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Chapter 1: Literature Review

1.1. Wheat

Importance

Wheat (Triticum aestivum) is one of the most important staple grain crops grown across
the world. In 2018, wheat was grown over an area of 214.29 million hectare worldwide,
the highest under cultivation for any cereal crop. In terms of production, it ranks third
among cereals with production of 734.04 million tons after Maize (1147.60 million tons)
and Rice (782.00 million tons). In USA alone an area of 16.02 million hectare with

production of 51.29 million tons was under wheat cultivation in the year 2018

(http://www.fao.org/faostat/en/#data/QC). Wheat is a good source of nutrition with 100g
of wheat providing 47.54 g of carbohydrates,10.67 g of proteins, 4.53 g of total lipids (fat),
4g fiber (total dietary) and a number of macro- and micro-nutrients (Food Data Central-

USDA, https://fdc.nal.usda.gov/fdc-app.html#/food-details/784607/nutrient). Due to its

nutritional properties, wheat provides more calories and proteins to people’s diet than any

other cereal.

Origin
Wheat belongs to kingdom: Plantae, order: Poales, family: Poaceae, subfamily: Pooideae,
tribe: Triticeae L. and genus: Triticum. Wheat and other cereals come from the family

Poaceae (earlier known as Gramineae), one of the largest family of the flowering plants.

The common ancestor of this family has a basic chromosome number (n=5) which


http://www.fao.org/faostat/en/#data/QC
https://fdc.nal.usda.gov/fdc-app.html#/food-details/784607/nutrient

produced the ancestral genome of tribe Triticeae that includes wheat, barley and rye with
a basic chromosome number (n=7) (Charmet, 2011).

All Triticum species are native of the “Fertile Crescent” area of the Near East which
includes eastern Mediterranean area, southeastern Turkey, northern Iraq, western Iran and
neighboring regions of Transcaucasus and northern Iran. The Triticum genus has relatively
few number of species (six) existing either in wild form, cultivated form or both. This
include diploid (2n=2x=14), allo-tetraploid (2n=4x=28) as well as allo-hexaploid
(2n=6x=42) species. The diploid species are: Triticum urartu (AA genome) and
T.monococcum (A™ A™ genome) where the former exists only in its wild form whereas the
latter one has both wild (7. monococcum ssp. aegilopoides) and cultivated (7. monococcum
ssp. monococcum) form. There are two tetraploid species: Triticum turgidum (AABB
genome) and 7. timopheevi (AAGG genome). T. turgidum has wild form as: 7. turgidum
ssp. dicoccoides) and cultivated form as: 7. turgidum ssp. durum (durum or pasta or
macaroni wheat). 7. timopheevi includes wild form as ssp. armeniacum and cultivated as
ssp. timopheevi. Hexaploid wheat has two species: Triticum aestivum (AABBDD genome)
and T. zhukovskyi (A"A"AAGG genome). Both of these species are present only in their
domesticated forms. Tetra- and hexaploid wheats are results of natural allo-
polyploidization events that have incurred via hybridization. The first event most probably
has occurred 300,000-500,000 years ago, between A genome donor: 7. urartu (AA
genome) and B genome donor: an unknown, most likely extinct species but closely related
to Aegilops speltoides (SS genome), giving rise to a new amphi-tetraploid species with
basic chromosome number of n=14 named as 7. turgidum ssp. dicoccoides (AABB

genome). This species was then domesticated and evolved to 7. turgidum ssp. dicoccum



which further evolved to 7. turgidum ssp. durum, the modern durum/pasta/macaroni wheat
(Dvotédk, 1976; Huang et al., 2002; Dvorak & Akhunov, 2005; H. Zhang et al., 2014).
Similarly, 7. timopheevi has its A genome donor as 7. urartu and G genome donor
unknown. Around 10,000 years ago, a second natural polyploidization event occurred
between 7. turgidum ssp. dicoccum (AABB genome) and wild diploid goat grass species
Aegilops tauschii ssp. strangulata (DD genome) to give rise to a new hexaploid species
with n=21, which is now known as T aestivum (AABBDD genome) or commonly as bread
wheat (Huang et al., 2002; Charmet, 2011; Matsuoka, 2011). 7. zhukovskyi (A"A"AAGG
genome) originated through hybridization between 7. timopheevi and T. monococcum
(Bowden, 1959; Dvoték et al., 1993). Currently, about 95% of wheat grown worldwide is
hexaploid bread wheat 7. aestivum, while only remaining 5% is tetraploid durum and other
wheat (Peng et al., 2011). There are six classes of bread wheat known: hard red winter,
hard red spring, soft red winter, soft white, hard white and durum wheat

(https://www.uswheat.org/).

Genome size and complexity

T. aestivum or Bread wheat (2n=6x=42) has three ancestral genomes: A, B and D genome.
The forty-two chromosomes are organized in 3 genomes and 7 homoeologous groups.
Homoeologous chromosomes are not identical with homologs but share high similarity
among each other indicating that they came originally from the same ancestor. Due to
polyploid nature, wheat has good genome buffering capability. Wheat has the largest
genome among the agricultural crops with size of approximate 17Gb (Consortium

(IWGSC) et al., 2018). Wheat genome is ~8-times bigger than maize genome and about


https://www.uswheat.org/

~40 times bigger than rice genome (Arumuganathan & Earle, 1991). The size and allo-
polyploid make the wheat genome very complex to dissect in functional genomics studies.
Additionally, wheat genome consists of more than 85% repetitive DNA (Consortium
(IWGSC), 2014; Consortium (IWGSC) et al., 2018). Due to the enormous size and
complexity associated with wheat genome, it was sequenced much later than other crops
in reference variety Chinese Spring (Consortium (IWGSC) et al., 2018)With a coverage of
94% of the genome, 107,891 high confidence genes were discovered in the whole wheat
genome. Coding sequences represent only less than 2% of the genome (Consortium
(IWGSC), 2014; Consortium (IWGSC) et al., 2018). Wheat reference genome sequence
has provided a boost to gene discovery and functional genomics studies, as is evident by
more than 550 citations (as of August 6, 2020) in just a period of 2 years since publication

of the sequence (https://science.sciencemag.org/content/361/6403/eaar7191).

1.2. Fusarium Head Blight (FHB)

Impact on Society

Fusarium Head Blight (FHB), also known as head scab, is one of the most destructive
diseases of the grain crops as it has adverse impact on both quantity (yield losses) and
quality (toxin production). It is a disease of humid and sub-humid environment of the
temperate and semitropical regions (Bai & Shaner, 1994). This disease has received more
attention in the last past decades because of the damages, problems in marketing, exporting

and processing of the infected grains (Parry et al., 1995).


https://science.sciencemag.org/content/361/6403/eaar7191

FHB was first described by W.G. smith in 1884 in England as “Wheat Scab”. In USA,
FHB was documented by Chester (1890) and Arthur (1891) as a disease affecting wheat
production in Indiana and Ohio in early 1890s. From 1991-1996, FHB outbreaks caused
an estimated loss of 3 billion US dollars (McMullen et al., 1997). Then, in 2003, a regional
epidemic occurred in South-eastern USA, resulting in a total loss of 13.6 million US dollars
(McMullen et al., 2012). During 2015-2016, economic losses by FHB damage have been
estimated to be $1.2 billion (Wilson et al., 2018). Savary et al. (2019) conducted world
survey of yield losses due to individual pests and pathogens and estimated a global wheat
yield loss of 21.5% in wheat, Yield losses due to FHB are second after leaf rust and are
particularly high in China, USA, Canada, Paraguay, Uruguay, Brazil and Argentina.

Toxins produced by Fusarium are hazardous to humans and animals and make the grains
unfit for consumption. In animals, damages include food refusal, emesis, diarrhea, contact
dermatitis and alimentary haemorrhaging. In humans, damages can be nausea, vomiting,
anorexia, neurological disorder and immunosuppression (Bennett & Klich, 2003). The
pathogen attacks a number of cereals: wheat (Triticum spp.), barley (Hordeum spp.), oats
(Avena spp.), rice (Oryza spp.), Maize (Zea spp.) and Sorghum (Sorghum bicolor L.). This

pathogen also attacks crops other than cereals (Goswami & Kistler, 2004).

Causal organism

FHB is caused by fungi of Fusarium species, a filamentous ascomycete. Fusarium
graminearum (F. graminearum), F. avenaceum and F. culmorum are the major species

reported in literature that can cause FHB (Parry et al., 1995). However, F. graminearum is



the most predominant one in most regions of the world (Parry et al., 1995; Goswami &
Kistler, 2004; Xu & Nicholson, 2009; McMullen et al., 2012).

F. graminearum is the asexual/ conidial stage of homothallic fungus with sexual stage
named as Gibberella zeae. This fungus remains haploid for most of its life cycle. It
produces mycelia, two types of asexual spores (macroconidia and chlamydospores) and
one type of sexual spores (ascospores). Macroconidia are septate, sickle shaped and are
produced on compact mass of hyphae commonly known as sporodochium.
Chlamydospores are globose and thick-walled but are rarely produced. The sexual or
teleomorphic stage produces sexual fruiting body named as perithecium which holds a sac
like structure called as ascus. Sexual ascospores are produced in asci (singular: ascus)
(Goswami & Kistler, 2004; Leslie & Summerell, 2006).

During the initial stages of infection, fungus grows intercellularly through xylem and pith.
No signs of cell death were found at early stages of infection. Unlike obligate parasites,
this fungus does not produce any special structures that might be due to the unique living
and infection style of this fungus that yet need to be discovered. After colonization, the
fungus enters intracellular spaces, thereafter cell death and necrosis occur. Hence, F.
graminearum can be considered as a hemi-biotrophic fungus (Brown et al., 2010; Kazan

etal., 2012).

Symptoms

Initial symptoms of FHB are best described as small, water-soaked brown colored spots at
the base or middle of glume or on rachis, which later on spread in all directions on the
spikes. Premature bleaching of spikes is one the characteristic symptom of FHB. Later on,

orange coloration can be seen in infected spikes due to presence of conidia and white



mycelial growth can be observed on glumes. During prolonged warm and moist weather
conditions, blue or black coloration can be seen over spikelets giving “scabby” appearance.
Brown to black discolorations can also be seen over rachis and culm at later stages of
disease. Infected florets will either be sterile or produce shriveled “tombstone” kernels with
chalky/ floury appearance. The infected light weight seeds will have poor germination rates
and will have poor stand (Bai & Shaner, 1994; Parry et al., 1995).

Wheat is susceptible to FHB from the anthesis stage up to the soft dough stage of kernel
development. High humidity and wet weather conditions at these stages favor the infection
(McMullen et al., 2012). Vulnerability to infection decreases towards later stages of
caryopsis development (Bai & Shaner, 1994). Following infection, fungal hyphae spreads
from one spikelet to another through vascular bundles of the rachis. After successful
colonization, the fungus starts producing mycotoxins which are translocated to other parts

of the plant via xylem and phloem (Brown et al., 2010).

Disease cycle and favorable conditions

The pathogen can overwinter as perithecia on mature cereal crops or crop debris or on
infected seeds. However, fungus can also overwinter as mycelia or chlamydospores
(Guenther & Trail, 2005; Trail, 2009). Perithecia can be viable for up to 16 months on
maize kernels and up to 23 months on wheat straw residue (Leslie & Summerell, 2006).
Airborne ascospores serve as primary inoculum of the disease. The rain-splashed or wind-
blown conidia from infected tissues is the secondary source of inoculum to flowering heads
(Guenther & Trail, 2005; Trail, 2009). Both ascospores and conidia serve as source of

inoculum for FHB (Markell & Francl, 2003).



Temperature and moisture have a very critical role in the occurrence of FHB (Xu &
Nicholson, 2009). A warm, moist environment characterized by frequent precipitation or
heavy dew is highly favorable for FHB infection. F. graminearum is favored by
temperature ranging from 10-25 °C with optimal growth occurring at 25 °C. Temperatures
above 25 °C adversely affects fungal growth. Disease favorable temperature range coupled
with high humidity at the time of anthesis will be ideal for fungal growth, infection, disease
development and spread. As crop debris/ residue act as an inoculum source for disease,
hence tillage operations also have an important role in disease intensity over the next year’s
FHB cycle. Reduced tillage enhances the pathogen survival, leading to higher disease
pressure (Brennan et al., 2005; Osborne & Stein, 2007). Factors such as row-to-row
distance, sowing density, nitrogen application rates also affect FHB spread (Champeil et
al., 2004). Flower morphology also plays a crucial role in FHB severity. Wider florets are
more susceptible over narrow ones as pathogen will have easy access to host tissue for
colonization. Florets that remain open for longer time also facilitate FHB dispersion

(Gilsinger et al., 2005).

Mycotoxins

The most common mycotoxins produced by F. graminearum in wheat are trichothecenes:
Deoxynivalenol (DON, vomitoxin), acetyl deoxynivalenol and nivalenol (Snijders, 1990;
Chen et al., 2019). Trichothecenes are toxic, non-volatile and low-molecular weight
secondary metabolites produced by the fungus (Rocha et al., 2005) amongst which DON
is the most pre-dominant one (Snijders, 1990; Chen et al., 2019). DON is phytotoxic for
plants and can cause wilting, chlorosis and necrosis (Cutler, 1988). DON inhibits protein

synthesis in mammals by binding to 60S subunit of eukaryotic ribosomes (Rocha et al.,



2005). In wheat, DON acts as a virulence factor for Fusarium, helping the pathogen in
disease spread. However, DON is not required for initial infection (Bai et al., 2002; Jansen
etal., 2005). Food and Drug Administration (FDA) has set an advisory limit of 1 ppm DON
for wheat and barley products for consumption, 10 ppm for ruminating cattle and chicken,

Sppm for swine and all other animals(https://www.fda.gov/regulatory-information/search-

fda-guidance-documents/guidance-industry-and-fda-advisory-levels-deoxynivalenol-don-

finished-wheat-products-human). DON can be quantified by either using gas

chromatography- mass spectrometry (GC-MS) (Mirocha et al., 1998), high pressure liquid
chromatography (HPLC) (Trucksess et al., 1987), thin layer chromatographic (TLC)

(Chang et al., 1984) or by enzyme linked immunosorbent assay (ELISA) (Hart et al., 1998).

FHB management

An integrated management strategy has to be implemented to achieve effective and
sustainable control of FHB. Different strategies like genetic resistance, chemical sprays,
cultural/agronomic practices and biological control must be integrated to aid in disease
control. The first line of defense is genetic resistance, which is the most cost-effective and
environment friendly strategy. Resistance against FHB is complex and quantitatively
inherited, due to which development of resistant cultivar is difficult and till now no single
cultivar with complete resistance against FHB has been released (Buerstmayr et al., 2019).
A notable source of resistance is Fhbl from Sumai3, a Chinese wheat line which alone
accounts for 60% of resistance against FHB (Bai & Shaner, 2004). In US Wheat and Barley

Scab Initiative (USWBSI) (http://scabusa.org/) is leading the development of FHB

resistant varieties, and has made significant progress in recent years. More and more
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moderately resistant varieties are becoming available to farmers (McMullen et al., 2012;
Wegulo et al., 2015; Shah et al., 2018).

Chemical control integrated with good disease forecasting models are useful tools for FHB
control. FRAC code 3 fungicides, which are Demethylation inhibitors are the most
effective fungicides for FHB (Paul et al., 2018).

Ideally, a fungicide use is expected to reduce field infection to 5% or less and to eliminate
Fusarium Damaged Kernels. To maximize the control efficacy, these fungicides need to be
applied just at the time of flowering, a narrow window from anthesis growth stage to six
days after anthesis. If that time coincides with rain, it will reduce the efficacy of the
fungicide. Uneven flowering times also pose problems. In order to have good control,
fungicide should be applied at the time of flowering by taking care of disease and weather
forecasting models (McMullen et al., 2012; Wegulo et al., 2015; Shah et al., 2018).
Cultural/agronomic practices include crop rotation, tilling, irrigation management, and
manipulating planting dates. The main aim of cultural practices is to reduce inoculum load
(McMullen et al., 2012; Wegulo et al., 2015; Shah et al., 2018). Crop rotations are key to
reducing FHB. Rotating wheat and barley with non-host crops such as soybeans reduces
inoculum load. Burying infested crop residue into soil by tillage operations also helps in
decreasing inoculum (Dill-Macky & Jones, 2000). Manipulating planting dates may also
help in disease escape (Choo et al., 2014). Preventing excess moisture in field at times of
high disease susceptibility results in less FHB development and lower DON content
(Cowger et al., 2009). Closed flowering cultivars have been found to be more resistant than

open flowering in barley because of less exposure of anthers (Yoshida et al., 2007). Tall
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varieties were found to be more resistant than shorter ones because of more drier spikes
due to wind and air currents (Mesterhazy, 1995).

The implementation of several above-mentioned physical and chemical approaches suffers
from drawbacks like limited effectiveness, high costs, safety problems and negative
environmental impact. Chemical control is also challenged by development of fungicide
resistance in pathogens. This brings into picture a notable environment friendly way to
control FHB by using microbial organisms called biological control. Biological control
agents (BCAs) can be used in organic production where synthetic fungicides cannot be
used. Some bacteria and fungi were found to have adverse effects on F. graminearum. The
mode of action include competition for nutrients, induction of localized resistance and
antagonism (McMullen et al., 2012; Wegulo et al., 2015; Shah et al., 2018). Bacterial BCAs
include Bacillus spp.(Palazzini et al., 2016; Chen et al., 2018), Pseudomonas spp. (Schisler
et al.,, 2006), Lysobacter enzymogenes (Jochum et al., 2006) and Streptomyces spp.
(Palazzini et al., 2016). Fungal BCAs include Trichoderma spp. (Matarese et al., 2012),
Cryptococcus spp., Aureobasidium pullulans (Wachowska & Gtowacka, 2014) and
Clonostachys rosea (Xue et al., 2014a). BCAs can be applied either directly to spikes that
will slow down the disease spread or to residues in order to suppress production of
perithecia (Xue et al., 2014b). Even, some of the wheat endophytes were found to have
antagonistic effect on Fusarium (Comby et al., 2017). However, BCA application suffers
from some disadvantages including non-uniform efficacy across the fields, different
environments, and limited shelf life of the BCAs. Additionally, development of BCAs has
challenges in terms of large-scale screening of thousands of micro-organisms, culturing of

BCAs in right medium and environment, choosing a carrier medium that will prolong shelf
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life of microbes. It was found that application of BCAs is most effective when used in
integration with fungicides (McMullen et al., 2012; Wegulo et al., 2015; Shah et al., 2018).
Plants also produce certain metabolites like phenolic compounds and oils which provoke
inhibitory responses against some important target proteins of F. graminearum

(Cuperlovic-Culf et al., 2016).

Genetics of FHB resistance

FHB resistance is governed either by gene products contributing to plant defense called
active resistance factors or by plant features that have indirect effect on lowering
susceptibility like morphological and developmental characters, called passive resistance
factors (Buerstmayr et al., 2019). FHB resistance is complex, quantitatively controlled,
greatly affected by environmental factors like inoculation methods, amount of inoculum
used, relative humidity, temperature, phenology and plant health (Ma et al., 2020).

Resistance against FHB can be classified into five types: Type-1 (resistance against initial
pathogen infection) (Schroeder & Christensen, 1963), Type-2 (resistance against pathogen
spread in the spike) (Schroeder & Christensen, 1963),Type-3 (resistance against toxin
accumulation or ability to detoxify toxins released) (Miller & Arnison, 1986), Type-4
(resistance towards kernel infection) (Mesterhazy, 1995; Mesterhazy et al., 1999) and
Type-5 (tolerance) (Mesterhdzy, 1995; Mesterhazy et al., 1999). All types of resistance are
generally co-related. Type-1 and Type-2 are widely studied types of resistance. Plant
height, anther extrusion and flowering data are important factors to be considered while
studying FHB resistance (Buerstmayr et al., 2019). Type-3 resistance has gained attention

in previous years because of the quality aspects (Brar et al., 2019). Variation in resistance
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to FHB exists in primary, secondary as well as tertiary gene pool (Buerstmayr et al., 2019;
Ma et al., 2020)

Near about 500 Quantitative Trait Loci (QTL) covering the whole genome of wheat have
been reported in the literature. Among them, 104 QTLs (20%) have been described as
major QTLs (Buerstmayr et al., 2019). However, there are only seven QTLs which are
designated behaving as mendelized genes. Fhbl was derived from cultivar Sumai 3 and
was found to be located on distal segment of chromosome 3BS (Cuthbert et al., 2006).
Fhb2 was also derived from Sumai 3 and is on short arm of chromosome 6BS (Cuthbert et
al., 2007). Fhb3 was from tetraploid wheat relative Leymus racemosus and was transferred
to wheat via Robertsonian Wheat-Leymus racemosus translocation line and is present on
distal region of short arm of chromosome 7Lr. Authors reported translocation between
short arm of chromosome of Leymus (7LrS) was translocated to long arm of chromosome
7A (7AL) (Qi et al., 2008a). Another QTL, Fhb4 was isolated from cultivar Wangshubai
and located on distal region of chromosome 4BL (Xue et al., 2010). Fhb5 was also from
Wangshubai and fine mapped to pericentromeric region of short arm of chromosome 5A
(Xue et al., 2011). Fhb6 came from perennial grass Elymus Tsukushiensis and mapped to
subterminal region of short arm of chromosome 1E. This QTL was transferred to wheat by
developing disomic chromosome addition and translocation lines with Elymus (Cainong et
al., 2015). The latest addition to tally of FHB resistant QTLs that work as mendelized genes
is Fhb7 which came from Thinopyrum spp. and is located on chromosome 7El and was
transferred to distal region of chromosome 7DL by Robertsonian translocation (Guo et al.,
2015). Interestingly, Wang et al. (2020) reported Thinopyrum species acquired Fhb7 from

a fungus Epichloé aotearoae. Fhb4 and Fhb5 provides Type-1 resistance whereas Fhbl,
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Fhb2, Fhb3, Fhb6 and Fhb7 provides Type-2 resistance. Fhbl is the most extensively
studied and widely used and explains 60% of total phenotypic variation (Bai & Shaner,
2004). However, due to the quantitative nature of resistance provided by these genes,
achievement of completely resistant cultivars is difficult. To develop a high level of overall
resistance to FHB, multiple QTLs effective in diverse genetic background are required.
Aside from quality degradation of grains, mycotoxins also promote pathogenicity. UGT
and ABC-family C-transporters can degrade, transport or modify toxins (Ma et al., 2015;
Walter et al., 2015). Wheat UGT gene TaUGT4 located on chromosome 2D and is
responsive to both DON and F. graminearum infection (Ma et al., 2015). Two ABC
transporters 7aABCC3.1 and TaABCC3.2 can detoxify DON. Virus Induced gene
Silencing (VIGS) of these two genes in resistant cultivar CM82036 made it vulnerable to
DON accumulation and FHB (Walter et al., 2015). TaPDR7, codes for a drug resistance
subfamily protein and provides resistance against DON accumulation and FHB severity
(Wang et al., 2016).

Despite decades of efforts, complete genetic resistance against FHB has not been achieved,
justifying a look into alternate approaches. Susceptibility genes/ factors offer a novel
alternative to develop resistant cultivars. Genetically, susceptibility genes can be
considered as dominant genes whose manipulation will lead to recessive resistance (Pavan
et al., 2009).

Susceptibility genes in plants are known for decades but more clear and defined
understanding of these genes comes from the discovery of two susceptibility genes; Mlo
and PMR -6 genes. Jorgensen (1992) reported Mlo genes to be supporting powdery mildew

fungus (Erysiphe graminis f.sp. tritici) and mutation in the gene imparts non-race specific,
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durable resistance against powdery mildew as mutants have large cell wall appositions at
penetration site and thus, restricting pathogen growth. However, m/o mutants have some
negative pleiotropic effects such as necrotic leaf spots and reduced grain yield. Miklis et
al. (2007) reported mlo-based resistance to be independent of salicylic acid, jasmonic acid
and ethylene pathways but is dependent on actin polarization and depolarization. Vogel et
al. (2002) found PMR6, a pectate lyase-like gene, was found to be a susceptibility gene for
powdery mildew fungus Erysiphe cichoracearum. Mutation of this gene alters the plant
cell wall composition, prevents lysis of cell walls and makes the plant resistant. Following
discovery of these susceptibility genes and their mechanism, several susceptibility genes
have been reported in wheat also.

Faris et al. (2010) reported 7sn/, a NBS-LRR type resistance gene that acts as a virulence
target of toxin ToxA of necrotrophic fungus namely Parastagonospora nodorum and
Pyrenophora-tritici repentis and promotes infection. Li et al. (2013) found Triticum
aestivum susceptibility-3 (7aS3), a ubiquitin-like protease 1 supports the powdery mildew
fungus in causing disease. Authors reported mutation of this gene suppresses pathogen
penetration by 19% and over-expression of this gene increases susceptibility. Feng et al.
(2014) reported a monodehydroascorbate reductase gene, TaMDHAR4 promotes stripe
rust infection in wheat. Mutation of this gene results in reduction of hyphal growth, inhibits
sporulation and hence, no disease. Two other genes namely: TaMDARG6 and TaSTP13 were
also reported to be working as S-genes in this pathosystem (Abou-Attia et al., 2016; Huai
et al., 2020). Shi et al. (2016) reported Toxl toxin from necrotrophic fungus
Parastagonospora nodorum hijacks a receptor-kinase namely Snnl/ to activate defense

response for a biotroph, which induces cell death and utilized by this necrotroph to elevate
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infection. Acevedo-Garcia et al. (2017) found triple and double mutants of 7aMlo genes to
be showing higher powdery mildew resistance as compared to wild type.

To date, a number of studies have been conducted to find out susceptibility genes for FHB
in wheat. Transcriptomic and proteomic studies revealed a group of genes and proteins
differentially expressed following F. graminearum infection (Fabre et al., 2020). Chetouhi
etal. (2015) did proteomic analysis of susceptible wheat (cultivar-Recital) at three different
grain development stages to understand wheat and F. graminearum interaction and to trace
out putative susceptibility factors. Authors found out downregulation of proteins involved
in starch biosynthesis and storage and upregulation of starch degradation, presumably due
to hijacking of these pathways by Fusarium for its own benefit. Chaperone proteins
involved in stress responses were also found to be downregulated which will cause delay
in initiation of extensive defense responses. Phenylalanine ammonia lyases (PAL)
responsible for cell-wall thickening was also down-regulated which might support fungal
penetration. Up-regulation of proteins of oxidative stress and cell redox homeostasis was
discovered which will support fungal growth.

Chetouhi et al. (2016) also performed transcriptome analysis of the same cultivar over
different grain development process. Authors identified a group of 172 genes that are F.
gramineraum-responsive and are influenced by grain development stages. Authors
mentioned 10 genes out of 172 identified to be potential susceptibility genes and that
include WRKY group of genes, MLO protein, zinc finger protein, MYB transcription
factor, polygalacturonate and lipid acyl hydrolase. Ding et al. (2017) did proteomic analysis
of resistant (Sumai 3) and susceptible (Huaimai 27) analysis and reported F. graminearum

infection initiates plethora of early signaling pathways and extensive defense responses in
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both resistant (R) and susceptible (S) genotypes with more robustness in resistant
genotypes. Differential expressed proteins between R and S genotypes were related to
signal transduction, metabolism, transcription, proteasome and oxidative damage.

Pan et al. (2018) performed metabolic analysis of three resistant (Nyubai, Wuhanl, HC374)
and one susceptible (Shaw) genotype against FHB. They found 2270 differentially
expressed genes (DEGs) associated with FHB susceptibility. Those DEGs were
transcription factors like NAC-domain, WRKY, MYB, bZIP, ethylene responsive genes,
some leucine rich receptor kinases (LRR-RK) and serine/threonine kinases. Authors also
found 220 DEGs associated with FHB resistance, which belong to the class of Glutathione
S-transferase (GSTs), membrane proteins and distinct LRR-RKs. LRR-RKs was found to
have roles in both resistance and susceptibility. Wang et al. (2018) also did transcriptome
analysis of resistant and susceptible lines and found a similar group of genes that were
differentially expressed after F. gramineraum infection.

Transcriptome analyses were also performed to understand the roles of phytohormones in
Fusarium infection (Fabre et al., 2020). Ding et al. (2011) and Wang et al. (2018)
performed hormone profiling of major phytohormones. Salicylic acid (SA) has a possible
role in FHB resistance and SA related pathways and processes were found to be
upregulated following F. gramineraum infection in both resistant and susceptible plants
with early and more robust activation in resistant plants. However, SA levels did not
increase after certain time, suggesting that SA provides resistance only in early stages and
for later stages, some additional mechanisms are involved. Genes related to Jasmonic Acid
(JA) biosynthesis and metabolism were actually found to be downregulated in susceptible

cultivars and unchanged in resistant cultivars. However, downstream pathways like
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signaling and response were found to be upregulated in both resistant and susceptible
cultivars with more robust activation like SA in resistant ones. Negative regulators for JA
signaling were downregulated. Unlike SA, a dramatic increase was observed in JA levels
at later stages in both resistant and susceptible genotypes with a higher level of increase in
resistant one. JA was found to have positive role in FHB resistance (Ding et al., 2011;
Wang et al., 2018b). Silencing of wheat gene 7aSS/2 showed an increase in FHB resistance
by promoting SA signaling and potentially altering JA pathways as can be seen in
Arabidopsis ssi2 mutant lines. That shows involvement of these two antagonistic pathways
in response to FHB (Hu et al., 2018).

Ethylene plays dichotomous role in F. graminearum infection. Ethylene promotes activity
of pathogenesis related (PR) genes and chitinases and promotes FHB resistance. However,
ethylene also has a role in promoting early senescence and hence, supporting infection.
Ethylene insensitive mutants 2 (E/N2) which have disrupted ethylene signaling pathway
were found to be resistant to FHB and supports the claim of negative impact of ethylene
on FHB resistance (Chen et al., 2009; Wang et al., 2018b). Abscisic acid was found to have
negative role in FHB resistance (Wang et al., 2018b). ABA receptor Ta PYL4AS A
promotes F. gramineraum infection. Virus induced silencing of this ABA receptor
represses FHB disease severity and DON content (Gordon et al., 2016). Auxin (Wang et
al., 2018b) and Brassinosteroids (Goddard et al., 2014) were shown to be supporting F.
graminearum growth.

Ma et al. (2006) screened 30 ditelosomic lines for FHB response and found five ditelosomic
lines that have significantly lower FHB severity and four lines with significantly lower

DON content than control. These results suggest the presence of susceptibility genes on
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these chromosomes arms which can be further fine mapped in the future. Hales et al. (2020)
reported a type-2 susceptibility factor on short arm of chromosome 4D and mapped into a
region of size 31.7Mbp.

Garvin et al. (2015) attempted to transfer FHB resistance locus from resistant cultivar
“Freedom” to susceptible cultivar “Apogee” and found that the resistant line (A30) had
about 19% of chromosome 3DL deleted and 59% less disease severity as compared to
Apogee. These results suggest chromosome 3DL harbors some kind of susceptibility genes.
Basnet et al. (2012) reported a susceptibility factor on chromosome 2DS of Sumai 3. In
other genotypes, this region acts as a resistance QTL but Sumai 3 was found to have
negative alleles at this locus for FHB. Xu et al. (2020) reported dwarfing alleles (RAt-D1)
and vernalization genes (Vrn-Ala, Vrn-Bla) to be negatively correlated with FHB index.
Identification of F. graminearum effectors and understanding their role in infection can
help in identifying susceptibility factors that facilitate infection and colonization by the
pathogen (Fabre et al., 2020). DON is a well-known and characterized F. gramineraum
effector (Miller & Young, 1985) that has an established role in fungal spread within spikes
(Bai et al., 2001). Brauer et al. (2019) reported virulence target of DON namely a
transcription factor TaNFXL1. DON induces greater expression of this gene in susceptible
cultivars over resistant ones. Virus induced gene silencing and CRISPR-mediated genome
editing of TANFXL1 repressed F. gramineraum infection. The mechanism how TaNFXL1
supports fungal infection is still unknown but might possibly by suppressing stress-induced
SA production. Another known F. gramineraum effectors are cell-wall-degrading-
enzymes (CWDEs) which weaken the cell walls and promotes infection (Paccanaro et al.,

2017; Lu & Faris, 2019; Quarantin et al., 2016, 2019). Xylanases from F. gramineraum
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were reported to have direct impact on weakening of cell wall and indirect impact on
enhancing Hypersensitive like symptoms and hence, cell death (Paper et al., 2007; Pollet
et al., 2009; Sella et al., 2013; Tundo et al., 2015). Another CWDE effector namely FGLI
lipase was found to physically interact with immunophilin protein FKBP12 of wheat,
which destabilizes FKB12/ERG complex and promotes cell death ( Voigt et al., 2005; Niu
et al., 2013). An effector arabinanase Arn93b suppresses ROS-activated defense by
degrading arabinan (Hao et al., 2019). Besides protein effectors, sSRNAs effectors were also
discovered to modify plant responses. One effector (Fg-sRNA 1, 18 nucleotide long)
targets a wheat chitin elicitor-binding protein and disrupts signaling pathways imparting
resistance. Manipulating/targeting the targets of effector molecules can also provide a

novel and alternative source of resistance (Jian & Liang, 2019).
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Chapter 2: Identification of a Promising Susceptibility Gene

(SF’4SFHB) for Fusarium Head Blight in Wheat

2.1. Abstract

Fusarium head blight (FHB) caused by Fusarium spp. impedes both quantity and quality
of the crop. Being quantitatively inherited, only partial resistance has been achieved to date
against this lethal disease. A lot has been done over role of R genes in FHB resistance
however, there are very few reports on manipulation of host by pathogen via susceptibility
genes. Engineering susceptibility genes offer a novel and alternative breeding strategy for
FHB resistance. In literature, short arm of chromosome 7A (7AS) was shown to have a
major effect susceptibility gene for FHB. This study was planned to narrow down the
candidate region. Di-telosomic lines for group 7 chromosomes of wheat reconfirmed the
presence of susceptibility gene on 7AS. Nulli-tetrasomic lines for homeolog group 7 of
wheat revealed dosage effect of gene. We also phenotyped seven Substitution lines for
chromosome 7A of Chinese Spring for FHB resistance and found all of them to be
susceptible depicting the conserved nature of gene and was named as SF’4SFHB. To map
SF7ASFHB, twelve Deletion lines for 7AS were first characterized at molecular level and
then phenotyped in the greenhouse. Three lines were found to be resistant and the
remaining ones were susceptible. 7AS-3 and 7AS-8 were found to be the successive lines
over the physical map showing contrasting FHB severity. 7AS-3 was found to be resistant
and 7AS-8 to be susceptible. Comparative molecular and phenotypic analysis revealed
SF’ASFHB to be in the peri-centromeric region of 40-50 Mb between 7AS-3 and 7AS-8.

Our results showed manipulating SF74SFHB imparts 30-40% in-built resistance against
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FHB. We hypothesize that a cultivar with knocked out SF74SFHB and harboring a major

effect resistance QTL will have a high resistance against FHB.

2.2. Introduction

The polyploid nature offers wheat with a unique feature of genome buffering. Wheat
genome can tolerate creation of different aneuploid lines such as Nullisomic, Di-telosomic,
Deletion, Substitution lines and many other types. A number of aneuploid stocks have been
developed in bread wheat that served as very important genetic resource for the wheat
community (Sears, 1954; Sears, 1966). Sears (1954) first reported the systematic
development of aneuploids in wheat. Different types of aneuploid reported by Sears over
the years were Monosomics (one chromosome lost), Trisomics (one chromosome gained),
Nullisomics (one pair of homologous chromosomes lost), Tetrasomics (one pair of
homologous chromosomes gained), Nulli-tetrasomics (tetrasome of a homeolog group
compensates for the nullisome for each of the other two homelog chromosomes of same
group) and Di-telosomics (lacks chromosome arms for one homologous group) (Sears,
1954; Sears, 1966; Gupta & Vasistha, 2018). The cultivar ‘Chinese Spring (CS)’ was used
to develop these genetic stocks. Nulli-tetrasomic lines can be used to delineate the
chromosome harboring a particular trait and Di-telosomic lines can be used to find the
candidate chromosome arm (Gupta & Vasistha, 2018).

Following that, Endo & Gill (1996) developed terminal Deletion lines (lacking
chromosomal fragments) of wheat chromosomes. Endo (1988); Endo & Gill (1996); Endo
(2015) discovered induction of breakages in bread wheat chromosomes cv. CS when an

alien chromosome from either Aegilops cylindrica (chromosome 2C) or Ae. triuncialis
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(chromosome 3C) or a chromosomal segment from Ae. speltoides chromosomes were
introduced into wheat as monosomic additions. Induced breakage was because of
gametocidal action of Aegilops chromosomes and breakage occurs in the gametophyte
lacking alien chromosome. Telomeric regions were quickly rebuilt following chromosome
breakage restoring chromosome stability (Werner et al., 1992; Tsujimoto, 1993). Endo &
Gill (1996) reported isolation of 436 Deletion lines across all chromosomes of bread wheat
cv. CS with random break points. They were able to establish homozygous/hemizygous
lines for most of the deletions. All the Deletion lines were characterized for the size and
identity of segments of chromosomes deleted using cytogenetic techniques. They
discovered variation in deletion stock for morphological, biochemical and physiological
traits. This genetic stock is an excellent resource for physical mapping of wheat
chromosomes.

Using these aneuploid stocks, any particular marker can be used without the need of
identifying polymorphism which is a highly significant factor in wheat because of its
polyploid nature and low level of DNA polymorphism among homeologs (Song et al.,
2005). Cytogenetic based physical maps for all seven homeolog groups were developed
using these stocks: (Homeolog group 1- Gill et al. (1996), Homeolog group 2- Delaney et
al. (1995a), Homeolog group 3- Delaney et al. (1995b), Homeolog group 4- Mickelson-
Young et al. (1995), Homeolog group 5- Gill et al. (1996), Homeolog group 6- Gill et al.
(1993) and Homeolog group 7- Werner et al. (1992). Furthermore, physical maps were also
developed by using Expressed sequenced tags (Qi et al., 2003; Sourdille et al., 2004). The
importance of these aneuploid stocks can be seen from the fact that all seven of the

Mendelized QTLs reported for FHB have used these stocks to find either candidate
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chromosome, chromosome arm or to refine the candidate region (Cuthbert et al., 2006,
2007; Qi et al., 2008; Xue et al., 2010, 2011; Cainong et al., 2015; Guo et al., 2015).
There are numerous publications reporting use of aneuploid stocks to narrow down the
candidate region and recent ones will be mentioned here. Fu et al. (2017) used deletion
lines of 7B chromosome to fine map a powdery mildew resistance gene. Liu et al. (2017)
analyzed the aneuploid lines to map the chromosomal location of genes that might have
role in controlling root hair length. Singla et al. (2017) performed deletion bin mapping of
rust resistance gene L7735, to map it on chromosome 1B. Buerstmayr et al. (2018) took help
of chromosome 5A Nulli-tetrasomic, Di-telosomic and Deletion lines to fine map region
of a FHB resistance QTL Qfhs.ifa-5A4 to peri-centromeric region. Saintenac et al. (2018)
used the 3AS Deletion lines to delineate the region of Sth6 gene that provides resistance to
septoria tritici blotch to sub-telomeric region. Avila et al. (2019) reported use of 7DS
Deletion lines to fine map the region responsible for lutein esterification. Draeger et al.
(2020) reported use of SDL terminal Deletion lines to narrow down candidate region
responsible for low temperature tolerance. Hales et al. (2020) used aneuploid stocks of
wheat to refine a susceptibility factor for FHB on chromosome 4DS.

Ma et al. (2006) screened a set of 30 Di-telosomic (Dt) lines of CS for response to F.
graminearum. They found disease spread variability ranged from 13 to 95% among the
lines. Five out of thirty lines (Dt 6BS, Dt 4DL, Dt 7BL, Dt 3BS and Dt 7AL) had lower
proportion of scabbed spikelets (p<0.01) and four lines (Dt 6AL, Dt 6DS, Dt 4DL and Dt
7AL) had significantly less DON content (p<0.05) as compared to CS. The reason for lower
FHB severity of these lines may be due the presence of susceptibility genes or resistance

suppressors present on their missing chromosome arms. Dt 7AL (missing 7AS) showed
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lowest amount of FHB severity as well as minimal DON content that’s why we chose short
arm of chromosome 7A for further study.

Plants activate phytohormones regulated defense responses for protection against
pathogens. On the other hand, pathogens release effector molecules to manipulate
phytohormones and defense responses for their own benefit (Kazan & Lyons, 2014).
Phytohormones play an important role in signaling networks involved in both biotic and
abiotic stresses (Qi et al., 2019). F.graminearum is also known to change endogenous
phytohormone levels in wheat spike following infection (Kazan & Gardiner, 2018; Wang
et al., 2018; Qi et al., 2019). SA (Makandar et al., 2011; Sorahinobar et al., 2016; Wang
et al., 2018) and JA (Li & Yen, 2008; Gottwald et al., 2012; Qi et al., 2016; Wang et al.,
2018) are known to suppress F. graminearum at different stages of infection. F.
graminearum, on the other hand is known to manipulate these hormones for its own
benefit. Ethylene is known to have dichotomous role in F. graminearum infection (Li &
Yen, 2008; Gottwald et al., 2012; Xiao et al., 2013; Wang et al., 2018). Auxin (Wang et
al., 2018), Abscisic Acid (Wang et al., 2018) and Brassinosteroids (Goddard et al., 2014)
have been shown to be supporting F. graminearum growth.

Pathogens secrete effector molecules in the host to initiate infection or help in colonization.
Effectors either suppress gene targets having role in defense or activate targets that may
support its growth or have negative impact on defense pathways (Pavan et al., 2009).
Eckardt first introduced the term plant susceptibility (S) genes (Eckardt, 2002).
Genetically, they can be considered as dominant genes whose manipulation will lead to
recessive resistance (Pavan et al., 2009). In common language, genes facilitating infection

or supporting compatibility are termed as Susceptibility genes. Hence mutation in them
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limits the pathogen. Susceptibility genes can be divided into three categories based on their
role during different stages of infection: a)- Ones helping in pathogen establishment; b)-
Involved in modulating/regulating plant defenses c¢)- Involved in providing nutrition to the
pathogen (van Schie & Takken, 2014).

Manipulating susceptibility genes by knocking out or knocking down their expression
provide a novel and alternative breeding strategy for protection against pathogens. Benefits
that come along with utilizing susceptibility genes are that acquired resistance is recessive,
broad spectrum and more durable as compared to R-genes. However, as most of the
Susceptibility genes have pleiotropic effect hence manipulating them may affect the host
physiological processes. A well-known example of a S-gene used in crop breeding is
Barley mlo gene, a loss of function mutation providing broad spectrum resistance against
Powdery Mildew for over 35 years in many plant species (Engelhardt et al., 2018).

In this study, we narrowed down the mapping interval of a susceptibility gene on short

arm of chromosome 7A of wheat.

2.3. Materials and Methods

Plant Material

Experiments were conducted over three seasons (2018, 2019 and 2020) in Research
Greenhouse Complex, University of Maryland, College Park. Plant material consisted of:
a) Di-telosomic lines for chromosome 7 namely Di-Telosomic 7AS (Dt 7AS), Di-
Telosomic 7AL (Dt 7AL), Di-Telosomic 7BS (Dt 7BS), Di-Telosomic 7BL (Dt 7BL), Di-

Telosomic 7DL (Dt 7DS) and Di-Telosomic 7DL (Dt 7DL), b) Nulli-tetrasomic lines for
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chromosome 7 including Nulli 7A-Tetra 7B (N7A-T7B), Nulli 7B-Tetra 7A (N7B-T7A)
and Nulli 7D-Tetra 7A (N7D-T7A), ¢) Seven Substitution lines for chromosome 7A named
as Timstein (TSN), Cheyenne (CNE), Axminster (AMN), Hope (HP), Thatcher (T), Red
Egyptian (RE) and Dicoccoides (DCDS) and d) Twelve overlapping Deletion lines for
short arm of chromosome 7A sequentially numbered from 1 to 12 (7AS- 1 to 12). Five
plants for each line were sown in 6.5” pots. Nulli-tetrasomic lines and Di-Telosomic lines
were tested only once in year 2020 whereas Deletion and Substitution lines were analyzed
in all three sets (2018, 2019, 2020). 7AS-6 was not tested in year 2019 because of technical
reasons. A subset of critical Deletion lines along with control was tested again in 2020.
Temperature conditions varied from 23-25 °C during daytime and 16-18 °C during night-
time. Photoperiod profile of 16hr (day): 8hr (night) was used. Being the genetic background
of all the plant materials, CS (wild type) was used as positive control in all the experiments.
All the genetic material used for the experiments were procured from Wheat Genetics

Resource Center (WGRC), Kansas State University (KSU).

Marker development, PCR conditions and Gel electrophoresis

For monitoring the identity and size of deletions in the genetic lines used, genome specific
markers were developed every 10 Mb of 7AS, selecting gene sequences at 10Mb interval
from the CS wheat reference genome sequence version 1.0 IWGSC et al., 2018). To cover
the entire ~360 Mb long chromosome 7AS (IWGSC et al., 2018), a total of 36 markers
were designed starting from the telomeric end of the chromosome. Genome Specific Primer
(GSP) design software (Wang et al., 2016) with default settings was used for designing
primers specific to chromosome 7A. Each marker was first tested on wild type CS and

Nulli 7A DNA to confirm their genome specificity, after which they were applied on all 12
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Deletion lines. A touch down Polymerase Chain reaction (PCR) profile from 64 °C to 58
°C (95 °C for 5 min, 7 cycles of 95 °C for 45 sec, 64-58 °C for 45 sec with a decrease of 1
°C per cycle, 72 °C for 1 min, followed by 27 cycles of 95 °C for 45 sec, 58 °C for 45 sec,
72 °C for 1 min, and a final extension of 72 °C for 7 min) was used. PCR product obtained
was run on Ethidium Bromide stained 1.5-2% Agarose gel for 1-1.5 hr. and visualized

under UV.

Fungal inoculum preparation:

F.graminearum isolate GZ3639 was used in this set of experiments, which is known for its
strong virulence (Desjardins et al., 1997; Rawat et al., 2016). Fungal plugs from 50%
glycerol stocks (stored at -80 °C) were used to culture the fungal mycelia on Potato
Dextrose Agar (PDA). Each PDA plate was inoculated with one plug from the stock, taped
with autoclaved parafilm and fungus was allowed to grow at room temperature. Plates were
checked for bacterial contamination each day and contaminated ones were discarded. After
seven days of inoculation, two plugs from PDA plates with actively growing fungus were
inoculated on liquid Mung bean (MB) broth, shaken at 180 rpm at room temperature for a

week. (Reference:https://scabusa.org/pdfs/ptt/KY FG_Media-Recipes.pdf). Macroconidia

at a concentration of 1x10° diluted in distilled water were used for inoculations.

Inoculation strategy and phenotyping:

Tenth and eleventh spikelets counted from the base of the spikes were point-inoculated
with 10 pl macroconidial inoculum at pre-anthesis stage. Five to six spikes per plant were
inoculated and covered with moisture saturated Ziplock bags for 72 hours to provide high

humidity for fungal growth. Disease scoring was done 14, 21 ad 28 days after inoculation
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(dai). Phenotyping was done by counting the number of bleached spikelets, including the

inoculated spikelet, downwards from the point of inoculation

FHB Severity, AUDPC and FDKs

Percentage of symptomatic spikelets (PSS) were calculated by converting number of
bleached spikelets (the inoculation point and bleached ones down from the point of
inoculation) to a scale of 100. To compare the FHB severity among different

genotypes, area under the disease progress curve (AUDPC) values were calculated from
the average of PSS at 14, 21 and 28 dai for each genotype. Formulae given by Simko &
Piepho (2011) was used for calculating AUDPC values:

n-1

AUDPC= ) [(YitYi+1) /2](Ti-Ti+1)

i=1
Where Yiis the average of PSS (in percentage) at the ith observation, Ti is time (days) at
the ith observation and n is the total number of observations.
Seeds were manually threshed individually from each inoculated spike after maturity and
bulked by genotypes. Fusarium damaged kernels (FDKs) were measured for each genetic
line by counting visually scabby kernels among all the threshed seeds of that line in the

particular experiment and converting it into percentage.

DON content:

DON content of seeds was measured at USWBSI DON-testing laboratory at University of
Minnesota by GC/MS following Mirocha et al. (1998). Each sample was analyzed in three

replications. Briefly, 1 g of ground samples were extracted with 16 mL of acetonitrile/water
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(84/16, v/v) in 50 mL centrifuge tubes. Each sample was placed on a shaker for 1 hr., and
then 4 ml of the extract was passed through a column packed with 18 °C and aluminum
oxide (1/3, w/w). One milliliter of the filtrate was evaporated to dryness under nitrogen at
room temperature, and 100 pl of Trimethylsilyl (TMS) reagent (TMSI/TMCS, 100/1) was
added to the vial, rotating the vial so that the reagent makes contact with residue on the
sides of the vial. The vial was placed on a shaker for 10 min, and then ImL of isooctane
containing 4 pg/mL mirex was added and shaken gently. HPLC water (1ml) was added to
quench the reaction and the vial was vortexed so that the milky isooctane layer becomes
transparent. The upper layer was transferred into a GC vial for GC/MS analysis (Shimadzu
GCMS-QP2010, Shimadzu Corporation, Kyoto, Japan) and readings were recorded. DON

content was measured only for year 2020.

Statistical analysis:

Data was analyzed in R (VR x64 3.6.3), R studio and Excel for all set of experiments. All
the experiments were conducted in a Completely Randomized Design (CRD). Parameters
analyzed were: FHB severity, AUDPC, FDKs and DON content. Each spike tested was
considered as individual replicate. Each data set was first tested for normality and
homogeneity of error variances before doing analysis. Normality was checked by plotting
QQ-plots and performing Shapiro-Wilk tests. Homogeneity of error variances was checked
by plotting residual vs fitted plots and performing Levene test. Experiments on FHB
severity of Di-Telosomic and Nulli-Tetrasomic lines was performed only once in 2020,
hence there is no variable year. PSS was taken as dependent variable whereas Genotype

was considered as independent variable with fixed effect. Kruskal-Wallis rank sum test
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was performed for them for 21 and 28 dai as dataset did not met ANOVA assumptions of
normality and homogeneity of error variances.

For FHB severity data of Deletion lines and Substitution lines, PSS was taken as dependent
variable whereas Genotype and Year both considered as independent variables. Both
Genotype and Year were considered as fixed effect. A two-way Analysis of Variance
(ANOVA) with interaction was performed for data points 21 and 28 dai over three years.
For Deletion lines, Type-1 two-way ANOVA was performed as we lacked one genotype
(7AS-6) in 2019 set due to technical reasons, however, for Substitution lines, type-3 two-
way ANOVA was performed. Data points where significant Genotype*Year interaction
was found, a simple one-way ANOVA was performed separately for each year. Type-3
one-way ANOVA was performed for both Deletion and Substitution lines. Data from
which residuals were not normally distributed or did not appear independent of fitted values
were log10 transformed, in order to meet the assumptions of data analyses.

In order to make pair-wise comparisons between control CS and other genotypes tested in
each season for all the experiments, a post-hoc test (Dunnett test if analysis conducted by
ANOVA or Dunn test if analysis conducted by Kruskal-Wallis rank sum test) was
performed. For analysis of AUDPC values and DON content, same set of procedure was
followed as that for FHB severity data for all the experiments.

For analysis of FDK values, a single sample t-test with unknown standard deviation was
used as only one replicate/ genotype was available for all experiments. Firstly, standard
deviation was calculated by considering whole data set. A critical t-value was obtained
from the t-table on the basis of degrees of freedom and at a=0.05. T-value was calculated

between control and other genotypes separately for each experiment.
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2.4. Results

Molecular characterization of Deletion lines:

The twelve Deletion lines of chromosome 7AS were earlier cytogenetically characterized
by Endo & Gill (1996). To molecularly characterize the size of the Deletion lines, 36
genome specific primers spanning 7AS were used (Appendix 1). Each marker was tested
on CS (positive control), and Nulli 7A (negative control) for confirming the genome
specificity. Out of 36 primers, 33 were found to be genome specific for chromosome 7AS.
Genome specific markers were then tested on all twelve Deletion lines and results are
shown in Table 1. Markers FHB-SF7AS-1, FHB-SF7AS-2 and FHB-SF7AS-3 were found
to amplify only control CS revealing terminal ~30 Mb to be deleted in all the Deletion
lines. Serially, FHB-SF7AS-4 was the first marker to amplify on Deletion line 7AS-12,
and absent in all other Deletion lines, showing Deletion line 7AS-12 to have retained the
maximum segment of chromosome 7AS among the Deletion lines. Deducing the deletion
patterns of all the remaining lines in a similar way, the order of Deletion lines in increasing
deleted 7AS segment size was found to be: 7AS-12, 7AS-1, 7AS-9, 7AS-2, 7TAS-5, TAS-
11, 7AS-10, 7AS-8, 7AS-3, 7AS-4 and 7AS-6 (Table 1). The order of Deletion lines was
found to be in agreement with the cytogenetic map of Endo & Gill (1996). The position of

all Deletion lines approximate to 10Mb is shown in Figure 1.
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Table 1: Primers data on CS (Positive control), Nulli 7A (Negative control), and twelve Deletion lines. ‘+’ depicts primer
running on that particular genotype, ‘- depicts primer not running on that particular genotype. Lines are listed in decreasing

order of number of markers running on them

TAS- | 7TAS | 7AS- | 7AS-4 | 7AS-6
N-7A | 7AS-12 | 7AS-1 | 7TAS-9 | 7AS-2 | 7AS-7 | 7AS-5 | 7AS-11 | 10 -8 3

)
72

Primer

FHB-SF7AS-1

FHB-SF7AS-2

FHB-SF7AS-3

FHB-SF7AS-4

FHB-SF7AS-5
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1

1
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Figure 1: Physical map of the Deletion lines. 0 Mb depicts the centromeric position and
360 Mb depicts the telomeric position. The names on the left are the name of different
Deletion lines screened with genome specific primers. The numbers on the right (in mb)

corresponding to each line is the mb’s of chromosome 7AS present in each particular

Deletion line
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Evaluation for FHB severity

Analysis of Di-telosomic and Nulli-tetrasomic lines:

Di-telosomic lines were evaluated to reconfirm the results of Ma et al. (2006) depicting
loss of 7AS provides resistance against FHB and eliminate possibility of potential role of
homeologs of 7A in providing resistance. Nulli-tetrasomic lines were evaluated for the

dosage effect of the gene.

Di-telosomic lines:

At 21 dai, Di-telosomic lines showed significant variation at p=1.214e-14 with chi-square
value of 80.269 (Table 2a). Only Di-telosomic lines of chromosome 7A (Dt 7AS and Dt
7AL) were found to be significantly different from control. Dt 7AS (with short arm of 7A
present in two copies) had significantly higher FHB severity at p<0.001 and Dt 7AL (with
short arm of 7A missing) had significantly lower FHB severity at p<0.01. Di-telosomics of
homeologs 7B (Dt 7BS and Dt 7BL) and 7D (Dt 7DS and Dt 7DL) were found to be
statistically similar to control CS (Figure 2a).

FHB severity data of Di-telosomics at 28 dai has significance differences at p=2.313e-10
with chi-square value of 59.071 (Table 2b). Only one Di-telosomic line was found to be
statistically different from control. Dt 7AL (with short arm of 7A missing) had significantly
less FHB severity at p<0.001 (Figure 2b), showing the that lack of 7AS to make plants
resistant.

Results were found to be in line with results of Ma et al. (2006) and reconfirmed the
presence of a major effect susceptibility gene on 7AS. Images of infected spikes of Di-

telosomic lines have been presented in Figure 3. All images were taken at 28 dai.
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Nulli-tetrasomic lines:

At 21 dai, a significant variation in data set was found at p=1.746e-06 with chi-square value
of 29.515 (Table 3a). Post-hoc test (Dunn test) between CS and Nulli-tetra lines revealed
N7A-T7B to have significantly lower FHB severity than control at p<0.05 whereas lines
N7B-T7A and N7D-T7A had significantly higher FHB severity than control at p<0.05 and
p<0.01 respectively (Figure 4a) showing that absence of chromosome 7A made the plants
resistant.

At 28 dai, Kruskal-Wallis rank sum test explained statistical significance at p=7.093e-07
with chi-square value of 31.373 (Table 3b). Dunn test results showed all three of tested
Nulli-Tetra lines to be significantly different from control where N7A-T7B showed
significantly lower FHB severity at p<0.01 whereas N7B-T7A and N7D-T7A had
significantly higher FHB severity at p<0.001 (Figure 4b). The results proved that gene has
a dosage effect where deletion of chromosome 7A made the plants resistant, whereas extra
copies of 7A make the plant more susceptible to FHB spread. Images of infected spikes of
tested Nulli-Tetra lines along with control CS 28 taken at 28 DAI have been provided in

Figure 5.
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Table 2: Kruskal-Wallis rank sum test for Di-telosomic lines. 2a: At 21 dai; 2b: At 28 dai. *** represents significance at p<0.001

Table 2a: Kruskal-Wallis rank sum test for Di-telosomic lines at 21 dai
Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=68.461, df=6, p-value = 8.454e-13***

Table 2b: Kruskal-Wallis rank sum test for Di-telosomic lines at 28 dai

Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=51.859, df=6, p-value = 1.99e-09***

R
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Figure 2: FHB Severity (%) of Di-telosomic lines at 21 and 28 dai. X-axis denotes the genotypes (CS (control) and all tested

Nulli-Tetra lines). 2a: 21 dai; 2b: 28 dai. ** depicts significantly lower disease at p<0.01 and *** at p<0.001. " depicts

significantly higher disease at p<0.001 as compared to CS

Figure 3: FHB symptoms over control CS and tested Di-telosomic lines. Images taken from spikes tested in 2020 season at 28
dai. In each image, identity of each genotype is mentioned. Two-black dots over the spikes represent the point of inoculations.

Green spikelets and green rachis represent healthy spikes. Bleached spikelets and brown rachis represent diseased spikes
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Table 3: Kruskal-Wallis rank sum test for Nulli-Tetrasomic lines. 3a: At 21 dai; 3b: At 28

dai. *** represents significance at p<0.001

Table 3a: Kruskal-Wallis rank sum test for Nulli-tetrasomic lines at 21 dai
Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=29.515, df=3, p-value = 1.746e-06***

Table 3b: Kruskal-Wallis rank sum test for Nulli-tetrasomic lines at 28 dai
Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=31.373, df=3, p-value = 7.093e-07***
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Figure 4: FHB Severity (%) of Nulli-Tetrasomic lines at 21 and 28 dai. X-axis denotes the
genotypes (CS (control) and all tested Nulli-Tetrasomic lines). 4a: 21 dai; 4b: 28 dai. *
depicts significantly lower disease at p<0.05 and ** at p<0.01 as compared to CS. * depicts

significantly higher disease at p<0.05 and " at p<0.01 as compared to CS
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N7A-T7B N7B-T7A N7D-T7A

Figure 5: FHB symptoms over control CS and tested Nulli-Tetrasomic lines. Images taken from spikes tested in 2020 season at
28 dai. In each image, identity of each genotype is mentioned. Two-black dots over the spikes represents the point of inoculations.

Green spikelets and green rachis represent healthy spikes. Bleached spikelets and brown rachis represent diseased spikes
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Analysis of Substitution lines:

Seven Substitution lines for chromosome 7A of CS of wheat along with CS as control was
tested under greenhouse conditions for their response to FHB for three seasons (2018, 2019
and 2020). A two-way ANOVA with interaction for 21 dai had significant Genotype effect
(p<0.05) and Genotype*Year interaction (p<0.01) (Table 4a). One-way ANOVA was
calculated, and it showed significant Genotype effect present for years 2018 (p< 0.05) and
2020 (p<0.001) (Table 4(b-d)). For data point (21 dai), lines: TSN, CNE, T, HP and RE
were found to be statistically similar to CS. DCDS was found to show significantly less
FHB severity during season 2018 at p<0.05 and significantly high FHB severity during
2020 at p<0.01. AMN was found to have more FHB severity from CS during 2020 season
at p<0.05 (Figure 6a).

For data point 28 dai, a two-way ANOVA showed only significant Genotype*Year
interaction in the data set at p <0.001 and no significant genotype effect was observed
(Table 5). One-way ANOVA was not conducted separately for each year as there existed
no genotype effect. All Substitution lines were found to be statistically indistinguishable
from control CS. No substitution line was found to have significantly lower FHB severity
for the tested data points over three years with one exception of line DCDS which has
statistically lower disease than CS at 21 dai during 2019, however, at 28 dai (2019) it was
found to be statistically similar to CS (Figure 6b). These results proved SF74SFHB to be
conserved across genotypes for FHB severity. Photographs of infected spikes of CS
(control) and all Substitution lines can be seen in Figure 7. All images were taken at 28 dai.
Green spikelets and green rachis represent healthy spikes. Bleached spikelets and brown

rachis represent diseased spikes.
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Table 4: ANOVA of Substitution lines at 21dai. 4a: Two-way ANOVA with interaction
(Type-3) of all three years data, 4b: One-way ANOVA (Type-3) for 2018 data, 4c: One-
way ANOVA (Type-3) for 2019 data, 4d: One-way ANOVA (Type-3) for 2020 data. *

depicts significance at p<0.05, ** depicts p<0.01, *** depicts p<0.001

Table 4a: Two-way ANOVA of Substitution lines at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F value Pr(>F)
(Intercept) 43.527 1 506.0329 <2.2e-16 ***
Genotype 1.337 7 2.2210 0.031708 *
Year 0.416 2 2.4182 0.090337
Genotype: Year 2.572 14 2.1359 0.009546 **
Residuals 35.783 416

Table 4b: One-way ANOVA of Substitution lines for 2018 at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 43.527 1 487.4858 <2e-16 ***
Genotype 1.337 7 2.1396 0.04801*
Residuals 7.550 84

Table 4¢: One-way ANOVA of Substitution lines for 2019 at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 58.871 1 785.1665  <2e-16 ***
Genotype 0.205 7 0.3912 0.9052
Residuals 6.673 89

Table 4d: One-way ANOVA of Substitution lines for 2020 at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 92.591 1 1041.184 <2.2e-16 ***
Genotype 3.680 7 5911 2.344e-06 ***
Residuals 21.610 243
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Table 5: Two-way ANOVA (Type-3) of Substitution lines at 28 dai of all three years data.

*#% depicts significance at p<0.001

Two-way ANOVA (Type-3)
Response: FHB Disease Severity Trans (%)

Sum Sq Df F value Pr(>F)
(Intercept) 53.503 1 1155.9199 <2.2e-16 ***
Genotype 0.624 7 1.9269 0.0639528
Year 0.095 2 1.0294 0.3581460
Genotype: Year 2.013 14 3.1069 0.0001257 ***
Residuals 18.209 415
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Figure 6: FHB Severity (%) of Substitution lines at 21 and 28 dai over all three years. X-axis denotes the genotypes (CS
(control) and all tested Substitution lines). 6a: 21 dai; 6b: 28 dai. Boxplots in red, green and blue depicts FHB severity data of

2018, 2019 and 2020 respectively. * depicts significantly lower FHB severity at p<0.05 as compared to CS. " depicts

significantly higher FHB severity at p<0.05 and """ at p<0.01
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Figure 7: FHB symptoms over control CS and tested Substitution lines. Images taken from
spikes tested in 2020 season at 28 dai. In each image, identity of each genotype is
mentioned. Two-black dots over the spikes represent the point of inoculations. Green
spikelets and green rachis represent healthy spikes. Bleached spikelets and brown rachis

represent diseased spikes

Analysis of Deletion lines:

Deletion lines along with control CS were tested in the greenhouse for three seasons (2018,
2019, 2020). Most of the lines showed similar results for the three seasons and for both
data points (21 dai and 28 dai) with some exceptions. CS was found to be susceptible in all
the three seasons. 7AS-12, 7AS-9, 7AS-1, 7AS-7, TAS-2, 7AS-5 and 7AS-8 were found to
have statistically similar disease severity to control CS for both the data points and over all
of the three years (Figure 8).

For 21 dai, a two-way ANOVA with interaction for FHB severity revealed significant
genotype effect (p<0.001), year effect (p<0.01) and Genotype*Year interaction (p<0.001)
(Table 6a). Hence, One-way ANOVA was calculated for each of the year separately for
and were found to be significant for all three seasons (Table 6(b-d)). 7AS-11 showed
significantly higher FHB severity than control at p<0.001 for year 2020. In 2019, 7AS-3
had significantly high FHB severity than CS after 21 dai (p<0.001) whereas in 2020, this
particular Deletion line had significantly less FHB severity over CS at p<0.05. 7AS-4
showed statistically lower FHB severity in year 2018 and 2020 at p<0.01. 7AS-6 had
significantly lower FHB severity than control CS in year 2018 and 2020 at p<0.01 and

p<0.001 respectively (Figure 8a).
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For 28 dai, a two-way ANOVA results found significant genotype effect (p<0.001) and
Genotype*Year effect (p<0.001) in the data set (Table 7a). Hence, One-way ANOVA was
calculated for each of the year separately and were found to be significant for all three
seasons (Table 7(b-d)). 7AS-11 had significantly higher FHB severity than CS at p<0.05
for year 2020. 7AS-10 showed statistically lower FHB severity than control at p<0.01 for
2020. 7AS-3 did not differ statistically from CS after 28 dai for year 2018 and 2019
however, it had statistically lower FHB severity at p<0.001 in 2020. 7AS-4 showed
significantly lower FHB severity during all three years after 28dai at p<0.001.7AS-6 also
showed significantly lower FHB severity than control during 2018 and 2020 seasons in
which it was tested at p<0.01 and p<0.001 respectively (Figure 8b).

Photographs of infected spikes of CS (control) and all Deletion lines can be seen in Figure
9. All images were taken at 28 dai. Green spikelets and green rachis represent healthy
spikes. Bleached spikelets and brown rachis represent diseased spikes.

FHB severity analysis of Deletions lines revealed 7AS-6, 7AS-4 and 7AS-3 to be resistant
and all other lines to be susceptible. These above mentioned three resistant lines and two
susceptible lines present above resistant lines over physical map (7AS-8 and 7AS-10) were

tested again for FHB resistance to strengthen the results.
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Table 6: ANOVA of Deletion lines at 21 dai. 6a: Two-way ANOVA with interaction
(Type-1) of all three years data, 6b: One-way ANOVA (Type-3) for 2018 data, 6¢: One-
way ANOVA (Type-3) for 2019 data, 6d: One-way ANOVA (Type-3) for 2020 data. **

depicts significance at p<0.01, *** depicts p<0.001

Table 6a: Two-way ANOVA (Type-1) of Deletion lines at 21 dai
Response: FHB Severity Trans (%)

Df Sum Sq Mean Sq
Genotype 12 8.10 0.6749 10.496 <2e-16 ***
Year 2 0.62 0.3109 4.836 0.00821 **
Genotype: Year 23 3.62 0.1573 2.447 0.00020 ***
Residuals 691 44.43 0.0643

Table 6b: One-way ANOVA (Type-3) of deletion lines for 2018 at 21 dai
Response: FHB Severity (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 42539 1 81.0486 7.825e-16 ***
Genotype 16206 12 2.5731 0.003894 **
Residuals 80828 154

Table 6¢: One-way ANOVA (Type-3) of deletion lines for 2019 at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 58.871 1 1139.9508 <2.2e-16 ***
Genotype 2.016 11 3.5487 0.0001531 ***
Residuals 9.554 181

Table 6d: One-way ANOVA (Type-3) of deletion lines for 2020 at 21 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 92.591 1 1608.5632 <2.2e-16 ***
Genotype 5.910 12 8.5557 2.718e-14 ***
Residuals 20.261 352
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Table 7: ANOVA of Deletion lines at 28 dai. 7a: Two-way ANOVA with interaction
(Type-1) of all three years data, 7b: One-way ANOVA (Type-3) for 2018 data, 7c: One-
way ANOVA (Type-3) for 2019 data, 7d: One-way ANOVA (Type-3) for 2020 data. **

depicts significance at p<0.01, *** depicts p<0.001

Table 7a: Two-way ANOVA (Type-1) of Deletion lines at 28 dai
Response: FHB Severity Trans (%)

Df Sum Sq Mean Sq F value Pr(>F)
Genotype 12 13.25 1.1045 21.720 <2e-16 ***
Year 2 0.06 0.0324 .636 0.53
Genotype: Year 23 3.85 0.1673 3.289 4.34e-07 ***
Residuals 691 35.14 0.0509

Table 7b: One-way ANOVA (Type-3) of Deletion lines for 2018 at 28 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 53.503 1 694.8709 <2.2e-16 ***
Genotype 4.743 12 5.1332 3.442¢-07 **
Residuals 11.857 154

Table 7¢: One-way ANOVA (Type-3) of Deletion lines for 2019 at 28 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 84.350 1 2580.6755 <2.2e-16 ***
Genotype 1.989 11 5.5322 1.324e-07 **
Residuals 5.916 181

Table 7d: One-way ANOVA (Type-3) of Deletion lines for 2020 at 28 dai
Response: FHB Severity Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 129.952 1 2691.760  <2.2e-16 ***
Genotype 9.890 12 17.072 <2.2e-16 ***
Residuals 16.994 352
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Figure 8: FHB Severity (%) of Deletion lines at 21 and 28 dai over all three years. X-axis denotes the genotypes (CS (control)
and all tested Deletion lines). 6a: 21 dai; 6b: 28 dai. Boxplots in red, green and blue depicts FHB severity data of 2018, 2019
and 2020 respectively. Deletion lines are arranged in descending order of mb’s of chromosome 7AS present. * depicts
significantly lower disease at p<0.05 as compared to CS, ** at p<0.01 and *** at p<0.001 . " depicts significantly higher disease

as compared to CS.at p<0.05 " at p<0.01 and " at p<0.001
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Figure 9: FHB symptoms over control CS and tested Deletion lines. Images taken from spikes tested in 2020 season at 28 dai.
In each image, identity of each genotype is mentioned. Two-black dots over the spikes represent the point of inoculations. Green

spikelets and green rachis represent healthy spikes. Bleached spikelets and brown rachis represent diseased spikes
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Analysis of critical Deletion lines

Five Deletion lines (7AS-6, 7AS-4, 7AS-3, 7AS-8 and 7AS-10) were tested in the
greenhouse to confirm the candidate region of SF74SFHB. Data set was found to be non-
normal and not meeting homogeneity of variance assumption, hence, Kruskal- Wallis rank
sum test was conducted.

At 21 dai, data set showed significant variation at p=2.649 e-06 with chi-square value of
33.767 (Table 8a). 7AS-10 and 7AS-3 showed significantly lower FHB severity over
control at p<0.001. 7AS-8, 7AS-4 and 7AS-6 were found be statistically similar to CS
(Figure 10a).

At 28 dai, data showed significant variation at p= 4.165 e-06 with chi-square values of
32.778 (Table 8b). 7AS-6, 7AS-4 and 7AS-3 showed significantly lower FHB severity as
compared to CS at p<0.001, p<0.05 and p<0.01 respectively. 7AS-8 and 7AS-10 were

statistically similar to control (Figure 10b).
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Table 8: Kruskal-Wallis rank sum test for critical set of Deletion lines. 8a: At 21 dai; 8b: At 28 dai. *** depicts significance at

p<0.001
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Table 8a: Kruskal-Wallis rank sum test for critical set of Deletion lines at 21 dai

Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=33.767, df=5, p-value = 2.649¢-06***

Table 8b: Kruskal-Wallis rank sum test for critical set of Deletion lines at 28 dai

Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=32.778, df=5, p-value = 4.165¢-06***
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Figure 10: FHB Severity (%) of critical Deletion lines at 21 and 28 dai. X-axis denotes the
genotypes (CS (control) and all tested Deletion lines). 10a: 21 dai; 10b: 28 dai. * depicts

significantly lower disease at p<0.05, ** at p<0.01 and *** at p<0.001.

AUDPC of tested lines in all experiments:

AUDPC values were calculated for all the experiments by performing ANOVA and then

finding statistically different genotypes from control by doing post-hoc tests.

AUDPC values of Di-telosomic lines:

A one-way ANOVA of AUDPC values of Di-telosomic lines showed significant genotype
effect at p<0.001 (Table 9a). Di-telosomic line Dt 7AL showed significantly lower AUDPC
value at p<0.001, whereas DT 7AS and Dt 7BS had significantly higher AUDPC values at
p<0.001 and p<0.05 respectively (Table 10). Results were found to be similar FHB

severity results of Di-telosomic lines.

AUDPC values of Nulli-Tetrasomic lines:

A one-way ANOVA of AUDPC values of Nulli-Tetrasomic lines showed significant
genotype effect at p<0.001 (Table 9b). N7A-T7B were found to have significantly lower
AUDPC values than control whereas N7B-T7A and N7D-T7A had significantly higher
values at p<0.01 (Table 11). Results were consistent with FHB severity results of Nulli-

Tetra somic lines.
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Table 9: ANOVA of AUDPC values of Di-telosomic (9a) and Nulli-tetrasomic lines(9b).

*#% depicts significance at p<0.001

Table 9a : One-way ANOVA (Type-3) of AUDPC values of Di-telosomic lines
Response: AUDPC (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 13749502 1 188.490  <2.2e-16 ***
Genotype 11160191 7 21.856 <2.2e-16 ***
Residuals 13130175 180

Table 9b: One-way ANOVA (Type-3) of AUDPC values of Nulli-tetra lines
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 22407.2 1 680.689 <2.2e-16 ***
Genotype 1656.5 3 16.774 7.166e-06 ***
Residuals 3226.0 98

Table 10: AUDPC values of CS (control) and Di-telosomic lines. Values are average of
AUDPC values of all spikes tested of that particular genotype in that particular year. ***
depicts significantly lower AUDPC values at p<0.001. ~ depicts significantly more

AUDPC values at p<0.05 and " at p<0.001

Genotype AUDPC

CS 713.6

Dt 7AS 1104.3 M~
Dt 7AL 385.4 ***
Dt 7BS 920.1 »

Dt 7BL 733.4

Dt 7DS 952.0

Dt 7DL 548.3
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Table 11: AUDPC values of CS (control) and Nulli-Tetrasomic lines. Values are average
of AUDPC values of all spikes tested of that particular genotype in that particular year .
** depicts significantly lower AUDPC values at p<0.01. " depicts significantly more

AUDPC values at p<0.01

Genotype AUDPC

CS 521.1

N7A-T7B 335.9 **
N7B-T7A 795.4 "
N7D-T7A 865.9 "

AUDPC values of Substitution lines:

A two-way ANOVA with interaction for AUDPC values of all three years data of
Substitution lines had shown significant genotype effect (p<0.05), year effect (p<0.1) and
Genotype*Year interaction (p<0.001) (Table 12a). As G X E effect was found, One-way
ANOVA was calculated separately for each year. For 2018, significant genotype was found
at p<0.05, for 2019, no significant genotype effect was found however, for 2020, genotype
effect was found at significance level of p<0.001 (Table 12(b-d)).For 2018 and 2019
season, no Substitution line was found to be statistically different from control in terms of
AUDPC values. For 2020, two lines had significantly higher AUDPC values than control.
DCDS differed at p<0.001 and AMN at p<0.01 (Table 13). AUDPC values results for

Substitution lines were found to be in agreement with FHB severity results.
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Table 12: ANOVA of AUDPC values of Substitution lines for three years data. 12a: Two-
way ANOVA with interaction (Type-3) of all three years data, 12b: One-way ANOVA
(Type-3) for 2018 data, 12c: One-way ANOVA (Type-3) for 2019 data, 12d: One-way
ANOVA (Type-3) for 2020 data. ¥ depicts significance at 0.1, * at p<0.05, and *** at

p<0.001

Table 12a: Two-way ANOVA (Type-3) for three years data
Response: AUDPC Trans (%)

Sum Sq Df F value Pr(>F)
(Intercept) 11233.4 1 339.9432 <2.2e-16 ***
Genotype 513.5 7 2.2200 0.031793 *
Year 164.9 2 2.4951 0.083725 ¥
Genotype: Year 1267.8 14 2.7405 0.000683 ***
Residuals 13713.6 415

Table 12b : One-way ANOVA (Type-3) for 2018
Response: AUDPC (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 4518724 1 68.5388 1.809¢e-12 ***
Genotype 1176296 7 2.5488 0.0199 *
Residuals 5472143 83

Table 12¢c: One-way ANOVA (Type-3) for 2019
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 6931.7 1 230.8068 <2e-16 ***
Genotype 91.2 7 0.4339 0.8785
Residuals 2672.9 89

Table 12d: One-way ANOVA (Type-3) for 2020
Response: AUDPC Trans (%)

Sum Sq Df F-value  Pr(>F)
(Intercept) 13903.8 1 392.9983 <2.2e-16 ***
Genotype 2210.7 7 8.9267 8.741e-10 ***

Residuals 8597.1 243
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Table 13: AUDPC values of CS (control) and all Substitution lines tested over three years
(2018, 2019 and 2020). Values are average of AUDPC values of all spikes tested of that
particular genotype in that particular year. " depicts significantly more AUDPC values at

p<0.01 and " at p<0.001

Genotype 2018 2019 ‘ 2020
Chinese Spring 732.1 536.8 477.6
Tinstein 649.0 631.4 630.0
Cheyenne 568.1 495.1 496.6
Thatcher 497.9 514.5 599.7
Hope 520.6 515.6 555.8
Axminster 775.0 506.9 761.1 ™
Red Egyptian 442 4 640.3 348.2
Dicoccoides 438.4 555.5 816.1 M

AUDPC values of Deletion lines:

A two-way analysis of variance with interaction for AUDPC values of all three years data
of Deletion lines showed significant genotype effect (p<0.001) and Genotype X Year
interaction (p<0.001) (Table 14a). As GX E effect was found, One-way ANOVA was
calculated separately for each year. For each year (2018, 2019 and 2020), one-way
ANOVA revealed significant genotype effect at p<0.001 (Table 14(b-d)).

In 2018, two genotypes (7AS-4 and 7AS-6) had significantly lower AUDPC values than
control Chinese spring at p<0.001 as disclosed by Dunnett test. In season of 2019, only 1
genotype 7AS-4 showed significantly less AUDPC values at p<0.05. In 2020, five
genotypes were found to be statistically different from control. Four genotypes have

significantly lower AUPDC values. 7AS-10 at p<0.1, 7AS-3 at p<0.01, 7AS-4 and 7AS-6
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at p<0.001. However, only one genotype 7AS-11 differed significantly from control with
higher AUDPC values and it was found to be statistically different at p<0.001 (Table 15).
For technical reasons, AUDPC values of 7AS-6 was not calculated for year 2019. AUDPC

values for deletion lines were found to be in agreement with FHB severity results.

Table 14: ANOVA of AUDPC values of Deletion lines for three years data. 14a: Two-
way ANOVA with interaction (Type-1) of all three years data, 14b: One-way ANOVA
(Type-3) for 2018 data, 14c: One-way ANOVA (Type-3) for 2019 data, 14d: One-way

ANOVA (Type-3) for 2020 data. *** depicts significance at p<0.001

Table 14a : Two-way ANOVA (Type-1) of AUDPC values of Deletion lines for three years
Response: AUDPC Trans (%)

Df Sum Sq Mean Sq F value Pr(>F)
Genotype 12 4993 416.1 15.917 <2e-16 ***
Year 2 35 17.5 0.668 0.513
Genotype: Year 23 1979 86.0 3.292 4.25e-07 ***
Residuals 691 18194 26.1

Table 14b: One-way ANOVA (Type-3) of AUDPC values of Deletion lines for 2018
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 11233.4 1 299.30 <2.2e-16 ***
Genotype 1729.5 12 3.84 3.915e-05 ***
Residuals 5779.9 154

Table 14c: One-way ANOVA (Type-3) of AUDPC values of Deletion lines for 2019
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 14494.6 1 679.4256  <2.2e-16 ***
Genotype 1048.9 11 4.4696 5.446e-06 ***
Residuals 4032.0 189
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Table 14d: One-way ANOVA (Type-3) of AUDPC values of deletion lines for 2020
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 19103.2 1 984.993 <2.2e-16 ***
Genotype 3488.3 12 14.989 <2.2e-16 ***
Residuals 6652.2 343

Table 15: AUDPC values of CS (control) and Deletion lines tested over three years (2018,
2019 and 2020). Values are average of AUDPC values of all spikes tested of that particular
genotype in that particular year. ¥ depicts significantly lower AUDPC values at p<0.1, *
depicts at p<0.05, ** depicts at p<0.01, *** depicts at p<0.001. " depicts significantly

more AUDPC values at p<0.001

Genotype 2018 2019 2020

CS 702.1 536.8 477.6
7AS-12 459.9 438.7 464.6
7AS-9 459.9 454.3 521.7
7AS-1 672.7 590.6 512.0
7AS-7 511.7 398.2 561.3
7AS-2 509.4 561.8 601.9
7AS-5 628.4 545.3 533.4
7AS-11 568.3 689.6 835.9 M~
7AS-10 478.7 472.0 3514 %
7AS-8 4414 524.6 388.1
7AS-3 586.1 780.0 319.2 **
7AS-4 213.3 *** 368.7 * 289.5 #**
7AS-6 287.1 F** NA 254.5 ***

AUDPC values of critical set of Deletion lines:

A one-way ANOVA of AUDPC values of critical set showed significant genotype effect
at p<0.001 (Table 16). Deletion line 7AS-8 was found to be statistically similar to control
Deletion lines 7AS-10, 7AS-3 AND 7AS-6 showed significantly lower AUDPC value at

p<0.001, whereas 7AS-4 showed lower disease values at p<0.05 had significantly higher
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AUDPC values (Table 17). Results were found to be like FHB Severity results of critical
lines.
Table 16: ANOVA of AUDPC values of critical set of Deletion lines. *** depicts

significance at p<0.001

One-way ANOVA (Type-3) of AUDPC values
Response: AUDPC Trans (%)

Sum Sq Df F-value Pr(>F)
(Intercept) 18094.5 1 680.090 <2.2e-16 ***
Genotype 1573.9 5 11.831 1.575e-08 ***
Residuals 2075.3 78

Table 17: AUDPC values of CS (control) and critical set of Deletion lines. Values are
average of AUDPC values of all spikes tested of that particular genotype in that particular

year. * depicts significantly lower AUDPC values at p<0.05 and *** at p<0.001

Genotype AUDPC

CS 713.6
7AS-10 357.7 ***
7TAS-8 662.7
7AS-3 257.5 *x*
7TAS-4 291.7 *
TAS-6 269.5 ***

FDKS of tested lines in all experiments:

FDKs were calculated for all the experiments. A single sample t-test with unknown
standard deviation revealed significant differences between wild type CS and certain
genotypes. CS was found to have FDKs varying from 38% to 74% denoting that it is

moderately susceptible, and results are in line with FHB severity data of CS.
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FDK analysis of Di-telosomic lines:

There was found to be variation in the data set of Di-telosomic lines for FDKs. Dt 7AL
showed significantly lower FDKs whereas three genotypes (Dt 7AS, Dt 7BS, Dt 7DS) had
significantly higher FDKs than CS at a=0.05. Out of all genotypes tested over all the

experiments, Dt 7AS showed highest number of FDKs (95% FDKs) (Table 18).

FDK analysis of Nulli-tetrasomic lines:
No variation was observed in the data set. All Nulli-tetra somic lines had statistically

similar FDKs as that of CS at a=0.05 (Table 19).

Table 18: FDKs ( in percentage) of Di-telosomic lines. * depicts significantly lower FDKs

whereas ” depicts significantly higher FDKs at 0=0.05

Genotype FDKs

CS 56.5
Dt 7AL 31.6 *
Dt 7AS 95~
Dt 7BL 55.2
Dt 7BS 78.5"
Dt 7DL 46.2
Dt 7DS 86.5 "

Table 19: FDKs ( in percentage) of Nulli-tetrasomic lines. * depicts significantly lower

FDKSs whereas ” depicts significantly higher FDKs at a=0.05.

Genotype FDK
CS 45
N7A-N7B 36.9
N7B-T7A 70.9
N7D-T7A 73.2
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FDK analysis of Substitution lines:

FDKSs were calculated for Substitution lines for all three seasons. No substitution line was
found to have significantly lower FDKs than CS in any of the three testing seasons. Five
lines (TSN, CNE, T, AMN, RE) in 2018, two lines (DCDS, RE) in 2019 and five lines
(TSN, DCDS, T, HP, AMN) in 2020 had higher FDKs over CS at significance level of
0=0.05. Majority of lines that have significantly higher FDKs did not have significantly
higher FHB severity values. FDKs of all deletion lines and control CS are shown in Table
20.

Table 20: FDKs ( in percentage) of Substitution liens lines for all three seasons. " depicts

significantly higher FDKs at a=0.05

Genotype 2018 2019 2020
CS 74.6 38.6 45
Tinstein 87.1 " 45.8 545"
Cheyenne 89.2 4~ 36.8 48.8
Thatcher 86.9 42 63.1 "
Hope 75.3 35.2 619"
Axminster 90.9 * 37.1 63.9 "
Red Egyptian 83" 61.5" 49.1
Dicoccoides 77.3 49.3 7 59.6 *

FDK analysis of Deletion lines:

FDKs were calculated for Deletion lines for all three seasons. In 2018, five genotypes
(7AS-12, 7AS-7, 7AS-5, 7AS-4 and 7AS-6) were found to have lower FDKs than CS at
significance level (0=0.05) whereas only 1 genotype (7AS-11) had significantly more
FDKs than CS at a=0.05. In 2019, one genotype 7AS-4 had shown less FDKs at a=0.05
and three genotypes (7AS-1, 7AS-11 and 7AS-3) had significantly higher FDKs. In 2020,

three genotypes (7AS-3, 7AS-4, 7AS-6) had significantly lower and three genotypes (7AS-
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1, 7AS-2, 7AS-11) had significantly higher FDKs at a=0.05. For technical reasons, we
were not able to calculate FDKs of 7AS-3 in 2018 season and 7AS-6 in 2019 season (Table

21).

Table 21: FDKs (in percentage) of Deletions lines for all three seasons. * depicts

significantly lower FDKs whereas * depicts significantly higher FDKs at a=0.05

Genotype 2018 2019 2020
CS 74.6 38.6 45.0
7AS-12 57.2%* 34.4 42.2
7AS-9 69.3 38.6 46.9
7AS-1 64.8 52.2" 61.9"
7AS-7 63.1* 38.2 44.4
7AS-2 80 43.1 64.8"
TAS-5 44.4%* 43.4 55.0
7AS-11 87.5" 57.9" 83.3~
7AS-10 80 41.7 34.9
7AS-8 71.6 42.4 37.2
7AS-3 NA 48" 23.9*
7AS-4 56.9* 29.9* 31.5%
7AS-6 32.9* NA 22.1%

FDK analysis of critical set of Deletion lines:
Analysis revealed variation in data set for FDKs. Three genotypes (7AS-3, 7AS-4 and 7AS-
6) showed significantly lower FDKs than CS at 0=0.05. Two genotypes (7AS-8 and 7AS-

10) were found alike CS (Table 22).
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Table 22: FDKs ( in percentage) of critical set of Deletion lines * depicts significantly

lower FDKs at 0=0.05

Genotype FDKs

CS 56.5
7AS-10 46.1
7AS-8 60
7AS-3 32.0 *
7AS-4 30.2 *
7AS-6 24.6 *

DON content of tested lines:

DON analysis of Di-Telosomic lines:

A one-way ANOVA of DON content showed significant genotype effect at p<0.001 (Table
23a). Di-telosomic line Dt 7AL and Dt 7DL showed significantly lower DON at p<0.001,
whereas Dt 7AS, Dt 7BS and Dt 7DS at p<0.001 and Dt 7BS had significantly higher DON
content at p<0.001. (Figure ). Results were not found to be in line with FHB severity results

except for Dt 7AL.

DON analysis of Nulli-Tetrasomic lines:

A significant genotype effect observed at p<0.001 (Table 23b). N7A-T7B had significantly
lower DON at p<0.1. N7B-T7A and N7D-T7A showed significantly higher DON content
at p<0.001 and p<0.1 respectively (Figure 11b). Results were in line with FHB severity

results.
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Table 23: ANOVA of DON content of Di-telosomic (23a) and Nulli-tetrasomic lines

(23b). *** depicts significance at p<0.001.

Table 23a: One-way ANOVA (Type-3) of DON content of Ditelosomic lines
Response: DON

Sum Sq Df F-value Pr(>F)
(Intercept) 113233 1 918.9 <2.2e-16 ***
Genotype 70158 6 194.89 <2.2e-16 ***
Residuals 3943 32

Table 23b: One-way ANOVA (Type-3) of DON content of Nulli-tetrasomic lines
Response: DON

Sum Sq Df F-value Pr(>F)
(Intercept) 2493.7 1 40.15 <4.427e-06 ***
Genotype 4034.3 3 21.65 <2.386e-06 ***
Residuals 1180.0 19
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Figure 11: DON content of Di-telosomic and Nulli-tetrasomic lines. X-axis denotes the genotypes (CS (control) and tested lines)
and Y-axis denotes DON content (mg/kg). 8a: Di-telosomic lines ; 8b: Nulli-tetrasomic lines. *** depicts significantly lower

DON content at p<0.001. @ depicts significantly higher DON at p<0.1 and " at p<0.001
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DON analysis of Substitution lines:

DON content was estimated for only year 2020. A one-way ANOVA showed significant
genotype effect at p<0.001 (Table 24a). Five lines showed significantly higher DON
content than CS. T showed higher DON at p<0.01 and lines (TSN, HP, AMN and DCDS)
showed higher DON at p<0.001. One line RE was found to be showing significantly lower

DON content at p<0.001 (Figure 12a).

DON analysis of Deletion lines:

Estimation was done only for year 2020. One-way ANOVA showed significant genotype
effect at p<0.001 (Table 24b). Three lines showed significantly higher DON than CS. 7AS-
11 had significantly higher DON values at p<0.01 and 7AS-7 and 7AS-2 at p<0.001. Five
deletion lines namely 7AS-10, 7AS-8, 7AS-3, 7AS-4 and 7AS-6 were found to be showing
significantly lower DON content at p<0.001 (Figure 12b). Results were in line with FHB
severity results except for 7AS-10 and 7AS-8 which showed unexpectedly very low DON

content.

DON analysis of critical set of Deletion lines:

Kruskal-Wallis rank sum test revealed significant variation in data set for DON at p<<0.001
(Table 24c). Four deletion lines showed lower DON content than CS. 7AS-10 and 7AS-4
had lower DON values at p<0.05. 7AS-3 and 7AS-6 showed significantly lower values at
p<0.01. 7AS-8 was found to be statistically alike CS (Figure 12¢). Results were in line with

FHB severity results except for deletion line 7AS-10 at 28 dai.
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Table 24: ANOVA of DON content of Substitution (24a) and Deletion lines (24b);
Kruskal-Wallis rank sum test for critical set of Deletion lines (24c). *** depicts

significance at p<0.001.

Table 24a: One-way ANOVA (Type-3) of DON content of Substitution lines
Response: DON trans

Sum Sq Df F-value Pr(>F)
(Intercept) 1883.72 1 3198.49  <2.2e-16 ***
Genotype 232.97 7 56.51 <2.2e-16 ***

Residuals 38.87 66

Table 24b: One-way ANOVA (Type-3) of DON content of Deletion lines
Response: DON trans

Sum Sq Df F-value Pr(>F)
(Intercept) 1187.39 1 1624.65  <2.2e-16 ***
Genotype 380.18 12 43.35 <2.2e-16 ***
Residuals 67.24 92

Table 24c¢: Kruskal-Wallis rank sum test for critical set of Deletion lines for DON

Data: Percent Severity by Genotype

Kruskal-Wallis chi-squared=21.862, df= 5, p-value = 0.0005563
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Figure 12: DON content of Substitution and Deletion lines. X-axis denotes the genotypes
(CS (control) and tested lines) and Y-axis denotes DON content (mg/kg). 8a: Substitution
lines; 8b: Deletion lines; 8c: Critical set of Deletion lines. * depicts significantly lower
DON content at p<0.05, ** at p<0.01 and *** at p<0.001. " depicts significantly higher

DON at p<0.01 and " at p<0.001

Position of susceptibility gene SF*SFHB :

Deletion lines 7AS-6, 7AS-4 and 7AS-3 were found to show high level of Type-2
resistance (resistance against the spread of the fungal pathogen) against FHB , whereas all
the other deletion lines were similar to control CS as shown by results of FHB severity data
and AUDPC values. Similar results were found for FDK values indicating susceptibility
gene to be providing Type-4 resistance (towards kernel infection). Comparative molecular
and phenotypic analysis of the deletion lines revealed the location of this resistance locus
in the 40-50 mb peri-centromeric region of the short arm of chromosome 7AS between

7AS-8 and 7AS-3. Figure 13 shows the Deletion bin mapping results.
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However, for DON content, we found inconsistent results, lines resistant for FHB severity
(7AS-3, 7AS-4 and 7AS-6) have low DON content. 7AS-10 showing susceptibility to FHB
severity showed significantly lower DON content for both the times when tested for toxin
content. Critical line 7AS-8 just above 7AS-3 and which form the basis of delineating
location of SF74SFHB have shown variable results. 7AS-8 has significantly lower DON
content than CS during testing in full set of 2020, however, when tested again in subset of
critical lines, it was found not be significantly different from CS.

Hence, SF’4SFHB might not be providing Type-3 resistance, but more experiments need to

be done on that part.
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. Short arm of 7A
360 MbE CS
320-330 Mb | 7AS-12
310-320 Mb | TAS-1
310-320 Mb TAS-9
260-270 Mb | 7AS-2
220-230 Mb | TAS-5
210-220 Mb | 7AS-11
160-170 7AS-10
TAS-8
97.5 Mb | TAS-3
Candidate region for 93 Mb| —
SF’ASFHB (40-50 Mb) 50-60 Mb | TAS-6

74

Response to FHB

A 2O A O v »w o u»w o v o u;mw o w;mw w»vw w



s
Figure 13: Diagram illustrating candidate region for susceptibility gene SF “ FHB.
Deletion lines are depicted in decreasing order of mb’s chromosome 7AS present.

Response to FHB is shown as S or R on right of each of the line. Red box on 7AS-8

.- 7AS . .
demonstrated the position of SF FHB. S means susceptible and R means resistant.

Discussion:

When a pathogen attacks plant, the result can be a compatible reaction (susceptibility) or
an incompatible reaction (resistance). Complex pathways are involved for a plant to be
either resistant or susceptible against a particular pathogen. For decades, major resistance
(R) genes are the major players in imparting resistance to crop plants (Andersen et al.,
2018; Kourelis & van der Hoorn, 2018). However, resistance provided by these R genes is
race-specific, non-durable, and are effective mostly against biotrophic pathogens only. On
the other hand, Susceptibility (S)-genes, which facilitate infection by a pathogen, are good
targets for manipulation to make it difficult for the pathogen to survive, and hence making
the plants resistant (Engelhardt et al., 2018).

A study by Ma et al. (2006) showed that di-telosomic line Dt 7AL of CS lacking short arm
of chromosome 7A is very resistant to FHB infection and DON accumulation. This
indicates that susceptibility promoting factor(s) may be located on chromosome 7AS. In
this study, we performed systematic deletion mapping of this susceptibility gene on
chromosome 7AS using several critical genetic stocks. Endo & Gill (1996) developed a
set of 436 Deletion lines and characterized them using C-banding. Development of these

valuable genetic stocks in wheat landrace CS led to the establishment of Chinese Spring as
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the reference wheat cultivar, in spite of it being a poor agronomic performer. These genetic
stocks have been used for studying the effects of individual chromosomes/ arms/ segments
on traits such as grain protein content (Barneix et al., 1998), thermo-tolerance (O’Mahony
et al., 2000), Aluminium sensitivity (Papernik et al., 2001), pest and pathogen resistance
(Friebe et al., 1996). We used 12 overlapping deletion lines of 7AS for our study to map
the location of the susceptibility gene FHB-SF’4S. However, C-banding and FL values
provided a broad approximation of the deletion sizes. In the first step we precisely
characterized all the deletion lines using molecular markers based on the Wheat Reference
Genome Sequence v 1.0 (IWGSC et al. 2014).

In order to do that, we developed genome specific markers every 10 Mb of chromosome
7A of wheat to uniformly target specifically the A genome copy of the chromosome and
not the B and D homeologs. Each marker was tested on Nulli 7A (lacking chromosome
7A) to confirm their genome specificity. Each line was ordered according to their deletion
size, and the order was found to be in agreement with the Endo & Gill (1996) study.

We started our experiments by reconfirming results of Ma et al. (2006). The location of the
susceptibility gene on the short arm of chromosome 7A was characterized by using set of
ditelo-somic lines of the three genomes. Our results were in agreement with their results
showing that the short arm of 7A harbors major effect susceptibility gene(s). In the study,
we also observed the dosage effect of the gene by analyzing FHB severity of Nulli-
Tetrasomic Lines for homoeologous group 7. We found that when there is no copy of
chromosome 7A, plants are highly resistant, on the other hand, when 7A is present in tetra-
form, plants are highly susceptible; these results clearly demonstrate the dosage effect of

the gene. The results of Di-telosomics and Nulli- Tetrasomics revealed that absence of a

76



certain chromosomal region limits disease severity whereas its presence (two copies or
multiple copies) increases disease severity. This indicates the presence of some sort of
susceptibility gene(s) in the region that is assisting the pathogen.

Using a set of seven Substitution lines from different varieties/ species of wheat, we were
able to confirm the conserved nature of the FHB-SF’4S gene. All 7 Substitution lines were
found to be statistically similar to CS in terms of FHB severity for almost all the data points
and over all the seasons. This indicates that the susceptibility factor is retained by most of
the varieties/ species of wheat. Hence, we cannot develop a mapping population as it
requires two contrasting parents. Hence, we switched to deletion mapping approach and
use Deletion lines developed by Endo & Gill (1996).

We performed FHB severity experiments four times in the greenhouse. Three centromeric
lines: 7AS-6, 7AS-4 and 7AS-3 were found to be resistant whereas all other lines were

found to be susceptible. Comparative molecular and phenotypic analysis revealed the

SF " ruB to be present between 7AS-3 (resistant) and 7AS-8 (susceptible) in a peri-
centromeric region of 40-50 Mbp. This means that Deletion lines (7AS-12, 7AS-1, 7AS-9,

7AS-7, TAS-2, 7AS-5, 7AS-11, 7AS-10 and 7AS-8) harbor the susceptibility gene
SF7ASFHB and loss of the chromosome segment carrying the susceptibility gene

(SF 7ASFHB) makes the centromeric lines (7AS-3, 7AS-4, and 7AS-6) resistant to FHB
spread (Type-2 resistance). It is worth to mention here that Deletion lines did not show any
major difference in phenotypes from control over all the three seasons Deletion line 7AS-
11 was found to be susceptible, but also had some other differences in morphology in terms
of late flowering habit and having compact and light green spikes. It was susceptible and

hence, does contain susceptibility gene. However, 7AS-11 has one other Deletion in short
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arm of chromosome 2B, which appears to be the reason of weird phenotype of this deletion
line. The mapped region of 40-50 Mb interval is still a big interval and needs to be refined
further. To do that, we plan to use Gamma-irradiated Radiation Hybrid Panel of CS to
detect smaller deletions in the candidate region and delineate the region, further (Tiwari et
al., 2016).

It is known that genetic recombination events in wheat are limited to sub-telomeric regions.
For example, in chromosome 3B of wheat, 82% of the cross-over events are restricted to
the distal ends of the chromosome, representing only 19% of the whole chromosome length
(Saintenac et al., 2009; Darrier et al., 2017). FHB-SF’45is located in the peri-centromeric
region of 7AS and hence, its conserved nature is according to the expectations.

In addition to FHB severity assays, we also analyzed FDKs (Type-4 resistance) and
AUDPC values in all experiments to strengthen our hypothesis. For AUDPC values of Di-
telosomic, Substitution, Deletion lines and subset of critical lines, we observed the similar
pattern as of FHB severity assays results with some exceptions. Analysis of FHB severity
and AUDPC values differ from analysis of FDKs. FDK analysis showed more genotypes
to be significantly different than FHB severity and AUDPC analysis that might be due to
the different method of analysis used for FDKs analysis (t-test) as compared to analysis by
ANOVA in FHB severity and AUDPC analysis. However, for Nulli-Tetrasomic lines data,
pattern was different. Here, for FHB and AUDPC, genotypes were found to be significantly
different from control but for FDKs, they were statistically similar. That might be due to
small number of genotypes (4) used for this experiment.

For all three types of data, our centromeric lines (7AS-6, 7AS-4 and 7AS-3) were found to

be significantly less severe most of the times with some exceptions. 7AS-6 and 7AS-4 were
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statistically less severe from CS in terms of different parameters of the disease almost all
the time. 7AS-3 had some exceptions because of small sample size in the first two sets.
The lines just above there centromeric lines (7AS-8 and 7AS-10) were found to be
statistically alike to CS for different parameters of the disease almost all the time. Thus,

these three parameters strengthen our conclusion of the candidate region and shows

SF 7ASFHB to be affecting Type-2 and Type-4 resistance

We also estimated DON content of Di-Telosomic lines, Nulli-tetrasomic, Substitution (only
for 2020) and Deletion lines (for 2020 and critical set). We found different results for this
parameter as compared to results of other three tested parameters except for Nulli-
Tetrasomic lines. For Di-telosomic lines, we found apart from Dt 7AL, Dt 7DL also had
significantly lower DON content, however, it was statistically alike to CS for FHB severity,
AUDPC and FDKs. This might be due to 7DS harboring a susceptibility gene imparting
resistance against DON (Type-3 resistance). For Substitution lines, we found only one line
Red Egyptian to have statistically lower DON content than control CS, this might be due
to some other deletion or translocation in that particular line. of these lines. For Deletion
lines, we found 7AS-6, 7AS-4, 7AS-3, 7AS-8, and 7AS-10 had less DON content. All other
Deletion lines had high DON values. We hypothesize presence of another susceptibility
gene over 7AS providing Type-3 resistance in between 7AS-10 and 7AS-11. However,
more experiments are needed to be done. Hales et al. (2020) also reported presence of two
different susceptibility genes on 4DS, one providing resistance against FHB severity and
one against DON content.

Pathogens are known to hijack/utilize plant machinery for their own benefit and they target

susceptibility genes/ resistance suppressors for this purpose. As mentioned earlier, these
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genes can help a pathogen either in its establishment or has a role in regulating plant
defenses in favor of pathogen or supports pathogen living on the host (Lapin & Van den
Ackerveken, 2013). Nitrogen fixation is an example of a Susceptibility gene. Though, it
has symbiotic relationship between plant and bacteria, but bacteria are utilizing plant genes
for their survival. Plants release flavonoids into soil which acts a chemoattractant for
attracting Rhizobium (Hirsch, 1992). Similarly, the MLO locus (mildew resistance locus
0), the earliest and widely studied Susceptibility gene is used by Powdery Mildew fungus
to penetrate into epidermal cells of the host (Consonni et al., 2006; Miklis et al., 2007b).
ROP GTPase RACB of Barley assists in the expansion of haustoria of Powdery Mildew
fungus in leaf epidermal cells (Hoefle et al., 2011; Scheler et al., 2016). PMR6, a pectate
lyase degrades pectin in the cell wall and supports powdery mildew fungus growth on
arabidopsis leaves (Vogel et al., 2002).

Only a few attempts at mapping susceptibility genes in wheat against F.graminearum have
been reported till date. Wheat RPL3 gene family assists F. graminearum in production of
virulence factor DON and mutating RPL3 imparts resistance against FHB (Lucyshyn et al.,
2007). Ethylene Insensitive 2 (EIN2), a gene in Wheat involved in Ethylene signaling was
found to be supporting F. graminearum for its growth. EIN2 mutants had reduced disease
severity and DON content, suggesting possible manipulation of this gene and ethylene
signaling pathway by the fungus (Chen et al., 2009). Silencing the TaLpx-1 gene, which
encodes 9-lipoxygenase, rendered wheat resistant to F. graminearum (Nalam et al., 2015).
Garvin et al. (2015) reported a susceptibility gene located on chromosome 3DL of wheat.
However, no report of fine mapping of that region reported till date. Hales et al. (2020)

identified a susceptibility gene for FHB on chromosome 4DS and mapped it to a 31.7 Mbp
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interval. In the present study, we identified a novel susceptibility factor (FHB-SF’45) on
chromosome 7A short arm. We were able to map the region of the susceptibility gene
SF’SFHB to 40-50 Mbp. Proportion of symptomatic spikelets estimates of resistant
deletion lines revealed that removal of Susceptibility gene region provides inbuilt 30-40%
resistance against FHB. SF74SFHB was also found to be showing dosage effect. The effect
of FHB-SF’4S region was found to be conserved across the genotypes, giving broader and

durable prospects to resistance conferred by manipulation of the 7AS susceptibility gene.
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Chapter 3: Forward Genetic Screening for FHB Susceptibility
Factors in an EMS Mutagenized Population of a Hexaploid

Wheat Cultivar ‘Jagger’

3.1. Abstract

Fusarium Head Blight (FHB) primarily caused by Fusarium graminearum is a key disease
of grain crops like wheat, barley and maize. Diseased spikes show symptoms of premature
bleaching shortly after infection resulting in lower yields. Fungus also deteriorates quality
of the crop as a result of production of mycotoxins especially deoxynivalenol (DON).
Researchers still strive for complete genetic resistance against this devastating disease even
after when near about 500 QTLs have been reported for this disease. This demands for
screening of different populations to find new sources of FHB resistance. In this study, we
did extensive forward genetic screening of M4 generation of EMS induced mutagenized
population of cultivar Jagger to isolate novel susceptibility factors. 74 mutant lines showed
resistance against FHB in field testing. Green house testing of these lines revealed eight
variants to be showing FHB resistance. Future approaches will be to uncover the position

of candidate gene(s) using MutMap approach.
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3.2. Introduction

Jagger is a hard-red winter wheat variety released by the Kansas Agricultural Experiment
Station in collaboration with USDA-ARS in 1994. High yield, early maturity, very good
milling and baking quality are some of the characteristic features of this variety (Sears et
al., 1997). Jagger also contains genetic resistance against various diseases such as stem
rust, leaf rust, stripe rust, tan spot, septoria leaf blotch and wheat blast and tolerance to
barley yellow dwarf and soil-borne wheat mosaic virus (Wolf et al., 2018; Rawat et al.,
2019). Due to its economic importance and acreage covered, Jagger is the only wheat
variety from USA to have a high quality genome sequence publicly available after Chinese
Spring under the 10+Wheat Genome project by the International Wheat Initiative

(http://www.10wheatgenomes.com/progress/, https://www.wheatinitiative.org/).

However, Jagger is susceptible to Fusarium head blight, one of the most economically
devastating diseases of Wheat in North America. Wheat Variety Disease and Insect
Ratings, 2018 of Kansas-State Research and Extension Publication gave a score of 7 to
FHB response of Jagger where 1 is highly resistant and 9 is highly susceptible highlighting
the susceptibility of Jagger to FHB (Wolf et al.,2018). Zhang et al. (2012) screened a
Recombinant Inbred Line (RIL) population of 188 individuals developed from a cross
between Baishanyuehuang (FHB resistant) and Jagger (FHB susceptible) for FHB spread.
Quantitative trait loci (QTL) mapping revealed four significant QTLs related to FHB
located on chromosomes 3B (two), 3A, and 5A of Baishanyuehuang. No resistance QTL
was found from Jagger. (Cai & Bai, 2014) performed QTL mapping for FHB resistance in
a Huangcandou (HCD) x Jagger recombinant inbred line (RIL) population of 190

individuals. HCD is a Chinese wheat landrace known to have a high level of type-2
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resistance against FHB. They reported five significant QTLs: three from HCD and two
from Jagger. In HCD, two QTL were located on short arm of chromosome 3B (3BS) and
the third one was present on short arm of chromosome 3A (3AS). Two QTLs were from
Jagger and were mapped on 2DS and 6DL chromosomes. Both QTLs had minor effect on
the phenotype explaining 3.8-6.7% (2DS) and 4.5-9.5% (6DL) resistance. In 2019, a group
of researchers from China and USA performed meta-QTL analysis of RIL populations of
Chinese landraces. They used both of the above mentioned RIL populations and also found
the same results (Cai et al., 2019). The results from the three studies revealed that Jagger
lacks Fhb1,the QTL with largest impact on providing FHB resistance throughout the world
and other major QTLs and harbors only two minor effect QTLs on 6DL and 2DS, which
do not provide effective resistance in different genetic backgrounds. The absence of any
effective FHB resistance alleles in Jagger in spite of having resistance for several other
diseases, makes it a very useful background for genomic screening of susceptibility factors
for FHB.

Diversification is a driving force for evolution. The source of genetic diversity can be
naturally present variations or induced mutations. Mutagenesis using chemicals or
radiation has been used to create artificial mutations in plant genomes, creating rich
reservoirs of genetic diversity. The benefit of having a mutagenized population is that it
can be utilized both as a forward (mutant phenotype leads to candidate gene and its
molecular function) as well as reverse (mutant sequence lead to responsible phenotype and
related function) genetic tool. Forward genetic screens demand lot of time, space and
personnel (Page & Grossniklaus, 2002). Additionally, in polyploid plants such as wheat

there is genetic redundancy and gene duplications making it harder to evaluate phenotypic
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effects clearly. Hence, most of the researchers have used mutant populations in wheat
primarily as a reverse genetics tool, where they identified sequence variations in genes of
interest and then examine the effect on phenotype of those mutations. However, lack of
forward genetic screening of such mutagenized populations equates to many useful novel
variations present in the population being left unexplored.

Mutant populations can be created using physical or chemical mutagens. Chemical
mutagens are preferred over physical as they are less destructive, freely available, easier to
work with, do not require any specialized equipment and can provide very high mutation
frequency with less reduction in viability. Chemical mutagens predominantly tend to
produce single base-pair changes or single nucleotide polymorphisms (SNPs) as compared
to large-scale deletions and translocations caused by physical mutagens (Oladosu et al.,
2016). Ethyl methane sulfonate (EMS) is the most widely used chemical mutagen. EMS
works by alkylation of Guanine bases to O-6-ethyl guanine and hence putting thymine
residue at a place over cytosine residue and inducing random point mutations. About 70-
99% of mutations in an EMS-treated population are G:C to A:T transitions. It can target
both the coding and non-coding regions. A mutation in a coding region can be silent,
missense or nonsense. Silent mutation happens if change occurs at wobble position of a
codon (third nucleotide in a codon). Non-sense mutation causes formation of either of the
three stop codons (TAG, TAA or TGA), those do not code for any amino acid, leading to
early truncation of protein. Mis-sense mutation results in production of different amino
acids, which in turn may negatively affect protein function. Mutagens may also induce

splice junction variants by causing mutations at exon-intron boundaries. A mutagen may
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also target promoter region or other regulatory sequences in non-coding regions of genes,
resulting in up-or down-regulation of gene transcription (Sikora et al., 2011).

For reverse genetics approach, the mutagenized populations can be screened with a
protocol TILLING (Target Induced Local Lesions IN Genomes). It is a molecular biology
technique that involves chemical mutagenesis and then detection of changes incurred with
a sensitive mutation detection method/ procedure. It was introduced in 2000, using the
model plant Arabidopsis thaliana (McCallum et al., 2000).

A number of chemical mutagenized populations has been developed over time in hexaploid
wheat for different purposes. These include mutagenized populations in Express (Slade et
al., 2005), QAL200 and Ventura (Dong et al., 2009), breeding line “UC1041+Gpc-
B1/Yr36 (Uauy et al., 2009), Cadenza (Rakszegi et al., 2010), Alpowa (Campbell et al.,
2012), Jinmai 47 (Chen et al., 2012), Indian (Dhaliwal et al., 2015), recombinant line HR-
58 (Rawat et al., 2016), , Jing411 (Guo et al., 2017), NN-Gandum-1 (Hussain et al., 2018)
and Jagger (Rawat et al., 2019). So far, most of the populations have only been used for
reverse genetics studies. Rawat et al. (2019) screened an EMS mutagenized population of
cultivar Jagger having 1,296 individuals. Screening of three genes from starch biosynthesis
pathway revealed the mutation frequency of the population to be 1/40.7 kb. All the
identified mutations are G:C to A:T transitions.

Forward genetics screens of TILLING populations targeting specific traits have not been
reported so far in wheat. There are a few reports of characterizing mutations for general
phenotypic traits in the TILLING populations in hexaploid wheat. Visual phenotypic
mutants in M3-M6 generation of Cadenza population showed cumulative mutation

frequency in phenotypic traits of near to 37% (1,480/4,000) combining several genetic
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screens (Rakszegi et al., 2010). M2 generation of 2,610 individuals of Jinmai 47 displayed
4% noticeable phenotypes (104/2,610) (Chen et al., 2012). M2 generation of Indian
mutagenized population (1902 individuals) showed 453 putative phenotypic mutants
giving frequency of nearly 24% (Dhaliwal et al., 2015). A cumulative frequency of 14.5 %
was seen in phenotypic mutants of Jing411 at EMS concentration of 1% (68/489) (Guo et
al., 2017). The Jagger mutant population developed by (Rawat et al., 2019) has shown
4.5% phenotypic mutants in M2 generation (58 /1296). Mutation frequencies for
phenotypic mutants in the mutagenized populations are quite variable. This be might be
due to different genetic background of cultivars, EMS dose, treatment method and mutagen
exposure time, number of phenotypic and agronomic traits screened, environment, and

mutant generation at which screening is done.

The objective of this work was to use the Jagger mutant population developed by Rawat et
al. (2019) in forward genetic screens for rigorous phenotyping for FHB response first at
field level, followed by greenhouse phenotyping of selected promising resistant lines. The
overall goal of the project was to identify some mutagenized lines, where loss of function

of susceptibility factors makes the plants resistant to FHB.

3.3. Materials and Methods:

Field testing:

Field planting and field design:

The experiments were conducted at the Beltsville Research Farm Facility of the University

of Maryland (-76.833195 longitude, 39.011599 latitude) during the planting season of

87



2018-2019. M4 generation of Jagger EMS-mutagenized population previously
characterized by Rawat et al. (2019) was used to screen for their FHB response in misted
nursery set-up. M4 families having at least 50 seeds were selected for field planting,
accounting for 840 lines planted as 4 feet long single rows with a row to row distance of 1
foot. Jagger wild type (WT) was used as a positive control in eight replicates, bringing the
total number of experimental rows to 848. All experiments were conducted on no-till plots
with corn-stubble from previous growing cycles to ensure high inoculum load for infection
of the plants, as crop residues are known to enhance FHB in wheat (Dill-Macky & Jones,

2000).

Figure 1: Photograph taken from Beltsville field depicting head row planting scheme

Fungal Inoculation:

Three F. graminearum isolates collected from Maryland, one each from Clarksville,
Beltsville and Wye farm locations in the state were used for generating corn-spawn
inoculum for field. Fungal plugs from 50% Glycerol stocks were cultured on Potato
Dextrose Agar (PDA) plates for each isolate and allowed to grow at room temperature.

Side by side, 13-16 Ibs. of maize kernels were transferred to autoclaved metal trays, rinsed
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with water and autoclaved twice using Liquid 30 cycle. After a week of starting fungal
cultures, each corn tray was inoculated with 3 PDA plates, 150 ml autoclaved water and
0.2 g streptomycin sulfate to prevent bacterial contamination. Inoculated trays were
covered with aluminum foils and left at room temperature to incubate for 2.5 weeks. After
each week, trays were checked for pink pigmentation and white mycelial growth. After 2.5
weeks, inoculum was taken to greenhouse and transferred to autoclaved burlap sacks, to
half of their capacity. Sacks were incubated in oven at 35° C for a week in order to let them
dry (Gilbert & Woods, 2006). The corn-spawn inoculum was manually spread in the field
at an application rate of 40 g inoculum per square meter at tillering stage (approximately 6
weeks before flowering). High humidity was maintained at the inoculated site by
artificially misting the field overnight for 5 minutes every hour daily from 9 pm — 6 am

until the latest flowering line reached anthesis.

FHB spread:

Disease incidence and severity were evaluated as indicators of FHB spread. Readings were
taken 25 days after inoculation (dai). Ten spikes per each row were randomly selected for
phenotyping at 25 dai. Disease Incidence (D.I.) was calculated by visually assessing the
percentage of spikes infected in a whole head row. Disease Severity (D.S.) was calculated
by taking average of number of diseased spikelets per spike. Disease Index was calculated
as a product of D.I. and D.S. divided by 100. Disease Index was used as a measure to
distribute lines into different FHB response groups. At the time of data collection, diseased

spikes looked pre-maturely bleached whereas healthy spikes were still green
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Selection of lines for Greenhouse confirmation:

On the basis of Disease Index scores, a subset of 74 lines was selected for further testing

in the greenhouse. Disease index <= 10% was chosen as the criterion for selection.

Harvesting:

Each head row was harvested by hand and stored in a bag with specific ID. Selected lines
were harvested separately from the main set. Selected lines along with control Jagger

wildtype were hand threshed in order to avoid loss of light shriveled seeds.

DON content:

DON content of seeds from the lines tested and selected from field was measured at
USWBSI DON-testing laboratory at University of Minnesota by GC/MS following
Mirocha et al. (1998). Each sample was analyzed in three replications. Briefly, 1 g of
ground samples were extracted with 16 mL of acetonitrile/water (84/16, v/v) in 50 mL
centrifuge tubes. Each sample was placed on a shaker for 1 hr., and then 4 ml of the extract
was passed through a column packed with 18 °C and aluminum oxide (1/3, w/w). One
milliliter of the filtrate was evaporated to dryness under nitrogen at room temperature, and
100 pl of Trimethylsilyl (TMS) reagent (TMSI/TMCS, 100/1) was added to the vial,
rotating the vial so that the reagent makes contact with residue on the sides of the vial. The
vial was placed on a shaker for 10 min, and then ImL of isooctane containing 4 pg/mL
mirex was added and shaken gently. HPLC water (1ml) was added to quench the reaction
and the vial was vortexed so that the milky isooctane layer becomes transparent. The upper
layer was transferred into a GC vial for GC/MS analysis (Shimadzu GCMS-QP2010,

Shimadzu Corporation, Kyoto, Japan) and readings were recorded.
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Greenhouse testing:

Greenhouse planting:

MS5 generation of selected 74 lines from the field testing were planted in the greenhouse in
Fall 2019 and screened for FHB severity. Five plants per line was planted in 50 cell trays.
At two leaf stage, trays were transferred to vernalization chamber at 4 °C for a period of
six weeks. After vernalization, plants were transplanted into 4.5’ pots filed with and
transferred to greenhouse ranges and grown at temperature conditions varying from 23-25

°C during day and 16-18 °C during night. 16hr of light was given to plants.

Fungal Inoculum preparation:

F. graminearum isolate GZ3639 was used in this set of experiments, which is known for
its strong virulence (Desjardins et al., 1997; Rawat et al., 2016). Fungal plugs from 50%
glycerol stocks (stored at -80°C) were used to culture the fungal mycelia on PDA. Each
PDA plate was inoculated with one plug from the stock, taped with autoclaved parafilm
and fungus was allowed to grow at room temperature. Plates were checked for bacterial
contamination each day and contaminated ones were discarded. After seven days of
inoculation, two plugs from PDA plates with actively growing fungus were inoculated on
liquid MB broth, shaken at 180 rpm at room temperature for a week. (Reference:

https://scabusa.org/pdfs/ptt/KY FG Media-Recipes.pdf). Macroconidia at a concentration

of 1x10° diluted in distilled water were used for inoculations.
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Inoculation strategy and Phenotyping:

Tenth and eleventh spikelets counted from the base of the spikes were point-inoculated
with 10 pl macroconidial inoculum at pre-anthesis stage. Five to six spikes per plant were
inoculated and covered with moisture saturated Ziplock bags for 72 hours to provide high
humidity for fungal growth. Disease scoring was done 10, 14 and 21 dai. Phenotyping was
done by counting the number of bleached spikelets, including the inoculated spikelet,
downwards from the point of inoculation. Plants from the same M5 parent seeds were
found to be segregating for resistance, meaning mutation is not fixed yet. Hence, each plant
was treated as different genotype giving us a total of 168 genotypes. Plants were labelled
accordingly. For example: In Plant ID: MD19-431-1, MD19 means that the plant was
grown in UMD Greenhouse in 2019; 431- denotes the M5 parent seed, and 1- means plant
number 1 out of total seeds planted of that M5 family. Other plants from this M5 family
were: MD19-431-2, MD19-431-3 and so on depending on the number of seeds planted.

This pattern was followed for all other lines.

FHB severity:

Percentage of symptomatic spikelets (PSS) were calculated by converting number of
bleached spikelets (the inoculation point and bleached ones down from the point of
inoculation) to a scale of 100. To compare the FHB severity among different genotypes
over time, area under the disease progress curve (AUDPC) values were calculated from the
average of PSS at 10, 14 and 21dai for each genotype using the following formula by

Simko & Piepho, (2011):
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n-1

AUDPC= ) [(YitYi+1)/2](Ti-Tin1)
i=1
Where Yiis the average of PSS (in %) at the ith observation, Ti is time (days) at the ith

observation and n is the total number of observations.

Fusarium Damaged Kernels (FDKs):

FDKs (in %) was calculated for each of the threshed line by dividing number of shriveled

pinkish scabby seeds to total number of seeds and then multiplying it by 100.

Statistical Analysis:

Data was analyzed in R (VR x64 3.6.3) and R studio. All the experiments were conducted
in a Completely Randomized Design (CRD). Data was analyzed for DON content of lines
selected from field for FHB resistance (only for field testing), FHB severity, AUDPC and
FDKs (only for greenhouse testing). Data was analyzed for Normality and homogeneity of
variance assumptions beforehand. Normality of data was checked by creating QQ-plots
and performing Shapiro-wilk tests. Data which was not normalized was transformed, which
was sufficient for them to meet this assumption. Homogeneity of variance in the data sets
was checked by plotting residual vs fitted plots and doing Levene test. Square root
transformations was used for DON content and AUDPC values and log10 for FHB severity
data. There were some data points which did not meet normality assumption even after
transformations. Non-parametric tests instead of parametric test were used to evaluate
them. Normalized data was evaluated by Type-3 one-way ANOVA whereas non-
normalized data was analyzed by Kruskal-Wallis test. For all of the analysis, specific row

number/ genotype was considered as independent variable whereas DON content values,
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FHB severity and AUDPC values were considered dependent variables depending upon
the purpose of analysis. In order to make pair-wise comparisons between control Jagger
and other genotypes tested in each season, a post-hoc test (Dunnett test for ANOVA and
Dunn test for Kruskal-Wallis test) was performed.

For analysis of FDK values, a single sample t-test with unknown standard deviation was
used as only one replicate/ genotype was available for all experiments. Firstly, standard
deviation was calculated by considering whole data set. A critical t-value was obtained
from the t-table on the basis of degrees of freedom and at a=0.05. T-value was calculated

between control and other genotypes separately for each experiment.

3.4. Results:

FHB spread at field level:

Considerable variation was observed among the lines against FHB in field testing. The
range of Disease Index among lines varied from 0.59% to 100%. Wild type control Jagger
was found to be 100% infected with FHB. Seventeen out of 840 mutant lines tested showed
100% Disease Index. Thirteen lines (Row number: 2019- 297, 329, 401, 425, 562, 632,
692, 693, 705, 745, 820, 832, 839) out of the total 840 lines planted could not be scored
for FHB severity because of either no germination, late flowering of lines or no flowering.
On the basis of our criteria of selection as mentioned in materials and methods section, we
divided the scale of Disease Index of 0-100% into four groups: (a)- 0-10% Disease Index
(Moderately Resistant), (b)- 10-35% Disease Index (Moderately susceptible), (c)- 35-70%

Disease Index (Susceptible), (d)- 70-100% Disease Index (Highly Susceptible). Seventy-
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four, 513, 196 and 44 lines were found in groups I, 11, III, and IV, respectively (Figure 2).

The 74 lines in Group-I were selected for further greenhouse testing.
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Figure 2: Division of selected lines into four groups on the basis of FHB Index values. X-axis: Group number and range of
Disease Index scores of particular groups. Y-axis: Number (No.) of lines in each group. Data labels over each bar plot

corresponds to number of lines in that respective group.
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DON content of selected lines from Field for FHB resistance:

Selected seventy-four lines from the field were evaluated for DON content. Two lines:
2019-398 and 2019-735 had very few seeds hence not considered for DON content
estimation.

A one-way ANOVA of 72 lines revealed significant variation to exist within the selected
sub-set for DON content at (p<0.001) (Table 1). Twenty-seven lines were found to be
significantly different from control Jagger WT at different levels of significance. Twenty-
one lines were found to have significantly lower DON content than control, whereas, six
lines showed significantly higher DON content than control. Row numbers- 2019-175, 183,
476, 678, 765, 777 779, 792 have lesser DON content than WT at (p<0.001), Row
numbers- 2019-19, 28, 201, 271, 273, 787, 813 at (p<0.01), Row numbers- 2019-4, 112,
120, 759, 770, 778 at (p<0.05) and row 2019-84 at (p<0.1). Row numbers 2019-155, 217,
315, 330 and 586 have significantly higher DON content than control at p<0.001 whereas

row 2019-416 differs at p<0.05. DON content of all lines is presented in Table 2

Table 1: ANOVA of DON content data of Jagger mutant lines selected from field for FHB
resistance. 72 out of 74 lines selected were screened for DON content. *** depicts

significance at p<0.001

One-way ANOVA for DON content

Sum Sq Df F value Pr(>F)
(Intercept) 4074.6 1 13287.281 <2.2e-16%***
Row_no 355.0 72 16.078 <2.2e-1.6 ***
Residuals 41.7 136
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Table 2: DON content values of Jagger wild type (susceptible parent) and mutant lines
selected from field for FHB resistance. DON values are in mg/kg. Dunnett test was used to
depict lines showing significant difference from Jagger Wild type. ¥ indicates significantly
lower disease at p<0.1, * at p<0.5, ** at p<0.01 and *** at p<0.001. + implies significantly

higher disease at p<0.05 and +++ implies significantly higher disease at p<0.001

Row no. DON - Row no. DON
WT 25.8 2019-316 38.5
2019-4 11.9* 2019-317 18.9
2019-14 28.7 2019-319 32.8
2019-19 9.4** 2019-330 63.9"\
2019-24 26.0 2019-343 44.5
2019-27 20.0 2019-377 14.0
2019-28 9.5%* 2019-387 24.5
2019-45 34.5 2019-389 15.4
2019-51 18.3 2019-416 51.3»
2019-53 18.1 2019-473 29.1
2019-57 17.2 2019-476 4.1 %%*
2019-84 13.7% 2019-477 22.5
2019-95 28.4 2019-506 27.0
2019-112 11.7*% 2019-508 40.5
2019-120 12.6* 2019-575 26.9
2019-121 36.2 2019-586 55.3/A
2019-130 18.2 2019-675 21.0
2019-145 39.2 2019-677 14.5
2019-147 28.6 2019-678 8 [ Hx*
2019-155 61.0"\" 2019-683 20.5
2019-175 5.6%** 2019-698 22.1
2019-176 17.4 2019-713 23.0
2019-183 7.4%%* 2019-722 20.5
2019-190 16.5 2019-751 18.4
2019-191 14.4 2019-759 12.4%*
2019-195 22.6 2019-765 7.0%**
2019-201 10.8%** 2019-770 12.9*
2019-214 24.1 2019-777 9.1%**
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2019-215 32.5 2019-778 12.5%
2019-217 549N 2019-779 7. HA*
2019-227 24.8 2019-782 24.4
2019-268 25.8 2019-785 39.4
2019-271 10.3%* 2019-787 10.5%**
2019-273 11.0%** 2019-792 754
2019-303 28.6 2019-813 10. 1#**
2019-308 15.6 2019-818 18.9
2019-315 55.1"M

Greenhouse testing results:

Selected lines were tested for FHB severity in greenhouse during Fall, 2019. To keep the
generation advanced, seeds from the misted nursery that was heavily infested with FHB
were used; hence germination rates was lower. The average germination for whole
population was calculated as 75%. There was no germination in five lines namely MD19-
406, MD19-408, MD19-426, MD19-444, and MD19-1125. For the left 69 lines, 1 -3 plants
per line was tested for FHB severity depending upon their germination and survival.
Significant variation among lines was observed at each data point (10 dai, 14 dai and 21
dai). Phenotyping of the lines revealed that even within a particular line, plants are
segregating for FHB resistance. Due to which, for phenotyping, each plant was taken as
individual genotype that left us with 168 genotypes instead of 69 lines. The FHB severity
scores of each genotype for all three data points are shown in Table 3. No genotype had

significantly higher FHB severity scores than the wild type at all three data points
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Disease assessment after 10 dai:

Data set after 10 dai was found to be normal and showing homogeneity of error variances.
One-way ANOVA revealed significant variation among the genotypes screened against
FHB at p<0.001(Table 4a). Post-hoc Dunnett test revealed four genotypes that differ
significantly from the wild type. Genotypes MD19-411-2, 432-1 and 471-3 were
significantly different at p<0.05 whereas one genotype MD19-431-1 was found to be
significantly different at p<0.001. The average FHB severity of significantly different

genotypes along with Jagger WT is shown in Figure 3a.

Disease Assessment after 14 dai:

Data set after 14 dai was found to be normal and showing homogeneity of error variances.
A significant variation at p<0.001 was found among the data set after one-way ANOVA
(Table 4b). Eleven genotypes differ at different significance level. Two Genotypes MD19-
417-3 and 463-3 were found significantly different at p<0.1. Four genotypes MD19-411-
1, 415-1, 415-2, 432-2 at p<0.05 and two genotypes MD19-411-2, 431-1 and 468-1 at
p<0.01 also had lower disease spread. Genotypes MD19-432-1 and 471-3 had least FHB
severity among all the genotypes tested and were found significantly different at p<<0.001.
Average FHB severity scores of genotypes showing less severity and wild type is shown

in Figure 3b.

Disease assessment after 21 dai:
Data set after 21 dai did not met normality and homogeneity of variance assumptions.

Therefore, analysis was done by non-parametric Kruskal-Wallis rank sum test, which
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revealed significant variation in the data at p<0.001 and chi-square value of 428.54 (Table
4c). Dunn’s test revealed eight genotypes (MD19-415-1, 415-2, 417-3, 431-1, 432-1, 432-
2, 468-1 and 471-3) showing statistical significance at p<0.05.Average FHB severity
scores of resistant genotypes along with wild type Jagger has been shown in Figure 3c.

Pictures of inoculated spikes Jagger WT and promising mutant plants with inoculated

spikes are shown in Figure 4.

Table 3: Average Percent FHB Severity of greenhouse tested lines at 10, 14 and 21dai.
The value in particular cell depicts average of percent FHB severity of all spikes tested for
that particular genotype. Significances are reported for all three data points. ¥ implies

significantly lower disease at p<0.1, * at p<0.5 , ** at p<0.01 and *** at p<0.001

Greenhouse ID 10 DAI 14 DAI 21 DAI
WwT 28.5 67.0 86.0
MD19-1124-1 10.0 100.0 100.0
MD19-1124-2 20.0 50.0 100.0
MD19-400-1 20.0 57.0 100.0
MD19-400-2 25.0 62.5 100.0
MD19-400-3 10.0 10.0 90.0
MD19-402-1 18.5 52.0 94.0
MD19-402-2 37.5 66.7 100.0
MD19-402-3 26.0 66.0 92.0
MD19-403-2 25.0 71.7 100.0
MD19-403-3 30.0 74.0 100.0
MD19-404-1 25.0 40.0 100.0
MD19-404-2 16.7 46.7 83.3
MD19-404-3 16.0 35.0 70.0
MD19-405-1 18.8 47.5 92.5
MD19-405-2 18.3 36.7 90.0
MD19-407-1 36.0 100.0 100.0
MD19-407-2 15.0 40.0 90.0
MD19-407-3 24.0 76.0 88.0
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MD19-409-1 20.0 50.0 80.0
MD19-410-1 10.0 12.5 12.5
MD19-411-1 12.5 12.5* 42.5
MD19-411-2 9.0 * 11.0 ** 50.0
MD19-412-1 20.0 38.3 90.0
MD19-412-2 16.7 533 73.3
MD19-412-3 13.8 47.5 77.5
MD19-413-1 39.2 88.3 100.0
MD19-413-2 27.5 533 81.7
MD19-413-3 35.0 70.0 100.0
MD19-414-1 30.0 78.0 100.0
MD19-414-3 25.0 46.7 81.7
MD19-415-1 14.4 23.7 % 32.5%
MD19-415-3 14.5 18.0* 22.0*
MD19-416-1 21.7 76.7 86.7
MD19-416-2 15.0 45.0 81.7
MD19-416-3 20.0 325 72.5
MD19-417-1 11.7 17.5 433
MD19-417-3 15.0 20.0¥ 20 .0*
MD19-418-1 10.0 31.3 75.0
MD19-419-1 35.0 90.0 100.0
MD19-419-3 36.5 100.0 100.0
MD19-420-1 32.5 77.5 100.0
MD19-420-3 45.0 95.0 100.0
MD19-421-1 16.7 28.3 67.5
MD19-422-1 23.8 52.5 100.0
MD19-422-2 28.0 70.0 88.0
MD19-423-1 25.0 35.0 60.0
MD19-423-3 333 75.0 100.0
MD19-424-2 21.7 533 100.0
MD19-424-3 37.5 55.0 100.0
MD19-425-1 15.8 31.7 76.7
MD19-425-2 15.0 61.7 98.3
MD19-425-3 21.0 76.0 100.0
MD19-427-1 48.3 90.0 100.0
MD19-427-2 34.0 88.0 100.0
MD19-427-3 45.0 74.0 100.0
MD19-428-1 15.0 35.0 75.0
MD19-428-2 13.3 60.0 100.0
MD19-428-3 28.3 63.3 100.0
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MD19-429-1 21.7 65.0 100.0
MD19-429-2 34.0 86.0 100.0
MD19-429-3 333 70.0 100.0
MD19-430-2 30.0 66.7 83.3
MD19-430-3 33.0 70.0 100.0
MD19-431-1 6.0 *** 12.0 ** 20.0 *
MD19-431-2 21.7 46.7 81.7
MD19-432-1 11.4* 11.4 *** 12.9 *
MD19-432-2 20.0 20.0%* 20.0%*
MD19-433-1 343 61.4 95.7
MD19-433-2 28.0 70.0 100.0
MD19-433-3 17.5 45.0 80.0
MD19-434-1 26.0 64.0 86.0
MD19-434-2 33.8 72.5 100.0
MD19-435-1 41.7 76.7 100.0
MD19-435-2 20.0 57.5 92.5
MD19-435-3 25.0 55.0 95.0
MD19-436-1 28.3 70.0 88.3
MD19-436-2 35.0 83.3 100.0
MD19-436-3 22.0 52.0 92.0
MD19-437-1 15.0 41.7 75.0
MD19-437-2 23.0 56.0 100.0
MD19-437-3 20.0 65.0 100.0
MD19-438-1 35.0 50.0 100.0
MD19-438-2 22.5 35.0 72.5
MD19-438-3 21.7 56.7 100.0
MD19-439-1 25.0 63.0 84.0
MD19-440-1 20.0 65.0 82.5
MD19-440-2 233 65.0 76.7
MD19-441-1 30.5 76.0 100.0
MD19-441-2 36.0 68.0 100.0
MD19-441-3 18.0 66.0 100.0
MD19-442-1 22.0 50.0 68.0
MD19-442-2 10.0 100.0 100.0
MD19-442-3 10.0 70.0 100.0
MD19-443-1 25.0 60.8 93.3
MD19-443-2 33.8 61.3 95.0
MD19-443-3 30.0 72.0 94.0
MD19-445-1 15.0 50.0 56.7
MD19-445-2 30.0 100.0 100.0
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MD19-446-1 30.0 83.3 100.0
MD19-446-2 38.3 533 100.0
MD19-446-3 28.6 61.4 100.0
MD19-447-1 30.0 70.0 96.7
MD19-447-2 40.0 70.0 92.5
MD19-448-1 25.0 55.0 100.0
MD19-448-2 16.7 45.0 100.0
MD19-448-3 42.5 82.5 100.0
MD19-450-1 31.7 71.7 100.0
MD19-450-2 15.0 42.9 78.6
MD19-450-3 30.0 100.0 100.0
MD19-451-1 20.0 37.5 80.0
MD19-451-2 31.0 56.0 82.0
MD19-451-3 32.0 52.0 84.0
MD19-452-1 32.5 60.0 75.0
MD19-452-2 24.0 78.0 100.0
MD19-453-1 333 63.3 100.0
MD19-453-2 30.0 76.7 86.7
MD19-453-3 25.5 64.0 96.0
MD19-454-1 17.5 32.5 42.5
MD19-455-1 31.7 76.7 100.0
MD19-455-2 36.3 78.3 100.0
MD19-455-3 28.3 65.0 100.0
MD19-456-1 42.5 63.3 100.0
MD19-456-2 24.0 62.0 86.0
MD19-456-3 30.0 47.5 63.3
MD19-457-1 20.0 23.3 50.0
MD19-457-2 20.0 55.0 75.0
MD19-457-3 233 50.0 100.0
MD19-459-1 17.5 23.1 57.5
MD19-459-2 10.0 10.0 50.0
MD19-459-3 23.3 46.7 96.7
MD19-461-1 13.3 40.0 100.0
MD19-461-2 20.0 70.0 97.5
MD19-461-3 28.3 60.0 73.3
MD19-462-1 12.5 25.0 47.5
MD19-463-3 11.7 13.3¥ 56.7
MD19-464-1 15.8 36.7 63.3
MD19-464-2 18.0 52.0 84.0
MD19-464-3 15.0 35.0 59.0
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MD19-465-1 12.5 15.0 30.0
MD19-465-2 15.0 47.5 70.0
MD19-465-3 26.3 50.0 90.0
MD19-466-1 22.0 64.0 100.0
MD19-466-2 333 80.0 100.0
MD19-466-3 25.0 38.8 85.0
MD19-467-1 40.0 95.0 100.0
MD19-467-2 40.0 78.3 100.0
MD19-467-3 45.0 83.3 100.0
MD19-468-1 12.0 14.0%** 24.0*
MD19-468-2 12.5 30.0 37.5
MD19-468-3 39.2 75.0 100.0
MD19-469-1 15.0 20.0 433
MD19-469-2 10.0 15.0 10.0
MD19-469-3 13.3 44.2 65.0
MD19-470-1 17.5 72.5 80.0
MD19-470-2 22.0 34.0 70.0
MD19-471-1 19.2 50.8 73.3
MD19-471-2 30.0 48.8 100.0
MD19-471-3 11.4* 11.4%%* 31.4*
MD19-472-1 32.5 87.5 80.0
MD19-472-2 25.0 72.5 100.0
MD19-473-1 30.0 72.5 100.0
MD19-473-2 32.0 64.0 100.0
MD19-473-3 23.8 67.5 95.0
MD19-475-1 13.8 225 77.5
MD19-475-2 11.3 38.8 82.5
MD19-475-3 11.7 333 50.0
MD19-476-1 20.0 70.0 100.0
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Table 4: ANOVA for FHB severity of genotypes tested in the greenhouse . 4a: One-way
ANOVA (Type-3) after 10 dai. 4b: One-way ANOVA (Type-3) after 14 dai 4c: Kruskal-

Wallis rank sum test at 21 dai. *** depicts significance at p<0.001

Table 4a: One-way ANOVA (Type-3) at 10 dai

Sum Sq df F value Pr(>F)
(Intercept) 20.106 1 409.3005 >2 2e-16%**
Row no 21.996 167 2.6813 <2.2e-1.6 ***
Residuals 26.968 549

Table 4b: One-way ANOVA (Type-3) at 14 dai

Sum Sq df F value Pr(>F)
Intercept 499.73 1 438.0869 <2.2e-16 ***
Row_no 1030.85 167 54113 <2.2e-16 ***
Residuals 626.25 549

Table 4¢: Kruskal-Wallis rank sum test at 21dai
Data: Percent_Severity by Row_no

Kruskal-Wallis chi-squared= 428.54, df=167, p-value <2.2e-16***
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Figure 3: Graphical representation of genotypes differing significantly from Jagger WT in terms of FHB severity. 3a: 10 dai;

3b:14 dai; 3c: 21 dai. ¥ represents significantly lower FHB severity at p<0.1, * at p<0.05, ** at p<0.01 and *** at p<0.001

MD19-431-1| MD19-432-1 MD19-471-3

Figure 4: Spike images of Jagger wild type and promising mutant genotypes. Two spikes per genotype were photographed.

Images were taken 21dai
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FDK analysis:

Genotypes showing significantly lower FHB severity at 21dai and Jagger WT were hand-
threshed and their FDK values were calculated. FDK values agreed with FHB severity
scores. All genotypes showed significantly lower FDKs than control at 0=0.05 as can be

seen in Table 5.

Table 5: FDK values of Jagger WT and promising genotypes * depicts significantly lowed

FDKs at a=0.05

Genotype FDKSs (%)

Jagger WT 100.0
2019-415-1 28.0*
2019-415-3 36.9*
2019-417-3 14.3*
2019-431-1 39.7*
2019-432-1 13.9*
2019-432-2 5.6%

2019-468-1 40.0*
2019-471-3 75.6*

AUDPC values of greenhouse evaluated lines:

AUDPC values were calculated for all greenhouse tested lines (Table 7). Data was found
to be normal and has equality of variance for error terms. A one-way ANOVA depicted
that significant variation exists in the data set at p<0.001 (Table 6). AUDPC values agreed
with FHB severity scores.

No genotype has significantly higher AUDPC values than control. Twenty genotypes were

found to have lower AUDPC values over control at different significance levels. MD19-
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459-1 and 459-2 were significant at p<0.1, MD19-417-1, 462-1, 463-3, 465-1, 468-2, 469-
1 were different from control at p<0.05 whereas MD19-410-1 and 411-1, MD19-469-2 had
significantly lower AUDPC than control at p<0.01 . Nine genotypes (MD19-411-2, 415-1,
415-2,417-2, 431-1, 432-1, 432-2, 468-1, 471-3) were found to be significantly different

at p<0.001

Table 6: One-way ANOVA for AUDC values of genotypes tested in greenhouse. ***

depicts significance at p<0.001

One-way ANOVA for AUDPC values(Type-3)

Sum Sq Df F- value Pr(>F)
(Intercept) 5278022 1 159.9925 <2.2e-16 ***
Genotype 29486635 167 5.3523 <2.2e-16 ***
Residuals 18111063 549

Table 7: AUDPC values of Jagger WT and genotypes tested in greenhouse. ¥ depicts

significance lower AUDPC values at p<0.1, * at p<0.05, ** at p<0.01 and *** at p<0.001

Genotypes AUDPC values I Genotypes AUDPC values

Jagger WT 726.5 MD19-438-3 | 705.0
MD19-1124-1 | 920.0 MD19-439-1 | 690.5
MD19-1124-2 | 665.0 MD19-440-1 | 686.2
MD19-400-1 | 703.5 MD19-440-2 | 672.5
MD19-400-2 | 743.7 MD19-441-1 | 829.0
MD19-400-3 | 390.0 MD19-441-2 | 796.0
MD19-402-1 | 652.0 MD19-441-3 | 749.0
MD19-402-2 | 791.7 MD19-442-1 | 557.0
MD19-402-3 | 737.0 MD19-442-2 | 920.0
MD19-403-2 | 794.2 MD19-442-3 | 755.0
MD19-403-3 | 817.0 MD19-443-1 | 711.2
MD19-404-1 | 620.0 MD19-443-2 | 736.9
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MD19-404-2 | 581.7 MD19-443-3 | 785.0
MD19-404-3 | 469.5 MD19-445-1 | 503.3
MD19-405-1 | 622.5 MD19-445-2 | 960.0
MD19-405-2 | 553.3 MD19-446-1 | 868.3
MD19-407-1 | 972.0 MD19-446-2 | 720.0
MD19-407-2 | 565.0 MD19-446-3 | 745.0
MD19-407-3 | 774.0 MD19-447-1 | 783.3
MD19-409-1 | 595.0 MD19-447-2 | 788.7
MD19-410-1 | 132.5** MD19-448-1 | 702.5
MD19-411-1 | 242.5%* MD19-448-2 | 630.8
MD19-411-2 | 253.5%*** MD19-448-3 | 888.7
MD19-412-1 | 565.8 MD19-450-1 | 807.5
MD19-412-2 | 583.3 MD19-450-2 | 540.7
MD19-412-3 | 560.0 MD19-450-3 | 960.0
MD19-413-1 | 914.2 MD19-451-1 | 526.2
MD19-413-2 | 634.2 MD19-451-2 | 657.0
MD19-413-3 | 805.0 MD19-451-3 | 644.0
MD19-414-1 | 839.0 MD19-452-1 | 657.5
MD19-414-3 | 592.5 MD19-452-2 | 827.0
MD19-415-1 | 273.1%*** MD19-453-1 | 765.0
MD19-415-2 | 205.0%** MD19-453-2 | 785.0
MD19-416-1 | 768.3 MD19-453-3 | 739.0
MD19-416-2 | 563.3 MD19-454-1 | 362.5
MD19-416-3 | 472.5 MD19-455-1 | 835.0
MD19-417-1 | 271.2* MD19-455-2 | 853.3
MD19-417-2 | 210.0%** MD19-455-3 | 764.2
MD19-418-1 | 454.4 MD19-456-1 | 783.3
MD19-419-1 | 915.0 MD19-456-2 | 690.0
MD19-419-3 | 973.0 MD19-456-3 | 543.0
MD19-420-1 | 841.2 MD19-457-1 | 343.3
MD19-420-3 | 962.5 MD19-457-2 | 605.0
MD19-421-1 | 425.4 MD19-457-3 | 671.7
MD19-422-1 | 686.2 MD19-459-1 | 363.4¥
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MD19-422-2 | 749.0 MD19-459-2 | 250.0¥
MD19-423-1 | 452.5 MD19-459-3 | 641.7
MD19-423-3 | 829.2 MD19-461-1 | 596.7
MD19-424-2 | 686.7 MD19-461-2 | 766.2
MD19-424-3 | 727.5 MD19-461-3 | 643.3
MD19-425-1 | 474.2 MD19-462-1 | 328.7*
MD19-425-2 | 713.3 MD19-463-3 | 295.0*
MD19-425-3 | 810.0 MD19-464-1 | 455.0
MD19-427-1 | 941.8 MD19-464-2 | 616.0
MD19-427-2 | 902.0 MD19-464-3 | 429.0
MD19-427-3 | 847.0 MD19-465-1 | 212.5%*
MD19-428-1 | 485.0 MD19-465-2 | 536.2
MD19-428-2 | 706.7 MD19-465-3 | 642.5
MD19-428-3 | 755.0 MD19-466-1 | 746.0
MD19-429-1 | 750.8 MD19-466-2 | 856.7
MD19-429-2 | 891.0 MD19-466-3 | 560.6
MD19-429-3 | 801.7 MD19-467-1 | 952.5
MD19-430-2 | 718.3 MD19-467-2 | 860.8
MD19-430-3 | 801.0 MD19-467-3 | 898.3
MD19-431-1 | 148.0%** MD19-468-1 | 185.0%**
MD19-431-2 | 585.8 MD19-468-2 | 321.2*
MD19-432-1 | 130.7*** MD19-468-3 | 840.8
MD19-432-2 | 220.0%** MD19-469-1 | 291.7*
MD19-433-1 | 741.4 MD19-469-2 | 137.5%*
MD19-433-2 | 791.0 MD19-469-3 | 497.1
MD19-433-3 | 562.5 MD19-470-1 | 713.7
MD19-434-1 | 705.0 MD19-470-2 | 476.0
MD19-434-2 | 816.2 MD19-471-1 | 574.6
MD19-435-1 | 855.0 MD19-471-2 | 678.1
MD19-435-2 | 680.0 MD19-471-3 | 195.7***
MD19-435-3 | 685.0 MD19-472-1 | 826.2
MD19-436-1 | 750.8 MD19-472-2 | 798.7
MD19-436-2 | 878.3 MD19-473-1 | 808.7
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MD19-436-3 | 652.0 MD19-473-2 | 766.0
MD19-437-1 | 521.7 MD19-473-3 | 751.2
MD19-437-2 | 704.0 MD19-475-1 | 422.5
MD19-437-3 | 747.5 MD19-475-2 | 524.4
MD19-438-1 | 695.0 MD19-475-3 | 381.7
MD19-438-2 | 491.2 MD19-476-1 | 775.0

3.5. Discussion:

Wheat being a polyploid crop can be effectively mutagenized without having detrimental
effect on fertility/ lethality of plants and mutant recovery. As a result of genetic
redundancy, polyploids like wheat can tolerate high mutation frequency as compared to
other diploid species and hence, a relatively small population size is required for its
screening. With mutation frequencies ranging from 1/20-50 kb, wheat can tolerate mutation
rates five to ten times higher than diploid organisms like arabidopsis (1/170 kb), barley
(1/500 kb), rice (1/300 kb) and sorghum (1/526 kb) (Uauy et al., 2009; Chen et al., 2012).
However, mutations in wheat and mostly all polyploids have lower rates of phenotype
penetrance due to compensation effect of homoeologous from other genomes. Genetic
buffering by homoeologous copies limits the range and severity of visual genotypes.
Recovered mutants in a particular gene needs to be crossed to other mutant homeologs in
order to have a null mutant for a particular gene.

There are no reports of screening of the full population developed by chemical mutagenesis
for FHB resistance in wheat at whole genome level. However, screenings have been done

for rusts and powdery mildew. Campbell et al. (2012) isolated a mutant resistant to three
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types of rusts (leaf, stripe and stem) and powdery mildew in a mutagenized population of
a bread wheat cultivar, Alpowa. Alpowa is known to be susceptible to above mentioned
diseases. They screened M4 generation of 650 individuals against leaf rust and found out
11 to be moderately resistant. Further on, they selected, one mutant line MNR220. This
line was also found to be moderately resistant to other types of rusts and powdery mildew.
Hussain et al. (2018) screened M2 generation of mutant population of cultivar NN-
Gandum-1 for leaf and stripe rust. The parent cultivar is known to be moderately resistant
to leaf and stripe rust. Assessment of 3,634 individuals showed 33 (near about 0.9%) and
20 (near about 0.55) plants to be completely resistant against leaf and stripe rust
respectively. Whereas, 126 (near about 3.5) and 127 (near about 3.5%) plants to be highly
susceptible against leaf and stripe rust respectively. Rakszegi et al. (2010) also screened a
Cadenza mutant population for leaf rust and powdery mildew and isolated some lines
showing resistance. Rawat et al. (2016) performed reverse genetics on 1,929 individuals of
M2 generation for a FHB resistant line HR58. TILLING was done for a Pore-forming
toxin-like (PFT) gene and were able to find 30 mutations (2 truncations, 10 missense, 1
mis-splice and 17 silent). Five out of 30 mutations had deleterious effect on protein and
were found to be susceptible for FHB.

Sharma et al. (2017) also screened an EMS-generated M2 generation of FHB susceptible
cultivar AC Nanda mutant population (Population size- 134 variants). They looked for
SNPs in the gene UDP-glucosyltransferase (7aUGT-2B and TaUGT-3B) family
responsible for catalyzing the transfer of toxic deoxynivalenol to non-toxic DON-3-O-
glucoside (D3G). Sequence analysis of AC Nanda and Sumai 3 for both the genes found

one SNP between two cultivars for both TaUGT-2B and TaUGT-3B. High resolution melt
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curve analysis for all variants revealed resistant variant lines have SNP mutated to Sumai
3 allele. Thus, SNPs detected in both the genes were found to be positively related with
FHB resistance. In both of the studies above, developed mutant populations were used as
validation approaches to confirm candidacy of already known resistance genes and are
limited to only one to two gene(s) per study.

A study conducted by Kenzhebayeva et al. (2014) screened M3 generation of gamma-
irradiated populations of three cultivars viz. Zhenis. Alkamen and Erithrospermum-35 for
FHB resistance. Results revealed three lines to be statistically more resistant than control
Zhenis whereas two lines to be more susceptible. For control Alkamen, one line has
statistically lower disease. Three mutant lines had statistically less FHB infection than
control Erithreospermum-35. Simple Sequence Repeats (SSR) markers-based
polymorphism analysis revealed additional alleles at specific locus for all the mutant lines
confirming genes to be modified (either expressed or silenced). However, as they used
physical irradiation, there are less chances of SNP mutations and more chances of big
deletions or substitutions (Kenzhebayeva et al., 2014).

One study was from oats in which EMS-generated mutant population of cultivar Belinda
was screened for resistance against Fusarium culmorum (Sikora et al., 2011). Five seeds
per line was sown on water agar and inoculated with 5,000 spores of the fungus with the
idea of spores inhibiting the germination of susceptible seeds. Out of 1300 lines tested, 63
lines germinated and were designated as moderately resistant lines and were advanced to
field testing. Out of the field-tested lines, three lines were found to have significantly less

FHB infection over control (Sikora et al., 2011).
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In our study, we screened set of 840 M4 individuals from an EMS-mutagenized population
in an elite bread wheat cultivar Jagger for FHB resistance in field during 2018-2019. Jagger
has all the characteristics of a good variety such as high yield, early flowering habit, good
baking and milling quality and genetic resistance against several diseases. However, it is
highly susceptible to FHB. Therefore, mutagenized population of Jagger makes a good
platform for genetic screen of susceptibility factors in wheat. This study on Jagger mutant
population is novel because it will enable identification of less studied susceptible factors/
resistance suppressors instead of commonly known R-genes. Moreover, it is the genome-
wide screen for FHB, instead of just one or two genes. To our knowledge, this is the first
study scanning the whole mutant population at whole genome level for FHB susceptibility
factors.

Assessing Fusarium head blight under field conditions is tedious, time consuming and
prone to biases and experimental errors (Qiu et al., 2019). Because of that reason our
genetic screen consisted of two levels: 1- field screen, and 2- greenhouse confirmation of
field selections. We divided all lines into four groups based on their Disease Index scores.
The 74 mutant lines from Group-I showed minimum FHB spread and were selected for
greenhouse phenotyping. There are five types of resistance mechanisms known against
FHB, most common being Type-2 resistance, provides resistance against disease spread
after initial infection. Type-3 resistance mechanisms also play important roles in
developing FHB resistant genotypes. Type-3 is resistance to DON accumulation
(Mesterhazy et al., 1999). Visual inspection of symptoms is not sufficient enough to
adequately predict resistance against FHB. There may be chances that a particular spike

does not look infected visually but has more DON content or some kernels might be
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infected at later stages of grain filling and may have high DON level but still appear
asymptomatic due to overlap with maturity. There is an increasing emphasis on improving
quality and limiting mycotoxins in wheat-based products, hence a resistant cultivar should
have both low disease spread and low DON values (Peiris et al., 2010).

We discovered some variations in DON content and that can be explained by the above-
mentioned reasons. Only 21 lines were found to have significantly lower DON content than
control. Interestingly, 6 lines had higher DON content than control.

All 74 lines were tested in the greenhouse in the next season (Fall, 2019). Considering,
lines were already advanced to M5 generation, we expected most of the induced mutations
to be already fixed in homozygous condition. Hence, only five seeds per line were planted.
However, at the time of data collection, we observed the lines to still be segregating for
resistance. Due to this reason, we have considered each plant as a different genotype. As
the source of greenhouse planted seeds was FHB misted nursery, a germination percentage
of 75% was observed. This left us with 168 genotypes to be screened. Five of the lines did
not germinate. Significantly lesser disease progress was found in 4 (10 dai), 11 (14 dai)
and 8 (21 dai) genotypes than Jagger WT . We were not able to calculate segregation ratios
of planted lines within planted families because of small sample size per family.

Disease assessment was done after 10, 14 ad 21 dai contrary to 14, 21 and 28 dai as disease
spread was found to be quite severe even after 10 dai. Cultivar Jagger is known to be highly
susceptible to FHB, hence this kind of severe progression even at early stage of infection
can be expected. The controlled environmental conditions in the greenhouse might also
have made Jagger more vulnerable to disease. Zhang et al. (2012) and Cai & Bai (2014)

also scored Jagger for FHB disease severity at 15 dai.
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We found 11 promising genotypes from our greenhouse study. Jagger wild type was found
to be highly susceptible. These promising lines had significantly lower disease than Jagger
WT for at least one data point. As, mentioned above, plants from same M5 family were
found to segregate for resistance, hence they were treated as different genotypes. That case
is well explained in case of promising lines. For 4 out of 11 promising genotypes, we found
lines segregating for resistance. MD19-417-3 was found to be resistant however other
plants having same M5 parent were susceptible. Susceptibility might be a result of either
the plants having homozygous wild type allele or mutant allele in heterozygous condition.
For example, MD19-431-1, 468-1, and 471-3 were resistant, whereas other plants in the
same families were susceptible.

However, MD19-411-1 and 411-2 from the same M5 family were both resistant. Same case
was found for (415-1, 415-3) and (MD19-432-1, 432-2). That might be due to either the
causal mutations being fixed in these mutants or both of the tested plants being
homozygous by chance, considering the very small population size per family. AUDPC
values calculated showed twenty genotypes to be significantly different at various
significance levels.

The reasons for identification of disease resistant plants in mutant population of a
susceptible parent can be either because of loss of function or gain of function. The first
reason might be induced SNPs creating a new functional resistance allele activating R-gene
mediated resistance. Example being mutation of semi-dominant gene ssi4 (suppressor of
salicylic acid insensitivity of nprl-5). Ssi4 is an NBS-LRR type protein and imparts
resistance against Pseudomonas synringae. A single nucleotide change from G to A

activates R gene which further leads to downstream expression of defense responses
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(Shirano et al., 2002). Zhang et al. (2003) also found G to A mutation in dominant gene:
suppressor of nprl-1, constitutive 1 (snc/) and induces robust activation of defense
pathways and provides resistance against pathogens.

The second can be disruption of pathogen required host factor. Certain plant genes are
hijacked by pathogen for its establishment, reproduction and nourishment. Vogel et al.
(2002) reported PMRG6, a pectate-lyase like gene degrades pectin in cell wall and assist in
penetration of powdery mildew fungus growth in Arabidopsis. Manipulation of this gene
makes the penetration of plant by the fungus harder and imparts resistance. SWEET
proteins, which are sugar transporters, are other such examples, overexpressing at time of
pathogen attack and providing nutrients to pathogen at the cell surface (Chandran, 2015).
OsSWEETI1 1, OsSWEETI3 and OsSWEETI4 were found to be putative targets of effector
molecules of Xanthomonas oryzae, causal organism of bacterial blight of rice. Multiplex
editing of these genes provided broad-spectrum resistance against bacterial blight (Xu et
al., 2019). MLO (mildew resistance locus O) is another example of a susceptibility gene,
used by Powdery Mildew fungus to penetrate into epidermal cells. Manipulation of MLO
gene imparts resistance against Powdery mildew in wheat, barley, and arabidopsis
(Consonni et al., 2006; Miklis et al., 2007; Kusch & Panstruga, 2017 ).

The other possibility can be disruption of negative regulator of resistance. Enhanced
disease resistance 1 (edrl) negatively regulates SA-inducible defense responses and
mutations in this gene provides resistance against powdery mildew fungus Erysiphe
cichoracearum in arabidopsis (Frye et al., 2001) and Blumeria graminis f.sp. tritici (Zhang

etal., 2017).
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Delessert et al. (2005) reported transcription factor ATAF2 in Arabidopsis to be negatively
regulating pathogenesis-related genes. Mutation in this transcription factor provided
resistance against soil-borne pathogen Fusarium oxysporum. Kim et al. (2012) reported
Calmodulin-binding NAC protein (CBNAC) to be transcriptional repressor in arabidopsis.
CBNAC bounds directly to PRI promoter and hence, supports infection of Pseudomonas
synringae. Wang et al. (2015) reported 7aNACI to be a negative regulator of stripe ruts
resistance in wheat and this transcription factor works by modulating plant JA and SA-
signaling defense pathways.

Lipoxygenases are enzymes involve in JA pathways and controls between JA and SA
signaling. Nalam et al. (2015) reported arabidopsis Lox/ and Lox5 genes and Wheat TaLpx-
1 to be assisting F. graminearum in infection and mutation in these genes provided
resistance against this pathogen. Mediator 18 and Mediator 20 creates imbalance in SA
and JA pathways by transcriptional reprogramming and promotes Fusarium oxysporum in
arabidopsis (Fallath et al., 2017).

Future direction of this work is to identify the underlying genes that when mutated make
the plants resistant. We will be adopting MutMap approach in the selected promising lines
to isolate the causal genes. Developed by Abe et al. (2012)in rice to isolate/find
agronomically important genes, MutMap is a ground-breaking method that allows rapid
identification of location of putative SNPs responsible for a particular phenotype. .
MutMap approach has some pre-requisites that needs to be met before its application. First,
it includes developing a mutagenized population, second availability of reference genome
sequence, thirdly causal gene in homozygous form and fourth deep sequencing coverage

of positive and negative bulks. Due to its importance, cultivar Jagger has a high quality
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reference genome sequence available from the 10+ Wheat genome project of the Wheat

initiative (https://www.wheatinitiative.org/). The mutations in selected resistant mutant

lines from this work will be homogenized, and crosses will be made with Jagger WT. In
F2 generation, positive and negative bulks will be made and DNA from these bulks will be
sequenced using Exome capture to identify the SNPs linked to resistance. Further
confirmation of the effect of genes will be done by gene editing and RNA interference
studies.

Manipulation of these novel ‘susceptibility genes’ to develop resistance in crops will pave
anew way to incorporate genetic resistance in crop plants. The mechanism how these genes
work will also be a great benefit to understand how hemi-biotrophic pathogens hijack plant
machinery for their own benefits. There are many reports on how biotrophic pathogens
does that but reports on hijacking by hemi-biotrophs and necrotrophs are very limited. This
work will enable us to understand the mechanism of plant microbe interaction in this

complex, yet unknown pathosystem.
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Appendices

A1l: Name and sequence of all primers. F in the name depicts Forwards primer whereas R in the name depicts Reverse primer

Primer Name
FHB-SF7AS-1-F

Primer Sequence 5'-3'
AACATTGGTGGTGAAATTCG

Primer Name
FHB-SF7AS-1-R

Primer Sequence 5'-3'
AATGATTCAAATTTATGGTGGC

FHB-SF7AS-2-F

AACAGGACCAACCGGTACTTCTC

FHB-SF7AS-2-R

TATGTAGTACGTACCTCGAGCGG

FHB-SF7AS-3-F

TTAAGCCACCACAAAACTCC

FHB-SF7AS-3-R

CGTCCCTCTGCCTGAGACTATC

FHB-SF7AS-4-F

TGTTTTATTGTCTGTTGCCTACG

FHB-SF7AS-4-R

AGTCTTGCTTAATTGAAGAGCG

FHB-SF7AS-5-F

ACCTCTCCGTGGTGTTGC

FHB-SF7AS-5-R

CTTCCACAAATTGCAACTCATC

FHB-SF7AS-6-F

CCTGAAAAGTATTGGAGGAGGC

FHB-SF7AS-6-R

AAGTGACAACAGTCCTCATGTGC

FHB-SF7AS-7-F

GTTTACTTGTGCTGAAGGAGGG

FHB-SF7AS-7-R

TCCACCATGTATCCAGAAATCG

FHB-SF7AS-8-F

ATGTTAAGCTCTGAAAGTGCTCG

FHB-SF7AS-8-R

ACTTCCTGCCCGAACGAG

FHB-SF7AS-9-F

CTGTCTACACTGCCATTTACACC

FHB-SF7AS-9-R

AAAATACTGCAAAGAGCAGCC

FHB-SF7AS-10-F

CAACAAAGATCTATGAGCCACTC

FHB-SF7AS-10-R

GGCATATGTAAGCAAACAACG

FHB-SF7AS-11-F

ACACAATCACACAACCACACAC

FHB-SF7AS-11-R

ATCATTAGTACATACCAGCAGGC

FHB-SF7AS-12-F

FHB-SF7AS-12-R

TTGTCTTTGTGGAATGTGATG GACTGCGAGAAACCAATAGC
FHB-SF7AS-13-F | TGGTTTGGATGGAACTTGG FHB-SF7AS-13-R | GATGTATAGACTGGCCAAGTAGC
FHB-SF7AS-14-F | AGCTCAAGGACAAGAAGTGC FHB-SF7AS-14-R | CACCATGTGATGAGTGATCC
FHB-SF7AS-15-F | cTACTCCAAGTTGCCTGGTG FHB-SF7AS-IS-R | TCTCGTCTTCGCTGTCGTC

FHB-SF7AS-16-F

CTTTTACGGTCCATCACTTACC

FHB-SF7AS-16-R

TAAGGAGGGAGTATCGTCCTG

FHB-SF7AS-17-F

ACTGCAGGAAATATCCACTAACC

FHB-SF7AS-17-R

TGGGGGACCAAAATATAATGC

FHB-SF7AS-18-F

GTTCGTGTCTCCCTCTTCCC

FHB-SF7AS-18-R

CTCCCTGTGGATGATTCG

FHB-SF7AS-19-F

AGAGGTTGTAGGCTTTCCG

FHB-SF7AS-19-R

CTGGACAGAGAAGATGGTTAGG
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FHB-SF7AS-20-F

FHB-SF7AS-20-R

AGGGTGGTGATCAAGTCTTGTG GCGTGCAAACTCTCTCTGG
FHB-SF7AS-21-F | ACTCGAGAAGCAGGAGCG FHB-SF7AS-21-R | CATGAAGATGTCCACAGCGG
FHB-SF7AS-22-F | cGTCCATAATTCAGAGGACATCG FHB-SF7AS-22-R | GTCTGTTCTTTTCAGTCGGCTC
FHB-SF7AS-23-F | GCACCTACAGTACCTGACAGC FHB-SF7AS-23-R | GTCAAAGCTTCAGGACGGTG
FHB-SF7AS-24-F | TcCTGCAGGGTAGGAGTACTTG FHB-SF7AS-24-R | GTGATCCCATTCTCATCTAGCAG
FHB-SF7AS-25-F | TCTCGGTACCGTTCAGGTAG FHB-SF7AS-25-R | GCAGCTCAGCTCAACACAG
FHB-SF7AS-26-F | GCAGCTCAGCTCAACACAG FHB-SF7AS-26-R | AGGCCAAATAGGTATATGAGGCA

FHB-SF7AS-27-F

TGACAGACTTCTCTAGGATCACC

FHB-SF7AS-27-R

AGAGGATGTTTCCTCCACACAC

FHB-SF7AS-28-F

TCCGTTCCAAGTTGGTAGTGC

FHB-SF7AS-28-R

TGACCGAGAATATCTCTTGTGCT

FHB-SF7AS-29-F

TCCAGCAGTTAATCATGCAGC

FHB-SF7AS-29-R

CAGGATGGCGATGATGACC

FHB-SF7AS-30-F

CTCCGTTTATAAAAGTGAAGCTG

FHB-SF7AS-30-R

ATTACTGTACTGCAGCGAAGG

FHB-SF7AS-32-F

TAAAGTCTTGAAAAGCAATCGTG

FHB-SF7AS-32-R

TTCAGTTCAGGATCGTCATCAAG

FHB-SF7AS-34-F

AGGTTTGGCCGGTCTGGT

FHB-SF7AS-34-R

CGAGGGAGTACTAATGATTGGC

FHB-SF7AS-36-F

AATGGAGAGCCTTCAGCGTG

FHB-SF7AS-36-R

TGTTTGGTAGATAATGAACGGTG
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