthesis stage. Since this greenhouse test was conducted between December 2015 to April
2016, the greenhouse anthesis dates (GAnth) were calculated as the number of days from
transplanting into pots after vernalization and the date of the 30-50% anthesis stage, rather than
using the Julian calendar date. The first five flowering spikes on each plant were dual floret
inoculated with the same macroconidal mixture suspension as used in the field trials. Two adjacent
florets with a spikelet located at the top third of each flowering spike were injected with 10ul
inoculum through a pipette. After inoculation, the spike was covered with a glassine crossing bag
for 48 hours to provide a high humidity micro-environment. The number of infected spikelets
below the inoculated points in each inoculated spike were counted and calculated to determine
greenhouse disease severity (GSev). The first disease rating (GSevl) was conducted when
susceptible checks reached 80 to 95 percent GSev. The second disease rating (GSev2) was
recorded three days after the first rating time. Depending on fluctuations of temperatures from
early winter to early spring in the greenhouse, most of the disease rating periods on inoculated

spikes were conducted 17 days to 22 days after inoculation (dai).
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3.3.5 Linkage and QTL mapping in the 3CPR population

Five to seven seeds of each genotype were grown together on a wetted cotton ball in a plastic
container/well. Cotton balls were maintained moisture under 16-hour light and 8-hour dark at room
temperature for one week. After one week, two centimeters lengths of two healthy coleoptiles were
selected for each genotype and harvested with forceps into a collection tube, immersed in liquid
nitrogen, and stored at -20 °C. Later, all samples were freeze dried for two or three days. In total,
freeze dried leaf samples of 122 3CPR DH lines and the two parents were sent to National Research
Council Canada (NRC) at Saskatoon, Saskatchewan and genotyped by 90K wheat Illumina
Infinium iSelect SNP array (Illumina, San Diego, CA) (Wang et al. 2014). In addition, markers
closely linked with three semi-dwarf genes (Rht-B1, Rht-D1 and Rht8) and four common FHB
genes/QTL (Fhbl, Fhb2, Fhb5 and Qfhs.ifaSA) were tested on parental lines (Appendix 3.1) and

those that were polymorphic on the parental lines were further screened with all 3CPR DH lines.

Single nucleotide polymorphism (SNP) calling on raw data was conducted with GenomeStudio
V2011.1 software (lllumina, San Diego, CA) by a technical officer Kerry Boyle from NRC-
Saskatoon. Markers with too much missing data (>10%) or high segregation distortion were
removed. A function named “Binning of Redundant Markers” with its default setting in QTL

IciMapping version 4.1.0.0 (available from http://www.isbreeding.net) software was used to group

different co-segregating SNP markers into different bins (Meng et al. 2015). Only one marker from
each bin was selected for generating a linkage map in MapDisto v.1.7.7 (Lorieux 2012) software.
The protocol for using MapDisto to generate an accurate linkage map was obtained from

McCartney et al. (2016). Marker distances (centimorgan (cM)) were calculated using the Kosambi
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mapping function (Kosambi 1943). The default parameters for the “AutoMap” function to create
linkage groups were used to set a minimum logarithm of the odds (LOD) score of 3 and a maximum
recombination frequency of 0.3 (the distance between two markers must be less than 30 cM). A
function called “Color Genotypes” was used to check double recombinants. After creating a
linkage map in MapDisto, previously excluded co-segregating markers were added back to the
map based on their corresponding bin number. Each linkage group was assigned to a wheat
chromosome based on the majority of markers located in a common consensus map published by
Wang et al. (2014). The physical positions of SNP markers were obtained by using the updated
wheat reference genome of Chinese Spring (IWGSC RefSeq v2.1) (Zhu et al. 2021). To further
increase the accuracy of the current linkage map, the marker order was adjusted according to the

physical positions of SNP markers.

QTL mapping was conducted using QTL IciMapping version 4.1.0.0 and QGene v4.3.10 software
(Joehanes and Nelson 2008; Li et al. 2008a; Meng et al. 2015). The interval mapping (IM) and
inclusive composite interval mapping (ICIM) methods were used in QTL IciMapping. The
protocol for using QTL IciMapping to conduct QTL mapping and generate an accurate linkage
map was obtained from McCartney et al. (2016). Either IM or ICIM method was first run with the
mapping parameters of 5 cM steps and 10,000 permutations to estimate the LOD threshold. Then,
IM and ICIM methods were rerun with the mapping parameters of 0.1 cM steps and the previously
obtained permutation values to calculate positions, LOD values and additive effects of QTL (pers.
comm. C. McCartney., 2018). The single interval mapping (SIM) and the single-trait composite
interval mapping (CIM) based on maximume-likelihood estimation were the two methods used in

QGene. In the CIM method, a stepwise cofactor selection was chosen with the recommended
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setting, which was the maximum number of five cofactors and the F to add/drop = 0.05 (pers.
comm. C. McCartney., 2018). A permutation test with 10,000 iterations (P < 0.05) was conducted
to determine a significance threshold for each trait. Physical locations of markers below peaks of
3CPR QTL and previously identified QTL were compared to study the relationship between 3CPR
QTL and previously identified QTL. Sequences of markers below peaks of QTL were found in a

public online database for Triticeae and Avena (GrainGenes: https://wheat.pw.usda.gov/GG3/) and

blasted against the updated wheat reference genome of Chinese Spring (IWGSC RefSeq v2.1) to

obtain physical locations (Zhu et al. 2021).

3.3.6 Statistical analyses

A completely random model was used to analyze all traits measured in field trials and a greenhouse
experiment. For the five traits (Anth, Ht, Inc, Sev and VRI) measured in field trials, all phenotypic
data from DHs, parental and checks were first analyzed in individual site years by the PROC Mixed
procedure in SAS® Studio (Enterprise Edition 3.8) (SAS Institute Inc., Cary, NC, USA) (Appendix
3.2). Normality and homogeneity of variance were checked to determine whether the data could
be combined for analysis. The data for the five traits were then combined and analyzed together
(Tables 3.1 and 3.2). The two post-harvest traits (FDK and DON) and the three greenhouse traits

(GAnth, GSev1l and GSev2) were analyzed similarly (Tables 3.1 and 3.2).

Broad sense heritability (h?) for multiple site years on Anth, Ht, Inc, Sev and VRI measured in
field trials was calculated by the formula (h’= 6%/(c% + 6%c*sy/SY + 6%/R*SY)), where 6°c

represented genetic variance, 62g+sy Was the variance of interaction between genotype and site year,
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o% was the residual variance, SY was the number of site years and R was the number of replicates.
For FDK and DON measured on composited samples from three replicates in each site year the
formula for heritability was h?= 6%/(c% + 6%/SY. The three greenhouse traits only had five
replicates and heritability was calculated as h?= o%c/(c%c + 6%/R). The Proc Corr procedure
computed Pearson correlation coefficients among means of all traits of all 3CPR DHs in all site

years.

3.3.7 Estimation of prediction accuracy of resistant PR3C DHs by using the markers located

within the putative 3CPR QTL

Another DH population (named as PR3C) containing 190 DHs were generated from the 3CPR
reciprocal cross to evaluate the stability and consistency of the detected 32c*17-derived FHB QTL
obtained from the 3CPR population. In 2015, sixty-six PR3C DH lines were tested in a field test
in the lan N. Morrison Research Farm, Carman, MB and the remaining PR3C DH lines were
evaluated in 2016. The same field disease inoculation procedures as used in the replicated field
trials for the 3CPR population were used. Incidence and Sev were recorded and used to calculate
VRI. The same procedure described previously was used to collect the freeze-dried leaf samples
for this population. All samples of 190 PR3C DH lines were sent to NRC at Saskatoon,
Saskatchewan for the same 90K array genotyping. The same markers, which were in a 10 cM
interval flanking the QTL peaks in the 3CPR population, were selected in the PR3C population.
In single marker analysis, T-tests were conducted by using PR3C phenotypic data and the selected
markers. The markers having significant P-values (<0.05) in the T-tests were reported. Additive

effect of each significant marker in the PR3C population was calculated by taking the mean of
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phenotypic data of PR3C DH lines carrying the 32c*17 allele minus the mean of phenotypic data

of PR3C DH lines carrying the Peregrine allele and then dividing by two.

3.4 Results

3.4.1 Phenotyping for the 3CPR population, parental lines and checks

Four 3CPR DH lines were excluded from phenotypic data analysis due to lack of seed or abnormal
growth. Individual site year analyses (Appendix 3.2), showed that genotype was consistently
significant for all five field traits (Anth, Ht, Inc, Sev and VRI) in each of the six site years.
According to the distributions of residuals and the plots for normal quantiles, all five traits were
approximately fitted to normal distributions and the six site years were able to be pooled together
for a combined analysis. In the combined analyses, all sources of variation were significant for all

traits in both the field and greenhouse tests (Table 3.1).

All six checks in field trials and the greenhouse experiment behaved according to the expectation,
and the results were shown in Appendix 3.3. Based on the results in Table 3.2 and Appendix 3.3,
a wide range of disease symptoms in genotypes tested were shown, and differences among lines
could be differentiated, indicating sufficient disease pressure was applied in this study. The two
parental lines had a small Ht difference (3.82 cm) and significantly different responses to FHB
infection in both field and greenhouse tests where 32c*17 was more resistant to FHB than
Peregrine (Table 3.2). 32c*17 had the same level of field FHB resistance and lower FDK, DON

and GSev than the two resistant checks (Table 3.2 and Appendix 3.3). Peregrine showed an
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intermediate level of FHB resistance in field tests and a susceptible level in the greenhouse test
(Table 3.2). The frequency distributions of the 3CPR DH population are shown for all traits in
Figure 3.1. There was transgressive segregation in the 3CPR population for all the traits (Figure
3.1 and Table 3.2). Heritability estimates ranged from a low of 62.01% for VRI to a high of 85.32%

for Ht (Table 3.2).

Based on the results of Pearson correlation (Appendix 3.4), Anth in the 3CPR population
correlated with Ht (r=0.31), DON content (r=0.22) and GAnth (0.35), while Ht correlated with Inc
(r=0.19) and DON content (r=0.22) and GAnth (r=0.27). Incidence was strongly correlated with
FDK (r=0.79) and DON (r=0.87), but not correlated with Sev. Severity was only correlated with
FDK (r=0.19) and GSev (r=0.36 and 0.40), however, GSev was negatively correlated with GAnth

(r=-0.25 and -0.27). There was a strong correlation between FDK and DON (r=0.88).

58



Table 3.1 Combined analysis of variance for anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev), visual rating index (VRI),
Fusarium damaged kernel (FDK) and deoxynivalenol (DON) for the 3CPR population tested in field experiments conducted in six site
years in Manitoba and analysis of variance for greenhouse anthesis (GAnth) and greenhouse severity (GSevl and GSev2) conduced in
a greenhouse trial in 2015. Replicate nested within each site year for the combined field analysis.
Source of Anth Ht Inc Sev VRI
Variation DF! MS? DF MS DF MS DF MS DF MS
Genotype (G) 125  18.73**** 125  441.62**** 125 999.90**** 125  1022.75%*** 125  584.41****
Siteyear (SY) 5  3956.36**** 5  38731.00**** 5  127189.00**** 5  18172.00**** 5  9553.70****
Replicate (SY)® 12 49.65**** 12 1137.65**** 12 2574 51**** 12 093.98**** 12 555.88****
G*SY 549 3.04*** 549 32.22%*** 549 169.59**** 549  167.71*%*** 549  51.17****

Residual 1336 2.47 1331 18.75 1326 123.52 1326 110.04 1326 28.43
Source of FDK DON
Variation DF MS DF MS

Genotype (G) 125  47.44%%** 125  127.93%%**
Siteyear (SY) 5 4101.76%%** 5 §623.72%%**

Residual 589 7.69 589 18.73
Source of GAnth GSevl GSev2
Variation DF MS DF MS DF MS

Genotype (G) 106  261.17**** 106  699.46**** 106  1146.15****
Replicate 4 2092.48**** 4 1131.48**** 4 1269.72***
Residual 404 97.81 396 161.10 397 278.59

IDF Degrees of freedom; 2MS Mean squares; *Replicate nested within individual site year
****P yvalue< 0.0001; ***P value< 0.001; **P value < 0.01; *P value < 0.05

59



Table 3.2 Broad sense heritability and descriptive statistics of parental lines and the 3CPR doubled
haploid (DH) population for traits measured in the combined six site year field trials and one
greenhouse test. Traits include anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev),
visual rating index (VRI), Fusarium damaged kernel (FDK), deoxynivalenol (DON), greenhouse
anthesis date (GAnth) and greenhouse severity (GSevl and GSev?2).

Trait 32c*17 Peregrine Mid-parent DH Heritability
(P1)! (P2)? point Mean Min Max (%0)
Anth (Julian)®  167.51  168.89 168.20 168.38 165.20 171.17 82.92
Ht (cm) 105.15  101.33 103.24 103.08 93.40 111.53 85.32
Inc (%) 18.29 39.44 28.87 27.80 850 44.89 66.45
Sev (%) 20.18 32.28 26.23 25.87 1112 46.60 67.78
VRI (%) 3.64 13.08 8.36 7.55 2.03 16.13 62.01
FDK (%) 4.17 10.60 7.39 6.29 0.67 14.19 74.60
DON (ppm?®) 6.11 15.09 10.60 821 170 17.57 72.73
GAnth (days)*  80.32 62.32 71.32 74.06  59.08 92.08 70.66
GSevl (%) 22.10 58.66 40.38 33.24 1253 74.13 80.74
GSev2 (%) 27.35 78.20 52.78 4421 1441 87.30 79.54

132¢*17 (Parent 1) was the maternal parent; *Peregrine (Parent 2) was the paternal parent;
8Anthesis date in field tests were calculated based on Julian calendar; “ppm parts per million;
*Greenhouse anthesis date was calculated as the time between date of transplanting into pots and
the date at 30-50% anthesis stage
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Figure 3.1 Frequency distributions of measured traits for the 3CPR doubled haploid (DH) lines
based on means from six site year field trials and one year greenhouse test: anthesis date (a), height
(b), incidence (c), severity (d), visual rating index (e), Fusarium damaged kernel (f),
deoxynivalenol (g), greenhouse anthesis (h), greenhouse severityl (i) and greenhouse severity2 (j).
Means of parental lines for these traits were included. Anthesis date in field tests were calculated
based on Julian calendar, while greenhouse anthesis date was calculated as the number of days
between the date of transplanting into pots and the date at 30-50% anthesis stage.

3.4.2 Linkage mapping

The two parental lines were monomorphic for Rht-B1, Rht-D1, Rht8 and Fhb1, and polymorphic
for Fhb2, Fhb5 and Qfhs.ifaSA (Appendix 3.1), thus markers close to the three loci were included

in linkage mapping. Three 3CPR DHs were excluded from linkage mapping, due to either more
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than 25% missing genotypic data, poor SNP clustering, or a low SNP call rate and one line was
removed due to unusual phenotype suggesting an error in line identity. Thus, 118 3CPR DH lines
were used in linkage mapping. In total, 8,103 SNP markers were used to generate thirty-four
linkage groups for the 3CPR population with a total map length of 1635.63 cM (Table 3.3).
Detailed information for each linkage group is shown in Table 3.3. After aligning the 8,103 SNP
markers with their physical positions in the Chinese Spring reference genome (IWGSC RefSeq
2.1), the genome coverage of this map was 11.89 giga base pairs (Gbp) (International Wheat

Genome Sequencing Consortium (IWGSC) 2018) (Table 3.3).

3.4.3 QTL mapping

Four QTL mapping methods (IM and ICIM in QTL IciMapping, and SIM and CIM in QGene)
were used in this study to locate positions of QTL related to Anth, GAnth, Ht and multiple FHB
resistance traits (visual FHB traits, FDK and DON content) based on each of six site years, the
combined data of all site years, and one greenhouse test. Ten thousand permutations generated a
LOD threshold for both IM and ICIM of 2.90, while SIM and CIM gave different LOD thresholds
depending on the traits and ranged from 2.79 to 3.10. Comparing different QTL mapping methods,
some QTL were detected by multiple methods and other QTL were unique to a specific mapping
method (Table 3.4). All QTL reported in the 3CPR population were either detected by more than
one mapping method, or were associated with more than one trait (Table 3.4). Major QTL in this
study were QTL reported in more than one environment, while minor QTL were QTL reported

only in a single environment.
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3.4.3.1 QTL for anthesis date

Based on field and greenhouse tests, three major QTL for Anth were identified on chromosomes
2A, 4A (LG: 4A.1) and 7B (LG: 7B.2), which were named QAnth.umb-2A, QAnth.umb-4A and
QAnth.umb-7B (Table 3.4). The 32c*17 allele delayed the flowering date at QAnth.umb-2A and
shortened Anth at QAnth.umb-4A and QAnth.umb-7B. The phenotypic variation explained by
QAnNth.umb-2A, QAnth.umb-4A and QAnth.umb-7B was 9.2-14.4%, 11.7-20.3% and 8.5-20.8%,
respectively, for the individual environments. QAnth.umb-4A explained phenotypic variation of
13.3-16.2% across combined environments. QAnth.umb-2A was the only QTL for Anth detected
in both field and greenhouse tests, with a genetic distance of approximately 17 cM between the
peaks of QAnth.umb-2Adetected in the field and greenhouse tests using ICIM. Also, one minor
QTL QAnth.umb-1B was discovered on chromosome 1B (LG: 1B.2) that explained a relatively
large amount of phenotypic variation (27.3-32.9%) in the greenhouse environment (Table 3.4).
Phenotypically, flowering of 32c¢*17 (Anth = 167.51 and GAnth = 80.32) was one day earlier in
the field and eighteen days later in the greenhouse than Peregrine (Anth = 168.89 and GAnth =
62.32). However, in the DH population the additive effect of the 32c¢*17 allele was 0.5 in the field

and 2.1 in the greenhouse (Tables 3.2 and 3.4).

3.4.3.2 QTL for plant height

There were two major Ht QTL (named QHt.umb-6A and QHt.umb-7A) detected on chromosomes
6A (LG: 6A.3) and 7A, which explained 12.1-17.9% and 11.6-14.5% of the phenotypic variation,

respectively, across individual site years (Table 3.4). The phenotypic variation explained by
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QHt.umb-6A was 13.5-13.8%, across combined environments. Position locations of QHt.umb-7A
in two individual site years were approximately 24 cM away from each other. The 32c*17 allele
increased Ht at both QTL. A minor QTL QHt.umb-4A explained 11.0% of the phenotypic variation
in a single site-year and mapped within 22.0-28.0 cM of QAnth.umb-4A on the same linkage group
4A.1 (Table 3.4). The Peregrine allele increased Ht at QHt.umb-4A and delayed flowering at
QAnth.umb-4A. Phenotypically, the maternal line 32¢*17 (Ht = 105.15 cm) was only 3.82 cm taller
than the paternal line Peregrine (Ht = 101.33 cm) (Table 3.2). Several markers tightly linked with
three common wheat dwarf loci (Rht-B1, Rht-D1 and Rht8) were monomorphic between the

parental lines (Appendix 3.1).

3.4.3.3 QTL for FHB resistance

For ease of presentation, QTL for FHB resistance were categorized by trait with QFhb used to
designate QTL related to the visual FHB parameters (Inc, Sev and VVRI), while QTL for FDK and
DON content were designated as QFdk and QDon, respectively (Table 3.4). Field severity was

distinguished from GSev1 or GSev 2 under the site year column in Table 3.4.

3.4.3.3.1 Visual FHB traits (Inc, Sev, VRI)

Five major QTL for FHB resistance were identified across a combination of visual FHB traits on
chromosomes 2A, 4A (LG: 4A.1), 5D (LG: 5D.1), 6B and 6D (Table 3.4). The 32c*17 allele
contributed resistance based on QFhb.umb-6B and QFhb.umb-6D, while the Peregrine allele

contributed resistance on QFhb.umb-2A, QFhb.umb-4A and QFhb.umb-5D. Among the five major
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QTL, QFhb.umb-6D was the most frequently detected across individual site years, which
explained 2.2-14.5%, 10.7% and 12.1-14.3% of the phenotypic variation for Inc, Sev and VRI,
respectively. QFhb.umb-6B explained 11.5% of the phenotypic variation for Sev in a single
environment and 11.8-13.7% of the phenotypic variance for VRI in the combined environment.
Four markers linked with one Type Il resistance gene Fhb2 located on chromosome 6B were tested
in this project (Appendix 3.1). Parental lines showed polymorphism at all four markers linked
with the Fhb2 locus (Appendix 3.1), where the three markers (Wmc398, Gwm644 and Wmc397)
were located at 56.90 cM, 62.20 cM and 65.71 cM, respectively in the chromosome 6B linkage
group and the marker Gwm133 was unlinked with the current 6B linkage group in the 3CPR
population. Thus, the estimated position of Fhb2 locus was 56.90-65.71 cM, which was 6.4-15.71
cM from QFhb.umb-6B (50.0-50.5 cM). QFhb.umb-2A explained 10.6-12.7% and 10.2% of the
phenotypic variation for Inc and VRI across individual environments and was within 8.5-29.1 cM
of QAnth.umb-2A. The Peregrine allele shortened time to anthesis and decreased Inc and VRI.
QFhb.umb-4A explained 14.6-18.1% and 10.7% of the phenotypic variation for Inc and VRI,
respectively, across individual environments. QFhb.umb-5D explained 11.5-12.0%, 14.9-18.7%
and 19.6% of the phenotypic variation for Inc, Sev and VRI, respectively, across individual
environments. Among these five major QTL, it was more common to find QTL associated with

both VVRI and Inc than for VRI and Sev.

Two additional major QTL specific for Inc were reported on chromosomes 2D and 4D (LG: 4D.1)
that explained phenotypic variation of 2.8-13.2%, 3.4-17.8%, respectively, across individual
environments (Table 3.4). The phenotypic variation explained by QFhb.umb-2D and QFhb.umb-

4D across combined environments were approximately 12.0% and 12.4%, respectively. Two
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minor QTL was discovered on chromosomes 1B (LG: 1B.2) and 7B (LG: 7B.2) in individual
environments, which contributed 2.8% and 12.2%, respectively, of phenotypic variation for Inc

(Table 3.4). QFhb.umb-7B overlapped with QAnth.umb-7B in the same region of chromosome 7B.

QFhb.umb-3A was specific for Sev on chromosome 3A (LG: 3A.2), and explained 13.8-22.1%
and 10.8-12.9% of the phenotypic variation across field and greenhouse environments,
respectively (Table 3.4). The Peregrine allele contributed to Type Il resistance at this QTL.
Furthermore, four minor QTL related to Sev, QFhb.umb-1A.1, QFhb.umb-1A.2, QFhb.umb-1B.2
and QFhb.umb-7A, explained 17.3-22.8%, 10.8-14.0%, 12.4-15.4% and 10.6-11.0% of the
phenotypic variation, respectively, across single environments (Table 3.4). QFhb.umb-1A.1 and
QFhb.umb-1B.2 were detected in the greenhouse test, while QFhb.umb-1A.2 and QFhb.umb-7A
were expressed in field trials. The 32c*17 allele reduced Sev at all four minor QTL. The peak
position of QFhb.umb-1A.1 was approximately at 13.5 cM on the short arm of chromosome 1A,
while the peak of QFhb.umb-1A.2 was located at approximately 45.0 cM on the long arm of
chromosome 1A. Since the distance between the two peaks of QTL was more than 30 ¢cM and
located at different arms of the chromosome, the two QTL are not considered to be the same QTL.
QFhb.umb-7A was localized on the same linkage group 7A with QHt.umb-7A within 31.8-56.0
cM, where the 32¢*17 allele increased Ht and reduced Sev. Phenotypically, the difference of Sev
between 32c*17 (Sev = 20.18%) and Peregrine (Sev = 32.28%) was smaller than the difference of
GSev between 32¢*17 (GSevl = 22.10% and GSev2 = 27.35%) and Peregrine (GSevl = 58.66%
and GSev2 = 78.20%). In summary of all QTL related to field and greenhouse Sev, only
QFhb.umb-3A was detected in both field and greenhouse and received its Type Il resistance from

the Peregrine allele. The 32c*17 allele contributed Type Il resistance for the six QTL, QFhb.umb-
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1A.1, QFhb.umb-1A.2, QFhb.umb-1B.2, QFhb.umb-6B, QFhb.umb-6D and QFhb.umb-7A, which

were detected only in single environments.

In addition, three markers in Appendix 3.1 closely linked with Qfhs.ifa-5AS (a common Sumai 3
QTL for Type I resistance) were polymorphic between the parental lines and mapped together at
position 47.58 cM on chromosome 5A.1. However, no QTL in this chromosome was detected in
the 3CPR map (Table 3.4). Moreover, markers linked with one Type Il resistance gene, Fhbl,

were monomorphic between the parental lines (Appendix 3.1).

3.4.3.3.2 FDK and DON content

One major and four minor QTL for FDK were detected on chromosomes 6D, 4A (LG: 4A.1), 4D
(LG: 4D.1), 6A (LG: 6A.3) and 6B, respectively and named as QFdk.umb-6D, QFdk.umb-4A,
QFdk.umb-4D, QFdk.umb-6A and QFdk.umb-6B, respectively (Table 3.4). The 32c*17 allele
reduced FDK at one major and three minor QFdk, while the Peregrine allele reduced FDK at only
one QTL, QFdk.umb-4A. QFdk.umb-4A, explained 10.4-15.2% of the phenotypic variation in a
single environment, but overlapped with QFhb.umb-4A in the same region and co-localized with
QHt.umb-4A and QAnth.umb-4A within 16.5-16.7 ¢cM and 5.3-11.5 cM, respectively, indicating
that the Peregrine allele at this locus for reduced FHB visual symptoms and FDK, increased Ht
and delayed Anth. QFdk.umb-4D, QFdk.umb-6A and QFdk.umb-6D explained 11.8-14.9%, 13.7-
18.9% and 9.9-11.0%, respectively, of phenotypic variation across one or two individual
environments. QFdk.umb-6B explained 13.0-15.4% of the phenotypic variation across combined

environments and shared the same position as QFhb.umb-6B.
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Three major QTL for DON were found on chromosomes 4D (LG: 4D.1), 6A (LG: 6A.3) and 6D,
where the 32¢*17 allele reduced DON content at all three QDon. This agreed with results in Table
3.2 and Appendix 3.3 that showed that 32c*17 had the lowest DON content among all checks and
parental lines. QDon.umb-6D explained 10.1-14.1% of the phenotypic variation across four
individual environments. Also, QFhb.umb-6D and QFdk.umb-6D were located at the exact region
as QDon.umb-6D. QDon.umb-4D explained 12.9-19.5% and 12.6-12.7% of phenotypic variation
across three individual and combined environments, respectively (Table 3.4). QDon.umb-4D,
QFdk.umb-4D and QFhb.umb-4D were co-localized in the same region of chromosome 4D.
QDon.umb-6A explained 10.8-19.1% of phenotypic variation across two individual environments
and shared the same position as QFdk.umb-6A, where both QTL co-localized with QHt.umb-6A
within 0.4-1.4 cM and 1.4-1.9 cM, respectively. All three QDon were mostly co-localized with

QFhb related to Inc.

The QTL pyramiding effects for VRI and DON were analyzed using the two most consistent QTL
on chromosomes 4D and 6D (Appendix 4.5). The 32c*17 allele reduced VRI and DON at both
QTL. The average VRI without the two 32c*17 alleles at either QTL was 9.08 %, while the
presence of a single 32c*17 allele at either QTL reduced VRI by 1.71-1.86 % relative to the
presence of both major susceptible cumulative QTL allele combinations (S-4B/S-6D). The
cumulative pyramiding effect of the two 32¢*17 alleles at both QTL further decreased VRI by
2.46 % relative to the presence of both major susceptible cumulative QTL allele combination (S-
4B/S-6D) (Appendix 4.5). Average DON without the two 32c*17 alleles at either QTL was 9.86
ppm (parts per million). The presence of the 32c¢*17 allele at the 4D QTL (7.72 ppm) reduce DON

content more than the presence of the 32c*17 allele at the 6D QTL (8.50 ppm), while the
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cumulative pyramiding effect of two 32c*17 alleles at both QTL (6.73 ppm) decreased DON the

most (Appendix 4.5).

70



Table 3.3 Summary of linkage map for the 3CPR population including numbers of markers,
genetic and physical distance, and average spacing between markers for genetic and physical map

LG! SNP Genetic Physical  Genetic map average Physical map average

number map (cM)?> map (Mbp)? spacing (cM)* spacing (Mbp)®

1A 523 52.01 530.19 0.10 1.01
2A 971 103.34 786.24 0.11 0.81
3A.1 46 25.86 25.32 0.56 0.55
3A.2 252 101.16 639.97 0.40 2.54
4A.1 412 91.49 674.44 0.22 1.64
4A.2 236 5.98 35.28 0.03 0.15
5A.1 373 78.29 549.02 0.21 1.47
5A.2 68 28.94 36.90 0.43 0.54
6A.1 72 2.54 7.90 0.04 0.11
6A.2 5 4.40 1.18 0.88 0.24
6A.3 341 5.16 506.99 0.02 1.49
6A.4 177 24.95 21.84 0.14 0.12
TA 246 102.23 661.65 0.42 2.69
A genome 3,722 626.35 4,476.92 0.27 1.03
1B.1 268 71.04 542.10 0.27 2.02
1B.2 46 5.94 18.83 0.13 0.41
2B 632 65.70 634.29 0.10 1.00
3B 767 145.17 839.25 0.19 1.09
4B.1 190 50.47 606.97 0.27 3.19
4B.2 30 36.00 17.23 1.20 0.57
5B 398 117.14 673.82 0.29 1.69
6B 679 65.71 557.99 0.10 0.82
7B.1 11 0.85 1.15 0.08 0.10
7B.2 562 80.72 687.85 0.14 1.22
B genome 3,583 638.75 4,579.48 0.28 1.21
1D 237 104.67 473.78 0.44 2.00
2D 302 45.19 564.26 0.15 1.87
3D.1 61 1.76 4.01 0.03 0.07
3D.2 10 34.71 526.59 3.47 52.66
4D.1 17 14.38 459.68 0.85 27.04
4D.2 3 24.24 9.83 8.08 3.28
5D.1 13 5.11 316.35 0.39 24.33
5D.2 4 7.75 5.44 1.94 1.36
6D 111 69.20 424.86 0.62 3.83
7D.1 37 36.62 30.13 0.99 0.81
7D.2 3 26.90 22.56 8.97 7.52
D genome 798 370.53 2,837.49 2.36 11.34
Total 8,103 1,635.63 11,893.89 0.95° 4.427

LG Linkage group; 2cM Centimorgan; *Mbp Million base pairs; *Genetic map average spacing =
linkage map length / its corresponding SNP number; °Physical map average spacing = Physical
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map length / its corresponding SNP number; ®Mean of all chromosomes for genetic map average
spacing; ’ Mean of all chromosomes for physical map average spacing
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Table 3.4 Summary of 3CPR QTL detected for all traits measured in field and greenhouse experiments using the following four methods:
interval mapping (IM), inclusive composite interval mapping (ICIM), simple interval mapping (SIM) and composite interval mapping
(CIM).

M ICIM SIM CIM

QTL name!  Site year? Chr®

Anthesis date (Anth)

QAnth.umb-1B GH15 1B.2 44 89 298 41 43 9.0 324 39 50 86 329 40 40 84 273 32
QAnth.umb-2A GH15 2A 239 32 118 26 239 30 92 21 240 32 137 26 240 3.0 10.7 18
QAnth.umb-2A Wpg15 2A 41.0 52 144 05

QAnth.umb-4A Wpg15 4A.1 524 4.3 11.7 -05

QAnth.umb-4A Wpg1l6 4A.1 55.8 4.7 19.7 -05 549 47 198 -05 56.0 4.7 119 -05 540 43 149 -04
QAnth.umb-4A Wpgl7 4A.1 50.3 58 203 -0.6 50.3 58 203 -0.6 50.0 5.6 19.7 -0.6 50.0 55 18.7 -0.6
QAnth.umb-4A Comb 4A.1 504 4.1 16.2 -04 50.6 51 16.2 -04 505 3.7 195 -04 50.0 3.8 133 -04
QAnth.umb-7B Crml5 7B.2 6.0 37 16.0 -05 59 82 208 -06 6.0 37 134 -05

Pos* LOD PVE® Add® Pos LOD PVE Add Pos LOD PVE Add Pos LOD PVE Add

QAnth.umb-7B Wpgl5 7B.2 119 33 85 -04

Plant height (Ht)

QHt.umb-4A Crml7  4A.1 280 3.1 11.0 -15
QHt.umb-6A Wpgl7 6A3 13 34 121 17 26 44 132 17 25 35 125 16 25 52 179 138
QHt.umb-6A Comb 6A.3 20 37 135 14 00 39 138 1.3
QHt.umb-7A Crm16 7A 00 33 145 15 00 33 145 15 00 33 116 13 00 33 116 1.3
QHt.umb-7A Wpgl7 7A 242 3.7 109 1.6 240 42 148 1.6

Visual FHB traits (Inc, Sev, VRI)

QFhb.umb-1A.1 GH15(GSevl) 1A 13.7 6.2 193 -6.1 137 56 228 -54 135 59 20.1 -49 135 6.1 204 -46
QFhb.umb-1A.1 GH15(GSev2) 1A 13.7 56 173 -7.3 137 51 204 -6.3 135 54 184 -59 135 56 189 -55
QFhb.umb-1A.2 Wpg15(Sev) 1A 452 3.1 134 -23 452 38 14.0 -24 450 3.0 108 -19 450 3.7 129 -20
QFhb.umb-1B.1 Wpg15(Inc) 1B.2 59 39 28 32

QFhb.umb-1B.2 GH15(GSev1) 1B.2 51 38 126 -49 50 32 124 -39 50 37 132 -40 50 39 136 -3.6
QFhb.umb-1B.2 GH15(GSev2) 1B.2 51 4.4 139 -65 50 38 149 -54 50 43 149 -53 50 44 154 -48

QFhb.umb-2A  Crm17(Inc) 2A 529 3.0 114 19 530 3.6 127 2.0 525 35 123 20
QFhb.umb-2A  Wpgl7(Inc) 2A 49.6 3.0 112 21 495 36 11.0 21 495 3.0 106 2.0 495 3.3 11.6 1.9
QFhb.umb-2A  Wpgl7(VRI) 2A 495 30 102 1.2
QFhb.umb-2D  Wpg15(Inc) 2D 08 38 28 -32
QFhb.umb-2D  Wpg16(Inc) 2D 08 30 132 -20 1.0 29 104 -16 05 29 103 -1.6
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QFhb.umb-2D  Comb(Inc) 2D 00 34 120 -24 00 35 123 -24
QFhb.umb-3A  Crm16(Sev) 3A.2 09 54 221 33 1.0 52 178 27 15 50 171 24
QFhb.umb-3A  Comb(Sev) 3A.2 16.0 4.0 144 26 160 39 138 25
QFhb.umb-3A GH15(GSevl)3A.2 51 3.2 10.8 4.6 50 32 113 37

QFhb.umb-3A GH15(GSev2)3A.2 5.1 3.7 120 6.1 50 36 129 5.0

QFhb.umb-4A  Wpgl7(Inc) 4A.1 31.4 46 170 26 30.7 54 173 27 315 42 146 24 30.0 53 181 25
QFhb.umb-4A  Wpgl7(VRI) 4A.1 447 31 107 1.2

QFhb.umb-4D Crm16(Inc) 4D.1 143 33 144 -23 143 31 144 -21 140 32 113 -19 140 33 117 -1.8
QFhb.umb-4D Wpg15(Inc) 4D.1 34 41 178 -46 26 47 34 -35 35 40 140 -3.7 30 40 140 -3.7
QFhb.umb-4D  Wpg16(Inc) 4D.1 25 28 102 -37
QFhb.umb-4D  Comb(Inc) 4D.1 140 34 124 -24

QFhb.umb-5D Crm16(Inc) 5D.1 30 32 115 19 35 34 120 1.8
QFhb.umb-5D Crm16(Sev) 5D.1 00 44 187 26 3.0 47 163 25 0.0 43 149 22
QFhb.umb-5D Crmi16(VRI) 5D.1 30 58 196 10 30 58 196 1.0
QFhb.umb-6B  Crm15(Sev) 6B 50.5 3.2 115 -22
QFhb.umb-6B  Comb(VRI) 6B 50.0 3.2 11.8 -0.9 50.0 3.9 13.7 -0.9
QFhb.umb-6D Crm15(Inc) 6D 34 33 143 -52 34 36 145 -51 35 32 112 -41 3.0 33 117 -40
QFhb.umb-6D  Wpg15(Inc) 6D 34 32 22 -29

QFhb.umb-6D Crm15(Sev) 6D 3.0 3.0 107 -21
QFhb.umb-6D Wpg15(VRI) 6D 34 29 121 -17

QFhb.umb-6D Comb(VRI) 6D 80 34 126 -10 6.0 4.1 143 -10
QFhb.umb-7A  Wpg15(Sev) 7A 56.6 3.1 11.0 -2.2 56.0 3.0 10.6 -1.8
QFhb.umb-7B Crmi15(Inc) 7B.2 59 3.1 122 -46

Fusarium damaged kernel (FDK)

QFdk.umb-4A Wpgl7 4A.1 447 3.0 133 05 447 119 152 10 445 29 104 05

QFdk.umb-4D Wpglé 4D.1 143 35 149 -0.7 143 35 149 -0.7 140 3.3 118 -06 140 33 118 -0.6
QFdk.umb-6A Crml6 6A3 43 42 184 -10 43 54 189 -11 45 39 137 -08 40 39 137 -0.8
QFdk.umb-6B Comb 6B 50.0 3.6 13.0 -09 50.0 44 154 -23
QFdk.umb-6D Crm16 6D 44 30 99 -08

QFdk.umb-6D Crm17 6D 6.1 3.0 110 -0.7 6.1 3.0 11.0 -0.7

Deoxynivalenol content (DON)

QDon.umb-4D Crml6  4D.1 143 39 147 -15 143 34 130 -1.3 140 3.7 13.1 -12 140 38 135 -11
QDon.umb-4D Wpgl5 4D.1 34 29 129 -12 33 30 138 -1.2
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QDon.umb-4D Wpglé 4D.1 118 44 195 -11 118 44 195 -11 120 42 148 -08 140 48 165 -0.8
QDon.umb-4D Comb 4D.1 140 35 126 -1.2 140 3.6 127 -1.2
QDon.umb-6A Wpgleé  6A.3 40 3.0 108 -0.6
QDon.umb-6A Wpgl7 6A3 43 43 155 0.7 43 50 170 -0.7 40 39 137 -06 30 56 191 -0.7
QDon.umb-6D Crm15 6D 34 31 137 -35 34 31 137 -35 30 40 141 -32 30 3.0 108 -28
QDon.umb-6D Crm16 6D 0.1 30 114 -14 22 34 131 -13

QDon.umb-6D Wpg15 6D 34 30 136 -1.2 3.0 3.0 10.7 -1.0

QDon.umb-6D Wpgl7 6D 6.1 31 101 -05 6.0 34 121 -05

The specific agronomic traits associated with QTL QAnth and QHt were field and greenhouse anthesis date and plant height, while the
traits associated with QTL for FHB resistance QFhb, QFdk and QDon were incidence (Inc), field and greenhouse severity (Sev, GSev1l
and GSev2), visual rating index (VRI), Fusarium damaged kernel (FDK) and deoxynivalenol (DON), which are indicated in brackets
after site year; 2Site year (Crm = Carman, Wpg = Winnipeg, GH= greenhouse, 15 = year 2015, 16 = year 2016, 17 = year 2017, Comb =
the combination of six site years); 3Chr = chromosome (the decimal designation was used when more than one linkage group was present
in the same chromosome. E.g. 1B.2); *Pos = the genetic position of peak of QTL in centimorgan; °PVE = phenotypic variation explained
(R? in percentage); 8Add = additive effect of allele substitution (a positive additive effective means that 32c*17 increased the value of the

trait, and vice-versa)

*LOD threshold for both IM and ICIM was 2.90, while SIM and CIM had the thresholds ranging from 2.79 to 3.10 for different traits.
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3.4.4 Marker prediction of 3CPR QTL in the reciprocal population PR3C

A total 1884 SNP markers, which were in a 10 cM interval flanking the peaks of all QFhb, QFdk
and QDon in the 3CPR population previously shown in Table 3.4, were used to conduct T-tests in
the reciprocal PR3C population. Phenotypic data from the PR3C population were obtained from
breeding trials conducted in the Carman winter wheat Fusarium head blight screening nursery over
two years. The results for the markers within the peaks of all detected 3CPR QTL are shown in
Table 3.5. The majority of the markers within QFhb/QFdk/QDon.umb-6D consistently and
accurately predicted resistance to all three FHB traits (Inc, Sev and VVRI) in the PR3C lines across
two site years (Table 3.5). QFhb.umb-4D markers that were specific for Inc across individual and
combined environments in the 3CPR population (Table 3.4) consistently and accurately predicted
the Inc in the PR3C lines across both site years. QFhb.umb-6B for Sev and VRI was detected in
the 3CPR population and many of the markers within the same region also accurately predicted
Sev in the PR3C lines in both site years. Moreover, the majority of the markers within QFhb.umb-
2D, QFhb.umb-3A, QFdk/QDon.umb-6A and QFhb.umb-7B predicted FHB resistance in the PR3C
lines in a single site year. Few markers within QFhb.umb-1A.1, QFhb.umb-1A.2, QFhb.umb-
1B.1/1B.2 and QFhb.umb-2A predicted FHB resistance in the PR3C lines. No markers within
QFhb/QFdk.umb-4A, QFhb.umb-5D and QFhb.umb-7A predicted FHB resistance in the PR3C

lines.
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Table 3.5 Validation of markers under peaks of 3CRP QTL in the reciprocal population PR3C for field FHB incidence (Inc), field FHB
severity (Sev) and FHB visual rating index (VRI) in 2015 and 2016 by using single marker analyses (T-test) between PR3C phenotypic
data and the selected markers.

3CPR population

PR3C population

No. of 2015 2016
QTL name! MrK? Inc Sev VRI Inc Sev VRI
Mrk® Add* Mrk Add Mrk Add Mrk Add Mrk Add Mrk Add
QFhb.umb-1A.1 25 1 -5.5 1 2.7
QFhb.umb-1A.2 172 1 -4.7 35 2326 1 2.9 1 14
QFhb.umb-1B.1/1B.2 34 2 45~4.6
QFhb.umb-2A 412 49 4.4-~48
QFhb.umb-2D 43 42 -3.1~-25 39 -15~-13
QFhb.umb-3A 133 114 28~3.7 106 2.4~28 114 15~2.0
QFhb/QFdk.umb-4A 28
QFhb/QFdk/QDon.umb-4D 13 12 -6.4~-5.1 3 -40~-38 13 -3.9~-31 9 -16~-1.3
QFhb.umb-5D 10
QFdk/QDon.umb-6A 275 275 -3.8~-29 275 -3.6~-3.0 275 -2.1~-1.8
QFhb/QFdk.umb-6B 428 4 -53~-4.7 399 -6.0~-4.3 187 -4.7~-38 1 -2.5 401 -4.1~-24 52 -2.0~-1.3
QFhb/QFdk/QDon.umb-6D 6 5 -69-63 5 -73~68 5 -70~67 5 -34~30 4 -28~-26 5 -16~-14
QFhb.umb-7A 9
QFhb.umb-7B 296 296 -7.1~-5.4 296 -8.4~-6.7 296 -7.8~-5.9

1QTL for FHB resistance previously detected in the 3CPR population; 2number of markers selected in a 10 ¢cM interval flanking the
QTL peaks in the 3CPR population; 3the number of markers selected that were significant in the PR3C population in single marker
analyses; “the range of additive effects of the significant markers in the PR3C population

77



3.5 Discussion

The estimated wheat genome size is around 16 Gbp (Walkowiak et al. 2020). Lengths of some
common consensus maps range from 2,569 to 3,800 cM (Somers et al. 2004; Cavanagh et al. 2013;
Wang et al. 2014). The 3CPR map (11.89 Gbp & 1635.63 cM) had relatively good wheat genome
coverage for the QTL mapping procedure (Table 3.3). The parental lines had a common parent,
McClintock, which reduced polymorphism between the two parents and affected the 3CPR linkage
map length and size. QTL were identified for all traits measured in both field and greenhouse

environments (Table 3.4).

Four QTL QAnth for anthesis data were detected on chromosomes 1B (LG: 1B.2), 2A, 4A (LG:
4A.1) and 7B (LG: 7B.2). QAnth.umb-4A (physical position: 629.41~640.83 Mbp (million base
pairs)) was the most consistent across three individual environments and the combined
environment and shared the same region with QHt.umb-4A (physical position: 610.95~611.26
Mbp), QFhb.umb-4A (physical position: 629.41 Mbp) and QFdk.umb-4A (physical position:
623.60 Mbp), where the Peregrine allele delayed Anth, increased Ht and reduced Inc, VRI and
FDK in this region. McCartney et al. (2016) reported QAnth.crc-4A (physical position:
624.83~666.06 Mbp), QFhb.crc-4A.1 (physical position: 529.91~584.12 Mbp) and QFhb.crc-4A.2
(physical position: 618.03~724.17 Mbp) in the Kenyon/86ISMN 2137 population, where the
current 3CPR QAnNth/QHt/QFhb/QFdk.umb-4A share the same region as QAnth.crc-4A and
QFhb.crc-4A.2 based on the overlapping physical positions. Thambugala et al. (2020) also found
QAnth.mcb-4A.1 (physical position: 68.55~68.56 Mbp), QAnth.mcb-4A.2 (physical position:

677.45~683.21 Mbp) and QFhb.mcb-4A (physical position: 37.02~68.56 Mbp) were located on
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chromosome 4A in the Cutler/AC Barrie population, which the current 3CPR
QANth/QHt/QFhb/QFdk.umb-4A was 36.62 Mbp away from QAnth.mcb-4A.2 in chromosome 4A.
Interestingly, QAnth.umb-1B shared the same region with QFhb.umb-1B.1 contributed from the
Peregrine allele for decreasing Inc and QFhb.umb-1B.2 derived from the 32c*17 allele for
reducing GSev. The relationship among three QTL on the linkage group 1B.2 could be studied in
the future. QAnth.umb-7B shared the same region with QFhb.umb-7B, while QAnth.umb-2A was
co-localized with QFhb.umb-2A within 8.5-29.1 ¢cM on chromosomes 2A. All four QAnth detected
in this study were associated with FHB resistance by sharing the same region or co-localized with

QFhb.

There were three QHt reported on chromosomes 4A (LG:4A.1), 6A (LG:6A.3) and 7A in the 3CPR
population in only one of six site-years (Table 3.4). Little Ht difference (3.82 cm) between parents
and monomorphism for common dwarfing loci are consistent with the findings that no major or
consistent Ht QTL exist in the 3CPR population (Table 3.2 and Appendix 3.1). The population
mean was intermediate between the two parents, but there was transgressive segregation among
the DH lines with a range of 93.40 to 111.53 cm for Ht. Despite the range in Ht, all lines would
generally be considered as tall, which could explain why there were fewer and less consistent Ht
QTL detected in the 3CPR population. Based on linkage positions (Table 3.4), QHt.umb-6A shared
the same region with QFdk.umb-6A and QDon.umb-6A. Physical positions of QHt.umb-7A
detected were located at 82.08 Mbp in 2016 and 673.73-676.60 Mbp in 2017, while QFhb.umb-
7A was found at 701.92-704.33 Mbp in 2015. The linkage distance between QHt.umb-7A and
QFhb.umb-7A was 31.8-56.0 cM, which would require further study to determine the relationship

between two QTL.
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Several QFhb related to visual FHB parameters (Inc, Sev and VRI) and QFdk and QDon
associating with post-harvesting FHB parameters (FDK and DON content) in both field and
greenhouse tests were detected in the 3CPR population, but they were not consistently shown
through all site years. QTL QFhb specifically related to visual FHB parameters were detected on
five chromosomes 1A, 2D, 3A (LG: 3A.2) and 5D (LG: 5D.1) across individual and/or the
combined environments in the 3CPR population. All QTL QFdk and QDon were often co-

localized with other QTL (i.e., QAnth, QHt and/or QFhb).

Among the five QFhb across a combination of visual FHB traits detected on chromosomes 2A,
4A (LG: 4A.1),5D (LG: 5D.1), 6B and 6D, it was more common to find QTL associated with both
VRI and Inc (i.e.,, QFhb.umb-2A, QFhb.umb-4A, QFhb.umb-6D) than for VRI and Sev
(QFhb.umb-6B), implying that Inc could play a more important role in differentiating VRI among
DH lines than Sev in the 3CPR population (Table 3.4). Since Inc for 32¢*17 (Inc = 18.29%) was
half of the Inc for Peregrine (Inc = 39.44%) (Table 3.2), it was not surprising that the 32c*17
allele reduced incidence within the most commonly detected QTL QFhb specific to Inc
(QFhb.umb-2D, QFhb.umb-4D, QFhb.umb-6D and QFhb.umb-7B), while the Peregrine allele
contributed to reduced Inc on four QTL (QFhb.umb-1B.1, QFhb.umb-2A, QFhb.umb-4A and
QFhb.umb-5D). Since 32c¢*17 (FDK = 4.17) had less FDK than Peregrine (FDK = 10.60) (Table
3.2), it was consistent with the findings that the 32c*17 allele contributed the resistance of the
majority of QFdk. Also, QFdk were more co-localized with QFhb related to Inc than QFhb related
to Sev, suggesting that Inc had strong influence on FDK in the 3CPR population. All three QTL
QDon were mostly co-localized with QFhb related to Inc, indicating that Inc had strong influence

on DON content in the 3CPR population.
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The QDon QTL on chromosomes 4D (LG: 4D.1), 6A (LG: 6A.3) and 6D were detected in more
environments than most QTL for other traits measured in this study (Table 3.4). Also, the majority
of the markers within QTL located on chromosomes 4D and 6D consistently and accurately

predicted the FHB resistance in the PR3C lines across both site years.

Many previous studies found a strong association between increased Ht and FHB resistance
controlled by loci on chromosome 4D, especially in the dwarfing Rht-D1 locus, where height was
increased by the Rht-D1a allele leading to reduced Inc (Srinivasachary et al. 2008a, 2009; Voss et
al. 2008; Loffler et al. 2009; Buerstmayr et al. 2009; Buerstmayr and Buerstmayr 2016; He et al.
2016). In the current study, no Ht QTL were identified on chromosome 4D, but QTL for field FHB
traits, FDK and DON (QTL peak linkage position: 2.55~14.38 cM; physical position:
50.67~485.73 Mbp) were identified on this chromosome (Table 3.4). To study the relationship of
QFhb/QFdk/QDon.umb-4D and the dwarfing gene Rht-D1, two Kompetitive allele-specific PCR
(KASP) markers for Rht-D1 locus were tested in the two parental lines (Appendix 3.1); the result
showed monomorphism between 32c*17 and Peregrine. The estimated physical location of the
Rht-D1 locus (19.19 Mbp) was predicted to be at least 30 Mbp away from QFhb/QFdk/QDon.umb-
4D, indicating the FHB resistance on chromosome 4D in the 3CPR population was not directly
derived from the Rht-D1 locus. Based on parental and grandparental allele types, FHB resistance
of QFhb/QFdk/QDon.umb-4D were derived from 32c*17, which had been inherited from Sumai

3.

Along with the current study, other studies reported QTL for FHB resistance without linking with

Ht on chromosome 4D, which are different from the Rht-D1 locus and also located within, or
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overlapped with, the current 3CPR QFhb/QFdk/QDon.umb-4D (Table 3.6) (Yang et al. 2005; Ma
et al. 2006b; McCartney et al. 2016; Berraies et al. 2020). These findings implied that Sumai 3 and
its derivatives might carry one region associated with FHB resistance without altering Ht, which
is truly different from the Rht-D1 locus (Yang et al. 2005; Ma et al. 2006b; Berraies et al. 2020).
In a proteomic study, one region of chromosome 4D (GDEEGVYO02IBJ9C and
F1IBEJMUOLCRWY4; linkage position: 52~82 cM; physical position: 62.58~466.13 Mbp) was
found to accumulate high amounts of specific proteins only expressed in the resistant cultivar,
Xinong 538, where this location was within the current 3CPR 4D QTL for FHB resistance (Yang
et al. 2021). Therefore, there are some FHB resistance genes on chromosome 4D that are not
associated with Ht and the negative agronomic impacts from increased Ht. These could be used
for FHB resistance breeding in wheat. With current genetic and genomic information, the influence
of Rht-D1 gene to this 3CPR 4D.1 QTL remains unknown. Further genomic and genetic research
around the 4D centromere region will help to study the relationship between this QTL and the Rht-

D1 locus.

Unlike FHB resistance in chromosome 4D, chromosome 6D had not been widely found to carry
repeatable QTL for FHB resistance prior to 2009 (Liu et al. 2009; Loffler et al. 2009; Buerstmayr
et al. 2009). All the previously reported 6D QTL were only estimated for disease severity (Table
3.6) (Gervais et al. 2003; Paillard et al. 2004; Holzapfel et al. 2008; Cai and Bai 2014; Eckard et
al. 2015; Cai et al. 2019). Thus, the current study provided a new insight that
QFhb/QFdk/QDon.umb-6D was strongly associated with Type | and DON resistance and located
in the centromere region of chromosome 6D (QTL peak linkage position: 3-6.13 cM; physical

position: 153.17~443.67 Mbp), which overlapped with most of the previously published
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chromosome 6D QTL (Tables 3.4 and 3.6). No QTL for Ht were detected in that region. The
relationships between previously identified 6D QTL and the current 3CPR QTL remain unknown.
Heterogeneity was observed in this 6D region for both McClintock and Sumai 3 after genotyping
multiple times (unpublished data), thus it remains unknown which parental line contributed which

6D QTL allele to 32c*17.

In a proteomic study, one main region of chromosome 6D (GA8KES402JPXUA and
GCE8AKXO01A3U59; linkage position: 61.19~104.39 cM; physical position: 69.38~443.12 Mbp)
was found to accumulate high amounts of specific proteins which were only expressed in the
resistant cultivar, Xinong 538 (Yang et al. 2021). This result matched with the current 3CPR 6D
QTL findings. Furthermore, a leucine rich repeat receptor like kinase (LRR-RLK) gene TaLRRK-
6D (GenBank: GU084176.1; the estimated physical position: 313.61 Mbp), which was associated
with Type II resistance and salicylic signaling pathway, was also found in the same region as the
6D FHB QTL in this study (Thapa et al. 2018). The relationship between TaLRRK-6D and 6D

QTL needs to be studied in detail in the future.

Many papers have reported 6A QTL for Type Il resistance in spring, winter and durum wheat
germplasm from Europe, North America and Asia (Table 3.6) (Anderson et al. 2001; Paillard et
al. 2004; Schmolke et al. 2005; Ma et al. 2006a; Haberle et al. 2007; Srinivasachary et al. 2008a;
Voss et al. 2008; Buerstmayr et al. 2012a; Liu et al. 2012; Eckard et al. 2015; Petersen et al. 2017,
2016; Malihipour et al. 2017; Sari et al. 2018; Zhao et al. 2018b; Aviles et al. 2020). In the current
study, QFdk/QDon.umb-6A located near the centromere region of chromosome 6A (QTL peak

linkage position: 3-4.5 cM; physical position: 65.94~573.15 Mbp) which overlapped with
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previously reported 6A QTL (Tables 3.4 and 3.6). QHt.umb-6A was also detected in the same
region (QTL peak linkage position: 1.3-2.6 cM; physical position: 63.85~457.05 Mbp). Based on
parental and grandparental allele types, FHB resistance of chromosome 6A QTL was derived from

32c*17, which was inherited from Sumai 3 (unpublished data).

European winter wheat germplasm has been most frequently reported to carry QTL for FHB
resistance on chromosome 6A, which has been inconsistently associated with QTL for Ht (Paillard
et al. 2004; Schmolke et al. 2005; Haberle et al. 2007; Srinivasachary et al. 2008a; Voss et al.
2008). In chromosome 6A, a dwarfing gene Rht24 (Barc103 and Wmc256; physical position:
179.05~551.93 Mbp) commonly used in Europe was physically linked with a SNP marker
Excalibur_rep_c69275 346 (physical position: 501,31 Mbp) (Tian et al. 2017; Wirschum et al.
2017; Herter et al. 2018). It was confirmed that this Rht24 gene could affect Ht without influencing
FHB resistance (Herter et al. 2018). In the current 3CPR population, the same SNP marker showed
monomorphism in both parental lines, 32c*17 and Peregrine, as well as Sumai 3 (unpublished
data), therefore, the allele type for Rht24 in the 3CPR population is still unknown. In a proteomic
study, one  region of  chromosome 6A  (wsnp BE490604A Ta 2 1  and
wsnp_Ex_c26147 35395059 6A; linkage position: 89.32~160.48 cM; physical position:
55.28~576.25 Mbp) was found to accumulate high amounts of specific proteins which were only
expressed in the resistant cultivar, Xinong 538, which overlapped with QFdk/QDon.umb-6A (Yang
etal. 2021). To summarize, all FHB resistance (including the current 3CPR chromosome 6A QTL)
reported in chromosome 6A in germplasm from different geographical areas can be used and
pyramided with the dwarfing gene Rht24 to benefit both agronomy and FHB disease breeding in

both hexaploid and tetraploid wheat.
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In Appendix 3.1, Qfhs.ifa-5AS (a common Sumai 3 QTL for Type | resistance) and Fhb2 (a
common Type Il resistance gene) were polymorphic between the parental lines. No detection of
FHB QTL in chromosome 5A in the 3CPR map indicated that this region of Qfhs.ifa-5AS does not
play an important role in FHB resistance in the 3CPR population (Table 3.4). The chromosome
6B QTL, QFhb/QFdk.umb-6B, detected in the current study showed that the 32c*17 allele reduced
Sev and FDK (Table 3.4). In a previous fine mapping study on a common Type Il resistance gene
Fhb2, two markers (Wmc398 and Gwm133) were reported to be located at one side of the Fhb2
locus and the two markers (Wmc397 and Gwm644) were located at the other side of the Fhb2
locus (Cuthbert et al. 2007). Based on linkage positions of all three flanking markers of the Fhb2
locus (except Gwm133), the estimated position of the Fhb2 locus was mapped from 56.9 cM to
65.71 cM in the 3CPR 6B linkage group, which was close to 1-LOD interval of QFhb/QFdk.umb-
6B (linkage map position: 41-51 cM). The parent 32c*17 does not carry the Fhb2 resistance allele
based on the previous haplotype study (unpublished data), but it contributed FHB resistance at
QFhb/QFdk.umb-6B. The relationship between the Fhb2 gene and QFhb/QFdk.umb-6B remains
uncertain. Regardless, QFhb.umb-6B reduced Sev in single field environment and not in the
greenhouse test, suggesting that this region was not important in the 3CPR population for FHB

resistance.

The prediction efficiency of markers closely linked with 3CPR QTL QFhb for resistant lines in
the reciprocal population (PR3C) for marker-assisted selection showed that three QTL QFhb.umb-
4D, QFhb.umb-6B and QFhb/QFdk/QDon.umb-6D consistently and accurately predicted FHB
resistance in the PR3C lines across both site years (Table 3.5). Therefore, markers developed from

QTL based on multiple site year data ensure prediction accuracy in MAS. Markers within QTL on
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chromosome 4D, 6B and 6D consistently predicted FHB resistance and might be considered as

potential markers for MAS in future.
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Table 3.6 A summary of QTL for FHB resistance previously reported in bi-parental QTL studies in other studies using the different
FHB parameters, including incidence (Inc), greenhouse or field severity (Sev), visual rating index (VRI), Fusarium damaged kernel
(FDK) and deoxynivalenol (DON) content.

FHB Physical

. e 1
Donor for resistance allele parameter Markers within QTL nosition? (Mbp?) Reference
4D QTL for FHB resistance
ND3085, ND744 Inc, Sev, .
(Sumai 3’s derivates) VRI, FDK Wmc48 67.62 (Berraies et al. 2020)
Inc, Sev, Wmc720, _
86ISMN 2137 VRI wsnp_ BE497160D_Ta_2 1 74.59~455.69 (McCartney et al. 2016)
DH181 (Sumai 3’s derivate) Inc, FDK Wmc473, Wmc331 227.39~453.54 (Yang et al. 2005)
Sumai 3 chromosome 7A disomic g Wmc331, Cfds4 453.54~498.7 (Ma et al. 2006)
substitution line
6D QTL for FHB resistance
Overland and a backcross-derived line wsnp_Ex_c18664 27540364, _
Wesley-Fhb1-BC56 SV \wsnp CAP12 c720 382116 1107344 (Eckard et al. 2015)
Renan Sev Cfd42 23.52 (Gervais et al. 2003)
Arina Sev Cfd19, Cfd47 341.26~398.31 (Paillard et al. 2004)
Jagger Sev Barc175, Cfd76 383.68-433.17  (caland Ba2'021%1)4; Caietal
Romanus Sev Barc96 439.75 (Holzapfel et al. 2008)
6A QTL for FHB resistance in winter wheat
a backcross line Wesley-Fhb1-BC56 Sev Xiwal282, Xiwa2812 26.58~500.89 (Eckard et al. 2015)
Spark Sev wPt-8833 33.61 (Srinivasachary et al. 2008a)
VAOOW-38 FDK wPt730772, wPt0902 124.02 (Liu et al. 2012)
Apache Sev Gwma82 437.46 (Holzapfel et al. 2008)
Dream Sev GWM82 437 46 (Schmolke et al. 2005; Haberle et
al. 2007)
NC-Neuse Inc, Sev, wsnp_EX_c34545_42833327, 99 15 5719 (Petersen et al. 2016, 2017)

FDK, DON wsnp_Ex_c36801_44683992
wsnp_CAP11 c1137_6650, _ :
Neuse DON CAP11 7092 120 542.2~603.1 (Auviles et al. 2020)

AC Brio Inc, Sev Gwm132.1, Wmc621 574.78~614.67 (Malihipour et al. 2017)
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Forno Sev Gwm169 598.22 (Paillard et al. 2004)

6A QTL for FHB resistance in spring wheat

Sumai 3 and its derivate ND2603 Sev XksuH4 unknown (Anderson et al. 2001)
a disomic substitution of chromosome
7A from Sumai 3 into Chinese Spring Sev Wmc256, Wmc553 551.93~577.02 (Ma et al. 2006b)
ND2710 (Sumai 3’s derivates) Sev, DON tplb0037a05 913 610,98 (Zhao et al. 2018b)
6A QTL for FHB resistance in tetraploid wheat
Td161 (T. dicoccum) Sev Gwm356, Gwm132 469.44~574.78 (Buerstmayr et al. 2012b)

Tdurum_contig27441 373,

Strongfield (T. turgidum) Sev, VRI BobWhite c4255 127 213.54~456.33 (Sari et al. 2018)

Markers below or close to peaks QTL were obtained from the original paper; 2Sequences of the markers were found in a public online
database for Triticeae and Avena (GrainGenes: https://wheat.pw.usda.gov/GG3/) and blasted against the updated wheat reference
genome of Chinese Spring (IWGSC RefSeq v2.1) to obtain their estimated physical locations;Mbp million base pairs
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3.6 Conclusions

This study demonstrated that spring wheat Sumai 3 could pass on strong Type | and DON
resistance to the Canadian winter wheat line 32c*17 without relying on strong Type Il resistance
genes (i.e. Fhbl and Fhb2). The line 32c*17 would be a valuable parent for future breeding since
this line showed strong FHB and DON resistance in both field and greenhouse tests. Some DHs
from the 3CPR population surpassed the resistance of parental lines due to transgressive
segregation, which may be useful for future breeding. Previously discovered QTL for Type 1l
resistance have been reported five times more frequently than either QTL for Type I or DON
resistance (Liu et al. 2009), thus the three main QTL (QFhb/QFdk/QDon.umb-4D,
QHU/QFdk/QDon.umb-6A and QFhb/QFdk/QDon.umb-6D) carrying good Type | and DON
resistance might be valuable to wheat breeders to utilize without association with Ht. Since the
allele type Rht-D1a increases FHB resistance, but also increases Ht and the risk of lodging, the
current QFhb/QFdk/QDon.umb-4D for FHB resistance that is not associated with Ht could be a
good alternative FHB resistance source. Most previously reported 6D QTL were associated with
disease severity, while QFhb/QFdk/QDon.umb-6D mainly reduced Inc, FDK and DON, providing
a new insight on FHB 6D QTL on chromosome 6D. Multiple QTL for FHB resistance in
chromosome 6A have been reported. QHt/QFdk/QDon.umb-6A could be one of the previously
published QTL. Based on the marker validation in the PR3C population, FHB resistance from
chromosomes 4D and 6D was more promising than the resistance from chromosome 6A (LG:
6A.3). The desirable alleles for QFhb/QFdk/QDon.umb-4D and QHt/QFdk/QDon.umb-6A were
originally inherited from Sumai 3 and the desirable alleles for QFhb/QFdk/QDon.umb-6D could

be inherited from either Sumai 3 or McClintock. Further genetic and genomic studies on
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chromosome 6D will help to understand whether Sumai 3 contributed resistance on the
chromosome 6D FHB QTL. Markers below peaks of QFhb/QFdk/QDon.umb-4D and
QFhb/QFdk/QDon.umb-6D can be applied in future marker-assisted breeding. The presence of the
32c*17 allele at either QTL reduced VRI and the combination of the 32c*17 allele at both QTL
had cumulative effects on decreasing DON content. With the rising concern of food safety over
mycotoxin in export markets, mechanisms associated with DON resistance in
QFhb/QFdk/QDon.umb-4D and QFhb/QFdk/QDon.umb-6D could be further studied and
characterized. Future studies related to additive effects of pyramiding the chromosome 4D and 6D

QTL with other common FHB resistance QTL/genes would be useful for wheat breeders.
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CHAPTER 4

CHARACTERIZATION AND VALIDATION OF FUSARIUM HEAD BLIGHT
RESISTANCE QTL IN AN ELITE DOUBLED HAPLOID WINTER WHEAT CROSS

181*45/32C*17

4.1 Abstract

In Canada, Fusarium graminearum is the primary causal agent of Fusarium head blight (FHB) in
wheat, resulting in yield and end-use quality losses. The breeding line 32¢*17 showed strong FHB
resistance under severe disease pressure in both Canada and Germany. To characterize FHB
resistance in 32c¢*17, a doubled haploid (DH) population (813C) was generated from the cross
between a breeding line 18*45 with moderate FHB resistance and the resistant 32c*17 line.
Transgressive segregation was observed for all traits measured in several field and greenhouse
tests. Three main quantitative trait loci (QTL) for anthesis date and plant height that were not
associated with FHB resistance were identified across multiple individual environments on
chromosomes 1D, 2B and 7B. Three major QTL for FHB resistance were detected across a
combination of FHB traits (especially for deoxynivalenol (DON) content) and environments on
chromosomes 4B, 6D and 7A with resistance derived from 32c*17. The Rht-Bla allele at
QHt/QFhb/QFdk/QDon.umb-4B consistently increased height, reduced anther retention, and was
associated with Type | and DON resistance. The QFhb/QFdk/QDon.umb-6D was consistently
detected and was mainly associated with disease incidence and DON content. In another QTL

mapping study where 32¢*17 was the common parental line, several FHB QTL were detected and
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also derived from 32c*17. The same 6D QTL for Type | and DON resistance was also found. The
repeated detection of this QTL after crossing 32c*17 with different genotypic backgrounds showed

that 32c*17 is a good source of FHB resistance for winter wheat breeding.

4.2 Introduction

Wheat (Triticum aestivum L.) is one of the most important crops in Canadian agriculture. Fusarium
graminearum sensu stricto Schwabe (teleomorph: Gibberella zeae (Schwein.) Petch) (Fg) infects
wheat spikes, causing bleaching of the spike and producing mycotoxin deoxynivalenol (DON) in
infected grains. This results in yield loss, poor grain quality and reduced grain price (Windels 2000;
Bai and Shaner 2004). Major Fusarium head blight (FHB) disease outbreaks in wheat occurred in
1980 in the eastern Canada and in 1993 in western Canada (Gilbert and Tekauz 2000;
Aboukhaddour et al. 2020). Fusarium head blight has become a common wheat disease in western
Canada since 1990s. In a review by Aboukhaddour et al. (2020), it was hypothesized that the
increase in FHB was associated with the switch from conventional tillage to conservation tillage

in the three prairie provinces between 1990 and 2010.

Mesterhazy (1995) named five types of active FHB resistance in wheat; Type | resistance reduces
numbers of infected spikes, while Type Il resistance decreases the number of infected spikelets
within infected spikes. Type Il resistance is associated with low Fusarium damaged kernels (FDK).
Type IV resistance is a general overall tolerance to FHB infection. Type V resistance results in

low DON content in infected grains.
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To date, many quantitative trait loci (QTL) for different types of FHB resistance have been found
and are distributed across all 21 chromosomes in wheat (Liu et al. 2009; Buerstmayr et al. 2009,
2019). Seven Fhb genes (Fhb1-7) have been documented from wheat and its related species (Liu
et al. 2006; Cuthbert et al. 2007; Qi et al. 2008; Xue et al. 2010a, 2011; Cainong et al. 2015; Guo
et al. 2015; Rawat et al. 2016). The Table 2.2 in the previous section 2.5.1.3 showed a summary
of the previously reported major QTL for disease incidence, severity and DON content on
chromosomes (1B, 2A, 2B, 2D, 3A, 3B, 4B, 4D, 5A and 6B) over two decades (Buerstmayr et al.
2009, 2019). The number of major QTL for disease severity was much higher than the number of
major QTL for incidence and DON content. The complexity of FHB resistance means that optimal
resistance levels require multiple genes with relatively small effects, rather than only a few
resistant genes with big effects. Thus, the identification of new major QTL for Type | and DON
resistance to pyramid with the previously reported major QTL for Type Il resistance could benefit

FHB resistance breeding in wheat.

Currently, the most important FHB resistance source worldwide is the Chinese spring wheat
cultivar, Sumai 3 (Gilbert and Tekauz 2000; Bai and Shaner 2004; Buerstmayr et al. 2009, 2019;
Zhu et al. 2019). This cultivar has been widely included in pedigrees of many United States and
Canadian spring and winter wheat cultivars to improve FHB resistance (Zhu et al. 2019). Common
Sumai 3-derived FHB QTL have been frequently identified in four chromosomes (2D, 3B, 5A and

6B) (Liu et al. 2009; Loffler et al. 2009; Buerstmayr et al. 2009).

In addition to the five types of active resistance, Mesterhazy (1995) reported that several

morphological traits, especially plant height, were associated with FHB resistance. Several FHB
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QTL mapping studies validated that height QTL were closely located with FHB QTL in some
chromosomes (Gervais et al. 2003; Draeger et al. 2007; Haberle et al. 2009; Buerstmayr et al. 2011,
2012b; Lu et al. 2013). Two important semi-dwarfing genes Rht-B1 and Rht-D1 were originally
introduced from a Japanese dwarf wheat line Norin 10 to increase grain yield by reducing height
(Hedden 2003). In western Canada, the two genes have been commonly used in spring wheat
varieties (Chen et al. 2016). Canadian cultivars carrying either the Rht-B1b or Rht-D1b alleles had
ten percent height reduction and ten percent higher yield, but slightly reduced protein content,
thousand kernel weight and test weight, and minor delays in heading and maturity (Chen et al.
2016). The wild type Rht-Bla or Rht-D1a alleles increased height and decreased disease incidence
and DON contamination, showing that FHB QTL co-localized with the Rht-B1 or Rht-D1 loci
(MccCartney et al. 2007; Liu et al. 2009; Srinivasachary et al. 2009; Xue et al. 2010b; Mao et al.
2010; Yan et al. 2011; Suzuki et al. 2012; Saville et al. 2012; Buerstmayr et al. 2012b; Lu et al.
2013; Lv et al. 2014; Eckard et al. 2015; Buerstmayr and Buerstmayr 2016; He et al. 2016;
Tamburic-Ilincic and Rosa 2017; Xu et al. 2020). Therefore, wheat breeders have encountered a
dilemma between the use of the wild type alleles for FHB resistance and the application of the
semi-dwarf alleles for yield increase and lodging resistance (Miedaner and VVoss 2008; Steiner et

al. 2017).

Recently, anther extrusion (AE) has been associated with FHB resistance, while anther retention
(AR) was associated with FHB susceptibility (Steiner et al. 2017).The locations of QTL for AE
were close to, or overlapped with, FHB and DON resistance in three wheat chromosomes (1A, 1B
and 7A) (Skinnes et al. 2010). Other FHB QTL were identified to associate with height and/or AE

QTL (Lu et al. 2013). For example, the Rht-Bla allele did not only increase height and FHB
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resistance, it also increased anther extrusion (Lu et al. 2013). Through additional mapping
populations, it was validated that the two semi-dwarf alleles (Rht-B1b or Rht-D1b) contributed to
FHB susceptibility along with decreased plant height and increased anther retention (opposite as
anther extrusion) (He et al. 2016; Xu et al. 2020). It was hypothesized that anthers trapped between
the lemma and palea in wheat florets provide favorable conditions for initial mycelial growth and
colonization of the florets, resulting in the strong association between anther retention and FHB

susceptibility (Buerstmayr and Buerstmayr 2016).

An elite winter wheat breeding line (named 32c*17) was developed by the University of Manitoba,
Canada breeding program and demonstrated strong FHB and DON resistance under severe disease
pressure in both Canada and Germany. Based on a haplotyping study (unpublished data), this line
does not carry any common Sumai 3 Type | and Type Il FHB resistance (Fhb1, Qfhs.ifa-5AS and
Fhb2), which indicated that this line possesses a potential breeding value for FHB resistance. In
the previous chapter, three main QTL were detected across a combination of FHB traits (especially
for DON content) and environments on chromosomes 4D (LG: 4D.1), 6A (LG: 6A.3) and 6D with
resistance derived from 32c*17 in the 3CPR population, where QTL for height were not associated
with these three regions. In the reciprocal population PR3C in Chapter 3, the majority of the
markers within a 10 centimorgan (cM) interval flanking the peaks of 3CPR
QFhb/QFdk/QDon.umb-4D and QFhb/QFdk/QDon.umb-6D consistently and accurately predicted
FHB resistance in the PR3C lines across two site years. Since Peregrine and 32c*17 shared the
common parental line McClintock, it is important to estimate FHB resistance in 32¢*17 under a
different genetic background. To better characterize and validate 32c*17-derived QTL for FHB

resistance, another QTL mapping study was conducted. The objective of this study was to: 1)
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identify QTL of FHB resistance and other agronomic traits associated with FHB resistance in a
doubled haploid (DH) population derived from the cross 18i*45/32c*17 (813C) and 2) compare
the 813C QTL with the 3CPR QTL to estimate how FHB resistance derived from 32¢*17 would

be transferred to progeny after crossing with a moderate FHB resistant line 18i*45.

4.3 Materials and Methods

4.3.1 Plant material

One DH population, named as 813C, consisting of 200 DH lines was generated from the cross
between a breeding line 18i*45 as the maternal line and 32c*17 as the paternal line. The winter
wheat breeding line, 32c*17, was generated from a cross between susceptible female parent
McClintock and resistant male parent Sumai 3. The winter wheat breeding line, 18i*45, was
generated from a cross between UM6233 and UM1174. All field and greenhouse tests related to
the 813C population included DH lines, parental lines and six checks. The six check lines were
Caledonia, Emerson, FHB148, Freedom, Hanover and 431*18. Caledonia is a FHB susceptible
soft white winter wheat developed and released by Cornell Agricultural Experiment Station in
1998 (Sorrells et al. 2004). Emerson is a FHB resistant hard red winter wheat developed by the
Lethbridge Research and Development Centre of Agriculture and Agri-Food Canada (AAFC) in
Lethbridge, AB (Graf et al. 2013). FHB148 is a FHB resistant winter wheat line developed by the
Ottawa Research and Development Centre, AAFC in Ottawa, ON. Freedom is a FHB intermediate
soft red winter wheat released and developed by the Ohio State University, Ohio Agricultural

Research and Development Centre in 1991 (Gooding et al. 1997). Hanover is a FHB susceptible
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line (pers. comm. A. Brlé-Babel., 2015) and 431*18 is an intermediate resistant winter wheat

breeding line.

4.3.2 Inoculum preparation

Four different F. graminearum isolates obtained from Dr. Jeannie Gilbert at the Cereal Research
Centre, AAFC in Winnipeg, Manitoba were used in this study. Two isolates were the 3-acetyl-
deoxynivalenol (3ADON) chemotype: M7-07-1 and M9-07-1. Two isolates were the 15-acetyl-
deoxynivalenol (15ADON) chemotype: M1-07-2 and M3-07-2. All macroconidia suspensions
were prepared based on a modified protocol originally developed by Dr. Jeannie Gilbert and
described in McCallum et al. (2004). For each isolate, a single conidium was first isolated from a
previous sporodochia colony and then grown on a potato dextrose agar (PDA) plate. After mycelia
colonized the whole plate (four to seven days), a portion of mycelia and the PDA agar were
selected and transferred into a sterile Spezieller Nahrstoffarmer agar (SNA) media plate (20
milliliter (ml) media/plate). After culturing seven days in light at room temperature, the contents
of several SNA plates (eight to twelve plates) were transferred to a 1.5-liter liquid carboxymethyl
cellulose (CMC) media. The CMC media flasks were aerated for seven days in light at room
temperature. Macroconidia spores were then harvested from each flask by filtration through sterile
cheesecloth. A haemocytometer under a 10x magnification microscope was used to determine
conidia numbers in order to obtain the accurate concentration of the different macroconidia
suspensions. The inoculum suspensions used in both field and greenhouse tests were a mixture of

equal proportions of the four isolates. The total concentration of inoculum was 50,000
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macroconidal per ml. Four ml of Tween 20 (Unigema Americas LLC) were added to each two-

liter macroconidal mixture prior to the inoculation to increase conidia adhesion.

4.3.3 Field experiments for the 813C population

All DH lines in the 813C population, parental lines and six checks were evaluated in a total six
field trials conducted at two field research stations at the University of Manitoba (The Point Field
Research Laboratory, Winnipeg, MB and lan N. Morrison Research Farm, Carman, MB) from
summer 2015 to 2017. Each field trial was a randomized complete block design with three
replicates. Each plot was a one-meter row and rows were spaced 30 cm apart. Seventy seeds were
planted in each one-meter plot. When 50 percent of spikes in the same plot were flowering
(recorded as anthesis date (Anth) based on Julian calendar), approximately 50 ml of the inoculum
was applied to both sides of the spikes in each plot. The same amount of inoculum was applied
again to each plot two or three days after the first inoculation. A CO, backpack sprayer operated
at 30 psi was used to spray the inoculum. An overhead misting system was run for ten minutes
every hour for ten to twelve hours immediately following the inoculations to maintain high

humidity for optimal disease development.

Eighteen to 21 days after the first inoculation, disease incidence (Inc) and severity (Sev) were
visually estimated for each plot, when plots were at the maximum disease development stage and
before disease symptoms became indistinguishable from symptoms caused by natural senescence.
Incidence was the percentage of infected spikes for each plot and Sev represented the mean

percentages of infected spikelets in infected spikes for each plot. Visual rating index (VRI) was
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calculated by multiplying Inc and Sev and dividing by 100. When plants were fully mature, plant
height (Ht), excluding awns was determined by taking the average of three height measurements
for each plot. Each plot was hand cut with a sickle and threshed using a low wind speed stationary
combine, which prevented the loss of shriveled kernels. Seeds from the same genotype in three
replicates at each site year were pooled together before sending out to SGS Canada Inc,
Mississauga, ON, Canada (former BioVision Seed Labs, Winnipeg, MB) for post-harvest analyses.
Fusarium damaged kernel were identified based on typical shrunken chalk-like or pink colored
appearance and were represented as a percentage by weight of a 50 g sample. For DON
measurement, 10 g sub-samples take from the 50 g sample were ground into fine powder, which
enabled the sample to pass through a 20-mesh sieve. Each of the 10 g samples was first dissolved
into 100ml distilled water follow by filtering through a Neogen filter syringe. The filtrate from the
syringe was collected for measurement using a standardized Enzyme-linked immunosorbent assay
(ELISA) kit Veratox® DON 5/5 quantitative test kit (Neogen Corporation, Lansing, MI). To
accurately measure DON content within the accuracy range of the kit, additional distilled water

dilutions were conducted where necessary.

4.3.4 Greenhouse experiment for FHB resistance for the 813C population

To specifically estimate FHB Type Il resistance, all 813C DH lines, parental lines and the six
checks were tested in a greenhouse located at the University of Manitoba, Winnipeg, MB in 2016.
All genotypes were first sown in root trainers (root trainer cell size: 3.5 cm x 2.5 cm x 14 cm) and
grown for two to three weeks until they reached the three-leaf stage. Each root trainer consisted of

seventy cells and one seed was planted per cell. All plants were then moved to a cool room set
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with 16 hours light and 8 hours dark at 4 °C and vernalized for nine to ten weeks. After
vernalization, plants were placed in a growth chamber set at 10-15 °C with 16 hours of light and 8
hours of dark for one week of acclimation before transplanting into 2-liter pots in a greenhouse

(16 hours light with 2246 °C and 8 hours dark with 18+2 °C).

The experimental design was a completely randomized design with five replicates. Each replicate
contained one plant per genotype and was seeded within a two- to three-week interval to prevent
all plants flowering together and spread out the workload. The ideal stage for inoculation was when
spikes were at the 30-50% anthesis stage. Since this greenhouse test was conducted between
December 2016 to April 2017, the greenhouse anthesis dates (GAnth) were calculated as the
number of days from transplanting into pots after vernalization and the date of the 30-50% anthesis

stage, rather than using the Julian calendar date.

The first five flowering spikes on each plant were dual floret inoculated with the same
macroconidal mixture suspension as used in the field trials. Two adjacent florets with a spikelet
located at the top third of each flowering spike were injected with 10ul inoculum through a pipette.
After inoculation, the spike was covered with a glassine crossing bag for 48 hours to provide a
high humidity micro-environment. The number of infected spikelets below the inoculated points
in each inoculated spike were counted and calculated to determine greenhouse disease severity
(GSev). The first disease rating (GSev1) was conducted when susceptible checks reached 80 to 95
percent GSev. The second disease rating (GSev2) was recorded three days after the first rating

time. Depending on fluctuations of temperatures from early winter to early spring in the
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greenhouse, most of the disease rating periods on inoculated spikes were conducted 17 days to 22

days after inoculation (dai).

4.3.5 Greenhouse experiment for anther retention for the 813C population

To specifically estimate AR, all 813C DH lines, parental lines and the six checks were tested in a
greenhouse located at the University of Manitoba, Winnipeg, MB in 2019. All genotypes were
planted similar to the 2016 greenhouse experiment. The experimental design was a completely
randomized design with two replicates, with each replicate consisting of two pots (one plant per
pot) per genotype. To be consistent with the 2016 GAnth method of measurement, the 2019
greenhouse anthesis dates (GAnth2) were calculated as the number of days from transplanting into
pots after vernalization and the date of the 30-50% anthesis stage, rather than using the Julian
calendar date. The first five flowering spikes on each plant were tagged to estimate anther retention.
Plant height in greenhouse (GHt) was measured from the tip of each spike (excluding the length
of awns) to the soil surface prior to spike collection. Collected spikes were immediately stored at
-20 °C until anthers could be counted. The method for counting AR was modified from the protocol
published by Buerstmayr and Buerstmayr (2016). Primary and secondary florets of four alternate
spikelets located in the center of a spike were opened to count the number of anthers remaining
inside the florets. In total, eight florets were examined in each spike. The proportion of greenhouse
anther retention (GAR) was calculated for each spike by dividing the number of retained anthers
inside the eight florets by the total number of expected anthers (24 anthers = 3 anthers per floret x

8 florets).
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4.3.6 Linkage and QTL mapping in the 813C population

Five to seven seeds of each genotype were grown together on a wetted cotton ball in a plastic
container/well. Cotton balls were maintained moisture under 16-hour light and 8-hour dark at room
temperature for one week. After a week, 2 centimeters lengths from each of two healthy coleoptiles
for each genotype were selected and harvested with forceps into a collection tube, immersed in
liquid nitrogen, and stored at -20 °C. Later, all samples were freeze dried for two or three days. In
total, freeze dried leaf samples of 200 813C DH lines and the two parents were sent to National
Research Council Canada (NRC) at Saskatoon, Saskatchewan and genotyped by 90K wheat

[llumina Infinium iSelect SNP array (Illumina, San Diego, CA) (Wang et al. 2014).

In addition, markers closely linked with three semi-dwarf genes (Rht-B1, Rht-D1 and Rht8) and
four common FHB genes/QTL (Fhbl, Fhb2, Fhb5 and Qfhs.ifaSA) were tested on parental lines
(Appendix 4.1) and those that were polymorphic on the parental lines were further screened with
all 813C DH lines. Single nucleotide polymorphism (SNP) calling on raw data was conducted with
GenomeStudio V2011.1 software (Illumina, San Diego, CA) by a technical officer, Kerry Boyle,
from NRC-Saskatoon. Markers with too much missing data (>10%) or high segregation distortion
were removed. A function named “Binning of Redundant Markers” with its default setting in QTL

IciMapping version 4.1.0.0 (available from http://www.isbreeding.net) software was used to group

different co-segregating SNP markers into different bins (Meng et al. 2015). Only one marker from

each bin was selected for generating a linkage map in MapDisto v.1.7.7 (Lorieux 2012) software.
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The protocol for using MapDisto to generate an accurate linkage map was obtained from
McCartney et al. (2016). Marker distances (cM) were calculated using the Kosambi mapping
function (Kosambi 1943). The default parameters for the “AutoMap” function to create linkage
groups were used to set a minimum logarithm of the odds (LOD) score of 3 and a maximum
recombination frequency of 0.3 (the distance between two markers must be less than 30 cM). A
function called “Color Genotypes” was used to check double recombinants. After creating a
linkage map in MapDisto, previously excluded co-segregating markers were added back to the
map based on their corresponding bin number. Each linkage group was assigned to a wheat
chromosome based on the majority of markers located in a common consensus map published by
Wang et al. (2014). The physical positions of SNP markers were obtained by using the updated
wheat reference genome of Chinese Spring (IWGSC RefSeq v2.1) (Zhu et al. 2021). To further
increase the accuracy of the current linkage map, the marker order was adjusted according to the

physical positions of SNP markers.

QTL mapping was conducted using QTL IciMapping version 4.1.0.0 and QGene v4.3.10 software
(Joehanes and Nelson 2008; Li et al. 2008a; Meng et al. 2015). The interval mapping (IM) and
inclusive composite interval mapping (ICIM) were the two methods used in QTL IciMapping. The
protocol for using QTL IciMapping to conduct QTL mapping and generate an accurate linkage
map was obtained from McCartney et al. (2016). The IM or ICIM methods were first run with the
mapping parameters of 5 cM steps and 10,000 permutations to estimate the LOD threshold. Then,
IM and ICIM methods were rerun with the mapping parameters of 0.1 cM steps and the previously
obtained permutation values to calculate positions, LOD values and additive effects of QTL (pers.

comm. C. McCartney., 2018). The single interval mapping (SIM) and the single-trait composite
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interval mapping (CIM) based on maximume-likelihood estimation were the two methods used in
QGene. In the CIM method, a stepwise cofactor selection was chosen with the recommended
setting, which was the maximum number of five cofactors and the F to add/drop = 0.05 (pers.
comm. C. McCartney., 2018). A permutation test with 10,000 iterations (P < 0.05) was conducted
to determine a significance threshold for each trait. Physical locations of markers below peaks of
813C QTL and previously identified QTL were compared to study the relationship between 813C
QTL and the previously identified QTL. Sequences of markers below peaks of QTL were found

in a public online database for Triticeae and Avena (GrainGenes: https://wheat.pw.usda.gov/GG3/)

and blasted against the updated wheat reference genome of Chinese Spring (IWGSC RefSeq v2.1)

to obtain physical locations (Zhu et al. 2021), shown in Table 4.5.

4.3.7 Statistical analyses

A completely random model was used to analyze all traits measured in field trials and the
greenhouse experiments. For the five traits (Anth, Ht, Inc, Sev and VRI) measured in field trials,
all phenotypic data from DHSs, parents and checks were first analyzed as individual site years by
the PROC Mixed procedure in SAS® Studio (Enterprise Edition 3.8) (SAS Institute Inc., Cary, NC,
USA) (Appendix 4.2). Normality and homogeneity of variance were checked before the combined
analysis. Data for the five traits were combined and analyzed. The two post-harvest traits (FDK
and DON), the 2016 three greenhouse traits (GAnth, GSevl and GSev2) and the 2019 three

greenhouse traits (GAnth2, GHt and GAR) measured were analyzed similarly.
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Broad sense heritability (h?) for multiple site years on each of the five traits measured in field trials
was calculated by the formula (h*= 6%c/(c%c + o%6*sy/SY + 6%/R*SY)), where ¢’ represented
genetic variance, o%c+sy was the variance of interaction between genotype and site year, % was
the residual variance, SY was the number of site years and R was the number of replicates. For
FDK and DON measured on composited samples from three replicates in each site year, the
formula for heritability was h?= 6%c/(c%c + 6%/SY). The 2016 three greenhouse traits only had five
replicates and heritability was calculated as h’= 6%/(6% + 6%/R), while the 2019 three greenhouse
traits only had two replicates and heritability was calculated as h’= 6%c/(6%c + 6%/R). The Proc
Corr procedure was used to compute Pearson correlation coefficients among means of all traits of

all 813C DHs in all site years.

4.4 Results

4.4.1 Phenotyping for the 813C population, parental lines and checks

Individual site year analyses (Appendix 4.2), showed that genotype was consistently significant
for all five field traits Anth, Ht, Inc, Sev and VRI in each of the six site years. According to the
distributions of residuals and the plots for normal quantiles, all five traits were approximately fitted
to normal distributions and the six site years were able to be pooled together for a combined
analysis. All sources of variation were significant for all traits in the combined field analyses and
the greenhouse tests (Table 4.1). Malfunctions of the greenhouse system in Summer 2019 resulted

in higher than expected temperatures and powdery mildew infections. As a result, some genotypes
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were lost in this experiment and the high temperatures may have affected anthesis date, anther

retention and height for some genotypes.

The two parental lines had similar anthesis dates in field tests with 32c*17 being 1.43 days earlier
than 18i*45, while 18i*45 (50.43 days) had an earlier anthesis date than 32c*17 (64.38 days) in
the 2016 greenhouse experiment. In the 2019 greenhouse experiment, flowering of 18i*45 (101.48
days) was severely delayed, which may have been caused by reversal of vernalization under high
temperatures or inadequate vernalization prior to transplanting to the greenhouse. 32¢*17 had
lower anther retention than 18i*45 (Table 4.2). Means of field tests and the 2019 greenhouse test
showed that 32c*17 was taller than 18i*45 (Table 4.2). The two parental lines differed in response

to FHB infection in field tests where 32c*17 was more resistant to FHB than 18i*45 (Table 4.2).

In the 2016 greenhouse experiment, the two parental lines had similar disease severity (Table 4.2).
Compared to the checks, 32c*17 had FHB reactions in the field that were similar to, or slightly
lower than, the resistant checks (Emerson and FHB 148) and FDK, DON were lower than the
checks. Greenhouse severity of 32c*17 was lower than the two resistant checks (Table 4.2 and
Appendix 4.3). In the 2019 greenhouse study, 32c*17 had lower anther retention than all six
checks (Table 4.2 and Appendix 4.3). Compared with the checks, the FHB reaction of 18i*45
was higher than the resistance checks (Emerson and FHB 148), but lower than the intermediate
checks (Freedom and 431*18) for most FHB traits measures in field and greenhouse tests (Table
4.2 and Appendix 4.3). The frequency distributions of the 813C DH population are shown for all
traits in Figure 4.1. There was transgressive segregation in the 813C doubled haploid population

for all the traits (Figure 4.1 and Table 4.2).
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Based on the results of Pearson correlation in Appendix 4.4, the correlation between Anth and
2016 GAnth (r=0.66) was stronger than the correlations of 2019 GAnth2 with Anth (r=0.33) and
GAnth (r=0.36). Field anthesis date in the 813C population also positively correlated with Ht
(r=0.45), 2019 GAR (r=0.15) and most of field FHB parameters (i.e., Inc (r=0.18), Sev (r=0.31),
VRI (r=0.27), DON (r=0.15)) and only negatively correlated with 2016 GSevl (r=-0.15).
Greenhouse anther retention in 2019 negatively correlated with Ht (r=-0.24) and 2019 GHt (r=-
0.29) and positively correlated with all five field FHB parameters (i.e., Inc (r=0.57), Sev (r=0.34),
VRI (r=0.51), FDK (r=0.54) and DON (r=0.54)). A very strong correlation (r=0.82) was found
between Ht and GHt, while Ht was also positively correlated with 2016 GSev2 (r=0.17) and
negatively correlated with most of the FHB parameters except Sev (i.e., Inc (r=-0.54), VRI (r=-
0.37), FDK (r=-0.53) and DON (r=-0.46)) (Appendix 4.4). Like Ht, greenhouse height in 2019
was consistently negatively correlated with most of FHB parameters except Sev (i.e., Inc (r=-0.53),
VRI (r=-0.41), FDK (r=-0.53) and DON (r=-0.43)). Field incidence positively correlated with all
other FHB parameters (Sev (r=0.70), VRI (r=0.92), FDK (r=0.89) and DON (r=0.89)). Field
severity was positively correlated with VRI (r=0.87), FDK (r=0.71), DON (r=0.70), GSev1 (r=0.38)
and GSev2 (r=0.43), while GSev1 was positively correlated with VRI (r=0.17) and FDK (r=0.15)
and GSev2 only correlated with VRI (r=0.17). There was a strong correlation between FDK and

DON (r=0.92).
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Table 4.1 Analysis of variance for anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev), visual rating index (VRI), Fusarium
damaged kernel (FDK) and deoxynivalenol (DON) for the 813C population based on the combination of all six site years in Manitoba,
analysis of variance for greenhouse anthesis (GAnth) and greenhouse severity (GSevl and GSev2) in 2016, and analysis of variance for
greenhouse anthesis (GAnth2), greenhouse height (GHt) and greenhouse anther retention (GAR) in 2019. Replicate nested within each
site year was analyzed when all site years were combined.
Source of Anth Ht Inc FSev VRI
Variation DF! MS? DF MS DF MS DF MS DF MS
Genotype (G) 207 7894.39 207 2033.82 207 2009.62 207 1216.42 207 758.90
Siteyear (SY) 5 8566.64 5 51648.00 5 235675.00 5 2610400 5 26563.00
Replicate (SY)® 12 96.02 12 493.75 12 2571.44 12 860.85 12  506.38
G*SY 1036 3.26 1035 52.64 1035 300.15 1035 154.04 1035 93.26
Residual 2453 2.64 2440 20.14 2429 12498 2429 9518 2429 28.20
Source of FDK DON
Variation DF MS DF MS
Genotype (G) 207 80.74 207 161.89
Siteyear (SY) 5 922438 5 10322.00
Residual 1035 12.77 1035 22.25
Source of GAnth GSevl GSev2 GAnth2 GHt GAR
Variation DF MS DF MS DF MS DF MS DF MS DF MS
Genotype (G) 207 379.81 207 707.01 207 1181.22 191 1483.87 191 661.65 191 542.38
Replicate 4 25009.00 4  1594.83 4 7250.18 1 740282 1 621.84 1 94271
Residual 813 126.53 802 168.31 812 232.07 542 192,68 426 4348 426 75.08
IDF Degrees of freedom; 2MS Mean squares; *Replicate nested within individual site year
*P value for all factors in this table are less than 0.0005.
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Table 4.2 Broad sense heritability and descriptive statistics of parental lines and the 813C doubled
haploid (DH) population for traits measured in combined six site year field trials and two
greenhouse tests. Traits include anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev),
visual rating index (VRI), Fusarium damaged kernel (FDK), deoxynivalenol (DON), 2016
greenhouse anthesis date (GAnth), 2016 greenhouse severity (GSevl and GSev2), 2019
greenhouse anthesis date (GAnth2), 2019 greenhouse height (GHt) and anther retention (GAR).

Trait 18i*45 32c*17 Mid-parent DH Heritability
(P1)! (P2)? point Mean Min  Max (%)
Anth (Julian)®  169.96 168.53 169.25 168.89 164.78 173.44 96.38
Ht (cm) 93.22 103.87 98.55 100.34 78.19 124.40 97.36
Inc (%) 33.89 17.20 25.55 28.64 11.17 61.89 81.75
Sev (%) 24.01 20.92 22.47 21.87 9.17 47.17 82.13
VRI (%) 10.14 3.64 6.89 1.74 143 31.75 80.34
FDK (%) 9.57 6.74 8.16 6.71 2.06 18.64 82.13
DON (ppm?*) 12.17  6.63 9.40 9.14 267 2795  84.49

GAnth (days)® 50.43 64.38 57.41 59.20 39.52 85.96 74.48
GSevl (%) 33.17 35.07 34.12 36.59 18.33 72.37 80.13
GSev2 (%) 4590  44.38 45.14 4727 19.19 86.26 82.98

GAnth2 (days)® 101.48 82.25 91.87 80.50 43.85 120.40 89.11

GHt (cm) 79.13 84.00 81.57 88.84 58.27 118.04 94.28
GAR (%) 31.88 17.50 24.69 33.54 10.00 66.94 85.33
118i*45 (Parent 1) was the maternal parent; 232c*17 (Parent 2) was the paternal parent; 3Anthesis
date in field tests were calculated based on Julian calendar; “ppm part per million; *Greenhouse
anthesis date was calculated as the time between date of transplanting into pots and the date at
30-50% anthesis stage in 2016; Greenhouse anthesis date was calculated as the time between

date of transplanting into pots and the date at 30-50% anthesis stage in 2019;
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Figure 4.1 Frequency distributions of measured traits for the 813C doubled haploid (DH) lines based on means from six site year field
trials and greenhouse tests conducted in 2016 and 219: anthesis date (a), height (b), incidence (c), severity (d), visual rating index (e),
Fusarium damaged kernel (f), deoxynivalenol (g), 2016 greenhouse anthesis (h), 2016 greenhouse severityl (i), 2016 greenhouse
severity2 (j), 2019 greenhouse anthesis (k), 2019 greenhouse height (I), and 2019 greenhouse anther retention (m). Means of parental
lines for these traits were included. Anthesis date in field tests were calculated based on Julian calendar, while greenhouse anthesis date
in 2016 and 2019 were calculated as the number of days between the date of transplanting into pots and the date at 30-50% anthesis

stage.
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4.4.2 Linkage mapping

The two parental lines were monomorphic for Rht-D1, Rht8 and Fhb1, and polymorphic for Rht-
B1, Fhb2, Fhb5 and Qfhs.ifa-5AS (Appendix 4.1), thus markers close to the four polymorphic loci
were included in linkage mapping. Eight 8I13C DHs were excluded from linkage mapping, due to
either more than 25% missing genotypic data, poor SNP clustering, a low SNP call rate, or too
many false double recombinants. Therefore, one hundred ninety-two 813C DH lines were used to
develop the linkage map. In total, 10,144 SNP markers were used to generate twenty-eight linkage
groups for the 8I3C population with a total map length of 2434.97 cM (Table 4.3). Detailed
information for all linkage groups is shown in Table 4.3. After aligning the 10,144 SNP markers
with their physical positions in the Chinese Spring reference genome (IWGSC RefSeq v1.0), the
genome coverage of this map was 13.34 giga base pairs (Gbp) (International Wheat Genome

Sequencing Consortium (IWGSC) 2018) (Table 4.3).

4.4.3 QTL mapping

Four QTL mapping methods (IM and ICIM in QTL IciMapping, and SIM and CIM in QGene)
were used in this study to locate positions of QTL related to anthesis date (field and greenhouse),
height and multiple FHB resistance traits (visual FHB traits, FDK and DON content) based on
each of six site year, the combined data of all site years, and each of the two greenhouse tests. Ten
thousand permutations generated a LOD threshold for both IM and ICIM of 3.00, while SIM and
CIM gave different LOD thresholds depending on the traits and ranged from 2.85 to 3.25.

Comparing different QTL mapping methods, some QTL were detected by multiple methods and
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other QTL were unique to a specific mapping method (Table 4.4). All QTL reported in the 813C
population were either detected by more than one mapping method, or were associated with more
than one trait (Table 4.4). In this study, a QTL was considered to be major when the QTL was
reported in more than one individual environment, while minor QTL were QTL reported only in

single environment.

4.4.3.1 QTL for anthesis date

Based on field and greenhouse tests, four major QTL for anthesis date were identified on
chromosomes 1D, 2B, 5D (LG: 5D.3) and 7B, which were named QAnth.umb-1D, QAnth.umb-2B,
QAnth.umb-5D and QAnth.umb-7B, respectively (Table 4.4). The 32c*17 allele delayed the
flowering date at QAnth.umb-1D, QAnth.umb-2B and QAnth.umb-5D and shortened the anthesis
date at QAnth.umb-7B. The phenotypic variation explained by QAnth.umb-1D, QAnth.umb-2B,
QAnth.umb-5D and QAnth.umb-7B was 5.6-7.7%, 6.7-19.2%, 5.5-7.4% and 5.9-9.8%,
respectively, for the individual environments and 6.0%, 8.4-16.6%, 6.2% and 5.6-9.1%,
respectively, across combined environments. QAnth.umb-2B was the only QTL for anthesis date
detected in both field and 2016 greenhouse tests. Also, two minor QTL QAnth.umb-1B and
QAnth.umb-5A were discovered on chromosome 1B and 5A that explained phenotypic variation
8.2-10.1% in the 2019 greenhouse environment and 8.3-8.5% in the 2016 greenhouse environment,
respectively (Table 4.4). The 32c*17 allele shortened the anthesis date at both minor QTL for
anthesis date QAnth. Phenotypically, flowering of 32c¢*17 (Anth = 168.53 and GAnth = 64.38)
was one day earlier in the field and fourteen days later in the 2016 greenhouse than 18i*45 (Anth

=169.96 and GAnth =50.43) (Table 4.2). As previously mentioned, the 2019 greenhouse suffered
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unexpected high indoor temperatures and extremely high humidity, which may have affected the
results due to loss of 32¢*17 plants and inadequate vernalization of 18i*45. In contrast, flowering
of 32c¢*17 (GAnth2 = 82.25) was nineteen days earlier in the 2019 greenhouse than 18i*45

(GANth2 = 101.48) (Table 4.2).

4.4.3.2 QTL for anther retention

There were only two minor QTL QAR.umb-4B and QAR.umb-6D detected on chromosomes 4B
and 6D in the 2019 greenhouse test, which explained phenotypic variation of 7.1-8.7% and 7.8-
8.8%, respectively (Table 4.4). The 32c*17 allele reduced anther retention at both minor QTL
QAR, which agreed with the results that 32c*17 (GAR = 17.5%) had lower anther retention than

18i*45 (GAR = 31.88%) (Table 4.2).

4.4.3.3 QTL for plant height

There were five major height QTL (hamed QHt.umb-1D, QHt.umb-2B, QHt.umb-4B, QHt.umb-
4D and QHt.umb-7B) detected on chromosomes 1D, 2B, 4B (LG: 4B.2), 4D and 7B, which
explained 6.2-8.6%, 5.2-10.9%, 19.3-36.6%, 5.1-8.0% and 5.1-8.5% of the phenotypic variation,
respectively, across individual site years (Table 4.4). The phenotypic variation explained by
QHt.umb-1D, QHt.umb-2B, QHt.umb-4B and QHt.umb-7B were 6.4-7.8%, 6.5-10.0%, 28.1-33.0%
and 7.7%, respectively, across combined environments. Importantly, QHt.umb-2B and QHt.umb-
4B were consistently detected in all six site-years and the combined environment, and QHt.umb-

4B was also identified in the 2019 greenhouse. The 32¢*17 allele increased height at all four major
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QTL QHt, except at QHt.umb-7B. 32c¢*17 (Ht = 103.87 cm and GHt = 84 cm) was taller than

18i*45 (Ht = 93.22 cm and GHt = 79.13 cm) in both field and 2019 greenhouse tests (Table 4.2)

QHt.umb-2B shared the same position as QAnth.umb-2B, while QHt.umb-1D and QHt.umb-7B co-
localized with QAnth.umb-1D and QAnth.umb-7B which mapped within 24.5 cM and 31.5-45.4
cM, respectively, of each other on chromosomes 1D and 7B (Table 4.4). The 32c*17 allele
increased height and delayed the flowering on chromosomes 1D and 2B and reduced height and
shortened the anthesis date on chromosome 7B (Table 4.4). QHt.umb-4B co-localized with
QAR.umb-4B within 0.0-18.6 cM on chromosome 4B, suggesting that the 32c*17 allele increased
height and reduced anther retention on the chromosome 4B (Table 4.4). Several markers tightly
linked with three common wheat dwarf loci (Rht-B1, Rht-D1 and Rht8) were tested between the
parental lines (Appendix 4.1), and the results indicated that the parents were polymorphic at the
Rht-B1 locus on chromosome 4B and monomorphic at Rht8 on chromosome 2D and Rht-D1 on
chromosome 4D. After screening all 813C DH lines, it was confirmed that the wildtype allele Rht-
Bla in 32c*17 was located at 12.02 cM on the linkage group 4B.2 and shared the same position
as QHt.umb-4B (Table 4.4). Monomorphism for the Rht-D1 locus indicated that QHt.umb-4D was

not derived from the Rht-D1 locus.

4.4.3.4 QTL for FHB resistance

For ease of presentation, QTL for FHB resistance were categorized by trait with QFhb used to
designate QTL related to the visual FHB parameters (Inc, Sev and VVRI), while QTL for FDK and

DON content were designated as QFdk and QDon, respectively (Table 4.4). Field severity was
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distinguished from greenhouse severity (GSevl or GSev 2) under the site year column in Table
4.4, Moreover, an overall summary of all QTL detected in both 813C population and 3CPR
population is listed in Table 4.5, which 32¢*17 was the common parental line. The comparison of

32c*17-derived QTL detected in the two populations will be discussed in section 4.5.

4.4.3.4.1 Visual FHB traits (Inc, Sev, VRI)

Four major QTL for FHB resistance were identified across a combination of visual FHB traits on
chromosomes 4B (LG: 4B.2), 6A, 6D (LG: 6D.1) and 7A (Table 4.4). The 32c*17 allele
contributed resistance on all four QTL (QFhb.umb-4B, QFhb.umb-6A, QFhb.umb-6D and
QFhb.umb-7A). Among the four major QTL, QFhb.umb-4B explained 5.0-16.3%, 6.7-8.3% and
7.0-15.8% of the phenotypic variation for Inc, Sev and VRI across individual environments and
14.8-15.6% and 10.0-11.2% of the phenotypic variance for Inc and VRI in the combined
environment. This QTL was the most frequently detected QTL across all site years for Inc and
shared the same position as the Rht-B1 locus and QAR/QHt.umb-4B. QFhb.umb-6A explained 8.4-
10.0% and 6.5% of the phenotypic variation for Inc and VRI, respectively, across individual
environments, while QFhb.umb-6D explained 5.8-6.5% and 7.3% of the phenotypic variation for
Inc and VRI, respectively, across individual environments. QFhb.umb-6D co-localized within 0.0-
5.3 ctM of QAR.umb-6D on chromosome 6D, and the 32c*17 allele reduced anther retention and
increased FHB resistance at these QTL. Unlike the previous three QTL, QFhb.umb-7A was mainly
related to Inc and VVRI, and explained 7.0-11.9% and 8.9-9.4% of the phenotypic variation for Sev
across four site years and the combined environment, respectively, while the phenotypic variations

for GSevl and GSev2 explained by QFhb.umb-7A were 9.9-14.7% and 10.0-14.4% in the 2016
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greenhouse, respectively. This QTL also explained 7.6-8.7% of the phenotypic variance for VRI

in a single site year.

One minor QTL QFhb.umb-1A specific for Sev explained phenotypic variation of 6.7% across the
combined environment, while another minor QTL QFhb.umb-6B explained 6.9% and 6.2-7.0% of
the phenotypic variation for GSevl and GSev2, respectively (Table 4.4). The 32c*17 allele
contributed resistance on both minor QTL. Four markers linked with one Type Il resistance gene,
Fhb2 located on chromosome 6B, were tested in this project (Appendix 4.1). Parental lines
showed polymorphism at all four markers linked with the Fhb2 locus (Appendix 4.1), where the
three markers (Wmc398, Gwm644 and Wmc397) were located at 65.57 cM, 75.16 cM and 75.68
cM, respectively in the chromosome 6B linkage group and one marker Gwm133 was unlinked
with the current 6B linkage group. Thus, the estimated position of Fhb2 locus might be from 65.57-
75.68 cM, which was 3.32-25.57 cM from QFhb.umb-6B (40.0-79.0 cM). In addition, three
markers in Appendix 4.1 that are closely linked with Qfhs.ifa-5AS (a common Sumai3 QTL for
Type | resistance) were polymorphic between the parental lines and mapped together at position
54.25 ¢cM on chromosome 5A. However, no QTL in this chromosome was detected in the 813C
map (Table 4.4). Moreover, markers linked with one Type Il resistance gene, Fhbl, were

monomorphic between the parental lines (Appendix 4.1).

Phenotypically, the difference of Inc between 32c¢*17 (Inc = 17.2%) and 18i*45 (Inc = 33.89%)
was bigger than the difference of Sev and GSev between 32¢*17 (Sev = 20.92%, GSev1l = 35.07%
and GSev2 = 44.38%) and 18i*45 (Sev = 24.01%, GSev1 = 33.17% and GSev2 = 45.90%). Thus,

of all QTL related to visual FHB traits, most of the major QFhb QTL were detected for Inc and
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the 32c*17 allele contributed Type | resistance. The 32c*17 allele also contributed Type Il
resistance for one major and two minor QTL QFhb. Alleles from the moderately resistant maternal

line 18i*45 did not contribute to FHB resistance for any of the visual FHB traits tested.

4.4.3.4.2 FDK and DON content

Three major and one minor QTL for FDK were detected on chromosomes 4B (LG: 4B.2), 6D (LG:
6D.1), 7A and 1B, and named as QFdk.umb-4B, QFdk.umb-6D, QFdk.umb-7A and QFdk.umb-1B,
respectively (Table 4.4). The 32c*17 allele reduced FDK at all major and minor QTL. QFdk.
QFdk.umb-4B explained 7.2-21.0% and 18.8-20.8% of the phenotypic variation in all six site years
and the combined environment, respectively, which shared the same position as the Rht-B1 locus
and QAR/QHt/QFhb.umb-4B. QFdk.umb-6D explained 6.6-9.0% and 6.8-8.9% of the phenotypic
variation in two individual environments and the combined environment, respectively, and shared
the same position as QAR/QFhb.umb-6D. QFdk.umb-7A explained 6.6-7.4% and 7.0% of the
phenotypic variation in a single environment and the combined environment, respectively, and co-
localized with QFhb.umb-7A within 0.2-10.3 ¢cM on chromosome 7A. The minor QTL QFdk.umb-
1B explained 5.7-6.6% of the phenotypic variation in a single environment, which was 91.5-91.7

cM away from QAnth.umb-1B.

Two major and two minor QTL for DON were found on chromosomes 4B (LG: 4B.2), 6D (LG:
6D.1), 3A and 7A, respectively, where the 32c*17 allele reduced DON content at all major and
minor QDon. QDon.umb-4B explained 7.4-17.1% and 14.4-16.2% of the phenotypic variation in

all six site years and the combined environment, respectively, which shared the same position as
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the Rht-B1 locus and QAR/QHt/QFhb/QFdk.umb-4B. QDon.umb-6D explained 5.9-8.0% and 6.2-
10.0% of the phenotypic variation in three individual environments and the combined environment,
respectively, which shared the same position as QAR/QFhb/QFdk.umb-6D. The phenotypic
variation explained by two minor QTL QDon.umb-3A and QDon.umb-7A were 6.4-7.3% and 7.0%,
respectively, across single environments, where QDon.umb-7A shared the same position as
QFdk.umb-7A and co-localized within 1.8-10.3 cM of QFhb.umb-7A on chromosome 7A. The
results for FDK and DON content agreed with results in Table 4.2 and Appendix 4.3 that showed
that 32c*17 had the lowest FDK and DON content among all checks and parental lines. The
moderate resistant maternal line 18i*45 allele did not contribute resistance alleles for FDK and

DON.

The QTL pyramiding effects for GAR, Ht, VRI, FDK and DON were analyzed according to major
QTL on each trait (Appendix 4.5). For GAR, a single 32c*17 allele at either QTL (QAR.umb-4B
or QAR.umb-6D) reduced GAR by 4 %, while the cumulative pyramiding effect of the two 32c*17
alleles at both QTL further decreased GAR by 13.35 % (Appendix 4.5). For VRI, a single 32c*17
allele at either QFhb.umb-4B or QFhb.umb-6D reduced VRI by 7.94-8.18% relative to the
presence of the four major susceptible cumulative QTL allele combination (S-4B/S-6A/S-6D/S-
7A), while the two 32c*17 alleles together reduced VRI the most among all two resistant QTL
allele combinations. The cumulative pyramiding effect of 32c*17 alleles at four QFhb QTL further
decreased VRI by 11.67 % relative to the presence of the four major susceptible cumulative QTL
allele combination (S-4B/S-6A/S-6D/S-7A) (Appendix 4.5). For FDK, a single 32c*17 allele at
either QFdk.umb-4B, QFdk.umb-6D or QFdk.umb-7A reduced FDK by 3.48-4.37% relative to the

presence of the three major susceptible cumulative QTL allele combination (S-4B/S-6D/S-7A),
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while the two 32¢*17 alleles together at QFdk.umb-4B and QFdk.umb-6D reduced FDK by 5.92 %
relative to the presence of the three major susceptible cumulative QTL allele combination (S-4B/S-
6D/S-7A), which is similar to the pyramiding effects of 32c*17 alleles at all three QFdk (Appendix
4.5). For DON, the single 32c*17 allele at either QDon.umb-4B or QDon.umb-6D reduced DON
by 2.72-3.79% compared to the presence of both major susceptible cumulative QTL allele
combination (S-4B/S-6D), while the cumulative pyramiding effect of the 32c*17 alleles at both
QTL further decreased DON by 5.67 % relative to the presence of both major susceptible

cumulative QTL allele combination (S-4B/S-6D) (Appendix 4.5).
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Table 4.3 Summary of linkage map for the 813C population including numbers of markers, genetic
and physical distance, and average spacing between markers for genetic and physical map.

LG! SNP Genetic Physical  Genetic map average Physical map average

number map (cM)?> map (Mbp)? spacing (cM)* spacing (Mbp)®

1A.1 348 68.25 544.65 0.20 1.57
1A.2 83 11.00 19.14 0.13 0.23
2A 580 106.20 780.41 0.18 1.35
3A 514 174.95 739.23 0.34 1.44
4A 626 147.90 734.35 0.24 1.17
5A 663 200.05 710.82 0.30 1.07
6A 716 108.38 617.04 0.15 0.86
TA 627 196.42 743.20 0.31 1.19
A genome 4,157 1,013.15 4,888.84 0.23 1.11
1B 1279 104.30 700.36 0.08 0.55
2B 933 130.31 805.64 0.14 0.86
3B.1 572 107.12 787.19 0.19 1.38
3B.2 58 39.39 39.39 0.68 0.68
4B.1 5 5.23 1.12 1.05 0.22
4B.2 230 78.05 659.20 0.34 2.87
5B 726 168.00 708.93 0.23 0.98
6B 695 132.69 727.67 0.19 1.05
7B 589 158.80 762.75 0.27 1.29
B genome 5,087 923.87 5,192.25 0.35 1.10
1D 174 87.84 435.82 0.50 2.50
2D 300 29.92 575.39 0.10 1.92
3D.1 8 26.45 467.40 3.31 58.43
3D.2 62 1.05 1.27 0.02 0.12
4D 21 79.26 494.80 3.77 23.56
5D.1 15 11.62 289.07 0.77 19.27
5D.2 3 19.12 24.89 6.37 8.30
5D.3 63 31.33 27.91 0.50 0.44
6D.1 8 19.74 301.35 2.47 37.67
6D.2 161 12.44 16.78 0.08 0.10
7D 85 179.18 614.48 2.11 7.23
D genome 900 497.95 3,255.16 1.82 14.50
Total 10,144  2,434.97 13,336.25 0.89° 6.377

LG Linkage group; 2cM Centimorgan; *Mbp Million base paris; “*Genetic map average spacing =
Linkage map length / its corresponding SNP number; °Physical map average spacing = Physical
map length / its corresponding SNP number; ®Mean of all chromosomes for genetic map average
spacing; ’ Mean of all chromosomes for physical map average spacing
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Table 4.4 Summary of 813C QTL detected for all traits measured in field and greenhouse experiments using the following four methods:
interval mapping (IM), inclusive composite interval mapping (ICIM), simple interval mapping (SIM) and composite interval mapping
(CIM).

QTL name!  Site year? Chr®
Anthesis date (Anth)

M ICIM SIM CIM
Pos* LOD PVE® Add® Pos LOD PVE Add Pos LOD PVE Add Pos LOD PVE Add

QAnth.umb-1B GH19 1B 0.0 35 10.1 -58 00 37 92 -60 00 37 82 -53
QAnth.umb-1D Comb 1D 596 3.7 6.0 04
QAnth.umb-1D Crm15 1D 506 41 6.6 0.5
QAnth.umb-1D Crm16 1D 596 3.6 56 04 595 35 7.7 04

QAnth.umb-2B Comb 2B 493 64 84 06 493 9.2 159 0.7 490 65 139 06 490 79 166 0.7
QAnth.umb-2B Crm15 2B 514 58 85 0.7 493 6.6 11.1 0.6 51.0 6.0 13.0 0.7 495 82 172 08
QAnth.umb-2B Crm16 2B 493 57 126 06 493 82 134 0.7 49.0 56 120 06 490 76 16.0 0.6
QAnth.umb-2B Crm17 2B 493 35 77 07 493 39 77 07 490 34 75 07 490 36 80 0.7
QAnth.umb-2B Wpg15 2B 537 43 72 06 541 43 102 06 535 4.7 102 0.6 540 45 9.8 0.6
QAnth.umb-2B Wpg16 2B 493 7.1 112 0.7 493 78 152 0.7 490 7.2 152 0.8 490 80 16.8 0.8
QAnth.umb-2B Wpgl7 2B 493 40 6.7 06 493 46 90 06 490 41 89 06 490 48 104 0.6
QAnth.umb-2B GH16 2B 540 86 152 3.8 546 104 192 3.7 550 84 176 3.8 540 8.7 181 3.9

QAnth.umb-5A GH16 S5A 1970 38 83 -2.6 1980 39 85 -24
QAnth.umb-5D Comb oD.3 313 38 6.2 04
QAnth.umb-5D Crml5  5D.3 313 39 63 05
QAnth.umb-5D Crml6  5D.3 313 36 55 04 31.0 33 74 04

QAnth.umb-7B Comb /B 564 41 56 -05 563 36 59 -04 525 42 91 -05
QAnth.umb-7B Crm15 /B 532 44 64 -06 532 45 73 -05 525 45 98 -06 490 33 73 -05
QAnth.umb-7B Wpg15 /B 564 36 59 -05 563 37 86 -05 55 35 78 -05 5.0 32 72 -05

QAnth.umb-7B Wpgl7 7B 535 36 6.1 -0.6 535 39 86 -0.6
Anther retention (AR)
QAR.umb-4B GH19 4B.2 129 3.0 8.7 -33 320 32 71 -29

QAR.umb-6D GH19 6D.1 19.7 3.1 88 -32 197 44 78 -37
Plant height (Ht)

QHt.umb-1D Comb 1D 350 33 64 29 350 35 78 3.0
QHt.umb-1D Crml7 1D 350 3.7 6.2 238 350 39 86 29
QHt.umb-1D Wpgl6 1D 350 34 64 27 350 36 80 28
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QHt.umb-1D Wpgl7 1D 350 33 64 30 350 35 78 31

QHt.umb-2B Comb 2B 546 42 65 26 575 45 99 35 545 46 100 28
QHt.umb-2B Crm15 2B 546 43 6.2 34 575 46 99 47 545 48 104 3.7
QHt.umb-2B Crm16 2B 493 41 71 21 490 34 76 23

QHt.umb-2B Crml7 2B 56.3 47 81 32 546 43 79 25 575 50 108 34 545 47 102 2.7
QHt.umb-2B Wpg15 2B 546 37 52 31 570 39 86 43 545 40 87 33
QHt.umb-2B Wpg16 2B 66.0 3.1 69 26

QHt.umb-2B Wpgl7 2B 546 53 85 30 575 49 108 3.7 545 50 109 3.0
QHt.umb-4B Comb 4B.2 120 16.8 28.1 6.0 12.0 17.7 320 5.8 12.0 16.1 309 6.0 12.0 174 33.0 58
QHt.umb-4B Crml5 4B.2 12.0 189 354 84 120 20.0 351 8.1 12.0 182 34.2 84 12.0 19.8 36.6 8.1
QHt.umb-4B Crml6  4B.2 12.0 109 224 38 120 104 193 34 120 103 21.2 3.8 120 99 204 36
QHt.umb-4B Crml7 4B.2 13.1 13.4 204 50 125 128 259 45 130 129 256 5.0 125 129 25.7 4.7
QHt.umb-4B Wpgl5 4B.2 120 18.8 352 8.3 12.0 19.7 338 7.9 12.0 180 339 82 12.0 193 359 79
QHt.umb-4B Wpg1l6 4B.2 12.0 146 247 51 120 155 29.0 49 120 13.7 27.0 50 120 145 284 5.0
QHt.umb-4B Wpgl7 4B.2 12.0 124 220 54 120 13.4 237 50 12.0 118 238 54 12.0 134 265 5.1
QHt.umb-4B GH19 4B.2 13.4 147 31.1 85 13.0 13.8 30.3 83 12.0 129 258 7.0
QHt.umb-4D Crm16 4D 1.0 34 58 19

QHt.umb-4D Wpg16 4D 78 32 51 21 75 36 80 24
QHt.umb-7B Comb 7B 140 35 7.7 -26
QHt.umb-7B Crm15 7B 140 3.7 81 -35
QHt.umb-7B Wpg15 7B 11.1 32 54 -32 120 39 85 -36
QHt.umb-7B Wpgl7 7B 16.7 3.0 51 -23 175 36 79 -26
Visual FHB traits (Inc, Sev, VRI)

QFhb.umb-1A°  Comb(Sev) 1A.1 520 3.1 6.7 -19 519 35 6.7 -1.8

QFhb.umb-4B  Comb(Inc) 4B.2 12.0 7.3 156 -3.8 120 74 156 -3.7 120 6.9 148 -3.8 120 69 148 -3.8
QFhb.umb-4B  Crmi15(Inc) 4B.2 69 4.7 102 -68 57 46 102 -66 3.0 48 105 -69 3.0 4.8 105 -6.9
QFhb.umb-4B  Crmi16(Inc) 4B.2 120 34 79 -18 121 41 78 -1.7 120 32 7.2 -18 120 32 72 -17
QFhb.umb-4B  Crmi17(Inc) 4B.2 121 35 78 -21 121 35 78 -21 120 33 7.2 -21 125 31 6.8 -20
QFhb.umb-4B  Wpg15(Inc) 4B.2 120 7.7 163 -74 120 78 163 -7.3 120 7.2 152 -72 120 7.2 152 -7.2
QFhb.umb-4B  Wpg16(Inc) 4B.2 126 3.4 50 -3.0 120 35 7.7 -31 125 35 78 -31
QFhb.umb-4B  Wpg17(Inc) 4B.2 12.0 40 59 -26 120 36 81 -25 120 43 95 -26
QFhb.umb-4B  Wpg15(Sev) 4B.2 120 33 7.7 -24 120 36 83 -23 120 3.0 6.7 -23 120 33 73 -24
QFhb.umb-4B  Comb(VRI) 4B.2 120 49 112 -1.7 120 50 112 -16 120 4.6 100 -1.6 120 50 109 -17
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QFhb.umb-4B
QFhb.umb-4B
QFhb.umb-4B
QFhb.umb-6A
QFhb.umb-6A
QFhb.umb-6A
QFhb.umb-6B
QFhb.umb-6B
QFhb.umb-6D
QFhb.umb-6D
QFhb.umb-6D
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A
QFhb.umb-7A

Crm15(VRI)
Wpg15(VRI)
Wpgl7(VRI)
Crm16(Inc)
Wpgl7(Inc)
Crm16(VRI)
GH16(GSev1)
GH16(GSev2)
Crm16(Inc)
Wpgl7(Inc)
Wpgl7(VRI)
Comb(Sev)
Crm16(Sev)
Wpg15(Sev)
Wpgl16(Sev)
Wpgl7(Sev)
GH16(GSev1)
GH16(GSev2)
Crm16(VRI)

4B.2
4B.2
4B.2
6A
6A
6A
6B
6B
6D.1
6D.1
6D.1
TA
TA
TA
A
A
A
A
A

12.0

41.2

100.4
100.4
96.2

99.9
100.4
100.5

6.7

4.4

4.5
4.9
3.1

4.8
6.5
6.2

15.8

10.0

9.4
10.8
7.3
10.4

9.9
10.0

-2.2
-1.9
-2.3

-4.2
-4.4
-5.6

57 35
120 6.9
120 3.2
412 4.4

9.5
15.8
7.0
8.4

144 31
19.7 35
17.9 3.2
100.4 4.9
100.4 4.9

5.8
6.4
7.3
9.4
10.8

99.8
100.4
100.4
100.4

6.1
5.9
5.6
4.2

11.9
14.3
13.8
8.7

-3.7 3.0 34

-3.2
-1.2
-1.8

-1.5
-2.2
-1.2
-2.1
-1.9

-4.5
-4.1
-5.1
-0.6

12.0

41.0
41.0
41.0
40.0
79.0

100.5
100.5

104.5
102.0
101.0
101.0
100.5

6.2

4.4
4.3
2.9
3.1
3.1

4.2
5.1

3.1
4.3
6.9
6.8
3.5

7.5
13.4

9.7
9.4
6.5
6.9
7.0

9.1
11.0

7.0
9.4
14.7
14.4
7.8

-3.8 15 44

-3.3

-2.0
-2.8
-0.5
-3.2
-4.1

-2.2
-2.0

-1.9
-4.2
-4.7
-6.0
-0.6

12.0

41.0
41.0

79.0

19.5

100.0
100.0
96.0

99.5
100.0
100.0
100.0

6.2

4.4
4.1

3.1

2.9

4.1
4.9
3.2

4.9
6.5
6.5
3.4

9.6
13.4

9.7
9.0

7.0
6.5

8.9
10.8
7.1

10.6
14.0
13.9
7.6

12.5
-3.3

-2.0
-2.5

-2.2
-2.0
-2.3

-4.3
-4.5
-5.8
-0.6

Fusarium damaged kernel (FDK)

QFdk.umb-1B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-4B
QFdk.umb-6D
QFdk.umb-6D
QFdk.umb-6D
QFdk.umb-7A
QFdk.umb-7A

Wpg16
Comb
Crml5
Crml6
Crml7
Wpg15
Wpg16
Wpgl7
Comb
Wpg16
Wpgl7
Comb
Crml7

1B
4B.2
4B.2
4B.2
4B.2
4B.2
4B.2
4B.2
6D.1
6D.1
6D.1
TA 947
7TA 94.2

12.0
12.0
12.0
12.0
114
12.0
12.0

9.8
5.8
6.0
4.8

19.6
13.0
12.9
10.0

10.1 21.0

3.6
4.5

3.3
3.5

8.4
11.2

7.0
7.4

-1.4
-3.0
-1.0
-0.8
-2.1
-0.7
-0.6

-0.8
-0.7

91.7 3.0
12.0 11.8
12.0 6.0
12.0 6.0
12.0 5.0
114 10.1
125 4.0
12.0 55

5.7
20.5
13.0
12.9
10.4
21.0

7.5
11.2

159 38 7.3

958 35 7.2

-0.6
-1.4
-2.9
-1.0
-0.8
-2.1
-0.7
-0.6

-0.7

-0.7

12.0
12.0
12.0
12.0
115
12.0
12.0
16.0
16.0

94.5

9.0
5.2
5.5
4.3
9.4
3.3
4.3
3.1
3.0

3.0

18.8
11.4
11.9
9.4
19.4
7.2
9.3
6.8
6.6

6.6

-1.3
-2.9
-1.0
-0.8
-2.1
-0.7
-0.6
-0.8
-0.6

91.5
12.0
12.0
12.0
12.0
115
12,5
12.0
155
155
195

95.5

3.0

6.6

10.1 20.8

5.2
5.5
4.6
9.4
3.6
5.3
4.1
4.1
3.2

3.1

11.4
11.9
10.1
19.4
7.9
115
8.9
9.0
7.1

6.9

-0.6
-1.4
-2.9
-1.0
-0.8
-2.1
-0.7
-0.6
-0.8
-0.7
-0.5
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Deoxynivalenol content (DON)

QDon.umb-3A Wpg15 3A 1202 3.1 6.4 -13 1125 31 6.8 -13 116.0 33 73 -13
QDon.umb-4B Comb 4B.2 120 7.2 153 -1.7 119 83 158 -1.7 120 6.8 144 -16 120 7.7 16.2 -16
QDon.umb-4B Crm15 4B.2 125 34 76 -28 125 41 80 -30 115 34 74 -29 125 40 88 -3.0
QDon.umb-4B Crml6 4B.2 116 44 98 -22 116 44 98 -22 115 40 88 -21 115 40 88 -21
QDon.umb-4B Crml7 4B.2 120 53 111 -10 120 6.2 120 -1.0 120 48 105 -1.0 120 54 117 -10
QDon.umb-4B Wpg15 4B.2 120 7.0 149 -19 120 76 145 -19 120 65 139 -19 120 6.6 14.1 -18
QDon.umb-4B Wpgl6é 4B.2 104 36 81 -10 119 38 80 -1.0 105 35 7.6 -1.0 120 36 7.9 -1.0
QDon.umb-4B Wpg1l7 4B.2 120 75 16.0 -1.0 120 86 16.2 -1.0 120 69 147 -10 120 81 17.1 -1.0

QDon.umb-6D Comb 6D.1 19.7 35 6.2 -1.1 155 4.6 100 -1.3
QDon.umb-6D Crml5 6D.1 19.7 31 59 -26 145 36 79 -28
QDon.umb-6D Crml7 6D.1 155 34 7.6 -08
QDon.umb-6D Wpgl7 6D.1 19.7 35 6.2 -0.6 195 36 80 -0.7

QDon.umb-7A Crml7 7A 942 33 7.0 -0.8

The specific agronomic traits associated with QTL QAnth, QHt and QAR were field and greenhouse anthesis date, field and greenhouse
plant height and greenhouse anther retention, while the traits associated with QTL for FHB resistance QFhb, QFdk and QDon were
incidence (Inc), field and greenhouse severity (Sev, GSev1 and GSev2), visual rating index (VRI), Fusarium damaged kernel (FDK) and
deoxynivalenol (DON), which are indicated in brackets after site year; Site year (Crm = Carman, Wpg = Winnipeg, GH= greenhouse,
15 = year 2015, 16 = year 2016, 17 = year 2017, 19 =year 2019, Comb = the combination of six site years); *Chr = chromosome (the
decimal designation was used when more than one linkage group presented in the same chromosome. E.g. 5D.3); “Pos = the genetic
position of peak of QTL in centimorgans; >PVE = phenotypic variation explained (R? in percentage); *Add = additive effect of allele
substitution (a positive additive effective means that 32c*17 increased the value of the trait, and vice-versa).

*LOD threshold for both IM and ICIM was 3.00, while SIM and CIM had the thresholds ranging from 2.85 to 3.25 for different traits.
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4.5 Discussion

The estimated wheat genome size is approximately 16 Gbp (Walkowiak et al. 2020). Length of
common consensus maps have ranged from 2,569 to 3,800 cM (Somers et al. 2004; Cavanagh et
al. 2013; Wang et al. 2014). The 813C map (13.34 Gbp & 2434.97 cM) provided good wheat
genome coverage for QTL mapping (Table 4.3). In the previous QTL mapping study from the
32c*17/Peregrine cross (named 3CPR) in Chapter 3, 8,103 SNP markers generated a total map
length of 1635.63 cM (unpublished data). The current 813C map had more SNP markers and longer
map length than the previous 3CPR map, because 32c¢*17 and 18i*45 did not share common
parents, while McClintock was a common parent between 32c*17 and Peregrine in the 3CPR
population. Also, the 813C population was almost two times larger than the 3CPR population.
Population size and the higher number of polymorphic markers in the 813C population contributed

to the longer linkage map compared to the 3CPR population.

In the 813C population, QTL were identified for all traits measured in both field and greenhouse
environments (Table 4.4). Comparisons of QTL identified in the 813C population and the 3CPR
populations are represented in Table 4.5. Several common QTL were observed between the two
populations and the contributions of the 32c*17 alleles are indicated (Table 4.5). Common QTL
between the two populations were found on chromosomes 1A, 1B, 6A, 6B and 6D for several FHB
traits, FDK and DON. In all cases the 32c*17 allele decreased disease. This demonstrates the

usefulness of 32¢*17 as a source of FHB resistance.
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4.5.1 QTL for agronomic traits (Anth, GAnth and Ht)

In the 813C population, four major QAnth QTL were detected on chromosomes 1D, 2B, 5D (LG:
5D.3) and 7B and five major QHt QTL were found on chromosomes 1D, 2B, 4B (LG: 4B.2), 4D
and 7B (Tables 4.4 and 4.5). Except for QAnth.umb-5D, all major 813C QAnth QTL co-localized
with, or were on the same linkage groups as, 813C QHt QTL (Table 4.5). Without improving FHB
resistance, the 18i*45 allele shortened Anth and GAnth and decreased Ht at QAnth.umb-1D,
QHt.umb-1D and QAnth/QHt.umb-2B, while the 32c*17 allele shortened Anth and decreased Ht
at QAnth.umb-7B and QHt.umb-7B (Table 4.5). Since the reduction of plant height is preferred for
agronomic traits (like lodging resistance), but is often associated with increased FHB infection, it

is important to decrease height without influencing FHB resistance.

QHt.umb-4D (physical position: 26.05~380.19 Mbp (million base pairs)) in the 813C population
was identified across two individual site years, where the 32c*17 allele contributed to increased
Ht (Tables 4.4 and 4.5). No QTL for FHB were identified in this region in the 813C population,
however, major QTL QFhb/QFdk/QDon.umb-4D (physical position: 50.67~485.73 Mbp) were
detected in this region in the 3CPR population, where the 32c*17 allele mostly contributed Type
| and DON resistance. Many previous studies found a strong association between increased height
and FHB resistance at a common dwarf Rht-D1 locus in chromosome 4D, where the Rht-D1a allele
increased height and reduced FHB incidence (Srinivasachary et al. 2008a, 2009; Voss et al. 2008;
Loffler et al. 2009; Buerstmayr et al. 2009; Buerstmayr and Buerstmayr 2016; He et al. 2016).
Two kompetitive allele-specific PCR (KASP) markers for the Rht-D1 locus were tested in the two

parental lines (Appendix 4.1); the result showed monomorphism in both 8I3C and 3CPR
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populations. Based on the wheat reference genome (IWGSC RefSeq v2.1), the estimated physical
location of the Rht-D1 locus was 19.19 Mbp, which is estimated to be 6.86~361 Mbp away from
813C QHt.umb-4D and 31.48~466.54 Mbp away from 3CPR QFhb/QFdk/QDon.umb-4D. Further
genomic and genetic research will help to study the relationship among 813C QHt, 3CPR QFhb

and the Rht-D1 locus.

The most consistent QTL for Anth QAnth.umb-2B (physical position: 61.92~65.19 Mbp) was
identified across all six site years, the combined environment, and one greenhouse environment,
and shared the same region with one of the most consistent QTL for Ht QHt.umb-2B (physical
position: 61.92~105.51 Mbp) (Tables 4.4 and 4.5). A whole genome association mapping study
for plant height in a European winter wheat cultivar collection reported that one SSR marker
(Wmc154; physical position: 41.23 Mbp) was strongly associated with height on chromosome 2B,
which is 20.69 Mbp away from the current 813C QHt.umb-2B (Zanke et al. 2014). A Ht QTL,
QPLH-2B, was found to locate at 154.20 Mbp in a genome-wide association study in US winter
wheats, which is at least 50 Mbp away from the current 813C QAnth/QHt.umb-2B (Daba et al.
2020). A dwarf gene Rht4 (Wmc317; physical position: 794.37 Mbp) was reported at the long arm
of chromosome 2B, but this gene was far away from QHt.umb-2B according to physical positions
(Ellis et al. 2005; Zanke et al. 2014). A photoperiod gene Ppd2/Ppd-Bla on chromosome 2B had
been previous reported to shorten heading and flowering date and reduce height, tiller number,
spikelet number (Worland et al. 1998a; Diaz et al. 2012). Based on data published by Diaz et al.
(2012), the Ppd-B1 locus (the estimated physical position: 63.36~63.47 Mbp) appears to be in the

same region as the current 813C QAnth/QHt.umb-2B. Although several QLT for FHB resistance
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were previously reported on chromosome 2B, some of which were associated with QTL for Anth
and/or Ht, no segregation of FHB traits was found on chromosome 2B in the 813C population

(Gervais et al. 2003; Holzapfel et al. 2008; Liu et al. 2009; Buerstmayr et al. 2009, 2011; Xue et
al. 2010b; Wang et al. 2017a; Zhao et al. 2018a; Aviles et al. 2020; Zhang et al. 2020; Yang et al.

2021).

QAnth.umb-1D (physical position: 52.81 Mbp) co-localized with QHt.umb-1D (physical position:
19.45~19.46 Mbp) within 24.5 cM on chromosome 1D (Tables 4.4 and 4.5). Zanke et al. (2014)
reported two SNP markers (tplb0025b13 2687 and wsnp_Ex_¢1358 2602235; physical position:
2.66 and 9.02 Mbp) were associated with plant height on chromosome 1D in a whole genome wide
study for plant height in winter wheat, where the two SNP markers are 10.44~16.79 Mbp away
from the current 813C QHt.umb-1D. Interestingly, a TaGID1-D1 (gibberellin-insensitive dwarfl)
gene (physical position: 348.97 Mbp) was also identified on chromosome 1D and 296.16 Mbp
away from the 813C QHt.umb-1D (Li et al. 2013). The influence of the TaGID1-D1 gene to the
813C QHt.umb-1D remains unknown. Although other studies reported an association between
plant height and FHB resistance on chromosome 1D, no associations between these traits were
identified in the 813C population, indicating that the parents did not differ in FHB resistance alleles
on this chromosome (Ma et al. 2006b; Holzapfel et al. 2008; Liu et al. 2009; Buerstmayr et al.

2009; Arruda et al. 2016; Petersen et al. 2016; Zhu et al. 2016; Aviles et al. 2020)

QAnth.umb-7B (physical position: 1.27~6.71 Mbp) mapped within 31.5-45.4 cM of QHt.umb-7B
(physical position: 67.68~132.60 Mbp) on chromosome 7B in the 813C population (Tables 4.4

and 4.5). In the 3CPR population, QAnth/QFhb.umb-7B (physical position: 594.42~646.93 Mbp)
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was detected on chromosome 7B, but based on the physical positions, QAnth.umb-7B and
QHt.umb-7B in the 8I3C population are not considered to be the same QTL as 3CPR
QANth/QFhb.umb-7B. Zanke et al. (2014) reported two SSR markers (Gwm400 and Barc267;
physical position: 36.55 and 381.39 Mbp) and four SNP markers (Ex_c101666 634,
wsnp_Ex_¢24376_33618864, S00024215 51 and Tdurum_contig42584 1190; physical position:
26.39, 36.16, 85.70 and 755.55 Mbp, respectively) were associated with plant height. The plant
height marker at the 85.70 Mbp position was within the region of QHt.umb-7B in the 813C
population. Similar to the 813C population, Mao et al. (2010) found a 7B QTL for Ht (Xcdo595
and Xfbb343; unknown physical positions) that did not associate with QTL for FHB resistance.
Similarly, He et al. (He et al. 2016) also identified a 7B QTL (unknown physical positions) for Ht

without FHB resistance in a bi-parental QTL study.

In addition to the four major QTL QAnth, a minor QTL QAnth.umb-1B in the 813C population was
found in the 2019 greenhouse test, while one QTL QAnth.umb-1B was reported in a greenhouse
environment in the 3CPR population (Tables 4.4 and 4.5). However, these two QTL are not
considered to be the same QTL due to the 32c*17 allele decreasing GAnth2 at the 8I3C
QAnth.umb-1B and increasing GAnth at 3CPR QAnth.umb-1B. Interestingly, none of the QAnth
in the 813C population associated with FHB resistance, while all QAnth in the 3CPR population
associated with FHB resistance (Table 4.5). The three Ht QTL (QHt.umb-1D, QAnth/QHt.umb-
2B and QHt.umb-7B) in the 813C that are not directly associated with FHB resistance, indicate that
it should be possible to achieve optimal semi-dwarf height without negative impacts on FHB

resistance.
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4.5.2 QTL for FHB resistance

Several QFhb related to visual FHB parameters (Inc, Sev and VRI) and QFdk and QDon associated
with post-harvesting FHB parameters (FDK and DON content) in both field and greenhouse tests
were detected in the 813C population (Tables 4.4 and 4.5). The QTL on chromosome 4B were
consistently detected for Ht in all field and greenhouse tests and were the most consistently
detected among all QTL for Inc, FDK and DON through all site years in this study (Tables 4.4
and 4.5). Many studies have reported the co-localization of QTL for height, Type | and DON
resistance and anther extrusion with the Rht-B1 locus. The Rht-Bla allele increases height and
anther extrusion and decreases disease incidence and DON contamination, while the Rht-B1b allele
reduces height, lodging and anther extrusion, and increases yield, FHB and DON (McCartney et
al. 2007; Liu et al. 2009; Srinivasachary et al. 2009; Xue et al. 2010b; Mao et al. 2010; Yan et al.
2011; Suzuki et al. 2012; Saville et al. 2012; Buerstmayr et al. 2012b; Lu et al. 2013; Lv et al.
2014; Eckard et al. 2015; Buerstmayr and Buerstmayr 2016; He et al. 2016; Tamburic-Ilincic and
Rosa 2017; Xu et al. 2020). Similarly, QHt.umb-4B which was confirmed to contain the Rht-B1
locus in the 813C population co-localized with QFhb.umb-4B (physical position: 18.81~41.75
Mbp), QFdk/QDon.umb-4B (physical position: 29.26~41.75 Mbp) and QAR.umb-4B (physical
position: 40.76~637.03 Mbp) (Tables 4.4, 4.5 and Appendix 4.1). This differed from the 3CPR
population where no QTL for FHB resistance were detected on chromosome 4B and the population

was monomorphic for the Rht-B1 locus (Table 4.5).
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Two other QTL, QFhb.umb-6D and QFhb.umb-7A, were commonly found across individual
and/or the combined environments in the 8I3C population and shared the same regions with
QFdk/QDon.umb-6D and QFdk/QDon.umb-7A, respectively (Tables 4.4 and 4.5).
QAR/QFhb/QFdk/QDon.umb-6D (physical position: 153.17~443.67 Mbp) were commonly
reported in the 813C population, where the 32c*17 allele reduced GAR, Inc, VRI, FDK and DON

(Tables 4.2, 4.4 and 4.5).

In the 3CPR population, QFhb/QFdk/QDon.umb-6D (physical position: 69.82~443.67 Mbp) were
also identified in the same region across several individual and the combined environments,
suggesting that the 6D QTL is the same in both populations (Table 4.5). No QTL for Ht were
detected in that region in either population. Chromosome 6D has not been widely found to carry
repeatable QTL for FHB resistance (Liu et al. 2009; Loffler et al. 2009; Buerstmayr et al. 20009,
2019). All previously reported QTL on chromosome 6D were associated with disease severity in
different winter wheat germplasm (Gervais et al. 2003; Paillard et al. 2004; Holzapfel et al. 2008;
Cai and Bai 2014; Eckard et al. 2015; Cai et al. 2019). Notably, this study differed from other
studies that only measured disease severity and provided a new insight of FHB QTL on
chromosome 6D (Table 4.5). In the 813C population, the 32c*17 allele for QAR.umb-6D also
studies in that the 32c*17 allele contributed Type I and DON resistance at QFhb/QFdk/QDon.umb-
6D in both 8I13C and 3CPR populations reduced anther retention (Tables 4.4 and 4.5). Additional
field and greenhouse studies will be required to validate the role of the 32c*17 allele on anther
retention at this QTL in both 813C and 3CPR populations. Further genomic and genetic research
will help to determine whether the current 32c*17-derived alleles for QAR/QFhb/QFdk/QDon are

novel and the relationship with other previous 6D QTL for Type Il resistance. Unfortunately,
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heterogeneity was observed in this 6D region for both McClintock and Sumai3 after genotyping
multiple times (unpublished data), thus it remains unknown which parental line contributed the 6D

QTL allele to 32c*17.

In a proteomic study, one main region of chromosome 6D (physical position: 69.38~443.12 Mbp)
was found to accumulate high amounts of specific proteins which were only expressed in the
resistant cultivar, Xinong 538 (Yang et al. 2021). This location was within the current 6D QTL
found in both populations derived from crosses with 32¢*17 in this study (Table 4.5). Furthermore,
a leucine rich repeat receptor like kinase (LRR-RLK) gene TaLRRK-6D (GenBank: GU084176.1;
the estimated physical position: 313.61 Mbp), which was associated with Type Il resistance and
salicylic signaling pathway, was found in the same region as the 6D FHB QTL in this study (Thapa
et al. 2018). More work needs to be done to determine the relationship between this gene and the

current 32c*17-derived 6D QTL for Type I and DON resistance.

One major QTL QFhb.umb-7A (physical position: 131.40~518.92 Mbp) specific to Type Il
resistance was identified across four field site years, the combined environment and one
greenhouse environment in the 8I3C population (Tables 4.4 and 4.5). In the same region,
QFdk/QDon.umb-7A (physical position: 121.81~131.47 Mbp) was identified across one or two
individual environments, where the 32c*17 allele contributed Type Il and DON resistance. In the
3CPR map, the 32c*17 allele contributed Type Il resistance at one minor QTL QFhb.umb-7A
(physical position: 701.92~704.33 Mbp) and increased plant height at QHt.umb-7A (physical
position: 82.08 Mbp and 673.73~676.60 Mbp) (Table 4.5). Based on the comparison of linkage

map positions through common markers in both 813C and 3CPR maps, it is considered that 813C
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QFhb/QFdk/QDon.umb-7A (813C QTL peak linkage position in the 813C map: 94.15-100.42 cM)
might not be the same as 3CPR QFhb.umb-7A (the estimated 3CPR QTL peak linkage position in
the 813C map: 145.73-147.31 cM). The Type Il resistance gene, Fhb3 (BE585744-STS; physical
position: 237.93 Mbp), reported on chromosome 7A, was within the same region as 8I3C
QFhb/QFdk/QDon.umb-7A (Table 4.5). Another study found that the CDC Buteo allele reduced
Sev, VRI, FDK and DON at a 7A FHB QTL (IAAV6131 and wsnp_JD_c38071 27729378;
physical position: 28.23~233.83 Mbp) in a QTL mapping study for the cross 22A*13/CDC Buteo,
which overlapped with the 813C 7A QTL based on physical positions (Mwaniki 2017). A7A QTL
for Inc, Sev and VRI (physical position: 102.00~113.00 Mbp) was identified in a durum wheat
study, which is 8.81 Mbp away from the 813C QTL (Ruan et al. 2020). Further research is required

to evaluate the relationship between the 813C QFhb/QFdk/QDon.umb-7A and Fhb3.

In addition to the FHB QTL identified on chromosomes 4B, 6D and 7A, two major QTL
QFhb.umb-6A and QFhb.umb-6B specific to FHB visual traits were detected, where the 32c*17
allele reduced Inc at QFhb.umb-6A and GSev at QFhb.umb-6B (Tables 4.4 and 4.5). The 32c*17
allele contributed Type I resistance at QFhb.umb-6A in the 813C population and increased height
and reduced FDK and DON content at QHt/QFdk/QDon.umb-6A in the 3CPR population. Based
on linkage and physical positions, 813C QFhb.umb-6A is considered to be the same QTL as 3CPR
QHt/QFdk/QDon.umb-6A (Table 4.5). Based on parental and grandparental allele types, FHB
resistance on chromosome 6A QTL was derived from 32c*17, which was inherited from Sumai3
(unpublished data). In chromosome 6A, a dwarfing gene Rht24 (Barc103 and Wmc256; physical
position: 179.05~551.93 Mbp) which is commonly used in Europe was physically linked with a

SNP marker Excalibur_rep_c69275 346 (physical position: 501.31 Mbp), and is within the region
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of the chromosome 6A QTL for FHB resistance and height in the 813C and 3CPR populations
(Tian et al. 2017; Wirschum et al. 2017; Herter et al. 2018) (Table 4.5). Many other 6A QTL for
FHB resistance were inconsistently associated with QTL for Ht within the same region (Anderson
et al. 2001; Paillard et al. 2004; Schmolke et al. 2005; Ma et al. 2006b; Haberle et al. 2007
Srinivasachary et al. 2008a; Holzapfel et al. 2008; Liu et al. 2012; Eckard et al. 2015; Petersen et

al. 2016, 2017; Malihipour et al. 2017; Zhao et al. 2018b).

In Appendix 4.1, Qfhs.ifa-5AS (a common Sumai3 QTL for Type | resistance) and Fhb2 (a
common Type Il resistance gene) were polymorphic between the parental lines. No QTL were
detected on chromosome 5A in the 813C map indicating that this region of Qfhs.ifa-5AS does not
play an important role in FHB resistance in the 8I13C population (Table 4.4). Type Il resistance at
QFhb.umb-6B was detected in the greenhouse environment for the 813C population, while the
32c*17 allele in the 3CPR population reduced Sev, VRI and FDK at QFhb/QFdk.umb-6B (Table
4.5). Based on physical positions, 813C QFhb.umb-6B is considered to be the same QTL as 3CPR
QFhb/QFdk.umb-6B (Table 4.5). In a previous fine mapping study on a common Type Il
resistance gene Fhb2, markers Wmc398 and Gwm133 and markers Wmc397 and Gwm644 flanked
the Fhb2 locus (Cuthbert et al. 2007). The four markers tested in both 813C and 3CRP populations,
revealed that three of the flanking markers of Fhb2 locus (except Gwm133) mapped on
chromosome 6B. The estimated position of the Fhb2 locus was 65.57-75.68 cM in the 813C map
and 56.9-65.71 cM in the 3CPR map, which was located within the 1-LOD interval of 813C
QFhb.umb-6B (linkage map position: 38-87 cM) and close to the 1-LOD interval of 3CPR
QFhb/QFdk.umb-6B (linkage map position: 41-51 cM) (Tables 4.4 and 4.5). The parent 32c*17

does not carry the Sumai 3 Fhb2 resistance allele based on the previous haplotype study
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(unpublished data), but it contributed FHB resistance at QFhb/QFdk.umb-6B. The relationship
between Fhb2 and QFhb/QFdk.umb-6B remains uncertain. Regardless, the chromosome 6B QTL
for Type Il resistance was inconsistently detected in both 813C and 3CPR populations, suggesting
that this region was not important for FHB resistance. Moreover, a minor QTL QFhb.umb-1A in
the 813C population was considered to be the same as the 3CPR QFhb.umb-1A.2 (Tables 4.4 and
4.5). A minor QTL QFdk.umb-1B in the 813C population was also considered to be the same as

the 3CPR QFhb.umb-1B.2 (Tables 4.4 and 4.5).
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Table 4.5 Comparison of QTL detected in the two populations 813C (181*45/32¢*17) and 3CPR (32c*17/Peregrine) and the effect of

the 32c*17 allele for specific traits associated with the QTL.

813C population

3CPR population

QTL name! Physical pos (Mbp?) 32c*17 allele® QTL name Physical pos (Mbp) 32¢*17 allele
QFhb.umb-1A.1 23.27~23.65 | GSev
QFhb.umb-1A 505.76~510.53 | Sev QFhb.umb-1A.2 499.68~524.21 | Sev
QAnth.umb-1B 1.20~690.58* | GAnth2
QAnth.umb-1B 679.34~681.73 1 GAnth
QFhb.umb-1B.1 698.17 1 Inc
QFdk.umb-1B 682.40 | FDK QFhb.umb-1B.2 695.78~700.53 | GSev
QHt.umb-1D 19.45~19.46 T Ht
QAnth.umb-1D 52.81 1 Anth
QAnNth.umb-2A 47.07~83.04 1 Anth, GAnth
QFhb.umb-2A 696.84~718.11 1 Inc, VRI
QAnNth/QHt.umb-2B  61.92~105.51 1 Anth, GAnth, Ht
QFhb.umb-2D 78.41~397.06 | Inc
QFhb.umb-3A 180.36~639.50 1 Sev, GSev
QDon.umb-3A 697.31 | DON
QANth/QHt/QFhb/ | Anth, Ht; 1 Inc,
QFdk.umb-4A 610.95~640.83 VRI, FDK
QAR.umb-4B 40.76~637.03 | GAR
QHt/QFhb/QFdk/ N 1 Ht, GHt; | Inc, Sev,
QDon.umb-4B 18.81~41.75 VRI, FDK, DON
QHt.umb-4D 26.05~380.19 1 Ht
QFhb/QFdk/
QDon.umb-4D 50.67~485.73 | Inc, FDK, DON
QAnth.umb-5A 707.23~709.77 | GAnth
QFhb.umb-5D 76.06~370.14 1 Inc, Sev, VRI
QAnth.umb-5D 567.23 1 Anth
QFhb.umb-6A 51.46 | Inc, VRI 833?5%6 A 63.85~573.15 1 Ht; | FDK, DON
QFhb.umb-6B 30.11~659.31 | GSev QFhb/QFhb.umb-6B 51.32~52.95 | Sev, VRI, FDK
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QAR/QFhb/QFdk/ N | GAR, Inc, VRI, QFhb/QFdk/ _ | Inc, Sev, VRI, FDK,
QDon.umb-6D 153.17~443.67 FDK, DON QDon.umb-6D 69.82~443.67 DON

QFhb/QFdk/ N | Sev, GSev, VRI,
QDon.umb-7A 121.81~518.92 FDK, DON
QHt.umb-7A 82.08; 673.73~676.60 1 Ht
QFhb.umb-7A 701.92~704.33 | Sev
QHt.umb-7B 1.27~6.71 | Ht
QAnth.umb-7B 67.68~132.60 | Anth
QANth/QFhb.umb-7B 594.42~646.93 | Anth, Inc

The specific agronomic traits associated with QTL QAnth, QHt and QAR were field and greenhouse anthesis date, field and greenhouse
plant height and greenhouse anther retention, while the traits associated with QTL for FHB resistance QFhb, QFdk and QDon were
incidence (Inc), field and greenhouse severity (Sev, GSev1 and GSev2), visual rating index (VRI), Fusarium damaged kernel (FDK) and
deoxynivalenol (DON); 2Physical positions of markers below peaks of 813C and 3CPR QTL are shown in million base pairs (Mbp); 3The
presence of the 32c*17 at each QTL increase (1) or decrease (]) the agronomic and/or FHB traits measured.

*The same QTL reported in both two populations are highlighted.
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4.6 Conclusions

This study demonstrated that spring wheat 32c*17 could pass on strong Type | and DON resistance
to the Canadian winter wheat line without relying on strong Type Il resistance genes (i.e. Fhbl
and Fhb2). The line 32¢c*17 would be a valuable parent for future breeding since this line showed
strong FHB and DON resistance in both field and greenhouse tests. Some DHs from the 813C
population surpassed the resistance of parental lines due to transgressive segregation, which may
be useful for future breeding. Previously, discovered QTL for Type Il resistance have been
reported five times more frequently than either QTL for Type I or DON resistance (Liu et al.
2009), thus the two main QTL (QHt/QFhb/QFdk/QDon.umb-4B and
QAR/QFhb/QFdk/QDon.umb-6D) associated with good Type | and DON resistance and one main
QTL QFhb/QFdk/QDon.umb-7A associated with good Type Il and DON resistance might be
valuable to wheat breeders to utilize, especially the QTL on chromosomes 6D and 7A that were
not associated with Ht. The allele type Rht-Bla is known to increase FHB resistance and reduce
anther retention, but also increases Ht and the risk of lodging, which might not be the ideal for
breeding agronomic traits in wheat. The 32c*17 allele at the 813C QHt.umb-4D and 3CPR
QFhb/QFdk/QDon.umb-4D could reduce height without influencing FHB resistance or be a good

alternative FHB resistance source without worrying association with Ht.

Most previously identified QTL on chromosome 6D were associated with disease severity, while
the current 32c*17-derived QFhb/QFdk/QDon.umb-6D mainly reduced Inc, FDK and DON in
both 813C and 3CPR populations, providing a new insight of FHB QTL on chromosome 6D. The

current 6D QTL can be consistently detected after crossing 32c*17 with different genotypic

141



backgrounds in that region. As reported in Chapter 3 marker validation, the majority of the markers
within a 10 cM interval flanking the peaks of 3CPR QFhb/QFdk/QDon.umb-6D consistently and
accurately predicted resistance to all three FHB traits (Inc, Sev and VVRI) in the PR3C lines across
two site years. Based on the two QTL mapping populations (813C and 3CPR) and the marker
validation in the PR3C population, FHB resistance from chromosome 6D in 32c*17 shows
promise for future FHB resistance breeding in wheat. The origin of resistance controlled by the
chromosome 6D QTL could be derived from either Sumai3 or McClintock. The 813C 7A QTL for
Type 1l resistance was frequently identified in both field and greenhouse, which previously was
not detected in the 3CPR population. This 7A QTL had been previously reported by other
researchers. QHt/QFdk/QDon.umb-6A identified in both populations could be one of the
previously published QTL. With the rising concern of food safety over mycotoxins in export
markets, mechanisms associated with DON resistance contributed by 32c*17 in
QFhb/QFdk/QDon.umb-4D and QFhb/QFdk/QDon.umb-6D could be further studied and
characterized. Future studies related to additive effects of pyramiding the chromosome 4D and 6D
QTL with other common FHB resistance QTL/genes would be useful for wheat breeders. The ideal
breeding goal is to maintain optimal height and improve FHB resistance. The relationship between
the three major Ht QTL (QHt.umb-1D, QAnth/QHt.umb-2B and QHt.umb-7B) that are not directly
associated with FHB resistance could be used to optimize semi-dwarf height without negative

impacts on FHB resistance.
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CHAPTER 5

GENE EXPRESSION ANALYSIS OF PUTATIVE GENES RELATED TO THE HOST-

PATHOGEN INTERACTION

5.1 Abstract

The dwarfing allele Rht-B1b benefits wheat growers by reducing plant height and lodging and
increasing grain yield. On the other hand, multiple studies suggested that the wildtype allele Rht-
Bla increases FHB resistance, anther extrusion and plant height. Previous research implied that
the semi-dwarf allele Rht-B1lb increased disease incidence and reduced disease spread and
deoxynivalenol (DON). The objectives of this study were to evaluate disease severity and relative
gene expression of pathogen and plant defense genes in two near isogenic lines (NILs) carrying
either the Rht-Bla or Rht-B1lb allele under different inoculation treatments, spray Fusarium
graminearum (Fg) (sF), point inoculated Fg (iF) and point injected DON (iD) and Mock (water)
at four time points (1.5, 3, 7 and 14 days after inoculation (dai)). Three checks (Caledonia, Sumai
3 and 32c*17) with different genetic backgrounds and known FHB reactions were also tested in
the iF and sF treatments. The Rht-B1b NIL had significantly less disease severity than the Rht-Bla
NIL only in the iF treatment. The resistant check Sumai 3 had the highest disease severity among
the checks at 3 dai and the lowest at 14 dai, while the susceptible check Caledonia had the reverse
pattern as Sumai 3. For the pathogen genes (Trichothecene (TRI5, TRI6, TRI12 and TRI101)
examined, inoculated spikelets in the iF treatment and infected spikes in the late time point of the

sF treatment often had lower TRI gene expression in genotypes with high disease severity. In
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contrast, spikelets that were not directly inoculated in the iF treatment and infected spikes in the
early time point in the sF treatment often had lower TRI gene expression in genotypes with less
disease severity. For host genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2) examined,
the timing of gene expression may play an important role in FHB resistance. The Rht-Bla NIL and
Caledonia had generally higher expression levels of ABCC6, AOS and PR4 in the late time point
(14 dai) in all three inoculation treatments, implying that late expression of these genes might be
insufficient to reduce disease severity. Higher expression of the three genes (ABCC6, AOS and
PRA4) at earlier time points (3 dai) and a lower expression level of NFXL1 at the late time point
may be associated with FHB resistance. There were no disease symptoms in the resistant genotype
32c*17 at 3 dai in the sF treatment and no increase of severity in Sumai 3 from 7 dai to 14 dai in
both the iF and sF treatments. The FHB resistance in 32c*17 and Sumai 3 could not be fully
explained with the limited genes tested in this study. Future studies with more genes and other

disease resistant pathways are required to reveal their role in FHB resistance.
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5.2 Introduction

Fusarium head blight (FHB) is one of most common fungal diseases of wheat (Triticum aestivum
L.) worldwide and can be caused by multiple Fusarium spp., resulting in yield and end-use quality
losses (McMullen et al. 1997)(McMullen et al. 1997). In North America, Fusarium graminearum
sensu stricto Schwabe (teleomorph: Gibberella zeae (Schwein.) Petch) (Fg) is the predominant
causal species of FHB in wheat. The mycotoxin deoxynivalenol (DON) released by Fg is toxic to
human and animal cells and poses a threat to food and feed safety (Proctor et al. 1995; Bai et al.
2002; Jansen et al. 2005; Sobrova et al. 2010; Buhrow et al. 2016; Mayer et al. 2017). Resistance
to FHB is complex and involves multiple genes with relatively small effects. In one of the naming
systems, five types of active FHB resistance in wheat were categorized (Mesterhazy 1995); Type
| resistance reduces numbers of infected spikes, while Type Il resistance decreases numbers of
infected spikelets within infected spikes. Type Il resistance reduces Fusarium damaged kernels
(FDK). Type IV resistance is a general overall tolerance to FHB infection. Type V resistance

results in low DON content in infected grains.

Taller plant height has been associated with better FHB resistance (Mesterhazy 1995; Buerstmayr
et al. 2009; Yan et al. 2011; Saville et al. 2012). Several studies have shown that some height QTL
co-localize with QTL for FHB resistance and anther extrusion. In particular, QTL for FHB
resistance, anther retention and plant height overlapped such that they all contained the gibberellic
acid (GA)-insensitive dwarfing Rht-B1 gene (Lu et al. 2013; Buerstmayr and Buerstmayr 2016;
He et al. 2016; Xu et al. 2020). Based on the additive effect, the wildtype Rht-Bla allele was

associated with increases in height, anther extrusion and FHB resistance. Conversely, the dwarfing
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Rht-B1b allele was associated with decreases in height and increases in both anther retention and

FHB occurrence.

The dwarfing Rht-B1b allele also played an important role in the “Green revolution” due to
reductions in plant height, that allowed wheat growers to increase fertilizer use to achieve high
yields without the risk of lodging (Hedden 2003). The introduction of the dwarf allele Rht-B1b
increased grain yield and lodging resistance, but was associated with FHB susceptibility. Thus, the
use of the wildtype Rht-Bla allele for improving FHB resistance has been discouraged due to the
associated height increase leading to lodging and yield reduction (Verma et al. 2005; Voss et al.

2008; Guedira et al. 2010; Lanning et al. 2012; Chen et al. 2016).

One study found that the Rht-B1b allele was present in 28% and 77% of estimated soft and hard
winter wheat varieties, respectively, grown in the United States (Guedira et al. 2010). In addition
to reducing plant height, many other agronomic traits can be affected by the Rht-B1lb allele
(Lanning et al. 2012). A comparison of semi-dwarf near isogenic lines (NILs) with their wild-type
lines in four different genetic backgrounds, demonstrated that the NILs with the Rht-B1b allele
had higher grain yield, more tillers, higher seed numbers per spike, bigger harvest index and thicker
stems than their wild-types. Lines with the wild-type Rht-Bla allele had higher kernel weight,
higher test weight, higher grain protein and earlier heading date than the semi-dwarf NILs

(Lanning et al. 2012).
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The height variation between the wildtype Rht-Bla and the semi-dwarf type Rht-B1b alleles is a
direct result of whether DELLA protein (which is named based on its N-terminal conserved amino
acid sequence (Asp-Glu-Leu-Leu-Ala; D-E-L-L-A)) is degraded in the GA pathway or not (Nelson
and Steber 2016). Plants carrying the wildtype Rht-Bla allele are able to encode an intact DELLA
protein. The bioactive GAs bind to the GA-insensitive dwarfl (GID) receptor forming a complex
which interacts with DELLA to release the repression of the transcriptional factors (TFs); the free
TFs enable the expression of genes related to height, ultimately resulting in tall wheat plants.
Compared with the Rht-Bla allele, the Rht-B1b allele encodes a truncated DELLA protein that is
unable to interact with the GA-GID complex; consequently, plant height fails to increase leading

to a semi-dwarf phenotype (Nelson and Steber 2016; Thomas 2017).

Unlike the traditional understanding of the association of FHB susceptibility and the Rht-B1b allele,
Saville et al. (2012) reported that a Maris Huntsman NIL carrying the Rht-B1b allele had less FHB
symptoms than its NIL carrying the Rht-Bla allele in both indoor point inoculation and direct
mycotoxin DON injection tests. Meanwhile, the study also found that the Rht-Bla NIL had less
bleached spikelets than the Rht-B1b NIL in a field spray experiment. The authors hypothesized

that the Rht-B1b allele reduced Type I resistance and increased Type Il and DON resistance.

In the life cycle of Fusarium, mycotoxins play an important role during colonization. Mycotoxins
in Fusarium belong to a class of compounds called trichothecenes, where DON is Type B
trichothecene (Foroud et al. 2019). The DON biosynthesis pathway has been thoroughly reviewed
(a graphical summary is presented in Figure 2.2) and a summary of all known Trichothecene (TRI)

biosynthesis genes is presented in Table 2.1 (Foroud and Eudes 2009; McCormick et al. 2011;
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Foroud et al. 2019). The biosynthesis pathway begins with the conversion of farnesyl
pyrophosphate to trichodiene, where TRI5 plays an important role in this initial stage of the
biosynthesis pathway (Cane et al. 1985; Hohn and Beremand 1989; McCormick et al. 2011). It
was found that approximately 200 TRI6 binding sites existed in F. graminearum genome. In F.
graminearum, promotor regions of eleven TRI genes (TRI1, TRI3, TRI4, TRI5, TRI6, TRI8, TRI9,
TRI11, TRI12, TRI14 and TRI101) had the TRI6 binding sites (Seong et al. 2009). TRI6 positively
regulated many TRI genes (Seong et al. 2009; Nasmith et al. 2011). This gene not only controlled
toxin synthesis as a pathway-specific transcription factor, but was also involved with the
isoprenoid biosynthetic pathway, ABC-transporters, cellular metabolisms (such as carbon, lipid
and nitrogen metabolism), growth regulation and glucose signal transduction as a global

transcription regulator (Seong et al. 2009; Nasmith et al. 2011).

The TRI12 was one of the important TRI genes located on chromosome 2 and encoded the major
facilitator superfamily protein mainly responsible to toxin efflux and self-protection (Alexander et
al. 1999; Menke et al. 2012). In the middle of the biosynthesis pathway, TRI101 converted
isotrichodermol to isotrichodermin by adding an acetyl group at the C-3 position (McCormick et
al. 1999). Disruption of this gene in F. sporotrichioides (Fs) resulted in the accumulation of
isotrichodermol and the absence of T-2 toxin (Type A trichothecene) (McCormick et al. 1999).
Two real time polymerase chain reaction (qQRT-PCR) studies related to TRI101 in infected wheat
spikes showed 3ADON producing isolates generally had higher TRI1101 transcripts than 15ADON
producing isolates through the most of the time-course (Lee et al. 2014; Amarasinghe and
Fernando 2016). It is hypothesized that TRI101 acetylates at the C-3 position to protect fungus

itself from the toxicity of trichothecene during the trichothecene biosynthesis progress (Kimura et
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al. 1998). Later, it was confirmed that TRI101 actually improves tolerance to the toxin, but did not
act in as a critical role on for self-protection as TRI112 (McCormick et al. 1999). Furthermore, it
was demonstrated that transgenic wheat cultivar, Bobwhite, with FSTRI101 had less disease

severity and less DON accumulation than the wildtype (Okubara et al. 2002; Alexander 2008).

The regulatory function of jasmonic acid (JA) on FHB resistance has been previously studied in
wheat (Xiao et al. 2013; Kazan and Gardiner 2018). Details of the JA pathway and the cross talk
with other hormones were reviewed (Berens et al. 2017; Yang et al. 2019; Liu and Timko 2021).
DELLA protein is able to bind with a key JA-repressor JASMONATE ZIM (zinc-finger
inflorescence meristem)-DOMAIN (JAZ) protein, resulting in enhancing the JA signaling pathway.
Qi et al. (2016) showed JA-related genes (allene oxide synthase (AOS), pathogenesis-related
(PR1b), PR4 and plant defensin (PDF1.2)) were involved in FHB resistance in wheat. Thus,
Saville et al. (2012) hypothesized, and later confirmed, that the Rht-B1b allele might promote the
JA signalling pathway and inhibit the salicylic acid (SA) signalling pathway, resulting in
susceptibility to biotrophic pathogens and resistance to necrotrophic pathogens. Furthermore,
ABCC6 (ATP-binding cassette sub-family C member) encoding ATP-binding cassette transporter
proteins were involved with DON resistance (Chetouhi et al. 2016; Pierron et al. 2016; Gunupuru
et al. 2017; Kazan and Gardiner 2018; Foroud et al. 2019; Brauer et al. 2020). NFXL1 (nuclear
transcription factor, X-box binding like 1) gene encoding the NF-X1-type zinc finger protein was
inducted by FHB infection and DON injection, which was associated with FHB susceptibility (Pan

et al. 2018; Brauer et al. 2020; Haldar et al. 2021).
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In order to further understand how the truncated DELLA protein encoded by the Rht-B1b allele
plays a role in the JA pathway with the Fg-wheat pathosystem, a gene-expression study on various
genotypes (two NILs and three wheat checks) was conducted. The objectives of the project were:
1) to estimate the disease responses in different genotypes under different indoor inoculation
methods and 2) to study expression of important DON biosynthesis TRI genes (TRI5, TRI6, TRI12
and TRI101) using different inoculation methods and 3) determine expression levels of selected

genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2) by time series.

5.2 Materials and Methods

5.2.1 Plant material

The winter cultivar, Maris Huntsman, carrying the wildtype allele Rht-Bla (tall plant) and its two
NILs carrying either the Rht-B1b allele (semi-dwarf) or the Rht-Blc allele (super dwarf) were
generously provided by Dr. Paul Nicholson, John Innes Centre, UK. These had been used in the
previously mentioned study conducted by Saville et al. (2012). Five FHB checks 181*45, 32c*17
(32c), Emerson, Caledonia (Cal) and Sumai 3 (Su3) were included in this study as well. With the
exception of Sumai 3, all wheat checks were winter wheat. Due to high powdery mildew infection
caused by Blumeria graminis on the NIL Rht-B1c and Emerson, and inadequate vernalization of
181*45, these lines were later excluded from the study. Sumai 3 is a Chinese spring wheat cultivar
that has been used as the most important genetic source of FHB resistance (Buerstmayr et al. 2009).
Caledonia is a highly FHB susceptible soft white winter wheat developed and released by Cornell

Agricultural Experiment Station in 1998 (Sorrells et al. 2004). 32¢*17 is an elite breeding line
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developed by the University of Manitoba, Canada breeding program that has Sumai 3 in its lineage
and strong FHB and DON resistance under severe disease pressure in Canada, but does not carry
the common Sumai3 alleles for FHB and DON resistance. Liquid sulphur was applied weekly to
control powdery mildew. Previous work (unpublished data) has shown that liquid sulphur did not
interfere with FHB reaction. Only plant materials with minimal powdery mildew were retained for

further study.

5.2.2 Fusarium inoculum and deoxynivalenol solution

Two Fg isolates obtained from Dr. Jeannie Gilbert at the Cereal Research Centre, AAFC in
Winnipeg, Manitoba were used in this study. Both isolates were 3-acetyl deoxynivalenol (3ADON)
producers: M7-07-1 and M9-07-1. All macroconidia suspensions were prepared based on a
modified protocol originally developed by Dr. Jeannie Gilbert as mentioned in McCallum et al.
(2004). For each isolate, a single conidium was first isolated from a previous sporodochia colony
and then grown on a potato dextrose agar (PDA) plate. After mycelia colonized the whole plate
(four to seven days), a portion of mycelia and the PDA agar were selected and transferred to a
sterile Spezieller Nahrstoffarmer agar (SNA) media plate (20 milliliter (ml) media/plate). After
seven days in light at room temperature, the contents of several SNA plates (eight to twelve plates)
were added to 1.5-liter liquid carboxy methyl cellulose (CMC) media. The CMC media flasks were
aerated for seven days in light at room temperature. Macroconidia were then harvested from each
flask. A haemocytometer under a 10x magnification microscope was used to determine the number

of macroconidia and develop the desired concentration in the macroconidia suspensions. To
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increase solution adhesion prior to the inoculation, 0.3 ml of Tween 20 (Unigema Americas LLC)

was added to each 100 ml solution in each treatment.

In order to obtain enough Fg RNA from infected spikes for gene expression analysis, the total
concentration of inoculum was 100,000 macroconidia per ml composed of equal proportions of
each of the two isolates. This was twice the normal concentration used in other FHB studies for
wheat (Saville et al. 2012; Amarasinghe et al. 2016). To maintain the optimal disease development
and viability of macroconidia, inoculum was freshly made from SNA plates every two weeks. Pure
DON powder was purchased from TripleBond (Guelph, Ontario). The powder was dissolved into
distilled water to obtain a final concentration of 15 microgram (ug) per microliter (ul) and stored

at 4 °C for up to six days.

5.2.3 Experiment design for four different inoculation methods

Soilless mix (Sunshine® Mix #4 Aggregate Plus) was purchased from Sun Gro® Horticulture.
With the exception of spring wheat Sumai 3, all other genotypes were first sown in root trainers
(root trainer cell size: 3.5 cm x 2.5 cm x 14 cm) and grown in a growth chamber with 16 hours of
light at 22 °C followed by 8 hours of dark at 18 °C until reaching the two to three leaf stage. Each
root trainer consists of seventy cells and one seed was planted per cell. All plants were then moved
to a cool room set with 16 hours light and 8 hours dark at 4 °C and vernalized for at least eight
weeks. After vernalization, plants were placed in a growth chamber set at 10-15 °C with 16 hours
of light and 8 hours of dark for one week of acclimation before transplanting into 2-liter pots in a

growth chamber with 16 hours light with 22 °C and 8 hours dark with 18 °C. When winter wheat
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plants were out of vernalization, Sumai 3 plants were directly seeded into 2-liter pots to

synchronize the flowering period between spring and winter wheat genotypes.

The entire experiment was conducted in the same growth chamber with 16 hours of light at 22 °C
followed by 8 hours of dark at 18 °C. Fifteen ml of a water-soluble fertilizer (Plant-Prod 20-20-20
Classic) (Master Plant-Prod Inc., Brampton) was dissolved into 4 liters of water and applied before
and after the vernalization period. One tablespoon (approximately 18 g) of controlled-release
fertilizer (ACERNt 13-12-12 Hanging Basket) (Master Plant-Prod Inc., Brampton) was added to

each 2-liter pot.

Four inoculation treatments (Trt) were used: point inoculation of Fg (iF), point inoculation of DON
(iD), spray inoculation of Fg (sF) and a Mock water control (Figure 5.1 and Table 5.1). The Mock
treatment contained five time points (0, 1.5, 3, 7 and 14 days after inoculation (dai)) and the other
treatments consisted of four time points (1.5, 3, 7 and14 dai) (Table 5.1). Five genotypes (G) were
used: Maris Huntsman Rht-Bla NIL and Rht-B1b NIL, 32c, Cal and Su3. The experimental design
was a split plot with four replicates. Each replicate contained one pot per genotype per time point
per treatment for a total of sixty-four pots in each replicate. The inoculation treatments were
considered as main plots, while G were the sub plot treatments and different time points (T) of
spike collection were subsamples (Table 5.1). Each pot was only used for one collection time
point. The first five flowering spikes in each pot were selected to inoculate with the same method.
All pots (one plant per time point per genotype) within the same treatment in each replicate were
randomized. Plants were checked every other day to obtain the optimal timing for inoculation. The

ideal stage for inoculation was when spikes were at the 30-50% anthesis stage.
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In the iF treatment, the primary and secondary florets of two alternate spikelets located at the top
third of each flowering spike were marked and injected with 10 ul Fg spore suspension per floret
with a pipette placed between the palea and lemma (Figure 5.1). In total, four florets (two per
spikelet) per spike were inoculated in the iF treatment (Table 5.1). In order to provide a high
humidity micro-environment, inoculated spikes were sprayed with distilled water and covered with
a glassine crossing bag. The glassine crossing bag was removed after two days. In the DON
treatment, a 10 ul solution of DON was applied to each floret with the same procedure as the iF
treatment (Figure 5.1). Due to the high cost of pure DON, only the Rht-Bla and Rht-B1b NILs
were included in the DON treatment (Table 5.1). In the sF treatment, all flowering spikelets in the
inoculated spikes were labelled with a permanent marker prior to spray inoculation (Table 5.1). A
spray bottle was used to apply a total of 1.5 milliliter (ml) of the same suspension to both sides of
awhole spike (Figure 5.1). A glassine crossing bag was immediately placed over the spike without
spraying additional distilled water, to maintain high humidity. The glassine bag was removed after
two days. In the Mock treatment, four spikelets were injected with distilled water using the same
procedure as the iF treatment. The four spikelets were inoculated in the Mock treatment to

guarantee enough plant tissue for RNA extraction (Figure 5.1 and Table 5.1).
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(@) Mock (b)iF (c)iD (d) sF
Figure 5.1 A schematic diagram of the Rht-B1b NIL under the following four inoculation methods.
(a) the spikelet labelled with the black mark, the spikelet above and the alternate spikelets on the
other side of the picture were the four inoculated spikelets in the Mock treatment O days after
inoculation (dai); (b, c) the spikelet labelled with black mark and the alternate spikelet were the
two inoculated spikelets in the point inoculated Fusarium treatment (iF) or the point injected DON
treatment (iD) 14 dai; (d) the spikelets labelled with black marks were the flowering spikelets in

the spray inoculated Fusarium treatment (sF) 14 dai.

Table 5.1 The detailed information for the collection time points for different genotypes in
different treatments in this experiment.

Treatment NIL! Check? Solution®  Inoculated spikelets*
sF 1.5d, 3d, 7d, 14d 3d, 7d, 14d Fg flowering spikelets
iF 1.5d, 3d, 7d, 14d 3d, 7d, 14d Fg 2
iD 1.5d, 3d, 7d, 14d / DON 2
Mock Oh, 1.5d, 3d, 7d, 14d Oh, 3d, 7d, 14d Water 4

Two near isogenic lines (NIL) of cultivar, Maris Huntsman, carrying either the allele type Rht-
Bla or Rht-B1b; *Three checks were Caledonia, 32¢*17 and Sumai 3; 3Macroconidia suspension
of Fusarium graminearum (Fg) was used in iF and sF treatments, while DON solution was applied
in iD treatment and distilled water was used in the Mock treatment. Tween 20 was added into all
treatment; “Two florets (primary and secondary) per each of two spikelets were point inoculated
in iF and iD treatments, while four spikelets were inoculated with distilled water in the Mock
treatment. The sF treatment sprayed whole spikes and with flowering spikelets recorded in each
spike prior to spray application.
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5.2.4 Measurement of phenotypic data and spike sampling

Each plant was grown and discarded after the sampling time point. Due to growth chamber space
limitations, only the two NILs had an additional time point (1.5 dai) in the iF, sF and Mock
treatment, while the three checks did not have the 1.5 dai time point (Table 5.1). Disease severity
(Sev) and plant height (Ht) for each treated spike were measured prior to spike collection. Plant
height was measured from the tip of each spike (excluding the length of awns) to the soil surface.
In the iF and iD treatments, the number of infected spikelets below the inoculation points in each
inoculated spike was counted and calculated to determine Sev (= infected spikelets / total spikelets
x 100%). Due to the potential of infection interfering with nutrient flow to the upper portion of the
spike, the total spikelets in the iF and iD treatments were the total numbers of spikelets from the
inoculated florets to the basal florets, not the whole spike. In the sF treatment, the number of
infected spikelets of the whole spike was counted for the calculation of Sev and the total spikelets
were the total numbers of spikelets of the whole spike. In the Mock treatment, the water-injected
spikes were collected with the same procedure as the iF and iD treatments. In additional, plants in
the Mock treatment were regularly monitored during the experiment to ensure no inoculum drift
from the other inoculation methods. Collected spikes were wrapped with aluminum foil,
immediately immersed in liquid nitrogen and later stored in a bag in a -80 °C freezer until RNA

extraction.
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5.2.5 RNA purification and quantitative reverse transcription PCR

To better understand the disease progress and host response, the labelled spikelets in the inoculated
five spikes from the same pot were pooled together as the inoculated spikelet part (IS part) and
ground by mortar and pestle under liquid nitrogen for the iF, iD and Mock treatments (Figure 5.1).
The four spikelets below the inoculation point in the same pot were pooled together as the below
inoculated spikelet part (BIS part). In the sF treatment, the center eight spikelets of all five spikes
from the same pot were selected. The labelled spikelets with florets at anthesis stage and unlabeled
spikelets with no florets at anthesis stage were separately ground as IS and BIS parts, respectively

Figure 5.1).

All samples were first extracted with Invitrogen™ PureLink™ Plant RNA Reagent (PPR) (Thermo
Fisher Scientific Inc., Waltham, MA, USA) using the recommended product protocol with a few
modifications. To minimize RNA degradation, 700 ml of PPR solution was used for each sample,
instead of 500 ml. There were two washing stages with 600 ml of 75% ethanol at 4 °C rather than
one washing with 1000 ml of 75% ethanol at room temperature. Extracted RNA was diluted with
Invitrogen™ The RNA Storage Solution (Thermo Fisher Scientific Inc., Waltham, MA, USA) and
stored at -80 °C. Many samples collected 7 and 14 dai in the three treatments (except Mock) had
little fresh tissue left and also contained high starch and fungal RNase, resulting in technical
difficulties to yield good quality fungal and wheat RNA by using the PPR method. Thus, the
TRIzol™ Plus RNA Purification Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) was
used with the recommended protocol and minor modification (additional two washing steps with

500 ul of Wash Buffer I1) to extract RNA from the inoculated samples that were unable to yield
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good quality RNA from the PPR method previously. All centrifuge steps were operated ina 4 °C
centrifuge to reduce enzyme degradation activities. Samples which did not yield good quality RNA

after three extraction attempts from both methods were considered as missing data.

Integrity and quantity of extracted RNA were analyzed using Thermo Scientific™ NanoDrop™
3300 Fluorospectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and 1% agarose
gel electrophoresis. Genomic DNA in RNA samples was removed with the TURBO DNA-free™
Kit using the recommended protocol (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
first strand cDNA was synthesized from 1ug mRNA using the Thermo Scientific RevertAid RT
Kit recommended protocol (Thermo Fisher Scientific Inc., Waltham, MA, USA) and oligo(dT)18

primers (Integrated DNA Technologies, Inc., Coralville, 1A, USA).

gRT-PCR was conducted with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Ltd., Hercules, CA, USA). The thermocycle program was 50 °C for 2 min, followed
by 95 °C for 2 min, 45 cycles of 95 °C for 15 second and 60 °C for 30 second. The melt curve
steps (95 °C for 1 min, 60 °C for 2 min, followed by 0.5 °C increase every 5 second from 60 °C to
95 °C) were added after the PCR cycles to check formations of primer dimers and specificity of
amplified PCR products. According to the standard protocol (Xiao et al. 2013; Henriquez et al.
2016; Zou et al. 2021), all data having quantification cycle (Cq) values more than 40 were removed.
All Fusarium and wheat primers used in this study were obtained from previously published papers
and are listed in detail in Appendix 5.1Appendix 5.1. One Fusarium housekeeping gene
(Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) and one wheat internal control

(Elongation factor-1 alpha (EF-1a)) were included. To amplify Fusarium cDNA products, each
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10 ul gRT-PCR reaction in a 96 well plate consisted of 4.2 ul of cDNA after one fifth of dilution,
5 ul of PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific Inc., Waltham, MA,
USA) and 0.4 ul of each primer with a concentration of 10 micromolar (uM) (Integrated DNA
Technologies, Inc., Coralville, 1A, USA). For wheat primers, each 10 ul gRT-PCR reaction
contained of 4.2 ul of cDNA after 100x dilution, 5 ul of the same master mix and 0.4 ul of each

primer with a concentration of 5 uM.

The best three of four biological replicates with less missing data and two technical replicates were
included in this study. The terms gene expression and expression level are used in this study to
refer to mRNA expression level. The fold changes of mMRNA expression level relative to either
wheat or Fusarium housekeeping gene were calculated using the 222¢r method (Livak and
Schmittgen 2001). In this study, up-regulation of a gene was defined when there was more than a
two-fold change of expression level (log10 transformed mRNA expression level > 0.3) and down-
regulation was defined when there was less than a 0.5-fold change (log10 transformed mRNA

expression level < -0.3).

5.2.6 Statistical Analysis

Untransformed data and data with log 10 transformation were both examined in each step of
analysis in this study. Normality of residual plots between untransformed data and transformed
data from each model for each trait were compared to decide whether to present the results from
untransformed or transformed data. Untransformed data for height and severity across all

treatments were analyzed by using the PROC GLM procedure in SAS® Studio (Enterprise Edition
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3.8) (SAS Institute Inc., Cary, NC, USA). The three main effects for Trt, G, T and the four
interactions (Trt*G, Trt*T, G*T and Trt*G*T) were fixed effects and the only random effect was
replicate nested within treatment. To estimate genotype variation in each treatment, severity data
were further divided by each treatment and analyzed with similar models, where fixed effects were

main effects for G and T and the interaction for G*T and the random effect was replicate.

For quantitative polymerase chain reaction (qQPCR) data, a similar approach as described for
disease severity and plant height was used to analyze expression level of each gene across all
treatments (Appendix 5.3). Fixed effects were the four main effects (Trt, G, T and Part) and the
eleven interactions (Trt*G, Trt*T, Trt*Part, G*T, G*Part, T*Part, Trt*G*T, Trt*G*Part,
Trt*T*Part, G*T*Part and Trt*G*T*Part) and the random effect was replicate nested within
treatment. The main effect Part consisted of the IS and BIS part. To further examine gene
expression in each treatment, transformed gPCR data was further divided by each treatment and
analyzed with similar models, where fixed effects were three main effects (G, T and Part) and the
four interaction (G*T, G*Part, T*Part and G*T*Part) and the random effect was replicate
(Appendix 5.4 and Appendix 5.5). For multiple means comparison tests, Fisher’s least significant
difference (LSD) method (P < 0.05) was used to separate significantly different means obtained

from ANOVA in each model.
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5.3 Results

5.3.1 Phenotypic data

Based on the combined analysis of variance for height, there were significant differences for the
main effects G and T, the interactions G*T, Trt*G and Trt*T*G, and replicate nested within Trt,
while the main effect Trt and interaction Trt*T were not significant (Table 5.2). Means
comparisons for G showed that height of each genotype was significantly different from other
genotypes (Su3 = 84.80 cm, 32¢c = 67.41 cm, Rht-Bla = 63.61 cm, Cal = 50.76 cm and Rht-B1b =
45.08 cm) (Appendix 5.2). Significant differences between time points were mainly due to the
inclusion of only two genotypes at 1.5 dai and all five genotypes at other time points. Interactions
involving G are mainly due to differences in magnitude between genotypes at different time points,

or treatments, with no changes in genotype rank.

Based on the combined analysis of variance for severity, there were significant differences for all
three main effects and all two-way interactions (Table 5.2). Means comparison tests for the G*T
interaction showed that infected spikelets were visible 3 dai for all genotypes and disease severity
increased over time (Figure 5.2). At the latest time point (14 dai), the iD treatment had the lowest
disease severity for the two genotypes tested and the sF treatment had highest disease severity for
all genotypes (Figure 5.2 b and c). Significant differences between genotypes in the iF treatment
were only detected 14 dai and in the sF treatment were observed at all time points except 1.5 dai

(Figure 5.2 aand c). In the iD treatment, the two genotypes tested were not significantly different
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from each other at any time point, but there were significant differences between the time points

(Figure 5.2 b).

Disease severity between the two NILs showed that the Rht-Bla NIL had significantly higher
disease severity than the Rht-B1b NIL in the iF treatment 14 dai, but it had similar severity as the
Rht-B1b NIL in the sF and iD treatments at all time points (Figure 5.2). Disease progression
differed among the three checks, where Su3 had the highest disease severity among the checks at
3 dai and the lowest at 14 dai (Figure 5.2 a and c). The susceptible check, Cal, showed the opposite
effect of Su3. Disease severity did not increase in Su3 after 7 dai under both treatments (Figure
5.2 a and c). Since individual spikes were harvested for RNA extraction after disease rating, the
apparent declines in disease severity of Sumai 3 between time points were due to variation between
pots of the same genotype. Interestingly, the moderate resistant genotype 32c*17 in the sF
treatment showed no symptoms at 3 dai, while spikes of the other genotypes at least had some
visible discoloration (Figure 5.2 ¢). For the iD treatments, maximum discolouration was reached

by 7 dai (Figure 5.2 b).

Table 5.2 Analysis of variance of plant height and disease severity under a controlled environment
on five genotypes (G) at five time points (T) under four treatments including mock (Trt).

L Height Severity

Source of Variation DE! P value? DE P value
Genotype (G) 4 <0.01 4 <0.01
Time point (T) 4 <0.01 3 <0.01
G*T 13 <0.01 9 <0.01
Treatment (Trt)® 3 0.28 2 <0.01
Trt*G 9 <0.01 5 <0.01
Trt*T 9 0.20 6 <0.01
Trt*T*G 21 <0.01 12 0.75
Replicate (Trt)* 12 <0.01 9 0.83

1DF Degrees of freedom; 2P value indicates a probability value; *No disease severity measurement
was made for the mock treatment; “Replicate nested within individual treatment
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Figure 5.2 Disease severity of infected wheat spikes of five genotypes under the following three inoculation methods: (a) point
inoculated with a macroconidal mixture of two 3ADON F. graminearum isolates (iF treatment), (b) point injected with a pure
deoxynivalenol solution (iD treatment) and (c) spray inoculated with the same mixture (sF treatment). The five genotypes (G) are Maris
Huntsman Rht-Bla NIL (1a) and Rht-B1b NIL (1b), 32c*17(32c), Caledonia (Cal) and Sumai 3 (Su3). The four time points are 1.5, 3,
7, 14 days after inoculation (dai). Letters indicate significant differences (P < 0.05) among genotypes across all time points in individual
treatments using Fisher’s LSD test.
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5.3.2 Relative expression of genes in qPCR tests

In this project, expression of Fusarium and wheat genes relative to their housekeeping genes were
measured from cDNA derived from mRNA in gPCR. Log 10 data transformation of all genes
tested provided better normality than untransformed expression data in statistical analyses, thus all
the following results and discussion on relative expression of genes in gPCR are based on the

transformed data.

5.3.2.1 Four Fusarium TRI genes involved in the deoxynivalenol biosynthesis pathway in the

iF and sF treatments

Relative expression of four genes (TRI5, TRI6, TRI12 and TR1101) involved in the deoxynivalenol
biosynthesis pathway were measured in both iF and sF treatments. Based on the combined analysis
of variance there were significant differences for the main effect T and the interactions Trt*T and
Trt*G*T for relative expression of all TRI genes (Appendix 5.3). The main effect Trt was
significant for all TRI genes except TRI5, while the G main effect was significant for all TRI genes
except TRI6 (Appendix 5.3). To better understand the interactions with treatment, the relative
expression of all TRI genes was separately analyzed across all genotypes and time points under
each treatment (Appendix 5.4). Analysis of variance indicated that the two main effects for T and
G were significant for all TRI gene expression in the iF treatment, but in the sF treatment only the
main effect T was significant for all TRI genes (Appendix 5.4). In the iF treatment, the main effect
for part and the interaction G*T was significant for all TRI genes except TRI101, while the

interaction for T*Part was significant for all TRI genes except TRI5. The interaction G*Part was
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significant for TRI5 and TRI6. One three-way interaction for G*T*Part was significant for all TRI
genes except TRI12 (Appendix 5.4). In the sF treatment, there was one significant interaction,

G*T, for all TRI genes except TRI12 (Appendix 5.4).

Means comparisons for the significant interaction G*T on all TRI genes in individual treatments
were conducted (Figure 5.3). In general, the expression levels of all four TRI genes increased and
reached a peak 3 dai and then decreased 7 dai and 14 dai (Figure 5.3). All TRI genes in all
genotypes (except TRI101 in the BIS part of the Rht-B1b NIL in the iF treatment 14 dai) were
upregulated in both treatments across all four time points (Figure 5.3). For the two NILs,
expression of all TRI genes for the Rht-Bla NIL peaked at 3 dai and then declined in both
treatments, while the Rht-B1b NIL generally had a decreasing trend for the expression of all TRI
genes except TRI6 in the iF treatment and was relatively stable for the expression of all TRI genes
except TRI16 in the sF treatment (Figure 5.3). Expression of all TRI genes for the three checks often
followed a decreasing trend for the expression of all TRI genes in both treatments, except TRI5
and TRI12 in Su3 14 dai in the iF treatment and TRI101 in 32c 3 dai in the sF treatment (Figure

5.3 4, eandh).

Comparing expression pattern differences between the two-way interaction G*T and the three-
way interaction G*T*Part, expression of TRI5 and TRI12 for both parts and of TR1101 for the BIS
of the Rht-Bla NIL peaked at 3 dai and then declined in the iF treatment (Figure 5.4 a ¢ and d),
which was the same as the trend in Figure 5.3 a, e and g. Both parts of the Rht-B1b NIL had a
decreasing trend for the expression of all four TRI gene (Figure 5.4), which was the same as the

trend in Figure 5.3 a, e and g. For the three checks, expression of TRI5 for the IS part of 32¢c and
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Cal declined from 7 dai to 14 dai, while expression of TRI5 for the IS part of Su3 and the BIS part

of all three checks were relative stable (Figure 5.4a).
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Figure 5.3 Relative expression of four TRI genes (TRI5, TRI6, TRI12 and TRI101) related to DON
biosynthesis pathway under a two-way interaction among genotype and time point in the following
individual treatments: (a, c, e, g) point inoculated Fusarium (iF) and (b, d, f, h) spray inoculated
Fusarium (sF). No significant expression difference for TRI12 in the sF treatment and TR1101 in
the iF treatment indicates as “No diff” and “ns” (f and g). The five genotypes (G) are Maris
Huntsman Rht-Bla NIL (1a) and Rht-B1b NIL (1b), 32c*17(32c), Caledonia (Cal) and Sumai 3
(Su3). The four time points are 1.5, 3, 7, 14 days after inoculation (dai). Expression of (a, b) TRI5
and (g, h) TRI101 were related to an early and middle stage of the biosynthesis pathway,
respectively. Expression of (b, ¢) TRI6 and (e, f) TRI12 were related to a global transcription
regulator mediating cellular metabolism and the entire DON biosynthesis pathway and toxin efflux
pump, respectively. Mean of relative expression with log10 transformation for each genotype at
each time point is shown, and least significant difference (LSD) values are shown. Letters indicate
significant differences (P < 0.05) among means comparisons of the G*T interaction using Fisher’s
LSD test in each treatment.
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Figure 5.4 Relative expression of all four TRI genes (TRI5, TRI6, TRI12 and TRI1101) related to
DON biosynthesis pathway under a three-way interaction among part, genotype and time point in
the point inoculated Fusarium treatments (a-d). No significant expression difference for TRI112
indicates as “No diff” and “ns” (c). The two parts (IS and BIS part) were the inoculated spikelets
and the spikelets below the inoculation points. The five genotypes (G) are Maris Huntsman Rht-
Bla NIL (1a) and Rht-B1b NIL (1b), 32c¢*17(32c), Caledonia (Cal) and Sumai 3 (Su3). The four
time points are 1.5, 3, 7, 14 days after inoculation (dai). Mean of relative expression with log10
transformation for each part of each genotype at each time point is shown, and least significant
difference (LSD) values are shown. Letters indicate significant differences (P < 0.05) among
means comparisons of the G*T*Part interaction using Fisher’s LSD test in each treatment. Lines
belonging to the IS part are shown in the left side and lines belonging to the BIS part are shown in
right side. Y axis labels in the BIS part are the same as y axis in IS part.
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5.3.2.2 Response of two wheat genes, ABCC6 and NFXL1, to the iF, sF and iD treatments

Based on the combined analysis of variance for expression of ABCC6 and NFXL1, all main effects
were significant (Appendix 5.3). The two-way interactions G*T and Trt*Part were significant for
both genes and the Trt*G interaction was significant for NFXL1, but not ABCC6. All three-way
interactions and the four-way interaction were significant. To investigate the nature of some of the
key interactions, relative expression of both genes was separately analyzed across all genotypes
and time points under each treatment (Appendix 5.5). The main effect T was significant for both
genes in all treatments, and the three-way interaction G*T*Part was not significant for both genes
in all treatments (Appendix 5.5). In the iF treatment, the two main effects G and Part and the
interactions for G*T and T*Part were significant for both genes. In the iD treatment, the main
effect for Part and the interactions for T*Part were significant for both genes. The main effect for
G was significant for ABCC6 and the interaction for G*T and the replicate effect were significant
for NFXL1. In the sF treatment, the main effect for G and the interaction for G*T were significant

for both genes.

Means comparisons for the G*T interaction within treatments were conducted (Figure 5.5). For
the two NILs, expression of ABCC6 for both NILs peaked at 3 dai or 7 dai and then declined in
both iF and sF treatments, where the line of the Rht-B1a NIL crossed over with the line of the Rht-
B1b NIL in the both treatments (Figure 5.5 al and a3). Meanwhile, expression of ABCC6 in both
NILs declined in the same pattern in the iD treatment (Figure 5.5 a2). Expression of NFXL1
increased for the Rht-Bla NIL over all the time points in both the iF and sF treatments, while
expression of this gene for the Rht-B1b NIL peaked at 3 or 7 dai and then declined in all three

treatments (Figure 5.5 b1, b2 and b3). For the three checks, Su3 and 32c had similar expression
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of ABCC6 and NFXL1 in the iF treatment (Figure 5.5 al and bl), while the three checks had
similar expression pattern for ABCC6 and NFXLL1 in the sF treatment, except Su3 3 dai (Figure

5.5 a3 and b3).

5.3.2.3 Two wheat genes (AOS and JAZ1) related to jasmonic acid hormone biosynthesis and
signaling pathway and three wheat genes (PR1b, PR4 and PDF1.2) involved in defense

responses in the iF, sF and iD treatments

Based on the combined analysis of variance, there were significant differences for the two main
effects for Trt and T and the interactions Trt*G*T, Trt*T*Part and G*T*Part for expression or all
five genes (AOS, JAZ1, PR1b, PR4 and PDF1.2), while the main effect for Part and the interaction
T*Part were not significant for all five genes (Appendix 5.3). The main effect for G and the
interactions Trt*G were significant for all genes except PDF1.2, while the interactions G*T,
Trt*Part and G*Part were significant for single genes, PDF1.2, AOS and PR1b, respectively

(Appendix 5.3).

Due to the significant Trt*G*T interaction, relative expression of the five genes was separately
analyzed across all genotypes and time points under each treatment (Appendix 5.5). In the iF
treatment, the main effect T was significant for all five genes (Appendix 5.5). The main effect for
G was significant for all genes except PR1b and the main effect Part was significant for all genes
except JAZ1. There were other significant interactions including G*Part for all genes except

PDF1.2, G*T for AOS, PR4 and PDF1.2, and T*Part for all three host defense response genes
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(PR1b, PR4 and PDF1.2). The three-way interaction G*T*Part was significant for PR4 and

PDF1.2 (Appendix 5.5).

In the iD treatment, the main effect for part was significant for all genes except JAZ1 and the other
main effect T was significant for all three host defense response genes (PR1b, PR4 and PDF1.2)
(Appendix 5.5). No significant difference was found in the main effect G for all genes. There was
a significant interaction G*T for all genes except PR1b. Other significant interactions included
G*Part for JAZ1, PR1b and PR4 and T*Part for PR4. The three-way interaction G*T*Part was
significant for JAZ1 (Appendix 5.5). In the sF treatment, the two main effects G and T were
significant for all genes except PDF1.2 and the interaction for G*T was significant for all genes
except PR1b. Other significant factors included the main effect Part for JAZ1, the three-way

interaction G*T*Part for PR1b, and replicate for AOS (Appendix 5.5).

Means comparisons for the G*T interaction within treatments for gene expression of AOS, JAZ1
PR1b, PR4 and PDF1.2 were conducted (Figure 5.5). For the two NILs, expression of AOS in the
Rht-Bla NIL often declined first at 3 dai or 7 dai and then increased in all three treatments (iF, iD
and sF), while expression of this gene in the Rht-B1b NIL maintained relative stable in the iF
treatment, increased first and then declined at 7 dai in the iD treatment, and remained stable and
then increased at 7 dai in the sF treatment (Figure 5.5 c1-3). Expression of JAZ1 in both NILs
generally increased over time in both iF and sF treatments, except the Rht-Bla NIL at 14 dai in
the sF treatment (Figure 5.5 d1 and d3). Notably, expression of JAZ1 in both NILs is similar to
expression of AOS in the iD treatment (Figure 5.5 c2 and d2). Expression of PR4 in Rht-Bla NIL

generally increased over time, except at 3 dai in iD treatment, while expression of PR4 in Rht-B1b
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NIL increased first and then declined at 3 dai or 7 dai in all the three treatments (Figure 5.5 f1-3).
For the three checks, Su3 and 32c generally had similar expression patterns for AOS, JAZ1 and
PR4 in both iF and sF treatments, which generally increased from 3 dai to 7 dai (Figure 5.5 c1,
c3, di1, d3, f1 and f3). Expression of PDF1.2 for most of five genotypes was down-regulated in

most time points in all three treatments (Figure 5.5 g1-3).

Means comparison for the significant interactions G*Part were conducted for the iF treatment for
JAZ1 and PR1b and the iD treatment for PR1b (Appendix 5.6). In the iF treatment for the two
NILs, the IS part of the Rht-B1b NIL had a higher expression level of PR1b than that of the Rht-
Bla NIL, but the BIS part of the Rht-B1b NIL had lower expression levels of JAZ1 and PR1b than
that of the Rht-Bla NIL (Appendix 5.6 a and b). For the three checks, both parts of Cal generally
had higher abundance of JAZ1 transcripts than those of Su3 and 32c (Appendix 5.6 a). In the iD
treatment for the two NILs, the IS part of the Rht-Bla NIL had a lower expression level of PR1b
than the BIS part, while there was no significant difference between the IS and BIS parts of the

Rht-B1b NIL (Appendix 5.6 c).

Means comparison for the significant interactions G*T*Part within treatments were conducted
(Figure 5.6). In the iF treatment, expression of PR4 in the Rht-Bla NIL remained relatively stable
in the IS part and increased first and then stabilized at 7 dai in the BIS part, while expression of
PR4 in the Rht-B1b NIL generally increased first and then declined in both parts (Figure 5.6 a).
Expression of PDF1.2 in the Rht-B1a NIL declined first and then increased at 7 dai in the IS part
and slowly declined over time in the BIS part, while expression of this gene in the Rht-B1b NIL

increased first and then decline at 7 dai in the BIS part (Figure 5.6 b). In the iD treatment,

173



expression of JAZ1 in the Rht-Bla NIL declined first and then increased in the IS part and
remained relative stable in BIS part, while expression of this gene in the Rht-B1b NIL increased
first and then declined at 7 dai in both parts (Figure 5.6 c). In the sF treatment, expression of PR1b
in the IS part of the Rht-B1a NIL is the similar to the BIS part of the Rht-B1b NIL, where the gene
expression increased first, declined at 3 dai and then increased again at 7 dai. Meanwhile,
expression of PR1b in the BIS part of the Rht-B1a NIL is the similar to the IS part of the Rht-B1b
NIL, where the expression increased and declined at 7 dai (Figure 5.6 d). For the three checks,
expression of PR4 in Cal in the iF treatment increased first and then declined in both parts, while
expression of this gene in 32c and Su3 declined over time in the IS part and increased first and
then declined in the BIS part (Figure 5.6 a). Expression of PDF1.2 in 32c increased first and then
declined at 7 dai in both parts (Figure 5.6 b). Due to missing data, expression patterns of PDF1.2

for the Rht-B1b NIL, Cal and Su3 remains unknown (Figure 5.6 b).
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Figure 5.5 Relative expression of seven wheat genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2) under a two-way interaction
among genotype and time point in the following individual treatments: (al-g1) point inoculated Fusarium (iF), (a2-g2) point injected
DON (iD) and (a3-g3) spray inoculated Fusarium (sF). The five genotypes (G) are Maris Huntsman Rht-Bla NIL (1a) and Rht-B1b NIL
(1b), 32c*17 (32c), Caledonia (Cal) and Sumai 3 (Su3). The four time points are 1.5, 3, 7, 14 days after inoculation (dai). Mean of
relative expression with log10 transformation for each genotype at each time point is shown, and least significant difference (LSD)
values are shown. Letters indicate significant differences (P < 0.05) among means comparisons of the G*T interaction using Fisher’s
LSD test in each treatment. Due to missing data, there was no expression of PDF1.2 in the Rht-B1a NIL at 14 dai in the iD treatment.
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Figure 5.6 Relative expression of four wheat genes (PR4, PDF1.2, JAZ1 and PR1b) under a three-
way interaction among part, genotype and time point in individual treatments: (a) PR4 and (b)
PDF1.2 in the point inoculated Fusarium treatment (iF), (c) JAZ1 in the point inoculated
deoxynivalenol treatment (iD) and (d) PR1b in spray inoculated Fusarium treatment (sF). The two
parts (IS and BIS part) are the inoculated and neighboring spikelets. The four time points are 1.5,
3, 7 and 14 days after inoculation (dai). The five genotypes (G) are Maris Huntsman Rht-Bla NIL
(1a) and Rht-B1b NIL (1b), 32c¢*17(32c), Caledonia (Cal) and Sumai 3 (Su3). Mean of relative
expression with log10 transformation for each part of each genotype at each time point is shown,
and least significant difference (LSD) values are shown. Letters indicate significant differences (P
< 0.05) among means comparisons of the G*T*Part interaction using Fisher’s LSD test in each
treatment. To improve readability, lines belonging to the IS part are shown in the left side and lines
belonging to the BIS part are shown in right side. Due to missing date, lines in certain time points
for different genotypes are shortened, especially in the IS part for PDF1.2, where Cal only had one
time point at 3 dai with a highlighted dotted square and both the Rht-B1b NIL and Su3 had shorter
lines. Y axis labels in the BIS are the same as y axis in IS part.
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5.4 Discussion

FHB caused by Fg is one of the most important diseases in wheat. There are five different types
of active resistance to reduce disease infection. Studying host-pathogen interactions under three
different treatments provided insights into the role of different defense mechanisms on host
resistance. The iF treatment injected a high concentration of spore solution inside inoculated
spikelets, which is thought to trigger Type Il resistance to disease spread in the host. The iD
treatment directly injected a high concentration of mycotoxin DON into spikelets and assessed the
defense mechanism related to Type V resistance (DON resistance). The sF treatment sprayed the
spore solution over the surface of spikelets and the opening area between palea and lemma,
triggering Type | resistance to initial disease infection. As expected, plant height was not affected
by inoculation methods (Table 5.2 and Appendix 5.2). Plant heights for each genotype matched
with the previous knowledge, especially the significant height difference between the two NILs

(Appendix 5.2).

5.4.1 Expression of TRI genes in the five genotypes in the iF treatment

Based on phenotyping between the two NILs in the iF treatment (Figure 5.2 a), the semi-dwarf
Rht-B1b NIL had less severity than the wildtype Rht-Bla NIL 14 dai, which suggested that the
semi-dwarf allele was associated with higher Type Il resistance (Saville et al. 2012). The three
checks were significantly different from each other 14 dai (Figure 5.2 a), where Cal and Su3 had
the highest and lowest severity 14 dai, respectively, and 32c was in the middle. Notably, disease

severity did not increase in Su3 after 7 dai under both treatments (Figure 5.2 a and c¢) which was
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associated with no change of expressional levels of TRI5 and TRI12 (Figure 5.3 aand e and Figure
5.4 a). The total number of the discolored spikelets for Cal, 32c and Su3 was 5.60, 4.53 and 3.00,
respectively, 14 dai. When considering the BIS part (the four spikelets below the inoculation
points), the number of remaining healthy spikelets for Cal, 32c and Su3 were 0.40, 1.47 and 3.00,

respectively, 14 dai.

Initially, the assumption of this experiment was that higher expression levels of TRI genes would
associate with the genotypes having higher disease symptoms. Based on the phenotypic and
genetic results of this study (Figures 5.2 a and 5.3 a, ¢ and e), among the three checks, Cal
generally had lower expression levels of TRI5 and TRI16 than that of 32c and Su3 7 dai and lower
expression levels of TRI5 and TRI12 than that of 32c and Su3 14 dai, which was different from the
initial assumption. However, the BIS part of Cal generally had higher expression levels of TRI6
and TRI101 than 32c and Su3 7 dai and 14 dai (Figure 5.4 b and d). This matched with the initial
assumption that the BIS part of Cal with only 0.4 remaining healthy spikelets was associated with
higher TRI gene expression than that of 32c and Su3 with 1.47 and 3.00 remaining healthy spikelets,

respectively, 14 dai.

Notably, lower expression of TRI5 and TRI6 in Cal than 32c and Su3 (Figure 5.3 a, ¢ and e) was
mainly from the IS part, where the IS part of Cal generally had lower expression levels of TRI5
and TRI6 than Su3 and 32c 7 dai and 14 dai (Figure 5.4 a and b). This implied that the IS part of
Cal had lower expression levels of TRI genes than that of 32c and Su3, which was different from
the BIS part of the three checks. One of possible explanation is that disease spread quickly in Cal

and there is less need for more DON from the pathogen at the later time points.
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For the two NILs, the Rht-Bla NIL with higher severity had lower expression levels of TRI5, TRI6
and TRI12 than the Rht-B1b NIL (Figure 5.2 a and Figure 5.3 a, ¢ and ), which was also different
from the initial assumption that higher expression levels of TRI genes would associate with the
genotypes having higher disease symptoms. Furthermore, between the two NILs, lower expression
levels of TRI5 were found in the IS part in the Rht-B1a NIL compared to Rht-B1b NIL at all three
time points except 3 dai (Figure 5.4 a). Therefore, based on the above mentioned observations in
the two NILs and three checks, it was hypothesized that due to the nature of the point inoculation
method, the pathogen Fusarium might have different TRI gene expression inside the inoculated
spikelets (as the IS part in this study) and the spikelets below the inoculation points (as the BIS

part in this study) in response to different hosts with various resistant levels.

In the iF method, the IS part initially received a high concentration of Fg solution, which makes it
relatively easy for the pathogen to colonize the inoculated spikelets. Fusarium could quickly
colonize the IS part of susceptible wheat, and the pathogen may not need to maintain the high
production of DON in the IS part. Moreover, Fg in the IS part of resistant wheat might encounter
stronger host defense than in susceptible wheat, and the pathogen may need to produce higher
DON during the colonization of infected spikelets in more resistant wheat genotypes. This might
explain the association between higher expression levels of DON biosynthesis genes and stronger

host defenses within the inoculated points.

Meanwhile, the BIS part in the point inoculation method initially has no Fusarium and later shows
discoloration symptoms due to invading mycelia from the inoculated spikelets. Fusarium in the

BIS part of susceptible wheat might encounter weaker host defense than that in resistant wheat,
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and it may be easier for the pathogen to increase TRI gene expression and produce higher DON

during the colonization of the neighboring spikelets in susceptible wheat than in resistant wheat.

Similar associations between TRI gene expression and resistance of genotypes have been reported
in another study using a point inoculation method (Amarasinghe and Fernando 2016). In a detailed
time series gPCR study with 3ADON isolates point inoculated in wheat, higher expression levels
of seven genes (including TRI5, TRI6 and TRI12), which are closely involved in the DON
biosynthesis pathway, were found in a moderately resistant cultivar, Carberry, than in a susceptible

cultivar, Roblin, 2 dai to 14 dai (Amarasinghe and Fernando 2016).

In a study for TRI5 gene expression by a point inoculation method, both resistant and susceptible
lines (Alsen and Wheaten) had lower expression close to inoculation sites and higher expression
away from inoculation sites 6 to 21 dai (Hallen-Adams et al. 2011). In a spatial study for
expression of five TRI genes in a susceptible wheat Bobwhite inoculated by point inoculation,
different expression levels of TRI genes, including TRI5 and TRI6, were observed in different
sequential rachis internodes below the inoculation points, where there was a higher abundance of
TRI transcripts in tissue without disease symptoms and further away from the inoculation points
and lower expression in tissue with symptoms and close to inoculation points (Brown et al. 2011).
Matching with the previous two studies, the BIS part in this study also generally had higher

expressional levels of TRI5, TRI6 and TRI101 than the IS part for the five genotypes (Figure 5.4).

By studying the inoculated spikelets and the spikelets below the inoculation points in a point

inoculation method, this study provided insight into how the pathogen alters its TRI gene
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expression in spatial and temporal changes. This could explain the association of TRI gene
expression and resistance of genotypes reported in previous studies (Brown et al. 2011; Hallen-

Adams et al. 2011; Amarasinghe and Fernando 2016).

5.4.2 Expression of TRI genes in the five genotypes in the sF treatment

Based on phenotyping between the two NILs in the sF treatment (Figure 5.2 c), unlike Saville et
al (2012), there were few significant differences between the two NILs for disease severity.
Additional experiments in both field and indoor tests would be required to examine whether the
current indoor spray inoculation tests would provide the same results as field spray inoculation
tests. In the three checks, Su3 had higher severity than Cal and 32c in the early time point (3 dai),
then had similar severity with the other two checks in the middle time point (7 dai) and finally
showed less severity than Cal in the late time point (14 dai) (Figure 5.2 c). Average of numbers
of spikelets in anthesis stage for each genotype (Rht-Bla, Rht-Blb, 32c, Cal and Su3) at the
inoculation time were 9.09, 8.31, 8.17, 8.14 and 12.20, respectively. Thus, higher severity in Su3
than that in Cal and 32c 3 dai could associate with the higher numbers of spikelets flowering in

Su3 than Cal and 32c at the inoculation time.

In the current spray inoculation method, the spikelets with flowering florets were referred as the
IS part and the spikelets without anthesis florets were the BIS part. Unlike the iF treatment, there
was no significant difference between the IS and BIS part in the sF treatment (Appendix 5.4).
Comparing the two NILs, expressional levels of all TRI genes in the Rht-B1a NIL generally peaked

3 dai and then declined, while expression of all TRI genes except TRI6 in the Rht-B1b NIL was
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generally relatively stable across time points (Figure 5.3 b, d, f and h). Reasons for different
expression patterns between the two NILs remain unknown. Among the three checks, 32c had
lower expression levels of TRI6 and TRI101 than Su3 and Cal (Figure 5.3 d and h), respectively,
which corresponded with phenotypic data that showed that 32c had no visible symptoms 3 dai,

while all other genotypes had at least some level of discoloration.

Deoxynivalenol production and activation of the detoxification mechanism in a time series could
be measured by high performance liquid chromatography or gas chromatography mass
spectrometry in future studies in both resistant and susceptible genotypes. This would determine
whether DON content in susceptible wheat is higher than in resistant wheat in early time points
and whether DON content and/or activation of the detoxification mechanism in resistant wheat is

still increasing in late time points.

5.4.3 Expression of seven wheat genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2)

in the five genotypes in the iF treatment

Several papers and reviews reported that two genes ABCC3 and ABCC®6, both encoding ATP-
binding cassette transporter proteins, are often induced by Fg or DON and contribute DON
tolerance (Chetouhi et al. 2016; Pierron et al. 2016; Gunupuru et al. 2017; Kazan and Gardiner
2018; Foroud et al. 2019; Brauer et al. 2020). The NFXL1 gene encoding the NF-X1-type zinc
finger protein was inducted by FHB infection and DON injection and might repress FHB resistance
(Pan et al. 2018; Brauer et al. 2020; Haldar et al. 2021). A higher expression of NFXL1 was found

in a susceptible wheat Roblin than in a resistant wheat Wuhan 8 dai with DON (Brauer et al. 2020).
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It was well known that AOS is associated with the increase of JA biosynthesis pathway in early
FHB infection (Li and Yen 2008; Xiao et al. 2013; Ravensdale et al. 2014; Qi et al. 2016; Kazan
and Gardiner 2018). JAZ1 as the key repressor in the JA signaling pathway was also involved in
FHB infection (Xiao et al. 2013; Ravensdale et al. 2014). The other three genes tested (PR1b, PR4
and PDF1.2) were commonly involved in FHB resistance in wheat (Pritsch et al. 2000; Qi et al.
2012, 2016; Xiao et al. 2013).Up-regulation of PR1b and PR4 genes and down regulation of

PDF1.2 were found four days after either FHB infection or exogenous JA injection (Qi et al. 2016).

In the iF treatment, a higher expression level of ABCC6 (related to DON resistance) in the Rht-
B1b NIL was observed in the very early time point (1.5 dai), while the lower expression of NFXL1
(associated with weaker DON resistance) was found in the same genotype in the late time point
(14 dai) (Figure 5.5 al and bl). This matched the hypothesis that the Rht-B1b NIL has stronger
Type Il resistance than the Rht-Bla NIL. According to the interaction G*Part, a higher expression
level of PR1b within the inoculated spikelets and a lower expression level of JAZ1 in the spikelets
below the inoculation points could also contribute to stronger Type Il resistance of the Rht-B1b
NIL (Appendix 5.6 a and b). On the other hand, a higher expression level of PR1b in the spikelets
below the inoculation points in the Rht-Bla NIL also might not be sufficient to restrict the disease
spreading among spikelets (Appendix 5.6 ¢). Interestingly, even though there was no difference
in overall expression of PR4 between the two NILs (Figure 5.5 f1), the results in the three-way
interaction G*T*Part revealed that the IS and BIS part of the Rht-B1b NIL had higher and lower
expression of PR4, respectively, than that of the Rht-B1la NIL 7 dai (Figure 5.6 a), implying that
different disease progress stages between the IS and BIS part could explain the different PR4

expression patterns. Furthermore, based on Figure 5.5 g1, the Rht-B1b NIL up-regulated PDF1.2
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expression 7 dai, while the Rht-Bla NIL down-regulated PDF1.2 expression. The three-way
interaction G*T*Part revealed an up-regulation of PDF1.2 expression only occurred in the BIS
part of the Rht-B1b NIL and down-regulations of PDF1.2 expression were found in both parts of
the Rht-Bla NIL, which might associate with stronger Type Il resistance of the Rht-B1b NIL

(Figure 5.6 b).

Among the three checks in the iF treatment, Cal had higher expression levels of ABCC6 in two
time points (3 dai and 7 dai) than Su3 and 32c, but also had higher expression levels of NFXL1 in
all three time points (Figure 5.5 al and b1). Moreover, Cal had higher expression levels of AOS
and PR4 than 32c and Su3 7 dai and 14 dai (Figure 5.5 c1 and f1). It may be that higher expression
of NFXL1 related to FHB susceptibility could be one of the reasons that Cal still has high severity,
despite its high expression of ABCC6, AOS and PR4. Another hypothesis was that, like the Rht-

Bla NIL, late expression of AOS and PR4 in Cal might be not sufficient to reduce its severity.

Furthermore, the BIS part of Su3 had a higher expression level of PR4 than that of 32c in the early
time point (3 dai) (Figure 5.6 a). This corresponds with phenotypic data at the same time point
where the number of discolored spikelets in Su3 was already 2.11, when the numbers of discolored
spikelets in the other four genotypes in the early time point (3 dai) were all less than 2. This
suggested that the discoloration of spikelets surpassed the initial two inoculated spikelets in Su3
and moved to the neighboring spikelets, which might lead to the increase of PR4 expression in the

BIS part triggered by host defense mechanism.
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5.4.4 Expression of seven wheat genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2)

in the two genotypes in the iD treatment

In the iD treatment, unlike Saville et al (2012), no significant difference for severity was found
between the two NILs (Figure 5.2 b). The current study used one-time inoculation per floret,
where each floret received 150 ug (=10 ul*15 ug/ul) of DON in total. This differed from the DON
inoculation protocols used by Lemmens et al. (2005) and Saville et al. (2012), where florets were
injected twice in a 24-hour interval and each floret received 240 ug (=20 ul*10 ug/ul + 20 ul*2
ug/ul) of DON in total. It may be that a higher concentration of DON solution is required to study

the DON defense mechanism in the two NILs.

Regardless of the lack of phenotypic differences in this study, differences for gene expression
between the two NILs were observed. The study from Saville et al (2012) found that the Rht-B1b
NIL had less severity than the Rht-Bla NIL after the DON injection, which might associate with
a trend that the Rht-B1b NIL had mathematically higher expression level of ABCC6 than the Rht-
Bla NIL in the current study (Figure 5.5 a2). The higher abundance of AOS and PR4 transcripts
in the early time point (3 dai) and the less abundance of NFXL1 transcripts in the late time point
(14 dai) could associate with DON resistance in the Rht-B1b NIL (Figure 5.5 c¢2, f2 and b2). Like
the iF treatment, higher expression levels of AOS and PR4 were observed in the Rht-Bla NIL in
the middle and late time points (7 dai and 14 dai) (Figure 5.5 ¢2 and f2), implying that the late

expression of the two genes might not be sufficient to reduce its severity in the iD treatment.
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5.4.5 Expression of seven wheat genes (ABCC6, NFXL1, ACS, JAZ1, PR1b, PR4 and PDF1.2)

in the five genotypes in the sF treatment

In the sF treatment, the Rht-B1b NIL had a higher expression level of PR4 in the early time point
(3 dai) and a lower expressional level of NFXL1 in the late time point (14 dai) compared to Rht-
Bla NIL (Figure 5.5 f3 and b3). This was similar to the iF and iD treatments, implying that the
expression of the two genes in different time points could associate with stronger FHB resistance
in the Rht-B1b NIL (Figure 5.5 f1, f2, b1 and b2). Unique to the sF treatment, the Rht-B1b NIL
had a higher expressional level than the Rht-Bla NIL of PDF1.2 7 dai and 14 dai and a lower
expressional level of JAZ1 7 dai (Figure 5.5 g3 and d3). Like both iF and iD treatments, the Rht-
Bla NIL had higher expression levels of ABCC6, AOS and PR4 in the late time point (14 dai) than
the Rht-B1b NIL (Figure 5.5 a3, c3 and 3), implying that the late expression of these genes might
not be sufficient to reduce disease severity in the sF treatment. Among the three checks in the sF
treatment, Su3 generally had higher expression levels of ABCC6 and PR4 3 dai and a lower
expression level of NFXL1 14 dai than 32c and Cal (Figure 5.5 a3, f3 and b3), which could
associate with its FHB resistance. In both the middle and late time points (7 dai and 14 dai), like
the iF treatment, Cal in the sF treatment had a higher expression level of PR4 than 32c 7 dai and
higher expression levels of AOS, JAZ1 and PR4 than 32c and Su3 14 dai (Figure 5.5 f3, ¢3 and

d3).

The expression patterns of ABCC6, AOS and PR4 were generally similar in Cal between the iF and
sF treatments (Figure 5.5 al, a3, c1, c3, f1 and f3), while expression of ABCC6, AOS and PR4 in

the Rht-Bla NIL had similar patterns between the iF and sF treatments (Figure 5.5 al, a3, c1, c3,
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f1 and f3), which could implied that the late expression (7 dai and 14 dai) of these genes might
not be sufficient to reduce its severity. Based on the results of the two treatments for the three
checks, it is suggested that the two resistant checks 32c and Su3 might use other defense
mechanisms than the genes tested in this study to reduce disease progress. The phenomenon of no
increase in severity in Su3 from 7 dai to 14 dai in both iF and sF treatments will require further

study (Figure 5.2 a and c).

5.5 Conclusions

Different disease responses between the semi-dwarf and wildtype NILs were found in all three
treatments. For pathogen TRI genes examined, very different expression patterns of TRI genes
were found between the inoculation treatments (iF and sF). A similar pattern was found in the 1S
part in the iF treatment and in the late time point in the sF treatment, where genotypes with high
severity often had lower TRI gene expression. Another similar pattern was observed in the BIS
part in the iF treatment and the early time point in the sF treatment, where genotypes with less
severity often had lower TRI gene expression. For host genes examined, the timing of gene
expression of some wheat genes tested might play an important role in FHB resistance.
Consistently, Rht-Bla NIL and Cal had higher expression levels of ABCC6, AOS and PR4 in the
late time point (14 dai), implying that the late expression of these three genes might not be
sufficient to reduce severity. The Rht-B1b and Su3 often had higher expression of these three genes
(ABCC6, AOS and PR4) in the early time point (3 dai) and a lower expression level of NFXL1 in
the late time point, implying that the early expression of these three genes and the late low

expression of NFXL1 might contribute/associate to FHB resistance.
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Interestingly, the Rht-B1b NIL had higher expression of different genes (PR4 and PDF1.2) than
the Rht-Bla NIL in response to the three different treatments in the middle time point (7 dai). In
the iF treatment, the Rht-B1b NIL showed increased PR4 and PDF1.2 expressions in the IS and
BIS part, respectively. In the iD treatment, it generally had higher ABCC6 expression than the Rht-
Bla NIL. Inthe sF treatment, it had higher expression level of PDF1.2 than the Rht-Bla NIL both
7 dai and 14 dai. It was hypothesized that the different inoculation methods cause different disease
progress which could affect the rate of mycotoxin challenges to the host and could explain

differences in timing of gene expression observed in this study.

Moreover, Cal as a susceptible genotype had higher expression levels of the genes involved with
FHB resistance than the resistant check 32c and Su3, meanwhile it also had higher expression
levels of the genes involved with repressing FHB resistance than the resistant check 32c and Su3,
revealing the complexity of FHB resistance in both resistant and susceptible wheat. In addition,
since 32¢ showed no symptoms 3 dai in the sF treatment and Su3 had no severity increasing after
7 dai in both iF and sF treatments, the limited genes tested in this study could not fully explain
FHB resistance in the checks. Future studies which test more genes and other disease resistant
pathways (like SA) at more time points will be recommended to reveal their FHB resistance
mechanisms. The current gPCR study measured mMRNA expressional levels of Fg and wheat genes
and demonstrated the concept that the stronger FHB resistance (mainly Type Il) derived from the
Rht-B1b allele might involve some DON resistance genes (ABCC6 and NXFL1) and JA signalling
pathway. To better represent equivalent changes in gene products in those pathways, future studies
on FHB resistance could use a multi-disciplinary approach including transcriptomics, proteomics

and metabolomics.
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CHAPTER 6

GENERAL DISCUSSION AND CONCLUSION

Fusarium head blight (FHB) is a common diseases of wheat (Triticum aestivum)), caused by fungal
pathogens Fusarium spp., resulting in high yield loss, poor grain quality, seedling blight, reduced
kernel weight, and low germination rates. In North America, Fusarium graminearum sensu stricto
Schwabe (teleomorph: Gibberella zeae (Schwein.) Petch) (Fg) is the predominant causal species
of FHB in wheat. Deoxynivalenol (DON) released by F. graminearum is an important virulence
factor for disease spread among spikelets in infected spikes and poses a threat to food and feed
safety. Integrated FHB management in Canada mainly relies on the uses of resistant cultivars and
fungicides. Mesterhazy (1995) introduced five types of active FHB resistance; Type | and 1l
resistance reduces numbers of infected spikes and decreases numbers of infected spikelets within
infected spikes. Type V resistance results in low DON content in infected grains. Resistance to
FHB is complex and involves multiple genes with relatively small effects. No single resistance is
efficient enough to completely resist FHB. The current breeding strategy is to combine different

types of resistance into a single genotype.

Numerous quantitative trait loci (QTL) for FHB resistance had been found in all 21 chromosomes
in wheat (Buerstmayr et al. 2009, 2019). The Chinese spring wheat cultivar, Sumai3, is one of the
most important FHB resistance sources and has been widely used in breeding programs worldwide.
To date, FHB resistance from Sumai3, and its derivatives, has been repeatedly found in four

chromosomes (2D, 3B, 5A and 6B), where QTL on chromosome 2D, 3B and 6B mainly reduce
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disease severity and 5A QTL decreases disease incidence (Liu et al. 2009; Loffler et al. 20009;
Buerstmayr et al. 2009). An elite winter wheat breeding line (named 32c*17) was developed by
the University of Manitoba, Canada breeding program and demonstrated strong FHB and DON
resistance under severe disease pressure in both Canada and Germany. Based on a haplotyping
study (unpublished data), this line does not carry any common Sumai3 Type | and Type Il FHB
resistance (Fhb1, Qfhs.ifa-5AS and Fhb2), which indicated that this line has inherited non-common

useful FHB resistance from Sumai3 and possesses a potential breeding value for FHB resistance.

To better understand the resistance carried by 32c*17, a doubled haploid (DH) population (3CPR)
in Chapter 3 was generated from the cross between 32c*17 and the cultivar, Peregrine, with
intermediate FHB resistance. Another DH population (PR3C) was also created from the reciprocal
cross. Six site years of field tests and one year of greenhouse testing of the 3CPR population were
conducted to collect data for anthesis date (Anth), height (Ht), FHB incidence (Inc), FHB severity
(Sev), Fusarium damaged kernels (FDK) and DON. Three main QTL were detected across a
combination of FHB traits (especially for DON content) and environments on chromosomes 4D
(LG: 4D.1), 6A (LG: 6A.3) and 6D with resistance derived from 32c*17 in the 3CPR population
(Table 3.4). QFhb/QFdk/QDon.umb-4D mostly reduced disease incidence and DON content and
was not associated with Ht, suggesting that FHB resistance was not directly imparted by the
dwarfing gene Rht-D1 in this population (Table 3.6). Unlike previously published 6D QTL that
were associated with disease severity, the current QFhb/QFdk/QDon.umb-6D strongly associated
with Type | and DON resistance, providing a new insight of FHB QTL on chromosome 6D (Tables
3.4 and 3.6). Several other QTL for FHB resistance on ten other wheat chromosomes were

inconsistently detected, suggesting strong environmental influence. Buerstmayr et al (2019)
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mentioned in a review paper that detections of inconsistent FHB QTL generally are more

commonly expected in field trials than detections of few main QTL for FHB resistance.

In Chapter 3, the efficiency of marker assisted selection (MAS) based on the detected strong FHB
QTL in the 3CPR population was also estimated in its reciprocal population PR3C. A total 1884
SNP markers, which were in a 10 cM interval flanking the peaks of all 3CPR QTL related to
multiple FHB traits (QFhb, QFdk and QDon) previously shown in Table 3.4, were used to conduct
T-tests with two site years of field data in the reciprocal PR3C population. Markers within QTL
on chromosomes 4D (LG: 4D.1), 6B and 6D consistently predicted FHB resistance in the
reciprocal cross PR3C across the two site years tested, which suggests that they might be good

candidate markers for future MAS.

Since Peregrine and 32¢*17 in Chapter 3 for the 3CPR and PR3C populations shared the common
parental line McClintock, Chapter 4 focused on FHB resistance of 32c*17 in a different genetic
background to further characterize FHB resistance in 32c*17. The DH population (named as 813C)
was generated from the cross between 32c*17 and a breeding line 18i*45 with moderate FHB
resistance. Six site years of field tests and one greenhouse tests of the 8I3C population were
conducted to collect the same FHB traits and agronomic traits as the Chapter 3. In addition, since
a floral morphological trait anther retention (AR) was associated with FHB susceptibility (Steiner
et al. 2017), a greenhouse experiment was also conducted to specifically estimate AR in the 813C
population. The most consistent QTLs for Ht, Inc, VRI, FDK and DON in the 813C population

were on chromosome 4B, where the Rht-Bla allele at QHt/QFhb/QFdk/QDon.umb-4B
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consistently increased height, reduced anther retention, and contributed Type | and DON resistance

(Table 4.4).

Another major QTL QFhb/QFdk/QDon.umb-6D was consistently detected and was mainly
associated with disease incidence and DON content, while the third major QTL QFhb.umb-7A
specific to Type Il resistance was identified across four field site years, the combined environment
and one greenhouse environment in the 8I3C population (Tables 4.4 and 4.5). Besides
QHU/QFhb/QFdk/QDon.umb-4B, QAnth/QHt.umb-2B was another major QTL for Anth and Ht
consistently reported, but did not associate with FHB resistance (Table 4.4). QHt.umb-1D and
QHt.umb-7B were two major QTL for Ht without association with FHB resistance (Table 4.4).
Since shorter plant height is preferred for agronomic traits (like lodging resistance), but is often
associated with increased FHB infection, it is important to decrease height without influencing
FHB resistance. QTL for height on chromosome 1D, 2B and 7B in the 813C population could be

used in breeding short wheat cultivars.

QTL detected in both 3CPR and 813C populations were listed in Table 4.5. The 3CPR
QFhb/QFdk/QDon.umb-6D was one of three main QTL for FHB resistance in Chapter 3, which
was also detected in the 813C population (Table 4.5). The 32¢c*17 allele reduced AR and decreased
Inc, VRI, FDK and DON at the 813C QAR/QFhb/QFdk/QDon.umb-6D (Table 4.4). No QTL for
Ht were detected in that region in either population. Both Chapter 3 and Chapter 4 discovered that
the 32c*17 allele contributed Type | and DON resistance on chromosome 6D, which differed from
other studies (Tables 3.6 and 4.5) (Gervais et al. 2003; Paillard et al. 2004; Holzapfel et al. 2008;

Cai and Bai 2014; Eckard et al. 2015; Cai et al. 2019). Moreover, based on the physical positions,
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it is considered that one main 813C QTL QFhb/QFdk/QDon.umb-7A might not be the same as
3CPR QFhb.umb-7A and QHt.umb-7A (Table 4.5). The Type Il resistance gene, Fhb3 was also
reported on chromosome 7A, which shares the same region as 8I13C QFhb/QFdk/QDon.umb-7A
(Table 4.5). The 3CPR population was monomorphic for the Rht-B1 locus and no QTL for FHB

resistance and height were detected on chromosome 4B in Chapter 3 (Table 4.5).

Furthermore, the 3CPR QFhb/QFdk/QDon.umb-4D was one of three main QTL for FHB
resistance in Chapter 3, however, no FHB QTL were identified in this region in the 813C
population except a QHt.umb-4D for height across two individual site years in Chapter 4, where
the 32c*17 allele contributed to increased Ht (Table 4.5). Many previous studies found a strong
association between increased height and FHB resistance at a common dwarf Rht-D1 locus in
chromosome 4D, where the Rht-Dla allele increased height and reduced FHB incidence
(Srinivasachary et al. 2008a, 2009; Voss et al. 2008; Loffler et al. 2009; Buerstmayr et al. 2009;
Buerstmayr and Buerstmayr 2016; He et al. 2016). Two Kompetitive Allele Specific PCR (KASP)
markers for the Rht-D1 locus were tested in the three parental lines (18i*45, 32c*17 and Peregrine)
(Appendices 3.1 and 4.1); the result showed monomorphism in both 813C and 3CPR populations.
The estimated physical location of the Rht-D1 locus was 19.19 Mbp, which is estimated to be
6.86~361 Mbp away from 8I3C QHtumb-4D and 31.48~466.54 Mbp away from 3CPR
QFhb/QFdk/QDon.umb-4D (Table 4.5). These results suggest that height and FHB resistance are
independently controlled, but that loci for these traits are linked. Further genomic and genetic
research will help to study the relationship among 813C QHt, 3CPR QFhb and the Rht-D1 locus.

Overall, there were transgressive segregation in the 3CPR and 813C populations for FHB traits and
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some 3CPR and 813C DHs surpassed the resistance of parental lines due to transgressive

segregation, which may be useful for future breeding (Figures 3.1 and 4.1 and Tables 3.2 and 4.2).

Taller plant height has been associated with better FHB resistance (Mesterhazy 1995; Buerstmayr
etal. 2009; Yan et al. 2011; Saville et al. 2012). In particular, several studies have shown that QTL
for FHB resistance, anther retention and plant height overlapped such that they all contained the
gibberellic acid (GA)-insensitive dwarfing Rht-B1 gene, including the current 8I13C
QAR/QHt/QFhb/QFdk/QDon.umb-4B in Chapter 4 (Lu et al. 2013; Buerstmayr and Buerstmayr
2016; He et al. 2016; Xu et al. 2020). Based on the additive effect, the wildtype Rht-Bla allele was
associated with increased plant height, anther extrusion and FHB resistance. Conversely, the
dwarfing Rht-B1b allele was associated with decreased plant height and increases in both anther
retention and FHB occurrence. However, Saville et al. (2012) reported that a Maris Huntsman
near-isogenic line (NIL) carrying the Rht-B1b allele had less FHB symptoms than its NIL carrying
the Rht-Bla allele in both indoor point inoculation and direct mycotoxin DON injection tests. The
authors hypothesized that the Rht-B1b allele reduced Type I resistance and increased Type Il and
DON resistance. The objectives of the gRT-PCR study in Chapter 5 were to evaluate disease
severity and relative gene expression of pathogen and plant defense genes in five genotypes under
different inoculation treatments, spray Fg (sF), point inoculated Fg (iF) and point injected DON
(iD) and Mock (water) at four time points (1.5, 3, 7 and 14 days after inoculation (dai)). The five
genotypes (G) were Maris Huntsman Rht-Bla NIL and Rht-B1b NIL, 32c¢*17 (32c), Caledonia

(Cal) and Sumai 3 (Su3) (Figure 5.2).
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For the pathogen genes (TRI5, TRI6, TRI12 and TRI1101) examined, very different expression
patterns of TRI genes were found between the inoculation treatments (iF and sF) (Figures 5.3 and
5.4). In the inoculated spikelets in the iF treatment, genotypes with high severity often had lower
TRI gene expression, while in the spikelets below the inoculation point genotypes with less severity
often had lower TRI gene expression. For host genes (ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4
and PDF1.2) examined, the timing of gene expression of some wheat genes tested might play an
important role in FHB resistance (Figure 5.5). Higher expression of the three genes (ABCC6, AOS
and PR4) at earlier time points (3 dai) and a lower expression level of NFXL1 at the late time point
may be associated with FHB resistance. Consistently, the Rht-Bla NIL and Caledonia had higher
expression levels of ABCC6, AOS and PR4 in the late time point (14 dai) in all three inoculation
treatments, implying that late expression of these genes might be insufficient to reduce disease
severity. Furthermore, the separation of the inoculated spikelets and the spikelets below the
inoculation points might provide better resolution of gene expression than the simply grinding of

the whole infected spikes.

All studies reported that 32c*17 has strong FHB and DON resistance. In the presence of the
monomorphism in Rht-B1 locus, several inconsistent QTL related to disease incidence were
detected in the Chapter 3 QTL mapping study. In the presence of polymorphism in Rht-B1 locus,
the Rht-Bla allele in 32c¢*17 co-localized with a consistent source for Type | and DON resistance,
in the Chapter 4 QTL mapping study. Furthermore, in chapter 5 an interesting phenomenon in the
sF treatment showed that no visual disease symptoms occurred in 32c*17 at 3 dai, while the other
four genotypes at least had some visible discoloration (Figure 5.2 c). This could correspond with

32c*17-derived QTL for Type I resistance detected in chapter 3 and 4. Since this phenomenon was
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not detected on the Rht-Bla NIL, it implies that strong Type | resistance contributing to this

phenomenon in 32c*17 might be a resistance source tightly linked with the Rht-Bla allele.

Sumai 3 is one of the paternal lines for 32c*17. Several QTL and Fhb genes contributing Type |1
resistance derived from Sumai 3 were mentioned in some review articles (Gilbert and Tekauz 2000;
Bai and Shaner 2004; Buerstmayr et al. 2009, 2019; Zhu et al. 2019). Notably, the chapter 5 also
detected that no increase of severity in Sumai 3 from 7 dai to 14 dai in both the iF and sF treatments
(Figure 5.2 a and c), which could be explained by strong Type Il resistance in Sumai 3. With the
limited genes tested in Chapter 5, the FHB resistance in 32c*17 and Sumai 3 could not be fully
explain, and future studies with more genes are required to reveal their role in FHB resistance. On
the other hand, a susceptible winter wheat cultivar, McClintock, is the maternal line for 32c*17,
which could still potentially contribute good FHB resistance to 32c¢*17. As an example of a FHB
resistant line derived from two susceptible parents, the resistant winter wheat cultivar, Emerson,
inherited FHB resistance from its parental lines McClintock and CDC Osprey, which both
McClintock and CDC Osprey were indicated as low FHB resistance in Alberta seed guide in 2013

and 2014 (Alberta seed guide 2013, 2014; Graf et al. 2013).

All three studies demonstrate complexity of FHB resistance in wheat and show that the elite winter
wheat breeding line 32¢*17 possesses a potential breeding value for FHB resistance. The two QTL
mapping studies show that different QTL for FHB resistance derived from 32c¢*17 could be
identified after crossing this line into different genetic backgrounds. When two parental lines
(32c*17 and Peregrine) were monomorphic for the Rht-B1 locus in the 3CPR population, three

main QTL for FHB resistance on chromosomes 4D, 6A and 6D were detected across with
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resistance derived from 32c*17 in the 3CPR population. Several other FHB QTL on chromosomes
1A, 1B, 2A, 2D, 3A, 4A, 5D, 6B, 7A and 7B were inconsistently detected in different individual
environments. In the reciprocal cross, PR3C, markers below peaks of QTL on chromosomes 4D,
6B and 6D, consistently and accurately predicted FHB resistance in the PR3C lines across both

site years.

When the two parental lines (18i*45 and 32¢*17) were polymorphic for the Rht-B1 locus in the
813C population, the 32c*17 allele at that region of the Rht-B1 locus on chromosome 4B increased
plant height, reduced anther retention, disease incidence and DON content. Notably, 32c*17-
derived 6D QTL for Type | and DON resistance were relatively consistently detected in both
populations. Eight markers in the current 3CPR 6D QTL region were mapped within 6.13 cM in
linkage group 6D, where the rest of 103 markers in the same linkage group were at least 25.8 cM
away from the eight markers. The same eight markers in the current 813C 6D QTL region were
mapped within 19.74 cM in the linkage group 6D.1, where the rest of 161 markers in the same
chromosomes were mapped in the linkage group 6D.2. In the future, more markers could be added
into chromosome 6D to fill the gap between the eight markers under 6D QTL region and the rest
of markers in chromosome 6D. In addition, validation of this 6D QTL region in the other crosses
with the common parental line 32c*17 in different genetic backgrounds are recommended before
fine mapping this 6D QTL region. Since all previously reported QTL on chromosome 6D were
associated with disease severity, further genomic and genetic research will be important to identify
whether the 32c*17-derived alleles for this 6D QTL is novel. There was heterogeneity in this 6D
region in both parents (McClintock and Sumai 3) after genotyping multiple times (unpublished

data), thus further genetic studies could help to track down which parental line contributed FHB
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resistance to 32c*17 on chromosome 6D. Also, it is important to study QTL for anther
retention/extrusion or floral structure in 32c*17 in future field and greenhouse trials. In addition,
the 813C 4D QTL for height and the 3CPR 4D QTL for Type | and DON resistance could be further
characterized to study the relationship among 8I13C QHt, 3CPR QFhb and the Rht-D1 loci.
Furthermore, the 18i*45 allele at QTL for height on chromosomes 1D, 2B and 7B in the 813C

population could be used to reduce height without altering FHB resistance.

The phenotyping data in gene expression revealed that there were no disease symptoms in 32¢c*17
at 3 dai under an indoor spray inoculation method. Expression of TRI5, TRI6 and TRI101 in 32¢c*17
3 dai in the spray treatment was generally lower than expression in Caledonia and Sumai 3,
confirming that good FHB resistance possessed in 32c*17. The limited genes tested in this study
implied that low expression of NFXL1 at 3 dai might associate with FHB resistance in 32c*17.
Future gene expression studies (like RNA-seq, microarray and gRT-PCR etc.) on other JA-
response genes and SA-response genes could help better understand FHB resistance in 32¢*17. To
better characterize good DON resistance in 32c*17, a DON injection experiment should be
conducted in 32¢*17 and measurement of DON conjugation in 32c*17 is recommended. Overall,
it is important to combine multiple disciplines including field and greenhouse trials, QTL mapping
and qRT-PCR gene expression studies to fully understand the wheat-Fg pathosystem and FHB

resistance in wheat.
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Appendix 3.1 Markers associated with common semi-dwarf genes or common FHB resistance genes/QTL screened on the parental
lines and 3CPR doubled haploid population where appropriate.

Chr! Locus Marker name Marker Type Parental lines 3PCRDHSs? Reference
2D  Rht8 Gwm261 SSR*® Monomorphic
Gwm261 Flash Gel Monomorphic
3B Fhbl Umn10 KASP* Monomorphic (Liu et al. 2008)
Fhb1/Umn10 SSR Monomorphic
4B Rht-Bl RhtB1 KASP Monomorphic
WMAS000001  KASP Monomorphic *ggﬁgmbﬂﬁifggﬁl‘;gegferea'qe”"m'CS’ Cereals
4D Rht-D1 RhtD1 KASP Monomaorphic
WMAS000002  KASP  Monomorphic o cerealsch.k netcerealgenomics/Cereals
5A Qfhs.ifa Barc186 SSR Polymorphic Tested  (Steiner et al. 2019)
Barc100 SSR Polymorphic (Xue et al. 2011)
Gwm293 SSR Polymorphic Tested  (Steiner et al. 2019)
Gwm304 SSR Polymorphic Tested  (Steiner et al. 2019)
6B  Fhb2 Gwm133 SSR Polymorphic Tested (Cuthbert et al. 2007)
Gwm644 SSR Polymorphic Tested (Cuthbert et al. 2007)
Wmc398 SSR Polymorphic Tested
Wmc397 SSR Polymorphic Tested

1Chromsome; 2Markers were screened in the 3CPR population; 3Simple sequence repeat (SSR) is one type of molecular marker used in
this study; *Kompetitive allele-specific PCR (KASP) is another type of molecular marker used
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Appendix 3.2 Analysis of variance for anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev) and visual rating index (VRI)
for the 3CPR population in each of six site years in Manitoba.

Site year: Carman 2015

Source of Anth Ht Inc Sev VRI
Variation DF! MS? DF MS DF MS DF MS DF MS
G? 106 4.38**** 106 161.85%*** 106  622.02**** 106  387.05**** 106  397.60****
Rep* 2 147 54%*** 2 2432.98**** 2 10812.00*%*** 2 1364.60**** 2 2252 35%***
Residual 212 1.61 212 29.96 211 314.58 211 78.65 211 86.72
Site year: Carman 2016
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G 106 4,08**** 106 66.55%*** 106  219.56**** 106  252.78**** 106  102.84****
Rep 2 32.90**** 2 3615.99**** 2 733.46**** 2 2581.05%*** 2 157.64****
Residual 212 1.63 212 12.73 212 46.20 212 51.78 212 9.40
Site year: Carman 2017
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G 125  12.02**** 125 76.01%*** 125  294.74%*** 125 324.72*%*** 125  101.95%***
Rep 2 14.09 2 212.72%*** 2 57.36 2 266.72 2 3.26
Residual 238 6.51 233 19.20 230 47.58 230 145.98 230 8.08
Site year: Winnipeg 2015
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G 106 449> *** 106 150.88**** 106 402.26** 106 249.38**** 106  164.42****
Rep 2 80.28**** 2 432.83**** 2 2930.99**** 2 626.03**** 2 595.13****
Residual 212 1.37 212 15.28 212 263.46 212 64.37 212 44.64
Site year: Winnipeg 2016
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G 106 4.20**** 106 85.91**** 106 174.28**** 106  160.61**** 106  42.18****
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Rep 2 7.73%** 2 27.47 2 38.98 2 80.45 2 5.58
Residual 212 1.06 212 18.91 212 27.88 212 34.25 212 2.89
Site year: Winnipeg 2017
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G 125 5.32%*** 125 113.57%*** 125  253.59**** 125  552.17**** 125  109.62****
Rep 2 15.37** 2 103.94** 2 873.94**** 2 1045.02* 2 321.30****
Residual 250 2.16 250 16.76 249 59.84 249 256.47 249 21.98

'DF Degrees of freedom; 2MS Mean squares; 3G Genotype; “Rep Replicate;
****p yalue< 0.0001; ***P value< 0.001; **P value < 0.01; *P value < 0.05
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Appendix 3.3 Mean phenotype for anthesis date (Anth), height (Ht), incidence (Inc), severity
(Sev), visual rating index (VRI), Fusarium damaged kernel (FDK), deoxynivalenol (DON),
greenhouse anthesis (GAnth) and greenhouse severity (GSev1 and GSev2) or six checks based on
least squares means in the combined field data and one year greenhouse data.
Genotype* Anth?  Ht Inc Sev VRI FDK DON GAnth® GSevl GSev2
(Julian) (cm) (%) (%) (%) (%) (ppm°®) (days) (%) (%)
FHB148 (R) 168.54 110.70 19.12 16.32 3.35 5.01 9.05 88.27 27.68 39.19
Emerson (R) 167.39 90.98 33.44 2166 7.64 569 894 6235 39.29 49.76
431*18 (1) 169.81 96.10 41.30 34.01 1543 12.72 1828 76.92 26.36 37.21
Freedom (I) 167.49 86.21 55.33 31.86 19.17 1280 18.19 82.67 2252 27.41
Caledonia (S) 166.04 72.14 59.00 63.31 39.67 2195 38.18 57.53 49.48 63.81
Hanover (S) 167.22 85.20 75.44 69.88 54.17 23.71 38.98 80.50 43.63 59.90
Letters (R, | and S) refer to FHB resistant, intermediate and susceptible checks, respectively;
Anthesis date in field tests were calculated based on Julian calendar date;*ppm part per million;
“*Greenhouse anthesis date was calculated as the number of days between transplanting into pots
and the date at 30-50% anthesis stage.
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Appendix 3.4 Pearson correlation of anthesis date (Anth), height (Ht), incidence (Inc), severity
(Sev), visual rating index (VRI), Fusarium damaged kernel (FDK), deoxynivalenol (DON),
greenhouse anthesis (GAnth) and greenhouse severity (GSevl and GSev2) for the 3CPR
population based on means in the combined field data and one year greenhouse data.

Anth Ht Inc Sev VRI FDK DON GAnth GSevl
Lo 031
N2 118
r 018 0.19*
Inc N 118 118
s [ 016 001 007
N 118 118 118
Url T 028 013 074" 0.65*
N 118 118 118 118
r 045 016 079% 019% 0.71%*
FDK N 118 118 118 118 118
cony o 022¢ 019 087 014 075 0.88%
N 118 118 118 118 118 118
r o 0.35% 027%% -001 002 009 009 012
GAnth ' 99 99 99 99 99 99 99
ceeyy 015 004 000 036** 018 016 013 -0.25*
N 9 99 99 99 99 99 99 99
csery T 01l 008 001 040%* 020+ 019 015 -0.27% 0.97*
N 9 99 99 99 99 99 99 99 99

r means correlation coefficient; N means number of 3CPR doubled haploid lines used for
testing a correlation between two traits;

*indicated the P-value (<0.05) of probability of correlation

**indicated the P-value (<0.01) of probability of correlation
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Appendix 4.1 Markers associated with common semi-dwarf genes or common FHB resistance genes/QTL screened on the parental

lines and 813C doubled haploid population where appropriate.

Chr! Locus Marker name Marker Type Parental lines

813CDHs? Reference

2D Rht8 Gwm261
Gwmz261
3B Fhbl Umnl0
Fhb1/Umn10
4B Rht-Bl RhtB1

wWMAS000001
4D Rht-D1 RhtD1
wMAS000002

5AS Qfhs.ifa  Barc186
Barc100
Gwm293
Gwm304
6B Fhb2 Gwm133
Gwmo644
Wmc398
Wmc397

SSR?

Flash Gel

KASP*
SSR
KASP

KASP
KASP
KASP

SSR
SSR
SSR
SSR
SSR
SSR
SSR
SSR

Monomaorphic
Monomaorphic
Monomaorphic
Monomaorphic
Polymorphic
Polymorphic

Monomaorphic
Monomaorphic

Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic

Tested

Tested

Tested
Tested
Tested
Tested
Tested
Tested

(Liu et al. 2008)

http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/kas
p_download.php?URL

http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/kas
p_download.php?URL

(Steiner et al. 2019)

(Xue et al. 2011)

(Steiner et al. 2019)

(Steiner et al. 2019)

(Cuthbert et al. 2007)

(Cuthbert et al. 2007)

1Chromsome; 2Markers were screened in the 813C population; 3Simple sequence repeat (SSR) is one type of molecular marker used in
this study; *Kompetitive allele-specific PCR (KASP) is another type of molecular marker used
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Appendix 4.2 Analysis of variance for anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev) and visual rating index (VRI)
for the 813C population in each of six site years in Manitoba.

Site year: Carman 2015

Source of Anth Ht Inc Sev VRI
Variation DF! MS? DF MS DF MS DF MS DF MS
G? 207  11.06**** 207 602.53**** 207  1325.23**** 207  557.71**** 207  637.31****
Rep? 2 125.15%*** 2 879.27**** 2 9057.62**** 2 1224 55%*** 2 2134.82%***
Residual 413 141 413 21.72 413 254.15 413 74.17 413 83.81
Site year: Carman 2016
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G? 207 7.88**** 207 200.65**** 207  190.99**** 207  169.65**** 207 = 52.11****
Rep? 2 34.26**** 2 909.15**** 2 596.48**** 2 15.04 2 17.47*
Residual 414 1.13 413 19.48 414 46.74 414 44.71 414 4.95
Site year: Carman 2017
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G? 207  15.53**** 207 264.72%*** 207  256.65**** 207  230.15**** 207  56.96****
Rep? 2 292.97**** 2 603.55**** 2 1969.71**** 2 1772.42%*%** 2 326.80****
Residual 388 8.53 376 29.00 367 75.03 367 101.57 367 12.45
Site year: Winnipeg 2015
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G? 207 10.17%*** 207 597.47**** 207  1029.44**** 207  309.97**** 207  301.06****
Rep? 2 29.25%**** 2 122.52** 2 1910.45*** 2 354.77** 2 170.20*
Residual 414 1.85 414 18.99 413 230.01 413 52.21 413 38.86
Site year: Winnipeg 2016
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G? 207  10.37*%*** 207 283.76**** 207  415.75%*** 207  176.42**** 207  56.60****
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Rep? 2 68.18**** 2 297.96**** 2 787.95**** 2 105.33 2 51.34**
Residual 414 1.23 413 17.70 414 79.93 414 69.21 414 8.58
Site year: Winnipeg 2017
Source of Anth Ht Inc Sev VRI
Variation DF MS DF MS DF MS DF MS DF MS
G? 207  11.39**** 207  368.88**** 207  327.06**** 207  552.52**** 207  131.88****
Rep? 2 26.30**** 2 150.04**** 2 1106.42*%*** 2 1692.97*** 2 337.64****
Residual 411 2.06 411 14.72 408 57.97 408 231.73 408 18.79

'DF Degrees of freedom; 2MS Mean squares; 3G Genotype; “Rep Replicate;
****p yalue< 0.0001; ***P value< 0.001; **P value < 0.01; *P value < 0.05

232



Appendix 4.3 Mean phenotype for anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev), visual rating index (VRI), Fusarium
damaged kernel (FDK), deoxynivalenol (DON), 2016 greenhouse anthesis (GAnth), 2016 greenhouse severity (GSevl and GSev2),
2019 greenhouse anthesis (GAnth2), 2019 greenhouse height (GHt) and anther retention (GAR) of six checks based on least squares
means in the combined field data and two year greenhouse data.

Genotype* Anth?  Ht Inc Sev. VRI FDK DON GAnth* GSevl GSev2 GAnth2® GHt GAR
(Qulian) (cm) (%) (%) (%) (%) (ppm®) (days) (%) (%) (days) (cm) (%)
FHB148 (R) 168.13 110.74 20.88 18.87 4.10 7.33 8.72 6090 37.71 4753 59.88 96.05 32.08
Emerson (R) 167.14 89.89 32.08 22.08 7.48 6.80 8.13 47.04 40.14 56.01
43118 (1)  169.10 95.61 40.78 3594 16.82 1569 16.78 58.06 5149 66.99 80.75 87.92 54.17
Freedom (I) 167.74 8552 60.51 33.64 2214 1369 16.04 52.06 28.71 34.48 119.87 7581 55.14
Caledonia (S) 165.86 73.98 6494 66.35 4496 26.61 4464 4181 66.64 8264 86.81 73.08 3491
Hanover (S) 16754 86.16 74.82 6854 5318 27.28 3456 51.86 57.13 7554 66.00 93.67 50.00

Letters (R, | and S) implied FHB resistant, intermediate and susceptible checks, respectively; 2Anthesis date in field tests were
calculated based on Julian calendar; 3ppm part per million; “Greenhouse anthesis date was calculated between the date of transplanting
into pots and the date at 30-50% anthesis stage in 2016; °Greenhouse anthesis date was calculated between the date of transplanting into
pots and the date at 30-50% anthesis stage in 2019
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Appendix 4.4 Pearson correlation of anthesis date (Anth), height (Ht), incidence (Inc), severity (Sev), visual rating index (VRI),
Fusarium damaged kernel (FDK), deoxynivalenol (DON), 2016 greenhouse anthesis (GAnth), 2016 greenhouse severity (GSevl and
GSev?2), 2019 greenhouse anthesis (GAnth2), 2019 greenhouse height (GHt) and anther retention (GAR) for the 813C population based

on means in the combined field data and two year greenhouse data.

Ht

Inc

Sev

VRI

FDK

DON

GAnNth

GSevl

GSev2

GANth2

GHt

GAR

rl
N2

222222 Z2Z=~Z2Z2=~Z2Z2=Z2Z=2Z=

Anth Ht Inc Sev VRI FDK DON GAnth GSevl GSev2 GAnth2 GHt
0.45**

199

0.18** -0.54**

200 199

0.31** -0.08 0.70**

200 199 200

0.27** -0.37** 0.92** 0.87**

200 199 200 200

0.08 -0.53** 0.89** 0.71** 0.88**

200 199 200 200 200

0.15* -0.46** 0.89** 0.70** 0.88** 0.92**

200 199 200 200 200 200

0.66** 0.22** 0.16* 0.17* 0.21** 0.14 0.16*

200 199 200 200 200 200 200

-0.15* 0.06 0.05 0.38** 0.17* 0.15* 0.12 -0.17*

200 199 200 200 200 200 200 200

-0.08 0.17* 0.02 0.43** 0.17* 0.13 0.11 -0.15* 0.94**

200 199 200 200 200 200 200 200 200

0.33** -0.03 0.19* 0.07 0.17* 0.18* 0.16* 0.36** -0.14 -0.16*

176 176 176 176 176 176 176 176 176 176

0.13 0.82** -0.53** -0.15 -0.41** -0.53** -0.43** -0.09 0.02 0.12 -0.23**

176 176 176 176 176 176 176 176 176 176 176

0.15* -0.24** (0.57** 0.34** 0.51** 0.54** 0.54** 0.23** -0.14 -0.11 0.15 -0.29**
176 176 176 176 176 176 176 176 176 176 176 176

r means correlation coefficient; 2N means number of 813C doubled haploid lines used for testing a correlation between two traits;
*indicated the P-value (<0.05) of probability of correlation
**indicated the P-value (<0.01) of probability of correlation
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Appendix 4.5 Boxplot distribution of the 8I3C population genotypic classes grouped according to presence of specific allele
combinations at QTL of interest for phenotypic traits. The boxplots are based on number of DHs with the corresponding allele
combination for each trait in the 813C population. Data of each trait are based on QTL analysis on the combined site years. Boxes show
1%t and 3" quartiles (as top and bottom edges, respectively), median values (as solid middle lines) and mean values (indicated by x as
well as numbers above boxes). Outliers are dots outside the boxes.
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Appendix 5.1 Selected genes studied for gene expression in the Fusarium-wheat pathosystem. Four genes in deoxynivalenol (DON)
biosynthesis were tested for pathogen genes, while seven genes involved in DON response and jasmonic acid (JA) pathway were
examined for wheat genes.

Catalogue Gene Gene function Reference®
TRI5  the early stage of DON biosynthesis pathway (Mudge et al. 2006)
DON? TRI6  the glot_)al transcription regulator activating through the whole (Lee et al. 2014; Amarasinghe and
biosynthesis in DON biosynthesis pathway _ Fernan_do 2016)
Eusarium TRI12 the en_d stage of DON blosy_/nthe3|s p_athway (Nasmith et al. 2011) _
TRI101 the middle stage of DON biosynthesis pathway (Lee et al. 2014; Amarasinghe and
Fernando 2016)
DON response  ABCC6 ABC? transporter related to DON response (Brauer et al. 2020)
in wheat NFXL1 transcription factor related to DON response (Brauer et al. 2020)
AOS  JA3-biosynthesis gene (Qi et al. 2016)
JA pathway in JAZl* the key repressor of all JA-response and JA signaling gene (Jir_wg et al. 2019)
wheat PR1b® SA?- and JA-response gene (Qi et al. 2016)
PR4  JA-response gene (Qi et al. 2016)
PDF1.2 JA-response gene (Qi et al. 2016)
Internal GAPDH Fusarium house-keeping gene (Qi et al. 2016; Harris et al. 2016)
reference EF-/o.  Wheat house-keeping gene (Crismani et al. 2006; Wu et al. 2015)

'DON deoxynivalenol; 2ABC ATP-binding cassette; JA jasmonic acid; “SA salicylic acid; °Primer sequences of the chosen genes
were selected from those publications mentioned in this column
*The PR1b gene were not tested on the three checks in this qPCR study.

239



Appendix 5.2 Height (Ht) of infected wheat spikes of five genotypes in a series of time points (O,
1.5, 3, 7 and 14 days after inoculation (dai)). The five genotypes are Maris Huntsman Rht-Bla NIL
(1a) and Rht-B1b NIL (1b), 32c*17(32c), Caledonia (Cal) and Sumai 3 (Su3). The multiple means
comparison test for the interaction between genotype and time points on height was conducted in
a combined analysis across all treatments. Letters indicate significant differences (P < 0.05) among
genotypes at individual time points using Fisher’s least significant difference (LSD) test. Means
of Ht across all time points for each genotype were also included.

Ht (cm) at five time points

Genotype Mean Ht (cm)

0 dai 1.5 dai 3 dai 7 dai 14 dai
la 63.61° 64.18° 63.38°f 64.08°f 64.18° 62.75
1b 45.08° 47.43M 45 55 4427 44,821 45,19
32c 67.41° 72.65° 64.45¢f 69.28¢ 66.35%
Cal 50.76¢ 49.929" 51.889 52.139 48.69"
Su3 84.80? 87.202 83.83" 84.81% 85.09%
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Appendix 5.3 Analysis of variance of 1og10 transformed relative expression of four Fusarium and
seven wheat genes under a controlled environment on two parts (Part) of five genotypes (G) at
four time points (T) under different treatments (Trt). Fusarium gene (TRI5, TRI6, TRI12 and
TRI101) were tested under both spray and point inoculated Fg treatments, while wheat genes
(ABCC6, NFXL1, AOS, JAZ1, PR1b, PR4 and PDF1.2) were tested under all four treatments. The
four treatments were point inoculated Fusarium spore suspension, point injected deoxynivalenol
solution, point injected water and spray inoculated Fusarium suspension.

Source of TRI5 TRI6 TRI12 TRI101 ABCC6 NFXL1
Variation DF!P value? DF P value DF P value DF P value DF P value DF P value
Trt 1 035 1 <001 1 005 1 004 3 <001 3 <001
G 4 002 4 036 4 003 4 <001 4 <001 4 <0.01
Trt*G 4 009 4 049 4 047 4 016 4 014 4 0.05
T 9 <001 9 003 9 <001 9 022 9 <001 9 <001
Trt*T 9 032 8 005 8 061 9 008 9 017 9 0.96
G*T 1 007 1 005 1 <001 1 045 1 <001 1 <001
Trt*G*T 3 <001 3 <001 3 <001 3 <001 3 <001 3 <001
Part 3 045 3 003 3 019 3 023 3 <001 3 <001
Trt*Part 4 022 4 013 4 042 4 100 9 <001 9 <0.01
G*Part 4 077 4 031 4 08 4 08 9 048 9 0.58
Trt*G*Part 9 <001 8 <001 9 002 9 <001 21 001 21 <0.01
T*Part 8 051 7 08 6 049 8 004 20 095 20 1.00
Trt*T*Part 1 007 1 028 1 021 1 048 3 <001 3 <0.01
G*T*Part 3 002 3 <001 3 001 3 <001 9 <001 9 <001
Trt*G*T*Part 3 042 2 041 3 018 3 051 9 <001 9 0.04
Replicate(Trt)> 4 074 4 093 4 058 4 045 8 011 8 0.29
Source of AQS JAZ1 PR1b PR4 PDF1.2
Variation DF P value DF P value DF P value DF P value DF P value
Trt 3 <001 3 <001 3 <001 3 <001 3 <001
G 4 <001 4 <001 1 004 4 <001 4 o011
Trt*G 4 003 4 <001 1 <001 4 <001 4 0.36
T 9 <001 9 004 3 010 9 <001 9 <0.01
Trt*T 9 024 9 005 3 001 9 <001 9 0.06
G*T 1 024 1 063 1 08 1 071 1 <0.01
Trt*G*T 3 <001 3 <001 3 <001 3 <001 3 001
Part 3 060 3 097 3 049 3 100 3 0.05
Trt*Part 9 <001 9 009 3 027 9 016 9 0.17
G*Part 9 035 9 015 3 002 9 009 9 049
Trt*G*Part 21 001 21 004 9 083 21 <0.01 20 0.06
T*Part 20 096 17 068 8 041 20 045 14 0.14
Trt*T*Part 3 <001 3 001 3 <001 3 <001 3 <0.01
G*T*Part 9 <001 9 <001 9 004 9 <001 9 <001
Trt*G*T*Part 9 097 9 067 9 002 9 002 8 0.03
Replicate(Trt) 8 005 8 018 8 072 8 093 8 0.13
3

IDF Degrees of freedom; 2P value indicates a probability value;
individual treatment

Replicate nested within
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Appendix 5.4 Analysis of variance of log10 transformed relative expression of four Fusarium genes (TRI5, TRI6, TRI12 and TRI101)
under a controlled environment on two parts (Part) of five genotypes (G) at four time points (T) under the following individual treatments:
point inoculated Fusarium (iF) and spray inoculated Fusarium (sF).

f iF treatment SF treatment
\S/‘;‘i{;f};’n TRI5 TRIG TRI12 TRI101 TRI5 TRIG TRI12 TRI101
DF!Pvalue? DF Pvalue DF Pvalue DF Pvalue DF Pvalue DF Pvalue DF Pvalue DF P value

G 4 <001 4 <001 4 <001 4 001 4 08 4 08 4 091 4 025
T 3 <001 3 <001 3 <001 3 <001 3 <001 3 <001 3 <001 3 <001
G*T 9 <001 9 <001 9 <001 9 014 9 001 8 002 9 005 9 001
Pat 1 <001 1 002 1 <001 1 08 1 09 1 041 1 042 1 034
G*Part 4 001 4 003 4 009 4 007 4 08 4 08 4 09 4 079
T*Part 3 007 2 <001 3 <001 3 002 3 072 3 05 3 09 3 0095
G*T*Part 8 <001 7 001 7 017 8 <001 9 098 8 070 7 078 9 067
Replicatle 2 019 2 047 2 043 2 027 2 08 2 098 2 051 2 046

!DF Degrees of freedom; ?P value indicates a probability value;
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Appendix 5.5 Analysis of variance of 10910 transformed relative expression of seven wheat genes (ABCC6, NFXL1, ACS, JAZ1, PR1b,
PR4 and PDF1.2) under a controlled environment on two parts (Part) of five genotypes (G) at four time points (T) under the following
individual treatments: point inoculated Fusarium (iF), point injected DON (iD) and spray inoculated Fusarium (sF).

Source of iF treatment iD treatment sF treatment
Variation ABCC6 NFXL1 AOS ABCC6 NFXL1 AOS ABCC6 NFXL1 AOS
DF! P value? DF P value DF P value DF P value DF P value DF P value DF P value DF P value DF P value
G 4 <001 4 <001 4 <001 1 001 1 056 1 036 4 <001 4 <001 4 <001
T 3 <001 3 <001 3 <001 3 <001 3 <001 3 005 3 <001 3 <001 3 <001
G*T 9 001 9 002 9 <001 3 04 3 <001 3 <001 9 <001 9 <001 9 <001
Part 1 <001 1 <001 1 <001 1 001 1 <001 1 <001 1 009 1 09 1 0.64
G*Part 4 013 4 007 4 001 1 014 1 041 1 010 4 023 4 048 4 0.27
T*Part 3 <001 3 001 3 028 3 <001 3 <001 3 057 3 043 3 035 3 0.93
G*T*Part 9 056 9 091 9 023 2 047 2 065 2 049 9 019 9 099 9 0.57
Replicate 2 090 2 077 2 038 2 006 2 001 2 097 2 014 2 079 2 0.01
Source of JAZ1 PR1b PR4 JAZ1 PR1b PR4 JAZ1 PR1b PR4
Variation DF P value DF P value DF P value DF P value DF P value DF P value DF P value DF P value DF P value
G 4 <001 1 036 4 <001 1 084 1 069 1 009 4 <001 1 o001 4 0.02
T 3 <001 3 001 3 <001 3 020 3 <001 3 001 3 <001 3 002 3 <001
G*T 9 007 3 029 9 <001 3 001 3 040 3 <001 9 004 3 018 9 <001
Part 1 024 1 <001 1 <001 1 005 1 001 1 <001 1 001 1 o085 1 0.62
G*Part 4 003 1 <001 4 <001 1 001 1 002 1 002 4 012 1 005 4 0.50
T*Part 3 041 3 <001 3 <001 3 066 3 032 3 <001 3 053 3 073 3 0.73
G*T*Part 8 052 3 019 9 001 1 <001 2 055 2 0112 8 014 3 o001 9 0.13
Replicate 2 091 2 03 2 078 2 044 2 059 2 033 2 008 2 053 2 0.58
Source of PDF1.2 PDF1.2 PDF1.2
Variation DF P value DF P value DF P value
G 4 0.04 1 095 4 0.20
T 3 <0.01 3 <0.01 3 011
G*T 9 0.03 2 0.04 9 0.01
Part 1 0.01 1 <0.01 1 048
G*Part 4 0.36 1 0.98 4 0.25
T*Part 3 <0.01 2 0.49 3 032
G*T*Part 4 0.03 2 052 8 0.12
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Replicate 2 0.46 2 032 2 045

!DF Degrees of freedom; 2P value indicates a probability value;
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(a) iF JAZI G*Part [LSD= 0.16]

m[S part = BIS part
mRNA expression level (arbitrary units)
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(b) iF_PRIb G*Part [LSD= 0.23] (¢c)iD_PRIb G*Part [LSD= 0.30]

m IS part  BIS part ® ]S part ~ BIS part
mRNA expression level (arbitrary units) mRNA expression level (arbitrary units)
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Appendix 5.6 Relative expression of wheat genes (JAZ1 and PR1b) under a two-way interaction among part and genotype in individual
treatments: (a) JAZ1 and (b) PR1b in the point inoculated Fusarium treatment (iF) and (c) PR1b in the point inoculated deoxynivalenol
treatment (iD). The two parts (IS and BIS part) are the inoculated and neighboring spikelets. The five genotypes (G) are Maris Huntsman
Rht-Bla NIL (1a) and Rht-B1b NIL (1b), 32c¢*17(32c), Caledonia (Cal) and Sumai 3 (Su3). Mean of relative expression with log10
transformation for each part of each genotype is shown, and least significant difference (LSD) values are shown. Letters indicate
significant differences (P < 0.05) among means comparisons of the G*Part interaction using Fisher’s LSD test in each treatment.
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