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Abstract

Lee, Younyoung, MSc., The University of Manitoba, 2021. The Effect of Plant Growth Regulators
on Fusarium Head Blight Infection in Spring Wheat (Triticum aestivum L.) by Fusarium
graminearum.

Professor: Dr. Anita Brule-Babel.

Fusarium head blight (FHB) is an important fungal disease of wheat predominantly caused by
Fusarium graminearum. FHB infection in cereal crops leads to yield loss and decreased grain
quality due to accumulation of mycotoxins such as deoxynivalenol. Many highly FHB resistant
wheat cultivars are tall and are prone to lodging. Application of plant growth regulators (PGRs) to
tall cultivars with the highest level of FHB resistant could prevent wheat from lodging and
overcome the negative association between shorter plants and FHB susceptibility. The objectives
of this study were to investigate the effect of PGRs on FHB infection and anther retention in spring
wheat cultivars. Two commercially available PGRs, Manipulator™ and Ethrel™, were applied to
five spring wheat (Triticum aestivum L.) cultivars which differed in height, FHB resistance level
and semi-dwarfing alleles. Results from this study showed Ethrel™ reduced plant height under
field and controlled environments conditions. Under field conditions, PGRs did not influence
anther retention and FHB infection in spring wheat. In contrast, in controlled environment
conditions, Manipulator™ decreased anther retention, while Ethrel™ increased anther retention.
Treatment with Manipulator™ showed conflicting results on the accumulation of F. graminearum
DNA in the spike. The Ethrel™ treatment showed that accumulation of F. graminearum DNA is
genotype specific. Overall, the performance of PGRs on height, anther retention and FHB infection

were influenced by environmental conditions.
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1 Chapter 1.0 General Introduction

Wheat (Triticum aestivum) is one of the most important carbohydrate sources in the world
(Xu et al. 2020). During the Green Revolution in the 1960s, introduction of semi-dwarf wheat
substantially increased wheat yield in the world by reducing lodging (Hedden 2003). Among these
semi-dwarf cultivars, the semi-dwarfing alleles Rht-B1b and Rht-D1b originated from ‘Norin 10’
(Gilbert and Haber 2013) and are gibberellin (GA) insensitive. They encode truncated DELLA
proteins that reduce sensitivity to GA in plants, resulting in a semi-dwarf phenotype (Buerstmayr
and Buerstmayr 2016). More than 70% of modern cultivars have either one of both of the semi-
dwarfing alleles Rht-B1b or Rht-D1b (Miedaner and Voss 2008; Buerstmayr and Buerstmayr

2016).

Gibberellins are phytohormones that control the growth and development of plants such as
height and filament extension. DELLA proteins play a role as the central regulators of the
gibberellin (GA) signalling pathway. They repress the GA responses in wheat (Nelson and Steber
2016). When bioactive GA is present, DELLA is degraded, thereby GA response is turned on.
However, truncated DELLA resulting from semi-dwarfing alleles in the plant abates GA-induced
degradation of DELLA proteins by preventing GA and GA receptors from binding DELLA
proteins, resulting in short plant. Gibberellins also act as regulators of plant disease resistance and
susceptibility by stimulating degradation of the DELLA proteins (Navarro et al. 2008; Bari and
Jones 2009; Saville et al. 2012). DELLA proteins not only affect the jasmonic acid and ethylene
(ET) pathway to enhance resistance to necrotrophs (Navarro et al. 2008), but also are able to lower
reactive oxygen species (ROS) (Achard et al. 2008). Increasing tolerance against necrotrophs

results from postponing cell death through repressing the accumulation of ROS by DELLA.



Fusarium head blight (FHB) is an important fungal disease of cereal crops caused by
several Fusarium spp. It is mainly caused by Fusarium graminearum Schwabe [teleomorph
Gibberella zeae Schwein (Petch)] in temperate regions throughout the world. Fusarium head blight
causes substantial losses of yield and results in lower end use quality and downgrading of grain
due to presence of Fusarium damaged kernels and the accumulation of deoxynivalenol (DON)
(McMullen et al. 1997; Windels 2000; Shaner 2003). Fusarium head blight can infect cereal crops
and forage grasses and is one of the greatest threats to wheat production across Western Canada.
Management of FHB has been a challenge. Agronomic practices, including the use of fungicides,
can be used to protect crops from FHB. However, they do not provide complete FHB control.
Breeding for FHB resistance cultivar has led to development of cultivars that have moderate to
intermediate resistance to FHB and it is a reliable method to protect wheat from FHB when
combined with suitable agronomic management practices. Currently, there are limited numbers of
highly FHB resistant wheat cultivars available in the market. Only two wheat cultivars are classed
as highly FHB resistant in Canada; one is AAC Tenacious from the Canada prairie red spring
wheat class and Emerson from the Canada western red winter wheat class (Seed Manitoba 2018).
Even though there are highly FHB resistance wheat cultivars, resistance is often associated with
undesirable traits such as tall plant height. Semi-dwarf wheat cultivars are preferred by growers
because shorter cultivars have higher harvest index, are easier to harvest, have less risk of lodging
and tend to produce higher yield under intensive management. However, semi-dwarf plants are
associated with higher FHB infection (Draeger et al. 2007; Miedaner and Voss 2008;
Srinivasachary et al. 2009; Liu et al. 2013; Lu et al. 2013; Buerstmayr and Buerstmayr 2015, 2016).
Because short plants are closer to the inoculum source and have compact canopies which can retain

higher humidity, shorter plants provide favorable conditions for FHB development. In spite of that,



spray inoculation directly on wheat spikes still showed higher FHB infection in short cultivars.
Hence, higher frequency of anther retention has been suggested as one mechanism that explains

higher FHB infection in semi-dwarf cultivars (Buerstmayr and Buerstmayr 2016).

Anther retention means anthers are trapped between the lemma and palea in the floret.
Retained anthers provide a surface on which Fusarium spores can land and enter the spike,
contributing to initial infection (Strange et al. 1972; Skinnes et al. 2010; Buerstmayr and
Buerstmayr 2015, 2016; He et al. 2016). Anther retention has been highly correlated with FHB
susceptibility (Buerstmayr and Buerstmayr 2015, 2016; He et al. 2016). As a quantitative trait,
anther retention is controlled by multiple minor genes and is affected by environment (Buerstmayr
and Buerstmayr 2016). Although it has the characteristics of a quantitative trait, anther retention
has high heritability (Skinnes et al. 2010; Mugaddasi et al. 2017b; Steiner et al. 2017). Selection
against anther retention could provide breeders a fast and accurate screening process for breeding
FHB resistance cultivar. The Rht loci have an impact on anther retention and the loci of Rht-B1
and Rht-D1 overlap with quantitative trait loci for anther retention on chromosomes 4BS and 4DS,

respectively (Xu et al. 2020).

By affecting the level of phytohormone in the plant, plant growth regulators (PGRs) are
used to control the growth of plants. In wheat, increasing stem thickness and reducing the plant
height to decrease risk of lodging are the primary reasons for using PGRs. To achieve these goals,
the ET or GA pathways are the main target. Two main groups of PGRs are currently available:
GA inhibitors and ET releasing compounds (Rademacher 2016). Chlormequat chloride is one of
the GA inhibitors which is widely used in Canada. It inhibits the early steps of GA biosynthesis
leading to short plants. Ethephon is an ET releasing compound. Ethylene plays a role in the GA

and auxin pathways to alter plant growth. Therefore, use of plant growth regulators (PGRs) would



allow growers to choose tall, more FHB resistant, cultivars and counteract the effect of plant height
by using PGRs. However, there is a potential that PGRs could affect FHB susceptibility of spring

wheat because they affect the sensitivity of GA in plant, either directly or indirectly.

To provide answers for this potential problem, the objectives of this project were 1) to
determine the effect of the PGRs, Manipulator™ (GA inhibitor) and Ethrel™ (ET releasing
compound), on FHB infection and anther retention in five spring wheat cultivars that vary in semi-
dwarfing alleles, height and level of FHB resistance and examine the interaction of the PGRs with
semi-dwarfing alleles, Rht-B1b and Rht-D1b in the field, and 2) to investigate the effect of PGRs
on anther retention and the accumulation F. graminearum DNA in controlled environment

conditions.



2 Chapter 2.0 Literature Review
2.1  Wheat

2.1.1 History and general information

Wheat (Triticum aestivum) is one of the most important staple food crops worldwide and
is grown widely around the world (Xu et al, 2019). The processed wheat grain is used to produce
noodles, pasta, bread, and other baked goods; it can serve also as a functional ingredients because
of the its unique gluten protein fraction (Shewry and Hey 2015). As a source of carbohydrate,
wheat is considered the most important food source. Other than carbohydrates, wheat contains
protein, fiber, vitamins especially B vitamins, minerals, lipids, and phytochemicals (Shewry and
Hey 2015; Igrejas et al. 2020). After world war Il and with population growth, global wheat
production has gradually increased (Igrejas et al. 2020). The green revolution, along with advances
in agronomic and genetic knowledge, contributed to increased wheat production. Since 1961,
despite only requiring a 5.7% increase in world wide production area, wheat production has
increased by 244% (Food and Agriculture Organization of the United Nations 2020). As one of
top 10 wheat producers, the total cultivated land for wheat in Canada decreased by 5.75% from
10Mha to 9.6Mha, while wheat production increased by 319% from 7.7Mt to 32.3Mt since 1961
(Food and Agriculture Organization of the United Nations 2020). In Canada, approximately 95%
of wheat production is in Western Canada; 44% in Saskatchewan, 33% in Manitoba, and 16% in

Alberta (Hayes 2019).

Wheat is a member of the Poaceae family with seven chromosome pairs (Peng et al. 2011).
Wheat has three different subgenomes; A, B, and D. Depending on the number of subgenomes
wheat has, it can be a diploid (AA), tetraploid (AABB) or hexaploid (AABBDD) (Willenborg and
Van Acker 2008; Peng et al. 2011). Hexaploid wheat is the most commonly grown wheat

throughout the world and is also known as common or bread wheat (Willenborg and Van Acker



2008). Hexaploid bread wheat can be divided into two types based on growth habit; spring wheat
and winter wheat.
2.1.2  Spring wheat

Spring wheat generally does not have a vernalization requirement and is sown in the spring
and harvested in late summer, or early fall, in Canada. Time to maturity of spring wheat is shorter
than that of winter wheat and is approximately four months. Spring wheat generally has lower

yield than winter wheat, but higher protein levels.

Based on the functional characteristics of the grain, Canadian wheat varieties are
categorized into 14 classes by the Canadian Grain Commission. Among the 14 classes, eight
classes are spring wheat (Canadian grain commission 2018). In 2019, about 79% of wheat
produced in Canada was spring wheat (Statistis Canada 2020). Spring wheat production is
challenged by many diseases. Leaf, stem and stripe rust and Fusarium head blight are priority

diseases for wheat breeding in Canada.

2.2 Fusarium head blight (FHB)
2.2.1 FHB and history

Globally, Fusarium head blight (FHB) is one of the most devastating diseases of cereal
crops such as barley (Hordeum vulgare), corn (Zea mays), rye (Secale cereale) and wheat
(Triticum aestivum). This fungal disease ultimately results in yield loss, end-use quality
degradation, and mycotoxin contamination in the grain, and thus greatly threatens both food and
feed safety. Fusarium head blight in wheat is caused by several Fusarium species including F.
avenaceum, F. culmorum, F. graminearum and F. poae (Mesterhazy 1995; Steiner et al. 2017;

Amarasinghe et al. 2019). Among the many Fusarium species that cause FHB, the predominant



causal agent in North America is Fusarium graminearum Schwabe [teleomorph Gibberella zeae

(Schwein.) Petch] (Shaner 2003; Gilbert et al. 2010; Tamburic-llincic et al. 2015).

Fusarium head blight was first described as wheat scab in 1884, in England (Smith 1884).
The first occurrence of FHB in Western Canada was reported in 1923 in Manitoba (Clear and
Patrick 1990). Reports of FHB were sporadic in Canada until the 1980s when multiple Fusarium
species were identified on grain samples from Ontario, Manitoba and Saskatchewan (Clear and
Patrick 2000; Shaner 2003). The first major FHB epidemic in the upper Great Plains, including
Manitoba, Minnesota, North Dakota, and South Dakota occurred in 1993 and resulted in an
estimated $ 1 Billion USD loss with severe yield and quality reduction (McMullen et al. 1997). In
Manitoba alone, yield loss in wheat was estimated to be $704 million USD (McMullen et al. 1997).
Loss of grain quality was also problematic for producers. In addition, F. graminearum infected
grain has high concentrations of the mycotoxin DON, which reduces marketability and price.
Losses incurred by wheat producers alone approximated $86 million due to DON in 1993
(McMullen et al. 1997). Several factors contributed to the 1993 FHB outbreaks; above normal
rainfall during anthesis, the prevalence of minimum tillage, limited or absence of FHB resistant
cultivars, and short crop rotation intervals between susceptible host crops. (McMullen et al. 1997;
Clear and Patrick 2000; Windels 2000). After 1993, severe FHB epidemics in the upper Great
Plains recurred in successive years (McMullen et al. 1997; Shaner 2003). Economic losses to
wheat producers in the United States and Canada during the 1990s due to FHB are estimated at
over $ 3 billion USD (Windels 2000). During the 2000s, Manitoba had more major FHB epidemics.
For example, Western Canada had one of the worst FHB epidemics in 2016. The average
percentage of Canada Western Red Spring (CWRS) wheat samples containing Fusarium damaged

kernels (FDK) was 90.1% (incidence) and the average FDK within samples was over 1% (severity)



in Manitoba alone (Canadian grain commission 2021). The Canadian Grain Commission sets the
tolerance ranges from 0.25% of FDK in samples for number one grade to 1.5% of FDK for number
three grade and 4% FDK for feed grade for CWRS wheat (Canadian grain commission 2021).
Hence, with over 1% FDK in most grain samples, growers experienced huge economical losses in
2016. In Alberta, losses in the CWRS class due to FHB in 2016 were 12.8 million Canadian dollars
with 32.8% incidence and 0.59% severity in grain samples (Komirenko 2018). Therefore, total
losses from FHB for all wheat classes in 2016 is assumed to be higher than for the CWRS class
alone. Generally, FHB has caused losses from 50 million to $300 million Canadian dollars
annually since the early 1990s (Government of Alberta 2021). Although advances made in
managing FHB and DON over the last decade have been able to reduce economic losses from this
disease, FHB and DON continue to cause significant economic losses. In order to minimize FHB,
it is necessary to understand the disease cycle of Fusarium spp.
2.2.2 FHB disease cycle

Fusarium spp. undergo only one disease cycle per growing season (Gilbert and Fernando
2004; Skelsey and Newton 2015). Fusarium spp. function as saprotrophs, biotrophs, and
necrotrophs as they progress through the disease cycle. As a saprotroph, Fusarium spp. overwinter
on infected crop residues from the previous crop and produce sexual and asexual spores (Figure
2.1). Three types of asexual spores which are microconidia, macroconidia, chlamydospores are
also developed from conidiophores, sprodochium, the hyphae and macroconidia, respectively
(Dweba et al. 2017). Asexual spores are dispersed by rain-splash or wind, thus they can travel only
short distances (Osborne and Stein 2007). When the weather warms, perithecia develop and
discharge sexual ascospores (Gilbert and Haber 2013). Ascospores are discharged into the air and

can travel extensive distances in the order of kilometers (Gilbert and Fernando, 2004; Osborne and



Stein, 2007). Release of asexual spores and sexual spores often overlap with the anthesis stage of
wheat. During anthesis, primary infection occurs when the ascospores and conidia land on the
florets of susceptible wheat spikes. The optimal temperature for germination of both spores is
between 25 C° and 30 C° and higher moisture levels help F. graminearum to germinate, penetrate
and infect wheat spikes (Osborne and Stein 2007). Once the host is infected, Fusarium becomes
biotrophic; fungal hyphae penetrate directly into the glume, palea, or lemma to enter the floret,
and travel to the ovary. When the fungal hyphae have successfully colonized the plant, they can
invade neighboring florets and infect other kernels. Hyphae then spread into neighboring spikelets
through vascular bundles. Following this, the pathogen becomes necrotophic and takes nutrients
from the plant leading to development of unhealthy kernels. After harvest, fungi continue to grow
on plant residues and become dormant during the winter. After overwintering, the disease cycle

repeats again (Gilbert and Fernando 2004).
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Figure 2.1. A simplified disease cycle of F. graminearum (Scheale I11 and Bergstrom 2003).

2.2.3 Symptoms

Fusarium head blight symptoms in wheat first appear as water soaked brownish
discoloration at the base of the glumes and then the spikelet becomes bleached in colour (Bushnell
et al. 2003). As the fungus spreads vertically through the vascular bundles, this discoloration
extends into the rachis and neighboring spikelet within the same spike. When environmental
conditions are highly favorable for FHB development, orange-pink colored sporodochia or bluish-
black perithecia develop on the base of the glumes. Anthesis occurs first in the spikelets near the
middle of the wheat spike and then proceeds from there to the top and base of the spike. As a result,
FHB symptoms usually begin in the middle of the spike and progress outwards. Infected wheat
spikes show premature bleaching/whitening of tissues as FHB infection proceeds (McMullen et al.

2012b; Valverde-Bogantes et al. 2020).
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When the fungus infects the wheat spike during anthesis, kernel growth becomes stunted,
resulting in Fusarium damaged kernels (FDK); these kernels are typically white, light weighted,
shriveled, and have a hardened chalky texture (McMullen et al. 2012b; Gilbert and Haber 2013).
Sometimes the infected kernels have salmon colored discoloration (Gilbert and Fernando 2004).
Since wheat is more vulnerable and susceptible to FHB infection during anthesis, the degree of
kernel damage decreases the longer the post-anthesis period before infection occurs.

2.2.4 Mycotoxins

Mycotoxins are secondary metabolites produced by fungal species that are toxic to plants,
animals, and humans. Fusarium graminearum produces two main classes of mycotoxins,
zearalenone and trichothecenes, of which the latter are the predominant mycotoxins associated
with FHB (Valverde-Bogantes et al. 2020). The trichothecenes are eukaryotic protein synthesis
inhibitors (McCormick et al. 2011; Foroud et al. 2019a) that are resistant to degradation by high
temperature and thus will remain after cooking (Sudakin 2003). During the FHB infection process,
mycotoxins accumulate in the kernels of infected spikes resulting in reduction of grain quality and
posing a significant risk to food and feed safety. In plants, trichothecenes accumulate in, and cause
necrosis of infected tissues. Furthermore, they may function as important aggressiveness and
virulence factors in some plant hosts (Foroud et al. 2019, McCormick et al. 2011). In humans and
animals, ingestion of trichothecenes is implicated in immune problems, vomiting, anorexia, and

even death at high doses (Chen et al. 2019).

Trichothecenes can be split into four groups; types A, B, C, and D. Only type A and B
trichothecenes are associated with FHB (Alexander et al. 2011). All trichothecenes share a tricyclic
skeleton with epoxide function, and can be classified by patterns of oxygenation and acetylation

of the skeleton (Alexander et al. 2011; McCormick et al. 2011). The difference between
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trichothecene type A and B is that type A has an ester bond at the carbon 8 (C8) position, whereas
type B has a ketone at the C8 position (Alexander et al. 2011, Leonard and Bushnell 2003).
2.2.4.1 Trichothecene type B

Type B trichothecenes are considered the most important toxins because they are most
commonly produced by members of the F. graminearum species complex (FGSC), and are
identified in association with FHB-infected crops in North America (Valverde-Bogantes et al.
2020). In addition, DON in the trichothecene type B class is the primary mycotoxin in Fusarium
infected grain in North America and is more phytotoxic than type A trichothecenes in wheat
(Amarasinghe et al. 2019). Deoxynivalenol (DON) acts as a virulence factor in wheat and
facilitates the spread of the fungus in the plant and subsequent symptom development. (Bai and
Shaner 2004). Deoxynivalenol in grain decreases starch and protein quality. Furthermore,
ingestion of DON is toxic to both animals and human. There are advisory limits for DON in cereals

for human and animal consumption in many countries (Table 2.1).
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Table 2.1. Maximum allowable limits of deoxynivalenol (DON) for human consumption in
different countries and organizations.

Country

Maximum Limits for DON

Food commodities

(Hg/kg)

2000 Unprocessed soft white wheat in non-staple foods
Canada

1000 Baby foods (Government of Canada 2020)
United 1000 DON on finished wheat products (FDA 2010)
States
Japan 1100 Wheat (Anukul et al. 2013)
China 1000 Wheat flour and breakfast cereals (Ye 2015)

Colombia 100 — 1750 Food (Salazar-Gonzalez et al. 2020)

Europe 500 Cereal products
Union 750 Flour used as raw materials (Anukul et al. 2013)
OECD 500 - 1750 Cereals, wheat and bread (Directorate et al. 2018)
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Fusarium graminearum isolates are categorized into three different chemotypes; 3-ADON,
15-ADON, and NIV; in type B trichothecenes. Different genes control the trichothecene
biosynthetic pathway and are used to characterize different chemotypes (Foroud et al. 2012;
Malihipour et al. 2012). The 3-ADON chemotype produces deoxynivalenol (DON) and 3-
acetyldeoxynivalenol (3-ADON). The 15-ADON chemotype produces DON and 15-
acetyldeoxynivalenol (15-ADON). The NIV chemotype produces nivalenol (NIV) and its
acetylated derivatives. In general, NIV isolates are less aggressive than DON producing isolates
on some cereal crops and accumulate less trichothecene in cereal grains than the DON producing
isolates (Foroud et al. 2012). Among type B trichothecene chemotypes, F. graminearum isolates
are classified into either 3-ADON or 15-ADON chemotypes in North America, thus, until recently,
only DON and its acetylated derivatives 3-ADON and 15-ADON have been found as trichothecene
type B mycotoxins in North America (Gilbert and Haber 2013). However, new emerging NIV
isolates has been reported in USA, and 15-ADON chemotypes have been replaced by 3-ADON

chemotypes in some regions of North America (Amarasinghe et al. 2019).

In general, 3-ADON isolates grow faster and produce higher levels of DON and
macroconidia than 15-ADON isolates (Gilbert et al. 2010; Foroud et al. 2012; Amarasinghe et al.
2019; Valverde-Bogantes et al. 2020). Also, plants inoculated with 3-ADON isolates were reported
to have higher DON accumulation than those inoculated with 15-ADON isolates (Gilbert et al.
2010; Foroud et al. 2012). Therefore, 3-ADON isolates have been reported as more aggressive

than 15-ADON isolate.
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2.2.4.2 Trichothecenes type A

Type A trichothecenes include the T-2 and HT-2 toxins. They are less toxic in plants than
in humans and animals (Mesterhdzy 2003). Ingestion of type A trichothecenes can cause fetal

conditions such as alimentary toxic aleukia in humans and animals (Foroud et al. 2019a).

Recently, two new emergent groups of Type A trichothecenes, NX-2 and NX-3 from
isolates of F. graminearum were reported in the northern USA and southern Canada (Varga et al.
2015; Kelly et al. 2016; Valverde-Bogantes et al. 2020). NX-2 is similar to 3-ADON, but lacks the
ketone at the C8 position and its deacetylated form (NX-3) is equivalent to DON except for the
ketone at the C8 position (Varga et al. 2015). The NX-2 chemotype is presumed to have evolved
from a type B ancestor, because of recent natural selection and its limited distribution in North
America (Kelly et al. 2016). As new toxins, NX-2 has the potential to escape glycosylation, and
NX-3 has similar potency to inhibit protein synthesis as DON (Varga et al. 2015), it is important
to keep monitoring the type A trichothecenes. Furthermore, there could be the potential for
additional population shifts in the future because of climate change and global warming (Valverde-
Bogantes et al. 2020). Monitoring changes in the pathogen population is critical to ensure breeders
are using the right genes to breed for resistance to FHB and that growers utilize the right FHB
control strategies.

2.2.5 FHB Control strategies

Fusarium head blight control strategies can be divided into four different management
methods: cultural, chemical, biological, and genetic resistance. Successful management of FHB
cannot be fully achieved by a single strategy. Because FHB is a complex disease, it requires an

integrated pest management approach.
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2.2.5.1 Cultural Strategies

Most cultural strategies to control FHB focus on reducing exposure of the crops to
inoculum at anthesis by disturbing the disease cycle. As F. graminearum overwinters on crop
residue and produces spores in the spring, conventional tillage can be used to invert the topsoil
which buries crop residues and reduces potential inoculum build-up. However, studies have shown
inconsistent results on the relationship between conventional tillage and FHB infection. Miller et
al. (1998) indicated conventional tillage reduced FDK in wheat. In addition to this, Dill-Macky
and Jones (2000) found moldboard plowed plots had lower FHB incidence and severity than no-
till plots. However, Lori et al. (2009) found no significant difference between the impact of tillage
and no tillage on FHB. Currently reduced tillage has been recommended to prevent soil erosion
and reduce energy costs. Utilization of FHB resistant cultivars and consideration of environment
conditions and disease pressure are more important factors to reduce FHB than applying tillage
alone (Miller et al. 1998; Lori et al. 2009). Burning of infected crop residues and mechanical
chopping of crop residues have been used to remove inoculum and promote decomposition of
residues (Dill-Macky 2008; McMullen et al. 2012b). Crop rotation between host crops of F.
graminearum and non-host crops provide time for degradation of infected crop residues and
reduces the amount of infected residue for pathogen overwintering (Gilbert and Haber 2013).
Rotating wheat with non-host crops such as clover, alfalfa, canola, and soybean reduced FHB
infection in wheat (Dill-Macky and Jones 2000; Pirgozliev et al. 2003; McMullen et al. 2012b).
Controlling host weeds could also reduce potential FHB inoculum (Pirgozliev et al. 2003). Early
crop harvest can reduce further fungal growth on wheat spikes prior to harvest. The fraction of
FDK in the harvested crop can be reduced by adjusting screen sizes or increasing combine airflow

in order to remove the smaller and lighter FDK during harvest (McMullen et al. 2012b).
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2.2.5.2 Chemical strategies
Control of FHB and DON with fungicides began in 1997 (McMullen et al. 2012b). This is

the main approach for controlling FHB in many regions in the world. Available fungicides
suppress FHB and DON, rather than eliminating FHB completely. The most widely used class of
fungicides for the control of FHB and DON are demethylation inhibitor (DMI) fungicides
(McMullen et al. 2012b). Demethylation inhibitors such as tebuconazole, metconazole, and
prothioconazole provide consistent control of FHB and DON accumulation by preventing cell
membrane formation of the fungus (Zhang et al. 2009). Other fungicide classes are the quinone
inhibitor fungicides. The quinone inhibitors, such as strobilurin, block fungal respiration. However,
strobilurins are not recommended for control of FHB and DON because they have been shown to
increase DON level in grain (Chen et al. 2019; Bolanos-Carriel et al. 2020). Another fungicide
class is succinate dehydrogenase inhibitor (SDHI). A new SDHI, pydiflumetofen, inhibits an
enzyme involved in cell respiration. This is currently registered in Canada for protecting wheat
mainly against FHB. In China, pydiflumetofen provided good control of FHB by inhibition of
myecelial growth and conidium germination in vitro and in the field (Hou et al. 2017; Sun et al.
2020). In Canada, pydiflumetofen-containing fungicide reduced DON concentration by more than

50% (Xia et al. 2021).

Applying fungicide at the optimal timing is important for management of FHB. Application
of fungicides just prior to anthesis, at anthesis, or up to six days after anthesis, when FHB infection
is most favorable, has been recommended to achieve excellent FHB control (Mesterhazy 2003;
McMullen et al. 2012b; Chen et al. 2019). Long term intensive application of the same fungicide
can lead to fungicide resistance to certain modes of action in the pathogen. It has been reported

that there are some triazole fungicide (DMI class) resistant isolates in F. graminearum (Yin et al.
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2009; Spolti et al. 2014). Once the fungal populations develop resistance to a particular fungicide
mode of action, there will be fewer fungicides available for growers to control FHB effectively.
Therefore, rotating the right fungicide class at recommended timing of application is crucial for
control FHB.
2.2.5.3 Biocontrol strategy

Biocontrol is an environmentally friendly way to manage FHB; specifically, it plays an
important role in organic cereal production. Biocontrol agents are living, non pathogenic
microorganisms that disrupt the pathogen’s life cycle. Several fungi, bacteria, yeasts, and
earthworms have been shown to be antagonistic against F. graminearum. The major modes of
actions of these organisms are competition for nutrients, induction of localized resistance, and

production of antifungal metabolites (McMullen et al. 2012Db).

As a fungal antagonist of F. graminearum, Strain ACM941 of Clonostachys rosea showed
potential suppression of F. graminearum in greenhouse studies (Xue et al. 2009; Gilbert and Haber
2013). However, using Clonostachys rosea as a biocontrol agent did not show consistent results
in field studies. Xue et al (2009) and Gilbert and Haber (2013) showed possible suppression of F.
graminearum using C. rosea, whereas Nowakowski (2018) indicated C. rosea did not show

suppression of F. graminearum in the field.

Cryptococcus spp. are yeast antagonists of F. graminearum and work by competing for
nutrients with the pathogen. Schisler et al. (2011) demonstrated that Cryptococcus spp.
significantly reduced FHB disease severity in controlled environments; however, the results were

discordant with field studies (Khan et al. 2004; Schisler et al. 2011; Gilbert and Haber 2013).

Bacillus spp. are the most commonly investigated biocontrol bacterial agents (Gilbert and

Haber 2013). They produce antifungal metabolites to repress the growth of DON-producing fungal
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species and reduce DON accumulation in the cereal host (Gilbert and Haber 2013). Although
Bacillus spp. inhibited growth of F. graminearum in vitro, results under field conditions were

equivocal (Zhao et al. 2014; Palazzini et al. 2016).

Different earthworm species such as Aporrectodea caliginosa and Lumbricus terrestris
function as secondary decomposers to reduce Fusarium biomass and DON in wheat residues
(Wolfarth et al. 2011, 2016). Despite earthworm’s ability to reduce Fusarium inoculum, their use
as a control agent is limited as there are no economical ways to produce high numbers of them.
Many earthworm species such as A. caliginosa and L. terrestris are native to Europe, and may be
incompatible with tilling and other agronomic practices (Wolfarth et al. 2011; Shekhovtsov et al.
2016; Klein et al. 2017). In addition to that, biocontrol may be a useful strategy for FHB control,
but its adoption and success are limited by environment conditions, dose of the antagonist, and the
wheat cultivar. To date, no biocontrol agent has been shown to reduce FHB to levels comparable
with a fungicide. A combined management approach involving resistance cultivars, tillage, and
crop rotation should provide better FHB control.
2.2.5.4 Breeding FHB resistant cultivar

The development of FHB resistant cultivars is the most effective, sustainable, and
economical approach to control the disease. Growing FHB resistant cultivars can reduce economic
costs by reducing chemical applications; this reduced need for chemicals has the added benefit of
being more ecologically conscientious. Growing FHB resistance cultivars will reduce losses of
yield and quality. However, because the level of resistance available in commercial cultivars is
limited, FHB resistant cultivars must be used in combination with other control strategies to
maximize the efficacy. Breeding of FHB resistant cultivars combined with other desired

agronomic traits remains a gargantuan challenge as the resistance trait is quantitative; multiple
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genes each with small effect are involved in the control of resistance, and these genes are
susceptible to environmental factors. Furthermore, genetic sources of FHB resistant are limited
and many available FHB sources possess undesired agronomic traits such as tall height, small
spikes, and late maturity (Bai and Shaner 2004; Thambugala et al. 2020). For example, short plant
statue is a desirable agronomic trait as the plant’s energy contributes to grain yield rather than
vegetative growth; thus short plants typically produce higher yield and have a reduced risk of
lodging. However, short plants are closer to the Fusarium inoculum source and tend to have denser
leaf growth: this growth pattern is conducive to Fusarium growth as it reduces air circulation and
increases humidity (Buerstmayr and Buerstmayr 2016). As resistant accessions are associated with
undesired agronomic traits, it is difficult to combine elite cultivars with FHB resistance (Bai and
Shaner 2004; Foroud et al. 2019a). Moreover, the functions underlying FHB resistance genes are
still largely unknown despite identification of more than 550 quantitative trait loci (QTLS)
covering the whole genome of wheat (Fabre et al. 2020).
2.2.5.4.1 Types of FHB resistance

Five types of FHB resistance are documented (I to V) (Foroud et al. 2019a). Types I and |1
resistances are the most commonly studied and deployed by breeding programs. Type | resistance
reduces initial infection. The assessment of type | resistance is estimated as a percentage of
diseased spikes (Bai and Shaner 2004; Foroud et al. 2019a). Type |1 is resistance to the spread of
infection within the infected spike. Type Il resistance is evaluated by point inoculation, where
spores are injected into single florets and resistance is quantified as a percentage of diseased
spikelets within infected spikes (Mesterhazy 2003). Type | resistance tends to be less stable and
more affected by non genetic factors compared to type Il resistance. Type | resistance can only be

detected under low epidemic conditions as under high disease pressure all, or most, spikes will
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show some level of infection (Bai and Shaner 2004). In addition, excellent type | resistance
germplasm is scarce and measuring type | resistance is difficult (Xue et al. 2011). QTL for Type I
and Il resistance have been commonly identified using field studies. Effective field control requires
both type | and 11 resistance (Bai and Shaner 2004). Type Il resistance is resistance to kernel
infection. Even if initial infection occurs, the degree of kernel infection can differ based on the
level of type Il resistance (Mesterhazy 1995, 2003). Type IV resistance is tolerance against FHB
and trichothecenes; regardless of the presence of disease, tolerant wheats maintain yield
(Mesterhazy 1995, 2003). Type V resistance is resistance to accumulation of trichothecenes in the
grain. Depending on the mechanism of preventing trichothecenes in the grain, type V resistance is
further subdivided into class 1 and class 2. In class 1, plants have the ability to degrade or detoxify
trichothecenes, whereas in class 2, plants limit trichothecenes accumulation in their tissues (Foroud
et al. 2019a). Breeding efforts towards improved type | and 1l resistance can be facilitated through
the use of marker assisted selection.
2.2.5.4.2 Quantitative trait loci and resistance sources for FHB

Molecular markers help to find more precise information on the number and location of
quantitative trait loci (QTLs); locations within the genome that contain genes contributing a
particular quantitative trait (Collard et al. 2005). The deployment of molecular markers and marker
assisted selection can facilitate plant breeding by selecting more efficiently for desirable traits such
as selecting resistance genes from different sources and incorporating them into elite cultivars (Bai

and Shaner 2004).

The Fhbl resistance QTL has been the most widely used FHB resistance QTL for wheat
globally. It is derived from the Chinese spring wheat cultivar ‘Sumai-3’ and is located on the short

arm of chromosome 3BS (Kazan and Gardiner 2018). Fhbl is associated with type Il and V
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resistance which are resistance to spreading fungus and accumulation of trichothecenes in the grain,
respectively. It enhances the ability of the plant to convert DON into DON-3-glycoside, a non
toxic product to the plant (Steiner et al. 2017; Foroud et al. 2019a). As an improved cultivar,
Sumai-3 has good combining ability for both FHB resistance and yield traits; furthermore, Sumai-
3 and its derivative cultivars have excellent type Il resistance with consistent resistance to most F.
graminearum isolates in the world (Bai and Shaner 2004). Sumai-3 has other major QTLs for FHB
resistance as well; Fhb2 on chromosome 6BS, and Qfhs.ifa-5A on chromosome 5A (Cuthbert et
al. 2007; Steiner et al. 2017). Fhb2 confers increased type Il resistance (Cuthbert et al. 2007), while
Qfhs.ifa-5A is mainly associated with type | and type V resistance (Steiner et al. 2017). Carrying
Fhbl or Qfhs.ifa-5A alone reduced DON content on average by 59% and 43%, respectively, and
when both Fhbl and Qfhs.ifa-5A were present, DON content was reduced by 79% (Foroud et al.
2019a). In North America, the practical deployment of major resistance QTL for FHB consists of
Fhb 1, which is in 50% of FHB resistance wheat cultivars, and Qfhs.ifa-5A which is present in 5

to 10% of resistant cultivars (Steiner et al. 2017).

The Chinese wheat landrace, ‘Wangshuibai’, has a high level of FHB resistance. It has
resistance QTL Fhb 4 on chromosome 4B and Fhb 5 on chromosome 5A (Xue et al. 2010, 2011).
Both QTL mainly confer type 1 resistance. However, combining resistance genes from
Wangshuibai into elite lines has been difficult because Fhb 4 and Fhb 5 are negatively related with
desirable agronomic traits (Bai and Shaner 2004; Xue et al. 2010, 2011).
2.2.5.4.3 Passive resistance factors

Morphological and phenological traits such as plant height, anther retention, floral traits,
and the presence of awns contribute to passive resistance for FHB (Gilbert and Haber 2013; Steiner

et al. 2017; Buerstmayr et al. 2020). Furthermore, many FHB resistance QTL co-localize with
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QTL for plant height and anther retention (Xue et al. 2010; Liu et al. 2013; Petersen et al. 2017;
Steiner et al. 2017, 2019; Foroud et al. 2019a). Although shorter plants are closer to the inoculum
source and provide favorable conditions for FHB infection, they also carry semi-dwarfing alleles
Rht-B1b, Rht-D1b or Rht 8c which are associated with increased FHB susceptibility (Buerstmayr
et al. 2020). The presence or absence of awns are also associated with FHB resistance (Gaikpa et
al. 2020) as awns can capture airborne or splashed Fusarium spores, thus, increasing the chances
of exposing the spike to inoculum (Mesterhazy 2003). Generally, awned cultivars have an 80%
higher disease incidence than awnless cultivars (Mesterhazy 2003; Liu et al. 2013). Floral traits
also contribute to FHB resistance. Narrow and short floral openings can promote anther retention
by trapping anthers between the lemma and palea. Retained anthers provide a path for the fungus
to enter and infect the host (Buerstmayr et al. 2020); therefore narrow and short floral openings
can increase FHB infection by facilitating the establishment of fungus through retained anthers.
Furthermore, wheat cultivars with retained anthers are more susceptible to FHB (Mesterhazy 2003;
Liu et al. 2013; Steiner et al. 2017; Buerstmayr et al. 2020). Visual selection for morphological
and phenological traits is a rapid and cost effective way to phenotype for FHB resistance in

breeding programs.

2.3 Interaction between wheat and FHB

2.3.1 Semi-dwarfing gene

With the Green Revolution in the 1960s, three major dwarfing alleles were introduced into
wheat; GA insensitive mutant semi-dwarfing alleles at the Reduced height (Rht-B1 and Rht-D1)
loci on chromosomes 4B and 4D, and GA sensitive alleles Rht8 loci on chromosome 2D (Hedden
2003; Gilbert and Haber 2013). Together, these genes have contributed to an increase in grain
yields by increasing harvest index and reducing lodging. To date, one or more of the semi-dwarfing

alleles, Rht-B1b, Rht-D1b and Rht8c of which Rht8c represents a small proportion, are found in
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more than 70% of modern wheat cultivars worldwide (Miedaner and Voss 2008; Guedira et al.

2010; Buerstmayr and Buerstmayr 2016; Mo et al. 2018).

The GA insensitive semi-dwarf Rht loci on chromosomes 4B and 4D (Rht-B1b and Rht-
D1b) are the most commonly used semi-dwarf mutants in modern wheat cultivars since the Green
Revolution. They are originally from the Japanese cultivar ‘Norin 10* (Gilbert and Haber 2013).
They not only affect plant height, but also modulate spikelet fertility and grain number per spike,
leading to dramatic increases in yield (Miedaner and Voss 2008; Buerstmayr et al. 2020). Mutant
GA insensitive Rht alleles encode single-nucleotide polymorphism (SNP) mutations in the gene
encoding DELLA protein that cause reduced sensitivity to gibberellins, resulting in reduced height
(Buerstmayr and Buerstmayr 2016; Mugaddasi et al. 2017b; Steiner et al. 2017). Although semi-
dwarfing alleles Rht-B1b and Rht-D1b have been used to generate short cultivars, those which
contain Rht-B1b or Rht-D1b tend to be susceptible to FHB. The Rht-B1b and Rht-D1b alleles are
associated with decreasing type | FHB resistance (Gilbert and Haber 2013; Liu et al. 2013).
Interestingly, the presence of the Rht-D1b allele had strongly increased FHB severity, whereas the
presence of the Rht-B1b allele increased resistance against FHB severity, rendering plants with
Rht-B1b less susceptible than those with Rht-D1b (Miedaner and Voss 2008; Liu et al. 2013; Lu

et al. 2013; Buerstmayr and Buerstmayr 2016).

The GA sensitive gene Rht8 on chromosome 2D is closely linked to the photoperiod
insensitivity gene Ppd-D1 (Gilbert and Haber 2013; Chen et al. 2016; Islam et al. 2016). This Rht8
is derived from the Japanese cultivar ‘Aka Komugi’ (Gilbert and Haber 2013). Because QTL for
Rht8 coincide with Ppd-D1, they often occur together (Miedaner and VVoss 2008; Gilbert and Haber
2013; Wiirschum et al. 2017). However, Ppd-D1 itself has pleiotropic effects on plant height, and

height reduction by Ppd-D1 is greater than by Rht8 (Miedaner and Voss 2008; Wirschum et al.
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2017). The semi-dwarfing allele Rht8c and the photoperiod insensitive allele Ppd-Dla are
commonly used in areas which have hot and dry summers. Ppd-D1 contributes to Increased yield
by shortening the plant’s life cycle, reducing plant height, and modifying both the number of grains
per spikelet and the length of the grain filling period (Miedaner and Voss 2008). Rht8c and ppd-
D1a show less adverse effects on FHB susceptibility than the GA insensitive genes (Miedaner and

Voss 2008; Liu et al. 2013; Buerstmayr et al. 2020).

The three different dwarfing genes influence FHB susceptibility differently. Since the
effect of the different semi-dwarfing alleles on plant height is approximately the same, factors
other than height may cause differences in FHB susceptibility. Many studies indicate anther
retention is one of the factors that affects differences in FHB severity between semi-dwarfing
alleles (Skinnes et al. 2010; Lu et al. 2013; Buerstmayr and Buerstmayr 2015, 2016; He et al. 2016;
Steiner et al. 2017).

2.3.2  Anther retention

Anther retention indicates anthers are retained in the floret while anther extrusion means
the anthers are extruded outside the floret during anthesis. Thus, low anther extrusion is the same
as high anther retention. Anthers provide a surface for attachment and entry, as well as nutrients,
for the fungus, thereby retained anthers within spikelets increase susceptibility to FHB by
decreasing type | resistance (Strange et al. 1972; Buerstmayr and Buerstmayr 2015, 2016; He et
al. 2016). Anther retention has been shown to be highly correlated with FHB susceptibility
(Buerstmayr and Buerstmayr 2015, 2016; He et al. 2016). Anther retention is a phenotypically
diverse and continuous trait which suggests it is quantitative in nature. Many studies indicated
highly accurate selection of anther retention is possible since this trait has high heritability

(Skinnes et al. 2010; Mugaddasi et al. 2017b; Steiner et al. 2017). Anther retention is a quantitative
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trait which means it is controlled by several loci with minor effect (Lu et al. 2013; Buerstmayr and
Buerstmayr 2016; Mugaddasi et al. 2017b; Steiner et al. 2017). Lu et al. (2013) and Steiner et al.
(2017) stated two of the three QTLs for anther retention overlapped with QTL for FHB
susceptibility and five QTLs for anther extrusion overlapped with QTL for other FHB traits.
Furthermore, the QTL for anther extrusion on 5AS and 5Ac are closely linked in the Fhb5 region
(Xu et al. 2020). Interestingly, the Rht loci also influence anther retention. Quantitative trait loci
(QTLs) for anther retention on 4BS and 4DS are linked with Rht-B1 and Rht-D1, respectively (Xu
et al. 2020). Rht-D1b showed a stronger impact on percentage of anther retention than Rht-B1b
(Lu et al. 2013; Buerstmayr and Buerstmayr 2016). This might be the reason why both semi-
dwarfing alleles have different degrees of FHB susceptibility (Buerstmayr and Buerstmayr 2016).
Since the Rht-B1b and Rht-D1b semi-dwarfing alleles affect the sensitivity of the plant to GA and
GA regulates cell elongation rather than cell division in stamen development and filament
extension, it could affect the development of shorter filaments (Buerstmayr and Buerstmayr 2016).

Hence, reduced length of filaments promotes anther retention.

In addition to GA, Jasmonic acid (JA) also contributes to the last step of stamen
development such as filament elongation and anther dehiscence (Peng 2009; Wilson et al. 2011;
Marciniak and Przedniczek 2019). Gibberellin promotes JA production for stamen development
by initiating the degradation of DELLA proteins (Marciniak and Prezdniczek 2019) which means
they act synergistically during stamen development (Qi et al. 2014). Inhibiting one of the JA and

GA pathways resulted in short filament in Arabidopsis (Cheng et al. 2009; Qi et al. 2014).
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2.3.3 Phytohormones

Phytohormones are growth regulators which not only affect the growth and development
of plants, but also play a role in plant defence against biotic and abiotic stresses (Egamberdieva et
al. 2017).
2.3.3.1 Gibberellins and its function

Gibberellins are phytohormones that regulate the growth and development of plants
through their influence on height, flower induction, pollen development, pollen tube growth,
stamen development, filament extension, anther development and retention. Mechanistically, these
phenotypes arise from the action of GA on cell proliferation, differentiation, and expansion, as
well as the direction of cell elongation (Claeys et al. 2014; Hedden and Sponsel 2015; Mugaddasi
etal. 2017b). Gibberellins are transported by diffusion through the xylem and phloem. The central
regulators of the GA signalling pathway are the proteins of the DELLA family. The proteins of
the DELLA family are known as growth inhibitors because they are key intercellular repressors of
GA-dependent processes such as seed germination and growth (Daviere and Achard 2013; Nelson
and Steber 2016). The DELLA family contains an N terminal regulatory domain and a C terminal
functional domain which include three genes; GA insensitive (GAI), Repressor of GAl (RGA),
and SARECROW (SCR) which are called together as GRAS (Figure 2.2) (Nelson and Steber

2016).
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Figure 2.2. Schematic Diagram of DELLA family (Nelson and Steber 2016; Thomas et al. 2016).

In the absence of bioactive GA, GA responses are repressed by DELLA proteins (Figure
2.3). In the presence of bioactive GAs, GAs bind to the receptor GA-INSENSITIVE DWARF1
(GID1), and form a GA-GID1-DELLA trimeric complex by binding on the N terminal of the
DELLA family (Figure 2.3). This complex is responsible for DELLA degradation and de-
repression of GA responses. Thus, DELLA proteins prevent plant growth, while GAs promote
plant growth by overcoming DELLA-mediated growth restraint (Daviere and Achard 2013). Plants
with semi-dwarfing alleles Rht-B1b and Rht-D1b encode premature stop codons in the DELLA
proteins preventing the N terminal of the DELLA proteins from being bound by the GID1-GA
complex (Thomas 2017). Hence, this mutation abates the GA-induced degradation of DELLA and

keeps the DELLA repressing GA-responsive growth and development.
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Figure 2.3. Model of GA signalling on plants. In the absence of GA, DELLA proteins are stable
and repress GA response (left). In the presence of GA, GA binds GID1 followed by binding
DELLA protein. DELLA protein will then be degraded (right) (Nelson and Steber 2016)
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Gibberellins also play roles in the regulation of plant disease resistance and susceptibility
(Bari and Jones 2009). In Arabidopsis, GA enhances resistance to biotrophs and susceptibility to
necrotrophs by stimulating degradation of the DELLA protein (Navarro et al. 2008). The DELLA
proteins activate the JA/ethylene (ET) pathway to increase resistance to necrotrophs (Navarro et
al. 2008). Furthermore, the DELLA proteins have the ability to lower reactive oxygen species
(ROS) which are often generated in response to stress (Achard et al. 2008). By repressing the
accumulation of ROS, DELLA proteins contribute to delayed cell death and promote tolerance
against necrotrophs (Achard et al. 2008). In wheat, the DELLA protein plays a role in a similar
manner to that in Arabidopsis by promoting susceptibility to biotrophs and resistance to
necrotrophs (Saville et al. 2012).
2.3.3.2 Ethylene and its function

Ethylene (ET) is considered to be a multifunctional phytohormone, since it affects diverse
aspects of plant growth, development, and senescence (Igbal et al. 2017). As ethylene is a gaseous
hormone, it is transported by gaseous diffusion. Depending on the concentration of ET, timing of
application, and the plant species, ethylene either promotes or inhibits plant growth by regulating
cell size, cell elongation, and cell division (Dugardeyn et al. 2008; Schaller 2012). However, the
most prominent roles of ET are inhibition of stem elongation, increase in stem thickening, and
inducing fruit ripening (Dugardeyn et al. 2008). Ethylene affects DELLA proteins by inhibiting
GA synthesis. It inhibits GA synthesis, thus it stabilizes DELLA protein which makes plants
insensitive to GA (Ross et al. 2016; Igbal et al. 2017). Hence, ET and GA interact with each other
(Schaller 2012; Bakshi et al. 2015; Ross et al. 2016). Furthermore, ET participates in crosstalk
with auxin to inhibit elongation by reducing auxin synthesis and mobility in stem tissue (Caldwell

et al. 1988; Ramburan and Greenfield 2007; Wiersma et al. 2011; Vaseva et al. 2018).
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Ethylene is also well known as a major defense hormone against various necrotrophic
pathogens (Chen et al. 2009). Ethylene and JA operate in concert to facilitate defence mechanisms
in response to necrotrophs and are required for induced systemic resistance (Bari and Jones 2009;
Foroud et al. 2019b). On the other hand, ET facilitates the development of disease symptom by
regulating senescence, thereby, promoting cell death (Li and Yen 2008; Chen et al. 2009; Wang et

al. 2018). For necrotrophic pathogens, cell death would benefit the pathogen survival.

2.4 Plant growth regulators

2.4.1 Functions

Plant growth regulators (PGRs) are exogenous phytohormone supplements containing
natural or synthetic compounds used to modify the growth of plants. They are not phytotoxic but
influence the plant’s hormonal status. In cereal crops, PGRs are used to reduce plant height and
increase stem thickness to prevent lodging. As a result, proper PGR application can contribute to
maximizing yield potential, especially under intensive management. The gibberellin and ET
pathways are targeted by PGRs in cereal crops. There are currently two main groups of cereal plant
growth regulators, anti-GA products and ET releasing compounds (Rademacher 2016). Both

groups aim to reduce plant height and thicken stems to reduce the risk of lodging and yield loss.

Gibberellin biosynthesis inhibitors alter plant growth. The active ingredients chlormequat
chloride (CCC) and trinexapac-ethyl are GA biosynthesis inhibitors available in Canada for use in
cereals. Chlormequat chloride is the most widely used PGR in cereal production. It reduces GA
production in the early steps of GA biosynthesis by blocking Copalyl diphosphate (CDP) synthase
and ent-Kaurene synthase (Figure 2.4). Trinexapac-ethyl inhibits soluble 2-oxoglutarate-
dependent dioxygenases involved in the late steps of GA synthesis (Figure 2.4). Therefore, both

chemicals reduce cell elongation and cell division, resulting in compact plants (Rademacher 2016).
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Ethephon acts as exogenous hormone that increases endogenous ET in the plant. It affects
not only the ET pathway, but also the pathways that are inter-related with the GA pathway and
auxin pathway (Wiersma et al. 2011; Sun et al. 2016; Igbal et al. 2017). Ethylene and GA are
considered as antagonists of each other. The application of exogenous ET represses the expression
of GA metabolism genes (Dugardeyn et al. 2008; Igbal et al. 2017). In addition, ET limits auxin
activity in the stem by inhibiting auxin transport in the vascular tissue (Wiersma et al. 2011;
Vaseva et al. 2018; Lee et al. 2021). Consequently, applying ethephon could lead to shorter plants
in the opposite way as GA and auxin do.

2.4.2 Manipulator™ and its impact on FHB

Manipulator™ is an anti-GA PGR product. It contains CCC as an active ingredient. As an
inhibitor of the formation of GA precursor, application of Manipulator™ results in a reduction in
plant height and increased stem thickening. The window for the application of manipulator is
between Zadoks growth stage (GS) 12 and 39 (Zadoks et al. 1974). However, between Zadoks GS
30 (beginning of stem elongation) and 32 (first to second node formation) is the ideal timing for

the most effective results.

In the field, application of the plant growth regulator CCC increased not only Fusarium
spp fungi, but also zearalenone concentration in the grain without artificial inoculation
(Mankeviciene et al. 2008). Chlormequat chloride increased Fusarium infection on both spikelets
and seeds (Fauzi and Paulitz 1994). Since CCC inhibits GA production in the plant, lower levels
of GA in the plant could be one reason why the plant has high infection of FHB. These results are
in line with Buhrow et al.’s (2016) finding which indicated that application of GA on wheat

decreases FHB symptoms.
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2.4.3 Ethrel™ and its impact on FHB

Ethrel™ is an ET releasing PGR product. Its active ingredient is an ethephon. The
application of Ethrel™ results in elevated ET concentrations in plant tissue. This causes an
inhibition in cell elongation and, thus, a reduction in plant height (Rajala et al. 2002). The window
for the application of Ethrel™ is narrow, with optimal application between Zadoks GS 37 and 45

(flag leaf just visible to boot just swollen).

The direct role of ET against FHB is ambiguous. While some reports indicate that
application of ET enhanced susceptibility of wheat spikes to F. graminearum (Nicholson et al.
2008; Chen et al. 2009), other publications indicated that ET played a positive role in FHB
resistance in wheat (Li and Yen 2008; Foroud et al. 2019b). Furthermore, other researchers
demonstrated that chemical treatment with ethephon did not have any impact on wheat FHB

resistance level (Sun et al. 2016).
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3 Chapter 3.0. Evaluation of the role of plant growth regulators on Fusarium head blight
infection in spring wheat (Triticum aestivum L.) by Fusarium graminearum under field
conditions

3.1 Abstract

The fungal disease Fusarium head blight (FHB) threatens Canadian wheat production with reduced
yield, decreased end use grain quality, and often leads to the accumulation of deoxynivalenol, a
fungal toxin that poses a threat to food and feed safety of the crop. The main causal pathogen of
FHB in the Canadian prairies is Fusarium graminearum. Cultivars with the best FHB resistance
often possess undesirable agronomic traits such as tall height and a propensity for lodging. To
counteract these effects, FHB resistant cultivar must be used together with other control strategies
to maximize efficacy of overall profitability. The application of plant growth regulators (PGRs)
may enable farmers to grow the most resistant cultivars while controlling plant height to minimize
lodging risk. Short wheat plants appear to be more susceptible than their taller counterparts to FHB.
Plant height in wheat is genetically controlled by some semi-dwarfing alleles that alter the plant’s
sensitivity to gibberellins (GAs). The presence of semi-dwarfing alleles increases the frequency of
anther retention which may contribute to FHB susceptibility by providing an initiation site for
infection. In this study, five spring wheat cultivars that differed in level of FHB resistance, height,
and semi-dwarfing alleles were tested to determine the effect of PGRs, specifically Manipulator™
and Ethrel™, on height, anther retention and FHB resistance level and the interactions between
them in Winnipeg and Carman, Manitoba in 2019 and 2020. Combined field results showed that
Ethrel™ significantly reduced plant height. Both PGRs did not affect anther retention and FHB
resistance level of tested cultivars under dry conditions. There were significant interactions
between variables, but they were relatively small compared to the main treatment and cultivars.
Based on the results of this study, producers could benefit from the higher levels of FHB resistance

often associated with tall cultivars and use PGRs to manage plant height and lodging without
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increased risk of FHB. The information from this study will identify new breeding targets for
breeders to directly assist in the development of Canadian spring wheat cultivars with improved
FHB resistance and provide growers alternative ways to control FHB without sacrificing potential
yield due to lodging.
3.2 Introduction

Wheat (Triticum aestivum L.) is one of the important staple food crops and is grown
worldwide. As world population grows, food security issues have been increased. Wheat yield and
quality must be enhanced to maintain food security. Fusarium head blight (FHB) is a fungal disease
mainly caused by Fusarium species. In North America, Fusarium graminearum Schwabe
[teleomorph Gibberella zeae (Schwein.) Petch] is the predominant FHB pathogen (Gilbert and
Haber 2013). Wheat infected by F. graminearum causes tremendous economic losses through
reduction of yield and end-use quality of the grain, and accumulation of mycotoxins such as
deoxynivalenol (DON) that pose a threat to food and feed safety (Buhrow et al. 2016). Losses in
Canada caused by FHB have been estimated to be $50 to $300 million annually since the early

1990s (Government of Alberta 2021).

Breeding for resistance to FHB has increased the number of cultivars with moderate to
intermediate resistance to FHB (Seed Manitoba 2018). Nevertheless, most cultivars with better
FHB resistance tend to be taller, which makes them more difficult to adopt in regions with high
moisture and higher lodging potential. Generally, growers prefer shorter cultivars, since shorter
cultivars are not prone to lodging and tend to produce higher yield under intensive management.
However, research has shown that short plants tend to have higher levels of FHB than taller plants.
There are two possible explanations for this problem. One explanation is that shorter plants are

closer to the inoculum source from crop residues and are thus exposed to higher levels of inoculum

36



and humidity that promote disease development (Hilton et al. 1999; Buerstmayr et al. 2009).
Despite this explanation, research using spray inoculation directly on the spike shows that the
association between higher FHB and the shorter plants exists even when all spikes receive the
same quantity of inoculum (Mwaniki 2017). Therefore, the proximity to inoculum and humidity
cannot fully explain why shorter plants are more susceptible to FHB. Another explanation for
higher FHB susceptibility of short plants is that they carry one or more semi-dwarfing alleles. One
of the possible reasons that plants carrying semi-dwarfing alleles are more susceptible to FHB may
be that the Rht-B1b and Rht-D1b semi-dwarfing alleles affect the plant’s sensitivity to gibberellins
(GAs), and shorten the plants by affecting cell elongation, including shortening the filament of the
anthers. This may result in anther retention during flowering. Retained anthers between the lemma
and palea provide a surface for the fungus to land on, and nutrients to support fungal grow which
allows the fungus to enter the floret (Buerstmayr and Buerstmayr 2016). Thus, retained anthers

constitute a preferred target for initial infection (Buerstmayr and Buerstmayr 2015).

There are two main FHB resistance types that can be evaluated in the field; type | and type
I1. Type I resistance represents resistance to initial infection (Bai and Shaner 2004; Foroud et al.
2019a). Type Il resistance indicates resistance to the spread of infection within the infected spike.
Since retained anthers facilitate initial establishment of the fungus, it reduces type I resistance.
With high heritability of anther retention, selection for low anther retention could be efficient and
would have implications for FHB resistance in wheat breeding programs. Anther retention is a
guantitative trait (Skinnes et al. 2010; Mugaddasi et al. 2017a; Steiner et al. 2017; Xu et al. 2020)
and has been highly correlated with FHB susceptibility (Buerstmayr and Buerstmayr 2015, 2016;
He et al. 2016). Quantitative trait loci for anther retention on chromosomes 4DS and 4BS overlap

with Rht-B1 and Rht-D1 (Xu et al. 2020). This indicates higher FHB susceptibility of semi-dwarf
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plants seems to be not only due to short plant height, but that effects on anther retention also

contribute to FHB susceptibility.

More than 70% of current wheat cultivars grown in the world have one or both of the semi-
dwarfing alleles Rht-B1b and Rht-D1b (Buerstmayr and Buerstmayr 2016; Mo et al. 2018). The
semi-dwarfing alleles Rht-B1b and Rht-D1b have contributed to a huge increase in grain yields by
substantially reducing height, thereby increasing harvest index and reducing lodging under
intensive management. In the wild type plant, bioactive GAs bind to its receptor, GIBBERELLIN
INSENSITIVE DWARF1 (GID1), leading to degradation of DELLA proteins by the 26
proteasome (Saville et al. 2012; Daviere and Achard 2013). However, the Rht-B1 and Rht-D1 loci
encode DELLA proteins which act as key signaling proteins for GA response in semi-dwarf plants.
A base mutation in the coding sequence of the semi-dwarfing alleles encodes a premature stop
codon which translates into truncated DELLA proteins. This represses GA-responsive growth by
inhibiting GA and GID1 from interacting with DELLA proteins, thus GA induced degradation of
DELLA proteins is not possible and DELLA proteins repress GA response growth and
development (Hedden 2003; Buerstmayr and Buerstmayr 2016; Mugaddasi et al. 2017b; Steiner
et al. 2017). As a result, accumulation of DELLA proteins in semi-dwarf plants is expected to be
higher than the wild type (Saville et al. 2012). The DELLA proteins also play roles in the regulation
of plant disease resistance and susceptibility (Achard et al. 2008; Navarro et al. 2008; Saville et al.
2012). They enhance resistance to necrotrophs and susceptibility to biotrophs by affecting the
balance of jasmonic acid (JA) and salicylic acid in the plant (Saville et al. 2012). In contrast, GA
improves resistance to biotrophs and susceptibility to necrotrophs by mediating degradation of

DELLA proteins (Navarro et al. 2008).
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As a plant defence hormone against necrotrophic pathogens, ethylene (ET) works with JAs
to promote defence mechanisms in response to necrotrophs and systemic resistance (Bari and Jones
2009; Chen et al. 2009; Foroud et al. 2019b). Ethylene also controls plant height by inhibition of
shoot cell elongation (Dugardeyn et al. 2008; Ross et al. 2016; Igbal et al. 2017). Ethylene
signaling affects the GA-GID1-DELLA mechanism by decreasing the level of bioactive GA and
stimulating DELLA protein buildup (Achard et al. 2003; Igbal et al. 2017). By participating in
DELLA-mediated growth inhibition, ET affects plant growth (Igbal et al. 2017). Furthermore, ET
inhibits auxin biosynthesis and movement to prevent plant growth (Strydhorst et al. 2018; Vaseva
et al. 2018). Due to ET’s ability to impede plant growth, ET signalling is one of the pathways to

be utilized for plant growth regulators (PGRs).

Plant growth regulators are natural or synthetic compounds used to control or modify the
growth of plants by altering the plant’s hormonal status. Plant growth regulators are used to reduce
plant height and increase stem thickness, thus improve lodging resistance in cereal crops. Also,
reducing plant height by application of PGRs makes harvesting of tall cultivars easier and increases
harvest index. Since cereal yields can be reduced from 7 to 35 percent from lodging (Strydhorst et
al. 2018), the application of PGRs can have benefits for maximizing yield potential through
improving crop standability. Plant growth regulators for cereal crops exploit either GA or ET
pathways. Reduction of plant height is achieved by either of two main groups of PGRs; GA
biosynthesis inhibitors and an ET-releasing compound. Manipulator™ contains the active
ingredient chlormequat chloride (CCC) which is one of the GA biosynthesis inhibitors. It blocks
an early phases in GA biosynthesis resulting in less cell elongation and cell division in plants
(Rademacher 2000; Hedden and Sponsel 2015). Manipulator™ manipulates apical dominance of

the plant, thus it makes plants produce shorter, thicker, and stronger stems for improved lodging
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resistance. Manipulator™ can be applied to spring, winter, and durum wheat between Zadoks GS
12 to 39 which are from the two-leaf stage to the flag leaf collar visible stage (Zadoks et al. 1974).
Ethrel™ contains ethephon as an active ingredient. As an ET releasing compound, ethephon
elevates the level of ET in the plant. Ethre]™ influences plant growth by accelerating fruit ripening
and maturity, and reducing lodging in spring and winter wheat. Ethrel™ can be applied on spring
and winter wheat between Zadoks GS 37 to 45 which are between the early flag leaf emergence
stage to the swollen-boot stage (Zadoks et al. 1974). The effects of both PGRs are specific to plant
species, cultivar, and environmental conditions (Strydhorst et al. 2018). Also, the optimal timing

for application is critical for ensuring successful results.

Theoretically, both Manipulator™ and Ethrel™ reduce plant height by reducing cell
elongation. If filaments are shortened through use of PGRs and anther retention is increased, it is
possible that these PGRs may lead to an increase in FHB infection in wheat. If PGRs do not affect
anther retention and have no impact on FHB infection, breeders can have more options to breed
FHB resistant wheat and growers can utilize PGRs with FHB resistance cultivars to maximize
productivity and reduce the potential risk of FHB infection. Thus, the roles of both PGRs on FHB
in wheat need to be determined. The objectives of this study were to determine the effect of the
PGRs, Manipulator™ (GA inhibitor) and Ethrel™ (ET releasing compound), on five spring wheat
cultivars that differ in their levels of FHB resistance and height, and to determine the effect of

PGRs on anther retention and FHB in spring wheat cultivars under field conditions.
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3.3 Materials and methods

3.3.1 Plant materials

Five commercial spring wheat genotypes were chosen to represent a range of end-use
classes and differences in height, level of FHB resistance, and semi-dwarfing alleles. The five

commercial spring wheat genotypes and their characteristics are listed in Table 3.1.

Table 3.1. List of five spring wheat cultivars used in field experiments conducted in Winnipeg and
Carman, Manitoba in 2019 and 2020 with wheat end-use class, height, FHB resistance level and
the presence of semi-dwarfing alleles.

Resistance to Semi-dwarfing Alleles

Cultivars End-use classes Height (cm)? EHRe (Rht-B1 or Rht-D1)"

) Canada Prairie ) N
AAC Tenacious _ Tall (101) Resistance (R) one
Spring Red (CPSR)

Moderate
AAC Penhold CPSR Short (71) _ Rht-D1b
Resistance (MR)
Canada Western Red  intermediate
AAC Brandon ) MR Rht-B1b
Spring (CWRS) (81)

Intermediate N
AAC Cameron CWRS Tall (94) ) one
Resistance (I)

Canada Northern Intermediate
Prosper I Rht-B1b
Hard Red (CNHR) (84)

3Seed Manitoba 2018 Dr. Santosh Kumar from Agriculture and Agri-Food Canada — Brandon Research and
Development Centre

3.3.2 Plant Growth Regulators

Commercially available plant growth regulators Manipulator™ (620 g/L of Chlormequat
chloride) developed by Taminco US LLC and Ethrel™ (240 g/L of Ethephon) manufactured by

Bayer CropScience Inc were used in field experiments.
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3.3.3 Field experimental design and treatments

Field trials were conducted in Winnipeg and Carman, Manitoba in the growing seasons of
2019 and 2020. Each field trial was a split plot design with four replicates. The main plot effect
(Main treatment) was the combination of plant growth regulator treatments and FHB inoculation
(Table 3.2). The subplot effect was five different cultivars, AAC Tenacious, AAC Cameron, AAC
Penhold, AAC Brandon, and Prosper. AGROBASE Generation II® software [Agronomix.,

Winnipeg] was used to randomly assigning treatments to each plot.

Table 3.2. Main and subplot treatments for each experiment conducted in Carman and Winnipeg,
Manitoba in 2019 and 2020.

Main treatments Subplot treatments
Ethrel™ FHB inoculation
AAC Tenacious
Ethrel™ no FHB inoculation
AAC Penhold
Manipulator™ FHB inoculation
AAC Brandon
Manipulator™ no FHB inoculation
AAC Cameron
Control FHB inoculation
Prosper
Control no FHB inoculation

Each plot represented a single cultivar combined with a PGR and FHB treatment. The size
of each plot was 3 meters with six rows spaced 17 cm apart. Plots were sown at a seeding rate of
1200 seeds/plot. A total of 120 plots (6 treatments x 5 cultivars x 4 replicates) were at each
experimental site in each growing season. Each main plot was separated with a buffer plot (3 m x
6 rows spaced 17 cm apart) of a tall wheat cultivar, Amazon, to prevent wind drift of PGR and

FHB applications onto non-target plots.

In 2019 and 2020, field trials were located at the University of Manitoba’s lan N. Morrison
Research Station in Carman, Manitoba and the University of Manitoba’s Fort Gary campus (the

Point), Winnipeg, Manitoba. In 2019, the trial in Carman was sown on May 8", and the trial in
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Winnipeg was sown on May 17%. In 2020, the Carman and Winnipeg field trials were sown on
May 6" and May 19", respectively. Phenotypic data were collected on individual plots over both

growing seasons.

Soil tests were taken at each field site to determine soil fertility. To determine the available
nitrogen, composite samples were taken from 0 to 15 cm and 15 to 60 cm. Most of the nitrogen
was applied as broadcast fertilizer without incorporation using 46-0-0 to adjust available nitrogen
to a target of 150kg of Nitrogen/ha for both locations in 2019 and 2020. In addition to broadcast
fertilization, 11-52-0 fertilizer was incorporated with the seed at seeding time at a rate of 35 kg/ha.
3.3.4 Seedling stand density

Prior to counting the number of seedlings, one meter of the two middle rows within each
plot was measured and marked with flags. Seedling numbers for each plot were determined by
counting the number of plants in one meter sections of the two middle rows in each plot before
seedlings started tillering in each growing season in 2019 and 2020. The number of seedlings
counted in the two rows were used to calculate the plant density as plant number per meter squared

using following equation:

The number of seedlings in the two one meter rows * 9
4 m?

Seedling stand density =

3.3.5 Plant growth regulator application
For plots treated with Manipulator™ (620 g/L. of Chlormequat choride), it was applied to

the plants at the Zadoks GS 30 at the recommended rate of 1.8L/ha as a single application. For
plots treated with Ethrel™ (240 g/L of Ethephon), it was applied at Zadoks GS 37 to 45 for plants
at the recommended rate of 1.25 L/ha. CO, powered back-pack sprayers with a six-nozzle boom

at 30 psi air pressure were used for both plant growth regulator applications.
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3.3.6 Fungal inoculum preparation and inoculation

Four different isolates of F. graminearum were obtained in 2015 from Dr. Maria Antonia
Henriquez (Morden Research and Development Center of Agriculture and Agri-Food Canada): the
3 acetyl-deoxynivalenol chemotype for isolates HSW-15-39 and HSW-15-87, and the 15 acetyl-

deoxynivalenol chemotype for isolates HSW-15-27 and HSW-15-57.

A section of a single spore isolation on potato dextrose agar media was transferred onto a
Spezieller N&hrstoffarmer agar (SNA) (Nirenberg 1981) media plate (20 mL media/plate), and
plates were placed under a UV light at room temperature for one week. Subsequently, the SNA
media was sliced and transferred into flasks of liquid carboxymethyl cellulose (CMC) (Tuite 1969)
media (1.5 L/flask) and placed under UV light with aeration for another week to produce
macroconidia. The culture was strained through sterile cheesecloth into sterile glass bottles and
kept at 4°C. Macroconidia concentration of each culture was determined visually under a
microscope using a hemocytometer. To prepare spray inoculum, equal macroconidia counts of
each isolate were combined in a one litre bottle and distilled water was used to adjust the
concentration to produce one litre of spray inoculum at a final concentration to 50,000
macroconidia/mL. Tween 20 [VWR international., Edmonton] was added as a surfactant to each

bottle at a rate of 4 ml/L.

All FHB inoculated plots were inoculated twice. Plots were inoculated with 1 liter of
inoculum when 50% of the plants in the plot were at anthesis (Zadoks GS 65) and then three days
later using CO. powered back-pack sprayers with a six-nozzle boom at 30 psi air pressure. After
each inoculation, overhead mist irrigation was used to maintain humidity and promote

development of FHB. Mist irrigation was turned on one hour after inoculation for 5 min every 90
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minutes for 12 hours in Carman. In Winnipeg, misted irrigation was applied for 10 min every 60
minutes for 12 hours.
3.3.7 Wheat spike collection for evaluation of anther retention

Twenty spikes per plot were collected five to seven days post anthesis and stored at -20°C
until data could be collected for anther retention. Samples were defrosted before counting the
retained anthers. Any anthers that were found to be located within florets or trapped between the
lemma and palea were considered retained anthers. The retained anthers in the primary and
secondary florets of four spikelets in the central portion of the spike were counted by opening
florets up. The percentage of anther retention was calculated as the number of retained anthers
divided by maximum number of anthers times 100%.
3.3.8 Phenotypic disease and physical characteristic evaluation in field

Plot were visually evaluated for FHB disease incidence and severity 18 to 21 days after the
first inoculation. Disease incidence was measured as the percentage of infected spikes in the plot
and disease severity was measured as the percentage of infected spikelets within infected spikes.
These values were used to calculate the FHB index. The FHB index was calculated by incidence

times severity and divided by 100.

After the crop was fully headed out, the number of spikes were counted in two one meter

of middle rows within the plot previously marked with flags.

Plant height for each plot was measured using a 2-meter ruler prior to harvest. Five different
plants within a plot were randomly picked and measured from the soil surface to the end of spike
without the awn. The final heights recorded were taken from an average of five height

measurements for each plot.
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Lodging was rated before harvesting and lodging rating was calculated from the percentage
portion of the plot affected by lodging multiplied by the lodging scale of 1-9, in which 1 = no
lodging and 9 = completely lodged. Lodging occurred only in the Carman 2020 trial after high
wind with severe rainfall on 30" June 2020.

3.3.9 Phenotypic evaluation postharvest

Plots were harvested with a plot combine [Classic Plot combine, WINTERSTEIGER.,
Saskatoon]. In 2019, plots in Carman and Winnipeg were harvested on August 19" and 30™,
respectively. Harvesting in Winnipeg 2019 was delayed because of rainfall. In 2020, the Carman
trial was harvested on August 24" and the Winnipeg trial was harvested on August 26'". To prevent
loss of Fusarium damaged kernels (FDK), the wind speed of the combine was reduced from normal
by 30%. Harvested seeds from each plot were stored in cotton bags and placed on forced air-drying
beds for three days to dry all seed samples. A blower was used to remove straw and chaff from the
samples and unthreshed spike segments in samples were threshed by hands to ensure all FDK were
completely separated from the lemma and palea. After that, a dockage tester [Carter Day
International Inc., USA] was used to further clean samples of undesired weed seeds. Grain yield
for each plot was measured at this point by weighing the clean samples. Finally, all the samples
were stored in paper bags. A seed counter [Model U, International Marketing and Design Corp.,
USA] was used to count one thousand kernels from each plot. The one thousand kernels samples
were weighed for each plot to determine thousand kernel weight. Test weight for each plot was
measured by filling a half litre cylinder using a filling hopper and stand. As per the protocol from
the Canadian Grain Commission, the weight in grams from the 0.5 L was converted to kg/hL

(Canadian grain commission 2019).
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To determine FDK and DON for all plots, a 50g sub sample of seed from each plot was
sent to SGS Biovision in 2019 and Central Testing Laboratory Ltd in 2020. For FDK analysis, the
samples were divided into a working portion using a Boerner divider and a minimum of 10 grams
of grain was examined to remove possible Fusarium affected kernels. All the FDK were inspected
under 10 times magnification to check for fibrous mold. Fusarium damaged kernel was measured
as a percentage of the total sample by weight of Fusarium affected kernel. For analyzing DON,
each 50 g sample was ground and thoroughly mixed. Five grams of ground sample were added to
100 ml of distilled water. Using ultra-turrax, the sample was blended and filtered through
Whatman No.1 filter. 50ul of the filtrate per well was used for the quantitative determination of
DON content using enzyme-linked immunosorbent assay (ELISA) with RODASCREEN®FAST

DON kit [R-Biopharm AG., Germany].

To determine protein content in the grain, 400 g of samples from each plot from the 2019
and 2020 field trials were sent to the Central Testing Laboratory Ltd for analysis using near-
infrared analyzer [FOSS., Denmark] on the whole grain. A scoop of sample of grain was poured
into the top of the hopper and levelled with the top of the hopper. The analyzer ran 10
determinations and detected the moisture and protein content of the sample. The protein content
was reported on a dry matter basis.

3.3.10 Weather conditions in Carman and Winnipeg during the growing season Data

Weather data from Winnipeg were taken from the Point weather station at the University
of Manitoba. Carman’s weather data were taken from the Environment Canada weather station at
the lan N. Morrison Research Farm, Carman. Weather data included daily average temperatures
(°C) and precipitation (mm) for the 2019 and 2020 growing season from May to August. From the

data, line and bar graphs of the daily average temperature (°C) and precipitation (mm) for each
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location in 2019 and 2020 were created in Microsoft Excel® 2016. Long term (23 and 24-year)
average data of growing seasons (from May to August) for monthly average temperature and total
precipitation were obtained from Environment Canada historical data (from 1996 to 2019) at
Carman and Winnipeg stations. Weather data from 2019 was compared with the average monthly
temperature and total precipitation of growing seasons from 1996 to 2018. Weather data from 2020
was compared with the average monthly temperature and total precipitation of growing seasons
from 1996 to 2019.
3.3.11 Data analysis

Statistical analyses were conducted using SAS software version 9.4 [SAS institute Inc.,
USA]. Analysis of variance was conducted on all response variables; plant density, spike density,
height, anther retention, protein, test weight, thousand kernel weight, yield, FHB index, incidence,

severity, FDK and DON using PROC Mixed.

Analyses of variance were performed on all response variables for each site year as well as
the combined site years. In the single site year model, the treatment, genotypes and
treatment*genotype as fixed effects. Rep and treatment*rep were listed as random effects. (Tables

A.12 to A.23).

The data from four site years were evaluated using PROC Univariate to see whether data
from the different site years could be combined. The distribution of the residuals suggested that
the four site years of data could be combined together through visual inspection of normality. The
model statement listed the treatments, genotypes, and the interaction of treatment*genotype as
fixed effects. Environment, rep(environment), environment*treatment, environment*genotype,
and environment*treatment*genotype were considered random effects. Tukey means comparison

test was used for comparisons of means for main effects and their interactions.
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Eta squared was calculated as described by Brown (2008) to determine the proportion of
the variation for each response variable, treatments, genotypes, and the interaction of
treatment*genotype, environment, rep(environment), environment*treatment,
environment*genotype, and environment*treatment*genotype (Brown 2008). Contrasts between

main effect treatments were done using PROC Mixed.

Pearson’s correlation coefficients between response variables; yield, thousand kernel
weight, test weight, anther retention, height, FHB index, incidence, severity, FDK and DON were

generated using PROC Corr in SAS version 9.4.

3.4 Results

3.4.1 Weather
Plant growth regulators were applied in June 2019 and June 2020. Generally, total

precipitation in June 2019 was lower than in June 2020; Carman 2019 had 37.9 mm, Winnipeg
2019 had 47.23 mm, Carman 2020 had 70.7 mm and Winnipeg 2020 had 59.18 mm (Figures 3.1
to 3.4). Inoculation started in early July in 2019 and 2020. Over the month of July in 2019, the
total precipitation was higher in Winnipeg (101.86 mm) than Carman (57.4 mm), while total
precipitation was slightly higher in Carman (54 mm) than in Winnipeg (44.33 mm) in 2020.
Overall, Winnipeg had slightly higher average temperatures than Carman in July, with 2020 having

higher temperatures than 2019.

According to the long term average (LTA) data from Environment Canada, Carman 2019
trial had 70% of the normal total precipitation based on the 23-year average of growing seasons
(from May to August) (Table A.1). Winnipeg 2019 had 72% of LTA precipitation. Carman 2020

trial had 64% of LTA precipitation. Winnipeg 2020 trial had 69% of LTA precipitation. May 2020
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in Winnipeg was the driest month and July 2019 in Winnipeg was the wettest month among

growing seasons.

It was hotter in 2020 than in 2019. Based on historical data of the LTA, June and July in
2019 and 2020 at both locations recorded higher temperatures than the LTA (Table A.2). Among
the experimental seasons, June 2020 in Winnipeg had the hottest month followed by June 2020 in
Carman and in Winnipeg. Generally, Winnipeg 2020 was hotter than other experimental

environments.
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Figure 3.2. Daily precipitation (mm) and average temperature (°C) data for the Carman trial site
from May 1st 2019 to August 30th 2019.
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Figure 3.1. Daily precipitation (mm) and average temperature (°C) data for the Winnipeg trial site
from May 1st 2019 to August 30th 2019.
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Figure 3.3. Daily precipitation (mm) and average temperature (°C) data for the Carman trial site
from May 1st 2020 to August 30th 2020.
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Figure 3.4. Daily precipitation (mm) and average temperature (°C) data for the Winnipeg trial site
from May 1st 2020 to August 30th 2020.
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3.4.2 Analysis of variance for agronomic traits

Analyses of variance showed there were significant differences among main treatments for
height, protein content, test weight, thousand kernel weights, and yield (Table 3.3 and Table 3.4).
Main treatment did not affect anther retention. Cultivars had a significant effect on all variables
except thousand kernel weight and yield. Treatment*cultivar interactions were significant for
anther retention, protein content, test weight, thousand kernel weight, and yield. There were
significant environment effects in all agronomic traits except anther retention and thousand kernel
weight. Significant environment*treatment*cultivar interaction was observed for height, anther
retention, test weight, thousand kernel weight, and yield.
3.4.3 Effect of main plot treatments on agronomic traits

There was a significant difference in height for PGR treatment (Table 3.5). Ethrel™
treatment reduced height significantly compared to the control. Plants treated with Manipulator™
were intermediate in plant height to those treated with Ethrel™ and the control, but Manipulator™

treated plants were not significantly different from the other two treatments (Table 3.5).

The protein content of inoculated treatments differed from those of uninoculated treatments
(Table 3.5). Inoculation led to higher protein content than the uninoculated treatments. There were

no differences in protein content associated with PGR treatment.

Inoculated treatments showed significantly lower test weight, thousand kernel weight and
yield compared to uninoculated treatments (Table 3.5). There were no differences in these traits
associated with PGR treatment. In addition to this, there was no main treatment effect on anther

retention (Table 3.5).
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3.4.4 Effect of cultivars on agronomic traits

Plant density and spike density had similar trends among cultivars (Table 3.6). AAC
Tenacious had the highest plant and spike density. AAC Penhold had the lowest plant density and

spike density.

AAC Tenacious was the tallest cultivar (91.3 cm) followed by AAC Cameron (86.5 cm),
Prosper (75.3 cm), and AAC Brandon (71.4 cm). AAC Penhold was the shortest cultivar (64.9 cm)

(Table 3.6).

Percentage of anther retention for AAC Brandon was 54.5%, which was the highest
percentage anther retention (Table 3.6). AAC Tenacious had the lowest percentage anther retention
(20.3%). Percentage anther retention for Prosper, AAC Cameron, and AAC Penhold were lower
than AAC Brandon and higher than AAC Tenacious, but they were not statistically different from

AAC Brandon and AAC Tenacious.

The highest protein content (17.95%) was observed in AAC Brandon (Table 3.6). It was
followed by AAC Cameron (17.24%), AAC Penhold (17.12%), Prosper (16.50%) and AAC

Tenacious (15.21%). Statistically, AAC Cameron and AAC Penhold had the same protein content.

AAC Tenacious had the highest test weight (80.8 kg/hL) (Table 3.6). Test weight for AAC
Brandon (79.5 kg/hL) was the second highest, but it was not statistically different from the test
weights for AAC Tenacious, AAC Cameron (78.4 kg/hL) and Prosper (77.9 kg/hL). AAC Penhold
had the lowest test weight which was 77.7 kg/hL, but was not significantly different from AAC

Cameron and Prosper.
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Table 3.3. Combined analysis of variance for agronomic traits: plant density, spike density, height, anther retention, and protein content from four
test environments (Carman and Winnipeg for 2019 and 2020).

Plant density Spike density Height Anther retention Protein
Source of Variation DF? DF
MSsP pe MS P MS P MS P MS P
Main treatment 5 6022.86  0.3319 5762.10 0.6331 386.49 0.0002 5 50.28 0.4358 3.96 0.0402
Cultivar 4 12587 0.0023 89032 0.0071 11122 <.0001 4 14917 0.01 98.94 <.0001
Treatment*Cultivar 20 192691 0.1369 3729.43 0.442 27.01 0.0647 20 237.08 <.0001 1.00 <.0001
Environment 3 240853  <.0001 595240 <.0001 6569.57 <.0001 3 6067.89 0.1479 108.60 <.0001
Rep(Environment) 12 10485 <.0001 5123.54 0.129 115.19 <.0001 12 169.17 <.0001 3.35 <0001
Env*Treatment 15  4788.88 0.0002 8254.25 0.0124 38.03 0.0099 15 48.88 0.6496 1.27 <.0001
Env*Cultivar 12 1594.16  0.3067 14997 0.0001 391.63 <.0001 12 2758.98  <.0001 1.18 <.0001
Env*Trt*Cultivar 60  1331.07 0.9927 3615.80 0.3929 16.16 0.0166 60 59.52 0.0023 0.26  0.9225
Error 342  2251.07 3458.60 10.89 338 35.33 0.35

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.

Table 3.4. Combined analysis of variance for agronomic traits: test weight, thousand kernel weight, and yield from four test environments (Carman
and Winnipeg for 2019 and 2020).

Test weight Thousand kernel weight Yield
Source of Variation
DF?2 MsP pe DF MS P DF MS P
Main Treatment 5 336.62 <.0001 5 923.39 <.0001 5 62382676 <.0001
Cultivar 4 157.01 0.0003 4 62.24 0.1136 4 1792049 0.547
Treatment*Cultivar 20 25.19 <.0001 20 56.01 <.0001 20 2822119 <.0001
Environment 3 239.25 <.0001 3 113.69 0.2013 3 40039713 0.0019
Rep(Environment) 12 4.49 <.0001 12 11.65 <.0001 12 1598283 <.0001
Env*Treatment 15 5.66 0.005 15 39.96 <.0001 15 3228830 <.0001
Env*Cultivar 12 12.30 <.0001 12 26.56 <.0001 12 2236946 <.0001
Env*Trt*Cultivar 60 2.21 <.0001 60 5.79 0.0007 60 398862 <.0001
Error 336 0.96 338 3.23 329 177850

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table 3.5. Least square means for agronomic traits: height, protein, test weight, thousand kernel weight (TKW), and yield for the different main
treatments tested across cultivars from pooled data from four test environments (Carman and Winnipeg for 2019 and 2020).

Main treatment Height (cm) Protein (%) Test weight (Kg/hL) TKW (g) Yield (Kg/ha)
Ethre]™ FHB inoculation 75.3B 17.08 A 77.3B 29.7B 3236.2B
Ethre]™ no FHB inoculation 75.4B 16.62 B 81.0A 35.7A 4673.0 A
Manipulator™ FHB inoculation 77.6 AB 16.89 A 76.7B 30.3B 31324B
Manipulator™ no FHB inoculation 78.4 AB 16.70 B 80.5 A 365 A 5018.2 A
Control FHB inoculation 799 A 17.01 A 76.9B 30.8B 3161.4B
Control no FHB inoculation 80.6 A 16.52 B 80.7 A 37.1A 4757.7 A

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means comparison test.

Table 3.6. Least square means for agronomic traits: plant density, spike density, height, anther retention, protein and test weight for cultivars
tested across different main treatments from pooled data from four test environments (Carman and Winnipeg for 2019 and 2020).

. Plant density Spike density . Anther retention . Test weight
Cultivar (Seedlings/m?) (spikes/m?) Height (cm) (%) Protein (%) (Kg/hL)
AAC Brandon 2241 A 4909 A 71.4 BC 545 A 17.95 A 79.5 AB
AAC Cameron 2232 A 465.8 AB 86.5 A 33.9AB 17.24B 78.4BC
AAC Penhold 203.9B 421.1B 64.9C 31.3AB 17.12B 77.7C
AAC Tenacious 2355 A 493.6 A 913 A 20.3B 1521 D 80.8 A
Prosper 217.9 AB 4904 A 75.3B 40.8 AB 16.50C 779 BC

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means comparison test.
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3.4.5 Analysis of variance for disease traits

Combined analyses of variance showed that there were significant differences among main
treatments, cultivars, main treatment*cultivar interactions and all interactions with environment
for all disease variables; FHB index, incidence, severity, FDK and DON (Table 3.7). Environment
effects were significant for FHB index, incidence, severity, and DON.

3.4.6 Effect of main treatments on disease traits

Disease traits variables from inoculated with and without PGRs were significantly higher
than uninoculated with and without PGRs (Table 3.8). All uninoculated plots showed little disease
for all FHB variables. There was a trend that treatments that were inoculated with FHB combined
with the Manipulator™ application showed higher FHB index (42.9%), disease severity (53.5%),
FDK (5.88%), and DON (9.75 ppm) than the inoculated without any PGR control treatment. The
Ethrel™ plus inoculation treatment showed a tendency of having lower FHB index (34.6%),
disease incidence (64.4%), disease severity (47.7%), FDK (5.39 %), and DON (8.90 ppm)
compared to the inoculated without any PGR control treatment. However, PGR treatments did not
statistically differ from no PGR treatment for disease traits within the inoculated and uninoculated
treatments.

3.4.7 Effect of cultivars on disease traits

Fusarium head blight resistance cultivar AAC Tenacious consistently gave the lowest
values for all disease trait parameters and was significantly different from the other cultivars for
FHB index, disease incidence, FDK and DON (Table 3.9). Prosper had the highest FHB index
followed by AAC Penhold, AAC Cameron and AAC Brandon, but these were not significantly
different from each other. The highest disease incidence was observed in AAC Brandon. Prosper

had the second highest incidence followed by AAC Penhold and AAC Cameron. Prosper had the
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highest severity followed by AAC Penhold, AAC Cameron and AAC Brandon. AAC Brandon was
not statistically different from AAC Tenacious for disease severity. AAC Penhold had the highest
FDK and Prosper had the second highest FDK, but they were not statistically different. AAC
Cameron and AAC Brandon followed them. There were no significant differences in FDK between
AAC Brandon, AAC Cameron and Prosper. Prosper had the highest DON content followed by
AAC Penhold, AAC Brandon, and AAC Cameron. There were no statistical differences between

them.
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Table 3.7. Combined analysis of variance for disease traits: Fusarium head blight (FHB) index, incidence, severity, Fusarium damaged kernel
(FDK), deoxynivalenol (DON) content from four test environments (Carman and Winnipeg for 2019 and 2020).

Source of Variation  DE? FHB Index Incidence Severity FDK DON
MSP pe MS P MS P MS P MS P
Main treatment 5 37211.00 <.0001 104791.00 <.0001 49887.00 <.0001 703.08 <.0001 2016.91 <.0001
Cultivar 4 10456.00  0.0001  14423.00 <.0001 13685.00 0.0016  267.53  0.0001 584.71 0.0004
Treatment*Cultivar 20 2068.29 <.0001 2584.01 <.0001 164573  <.0001 50.70  <.0001 121.89 <.0001
Enviroment 3 5390.04 0.0435 5855.71 0.0238 13811.00 0.0046  171.75  0.0645 625.57 0.0294
Rep(Environment) 12 235.41 <.0001 120.13 0.0012 229.53 0.0015 11.60  <.0001 18.61 <.0001
Env*Treatment 15 1036.19 <.0001 1114.55 <.0001 895.51 <.0001 4190  <.0001 127.39 <.0001
Env*Cultivar 12 672.33 <.0001 487.08 0.0005 157429  <.0001 17.66 0.0006 48.19 0.0004
Env*Trt*Cultivar 60 154.97 <.0001 136.67 <.0001 211.54 <.0001 5.09 0.0016 13.18 <.0001
Error 338 46.79 43.09 84.17 2.96 4.57

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.

Table 3.8. Least square means for disease traits: Fusarium head blight (FHB) index, incidence, severity, Fusarium damaged kernel (FDK),
deoxynivalenol (DON) content for the different main treatments tested across cultivars from pooled data from four test environments (Carman
and Winnipeg for 2019 and 2020).

Main Treatment FHB Index (%) Disease Incidence  Disease Severity FDK (%) DON (ppm)
Ethrel™ FHB inoculation 346 A 64.4 A 47.7 A 539A 8.90 A
Ethrel™ no FHB inoculation 0.0B 0.7B 40B 0.10B 0.17B
Manipulator™ FHB inoculation 429 A 69.6 A 535A 5.88 A 9.75 A
Manipulator™  no FHB inoculation 05B 14B 5.8B 0.15B 0.10B
Control FHB inoculation 42.1 A 70.1A 51.6 A 554 A 955 A
Control no FHB inoculation 04B 1.3B 48B 0.13B 0.11B

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means comparison test.
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Table 3.9. Least square means for disease traits: Fusarium head blight (FHB) index, incidence, severity, Fusarium damaged kernel (FDK),
deoxynivalenol (DON) content for cultivars tested across different main treatments from pooled data from four test environments (Carman and
Winnipeg for 2019 and 2020).

Cultivar ReELS\';er;ce FHB Index (%) Disease Incidence Disease Severity FDK (%) DON (ppm)
AAC Brandon MR® 202 A 433 A 23.3 AB 2.69B 516 A
AAC Cameron I° 23.1A 35.6 A 34.4 A 270B 491 A
AAC Penhold MR 26.6 A 38.8 A 358 A 4.74 A 536 A

AAC Tenacious Rd 218B 13.1B 8.7B 0.28C 0.76 B
Prosper I 28.3 A 42.0 A 37.2A 3.91 AB 7.61A

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means comparison test. 23Seed Manitoba 2018, "MR=Moderate Resistance,
°|=Intermediate Resistance, and “R=Resistant.
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3.4.8 Effect of Interactions

There were significant experiment*treatment*cultivar interactions for height, anther
retention, test weight, thousand kernel weight, yield and all disease trait variables. These
interactions for height and anther retention were likely caused by different environmental
conditions such as drought and growing temperature (Table A.1). Significant three way
interactions in test weight, thousand kernel weight, yield and all disease traits are mainly
explained by differences in disease pressure among the environments (Tables A.28 to A.31).
Furthermore, most of interactions between treatment and experiment are mainly due to
differences in magnitude between treatments across environments. In some environments, there
were no significant differences, but when there were significant differences, the trends were
similar across the environments (Tables A.24 to A.31).

3.4.9 Proportion of total variation

Generally, the main treatment effect contributed to the highest proportion of variation for
all disease traits; DON, FDK, Severity, Incidence, FHB index and sample weight variables; yield,
thousand kernel weight (TKW), and test weight (TWT) (Figure 3.5). Comparisons of main
treatments were done using contrasts (Tables A.3 to A.11). It revealed depending on the presence
of inoculation, disease traits and sample weight variables showed different results. Thus, the
presence or absence of inoculation strongly affected disease traits and sample weight variables.
Cultivar contributed to the highest proportion of variation for protein, anther retention and height.
Therefore, protein, anther retention and height were influenced mostly by genotypes. Although
treatment*genotype interactions from combined data were statistically significant for all variables,
the proportion of variance attributed to the interactions was relatively small compared to the main

effects of treatment and cultivars. More than 10 % of total variation was caused by environmental
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effect in height, anther retention, protein content, TWT and yield. Especially, approximately 33%

of variation in protein content was affected by environment.
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Figure 3.5. Proportion of total variation allocated to the main treatments and cultivars and their interactions for each response variable.
Eta squared was calculated by adding all the sums of squares then dividing the sums of squares for each of the effects, interactions, and
the residual by that total to indicate the relative proportion of total variation explained by each factor in the model (Brown 2008).

63



3.4.10 Correlation between the measured variables

Most of measured variables were significantly correlated with each other except height and
thousand kernel weight (TKW), anther retention and yield, and height and DON content (Table
3.10). Height was negatively correlated with anther retention and FHB index, severity, incidence,
and FHB. Significant negative correlations were observed between anther retention and test weight
(TWT), and anther retention and TKW. Anther retention was positively correlated with FHB index,
severity, incidence, FDK and DON. Test weight, TKW, and yield were positively correlated with
all sample weight variables and negatively correlated with all disease variables. In Carman 2020,

lodging showed significant positive correlation only with height.
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Table 3.10. Pearson's correlation coefficients between height, anther retention (AR), test weight
(TWT), thousand kernel weight (TWK), yield, FHB index, severity (SEV), incidence (INC),
Fusarium damaged kernels (FDK), deoxynivalenol (DON), and lodging for combined experiments
conducted in Carman and Winnipeg in 2019 and 2020.

FHB

Height AR TWT TKW Yield ., =  SEV INC FDK DON
-0.20
AR <.0001
470
0.10 -0.16
TWT | 0.0378 0.0007
468 468
006 -021 077
TKW | 0.1777 <.0001 <.0001
470 470 468
0.33 0.07 0.51 0.61
Yield |<.0001 0.1404 <.0001 <.0001
461 461 460 461
FHB 013 020 -089 -079  -0.63
ey | 00052 <0001 <0001 <0001 <0001
470 470 468 470 461
020 012 -078 -075 -0.70 0.88
SEV | <0001 0.0079 <.0001 <.0001 <.0001 <.0001
470 470 468 470 461 470
011 020 -083 -076 -057 093 0.80
INC 0.0211 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
470 470 468 470 461 470 470
014 015 -084 -075 -0.60 0.83 0.78 0.74
FDK | 0.0021 0.0016 <0001 <.0001 <.0001 <.0001 <.0001  <.0001
470 470 468 470 461 470 470 470
008 015 -080 -0.74 -061 0.84 0.84 0.72 0.89
DON | 01002 0.0013 <.0001 <0001 <.0001 <0001 <.0001  <.0001 <.0001
470 470 468 470 461 470 470 470 470
L odding® 018 -005 -0.13 -0.03 -0.10 0.17 0.18 0.12 0.07 0.14
009INg™ | 00463 05677 0.1707 0.7323 0.2855 0.0690 0.0555 02131  0.4547 0.1375
118 118 118 118 114 118 118 118 118 118

Note: top row indicates correlation coefficients (r), second row indicates possibility, and last row indicates sample size
(n) in the cell. *Represents only Carman 2020 trial.
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3.5 Discussion
The average monthly temperatures in June and July 2019 and 2020 at Winnipeg and

Carman were at least 1% and as high as 10% higher than the long term average of the growing
seasons (from May to August). Total precipitations during the growing seasons were 28% (2019)
to 36% (2020) lower than the long term average of growing seasons. These weather data indicated
that the two experimental seasons of 2019-2020 were hot and dry. In general, plants were shorter
than expected especially during the 2019 growing season and the effect of PGRs was less than
expected due to hot and dry weather. After inoculation, field plots were under mist irrigation to
provide favorable conditions for FHB development. The development of FHB was successful in

all inoculated plots. Uninoculated plots had a low level of FHB from natural inoculum.

According to the results from this study, Ethrel™ and Manipulator™ did not affect plant
density and spike density. Lack of effect on plant density is expected as PGRs had not been applied
prior to measurement of plant density. Since spike density was highly dependent on plant density,
lack of effect of PGR on spike density is expected. Differences in plant density and spike density
were mainly determined by cultivar. Their relative ranking in plant density and spike density were
similar. This suggests choice of cultivar is more important than relying on PGRs to increase tillers

and spike density.

In this study, plant growth regulators were applied during June 2019 and 2020. Combined
data showed Ethrel™ significantly reduced plant height by about 5 cm, while Manipulator™
slightly reduced plant height by approximately 2 cm. The response from PGRs can be affected by
other factors such as weather conditions, rate and timing of application, and wheat cultivars
(Strydhorst et al. 2018). Labelling from both PGRs indicated that they should not be applied under

stress conditions such as drought and excessive heat. According to the long term average for
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growing season precipitation, total precipitation for May and June in 2019 was only about half of
normal precipitation or less, which is considered as severely dry. It was not as dry in June 2020
compared to June 2019, but both locations in June 2020 had lower total precipitation than the long
term average of growing seasons for total precipitation. In addition to that, the average temperature
of June 2019 and 2020 were 3% to 11% higher than the long term June average temperature. These
dry and hot conditions might explain why PGRs did not reduce plant height as much as expected.
Especially, height data in 2019 showed PGR treatments had less effect on plant height than in 2020.
The experimental mean of plant height in Carman 2019 was about 20 cm shorter than in Carman
2020 and those in Winnipeg 2019 was about 8 cm shorter than those in Winnipeg 2020 (Table
A.24). Overall plant height in 2019 was shorter than in 2020. With dryer conditions in 2019, plants
were already compact and short. A combination of unsuitable environmental conditions for PGRs
could have contributed to poor height reduction. Ethrel™ was more effective in reducing plant
height than Manipulator™ across cultivars. The effective of height reduction by PGRs depended
on cultivar (Clark and Fedak 1977; Strydhorst et al. 2018). Because three of cultivars have GA
insensitive semi-dwarfing allele, inhibiting GA production by Manipulator™ to decrease plant
height might be unsuccessful compared to Ethre]™. The active ingredient of Ethrel™, ethephon,
enhances levels of ET in plant. Ethylene modulates DELLA proteins to be more resistant to the
effect of GA (Achard et al. 2003). This stabilization of DELLA proteins by ethylene prevents the
plant from growing (Achard et al. 2003; Dugardeyn et al. 2008; Igbal et al. 2017). Also, ET affects
growth hormone auxin signaling for inhibiting plant growth by simulating the breakdown of apical
dominance (Wiersma et al. 2011; Strydhorst et al. 2018; Vaseva et al. 2018). Since ET inhibits
plant growth through both the GA pathway and auxin pathway, Ethrel™ could be more effective

in reducing plant height than Manipulator™.
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The cultivar height means across treatments showed the same relative ranking reported in
Seed Manitoba 2018. AAC Penhold, AAC Brandon, and Proser were shorter than AAC Tenacious
and AAC Cameron because AAC Penhold, AAC Brandon, and Prosper had semi-dwarf alleles.
Lack of a treatment by cultivar interaction suggests that all cultivars responded to PGRs in a similar

manner.

Throughout the 2019 and 2020 growing seasons in Winnipeg and Carman, PGRs did not
show any significant effect on anther retention. The most significant variation in anther retention
was due to cultivars. Semi-dwarfing cultivars, which are GA insensitive, AAC Brandon, Prosper
and AAC Penhold, showed higher anther retention. Since GAs regulate cell elongation, semi-dwarf
plants may have shorter anther filaments which enhances anther retention (Buerstmayr and
Buerstmayr 2016). The loci for the semi-dwarfing alleles Rht-B1b and Rht-D1b are linked with
QTL for anther retention on chromosomes 4B and 4D, respectively (Xu et al. 2020). In this study,
anther retention was negatively correlated with height (Table 3.10). This result agreed with
previous studies that showed that semi-dwarf cultivars have higher anther retention than taller
cultivars (Buerstmayr and Buerstmayr 2016; He et al. 2016; Steiner et al. 2017; Xu et al. 2020).
The tallest cultivar AAC Tenacious had the lowest anther retention, while the second tallest
cultivar, AAC Cameron, showed slightly higher anther retention than AAC Tenacious and similar
levels of anther retention with AAC Penhold and Prosper. The lowest anther retention was for the
highly FHB resistance cultivar AAC Tenacious, indicating that low anther retention could be one
of the factors that contributes to FHB resistance in AAC Tenacious. Furthermore, there were
positive correlations between anther retention and disease variables which indicated that anther
retention plays a role in FHB susceptibility (Table 3.10). Disease incidence and anther retention

had higher correlation (r=0.2) compared to other combinations of disease variables and anther
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retention. This would be expected because retained anther give a surface for fungal pathogens to
easily invade the floret, consequently, increasing initial infection (Strange et al. 1972; Buerstmayr

and Buerstmayr 2015, 2016).

Protein content was affected by the main plot treatment in the combined data. Evaluation
of this effect showed that the main reason for differences was due to differences between the
inoculated and uninoculated treatments (Table A.3). Protein content of wheat grain is represented
as a percentage of the total grain. Thus, protein content in infected kernels is higher than in healthy
kernel because infected kernels are smaller, as confirmed by the thousand kernel weight and test
weight values. Therefore, even if there is the same total protein in infected kernels and healthy
kernels, percent protein is higher in the smaller FHB infected grains. Cultivars had a significant
effect on protein content. This may be mainly due to different end use wheat classes of the cultivars.
The Canadian Grain Commission groups wheat cultivars depending on their functional
characteristics. In this study, the five cultivars were from three different end use classes; Canada
Western Red Spring (CWRS), Canada Prairie Spring Red (CPSR), and Canada Northern Hard Red
(CNHR). The Canada Western Red Spring class is known for its high protein content (Canadian
Cereals 2019). Canada Prairie Spring Red has medium protein content. Canada Northern Hard Red
has a broad range of protein content between the CWRS and CPSR classes. Protein results from
this study corresponded to the end use class of the cultivars such that CWRS wheat cultivars AAC
Brandon and AAC Cameron had higher protein content than CPSR cultivars AAC Tenacious and
AAC Penhold. The protein content of Prosper from the CNHR class was between the range of the

CWRS and CPSR cultivars.
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The main plot treatment had a significant effect on sample weights represented by test
weight, thousand kernel weight, and yield. Simple contrasts determined that the significant
treatment effect was due to differences between inoculated and uninoculated treatments, and not
because of PGR applications (Tables A.3 to A.5). Since Fusarium head blight infected kernels are
smaller and lighter than uninfected kernels (McMullen et al. 2012a; Gilbert and Haber 2013),
samples from FHB inoculated plots had lower test weight, thousand kernel weight, and yield. Plant
growth regulators are primarily for improving lodging resistance. When PGRs prevent wheat from
lodging, yield could be higher than non PGR treated wheat. However, because of hot and dry
conditions, plants were shorter than usual, and were not at risk of lodging from wind and rain
events, except in the Carman 2020 trial. It has been reported that PGRs did not affect grain yield
in the absence of lodging (Wiersma et al. 2011). In this study, although there was severe wind and
rainfall on 30" June 2020 which causing lodging in Carman 2020 trial, the correlation of lodging
and yield in Carman 2020 data did not show a significant relationship (Table 3.10). According to
lodging data from Carman 2020 (Table A.26), plants without PGR treatment showed higher
lodging ratings because PGRs reduced plant height and might thicken the stem of plant, thereby
lowering the chance of lodging (Table A.24). Stem lodging is often caused by weather events such
as high speeds wind and heavy rain. Since taller plants have longer stems, wind and rain place
more force on the stems which can lead to stem breakage or buckling (Berry et al. 2003;
Rademacher 2016). Therefore, shorter plants are less prone to lodging. The correlation between
height and lodging supports that there was significant positive relationship between them (Table
3.10). Cultivar was the main factor contributing to lodging because all tested cultivars had different
heights. As explained earlier, taller cultivars such as AAC Cameron had a higher lodging rating

and the shortest cultivar AAC Penhold had the lowest lodging rate (Table A.27).
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There were significant differences for test weight among the cultivars. The highest test
weight was observed in FHB resistant cultivar AAC Tenacious. The moderately FHB resistance
cultivar AAC Penhold had the lowest test weight. In this study, this phenomenon was associated
with FHB susceptibility in wheat cultivars. The relative ranking of tested cultivars for test weight
was the same as for FDK and similar with other disease traits. This is because FDK are light
weighted, thus, when density of grain is measured, more FDK in a specific volume resulted in
lower test weight. Moreover, the correlation between test weight and all disease variables including
FDK showed highly significant negative relationship (Table 3.10). Therefore, AAC Penhold,

which was the most susceptible cultivar to FHB in this study, had the lowest test weight.

Combined data for disease traits showed that PGRs did not affect FHB index, incidence,
severity, FDK, and DON. Based on contrasts, the difference between main treatments was caused
mainly by differences between inoculated and uninoculated treatments (Table A.7 to 11). Ethrel™
slightly reduced all disease traits compared to the control, but this was not statistically significant.
This result agrees with findings from Sun et al (2016) and Fauzi and Paulitz (1994). Sun et al (2016)
found that application of ethephon did not have any impact on the FHB resistant level of wheat in
greenhouse conditions. Fauzi and Paulitz (1994) reported the application of ethephon showed no
effect on incidence of spikelet infection and seed infection in dry and wet field conditions when
spray inoculation was used (Fauzi and Paulitz 1994). However, when there was wet weather and
infested corn was used for inoculation, ethephon increased incidence of spikelet infection (Fauzi
and Paulitz 1994). Unlike Ethrel™, Manipulator™ cause a slight increase for all disease traits
except incidence, but it was not significantly different from the control. This result is consistent
with findings from Fauzi and Paulitz (1994) that showed that application of chlormequat chloride

did not affect incidence of seed infection and spike infection in dry weather or wet weather when
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spray inoculation was used. These results suggest that Ethre]™ and Manuipulator™ did not change

the FHB susceptibility in wheat.

As the most FHB resistant cultivar, the mean from AAC Tenacious across all treatments
showed the lowest values for all of disease variables over different environments. AAC Brandon
is rated as moderately resistance to FHB, but had the highest incidence. This could be because of
anther retention, where AAC Brandon had the highest anther retention. Anther retention affects
type | resistance for initial FHB infection (Lu et al. 2013; Buerstmayr and Buerstmayr 2015; He
et al. 2016), because anthers trapped between the lemma and palea enhance fungal growth and
initial infection (Buerstmayr and Buerstmayr 2016). For severity, AAC Brandon ranked as the
second lowest among tested cultivars. Previous research demonstrated that semi-dwarfing alleles,
Rht-B1b and Rht-D1b, significantly decreased resistance to initial infection, but Rht-B1lb
significantly increased type |1 resistance (Srinivasachary et al. 2009; Buerstmayr and Buerstmayr
2016). Moreover, Saville et al. (2012) suggested that lines with DELLA accumulation are more
susceptible to the initial infection, but more resistant to spreading infection within the spike. In the
present study, results from the moderately resistant cultivar AAC Brandon agreed with findings
that Rht-B1b contributes to type Il resistance, but hinders type | resistance. Although AAC
Brandon had a higher disease incidence, it may have strong type Il resistance to overcome weak
type | resistance. In addition to that, one of AAC Brandon parents ‘ND 744’ which has high level
resistance to FHB provides a good genetic background for FHB resistance in AAC Brandon
(Mergoum et al. 2005). Except for AAC Brandon, cultivars with semi-dwarfing alleles, AAC
Penhold and Prosper, were generally more susceptible to FHB in the present study. Although AAC
Penhold and Prosper were not significantly different from other cultivars except AAC Tenacious

on all of disease variables, they had slightly higher values for all of disease variables than other
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tested cultivars. For Prosper, incidence was higher than severity, which could be due to semi-
dwarfing allele Rht-B1b. AAC Penhold which has Rht-D1b as the semi-dwarfing allele also
showed lower incidence than severity, but it showed less reduction of severity compared to semi-
dwarf cultivars with Rht-B1b. Even though AAC Brandon and AAC Penhold are at the same FHB
resistance level (Seed Manitoba 2018), AAC Penhold appeared to be more susceptible to FHB
than AAC Brandon based on higher disease severity, FDK and DON than AAC Brandon. This
suggested that the semi-dwarfing alleles, Rht-B1b and Rht-D1b, have different effects on FHB.
Buerstmayr and Buerstmayr (2016) indicated different degrees of disease severity caused by both
semi-dwarfing alleles may be because Rht-D1b had a stronger impact on anther retention than Rht-
B1b. However, in this study, AAC Brandon had higher anther retention than AAC Penhold (Table

A.25).

AAC Penhold is rated as moderately resistance to FHB. However, in this study it tended to
have higher disease values than AAC Cameron which is rated as an intermediate resistant cultivar
(Seed Manitoba 2018). AAC Penhold was registered at Canadian Food Inspection Agency in 2014
and it is derived from the cross ‘5700PR/HY 644-BE//HY469’ (Cuthbert et al. 2017b). HY644-BE
is the source of FHB resistant, and it has a moderate resistance level (Cuthbert et al. 2017b).
According to cultivar descriptions for AAC Penhold and AAC Cameron, they were evaluated for
FHB at Carman in 2011 and 2012 (Fox et al. 2016; Cuthbert et al. 2017b). In 2011, AAC Cameron
was rated as susceptible and AAC Penhold was rated as intermediate while in 2012, AAC Cameron
and AAC Penhold were rated as moderately resistance and intermediate, respectively. This
suggests both cultivars were vulnerable to environmental effect, and it can be speculated that AAC
Penhold and AAC Cameron may have similar levels for FHB resistance depending on

environmental conditions. In addition to that, there have been some changes in how cultivars are
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classified in terms of determining resistance levels of FHB since 2016 (Pers. Comm. Dr. Anita
Brule-Babel, 2021, University of Manitoba). With the new FHB evaluation system, cultivars are
rated for not only on index, but also DON. The combined rating of index and DON accumulation
may affect the overall cultivar rating. For example, AAC Cameron might have been rated as a
moderately resistance cultivar based on index, but it accumulated more DON thereby it might be
registered as intermediate resistance level of FHB. Also, Fusarium graminearum isolates for FHB
testing have changed since 2018. AAC Penhold might be rated as moderately resistance based only
on disease symptoms with old isolates. How FHB ratings have been applied through the
registration system may affect the rankings today with use of modern isolates of F. graminearum
and with DON included in the analysis. Therefore, during the 2019 and 2020 field seasons in
Winnipeg and Carman, AAC Penhold showed higher FHB disease levels than the intermediate
cultivar AAC Cameron suggesting that AAC Penhold may not be moderately resistance to new
populations of F. graminearum, thereby new evaluations may be required to accurately report FHB

resistance level.

The present study clearly showed that height, anther retention, protein content, test weight
and yield are quantitative traits that are affected by not only genotypes, but also environment.
Because each environment was different in terms of temperature and precipitation during the
experiments (Figure 3.1 to 4 and Table A.1to 2), mean plant heights in 2019 were generally shorter
than those of 2020 (Table A.25). Experimental means for anther retention, test weight, and yield
varied depending on the environment (Table A.25 to 27). Particularly, protein content was highly
influenced by environment (Figure 3.5). Although protein content depended primarily on genotype
in this study, it is well known as one of the traditional traits that is strongly influenced by

environmental factors such as drought and post-anthesis temperature (Triboi et al. 2003).
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Therefore, the significant environment effect was caused by big differences of weather and disease

level between Winnipeg and Carman in 2019 and 2020.

This research determined how Manipulator™ and Ethrel™ affect FHB, plant height, and
yield of spring wheat, and the interaction between semi-dwarfing alleles and PGRs. In this study,
application of PGRs did not affect FHB in all tested spring wheat cultivars that differed in the level
of resistance to FHB and plant height. Ethrel™ significantly reduced plant height and
Manipulator™ slightly reduced plant height. Both PGRs did not have a significant effect on anther
retention, test weight, thousand kernel weight, and yield. Cultivars with semi-dwarfing alleles
tended to have higher anther retention. There was a different impact on FHB resistance depending
on type of semi-dwarfing alleles. Cultivars with Rht-B1b showed stronger resistance to FHB than
the cultivar with Rht-D1b at the same FHB resistance level from Seed Manitoba 2018. The level
of disease variables; FHB index, incidence, severity, FDK and DON in tested cultivars showed the

same rankings as reported in Seed Manitoba 2018, except AAC Penhold.

This research provides important information for producers, especially in the higher
moisture regions of the prairies where FHB epidemics are most prevalent. These are the regions
that have the highest yield potential and risk of lodging under intensive management and would
benefit most from PGR application. Since there was no significant effect of both PGRs on FHB,
growers could choose to grow the taller FHB resistance cultivars and control height with PGRs to
reduce the risk of yield losses due to lodging. However, growers will need to weigh the cost of
PGRs verses the potential gain in yield and quality in terms of value when using PGRs in tall FHB
resistant cultivars. It may be possible for growers to benefit from the genetics of FHB resistance

and use intensive management methods without sacrificing potential yield due to lodging.
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Implementation of PGRs to control plant height would also allow breeders to select the lines with

the highest FHB resistance without focussing so closely on plant height.
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4 Chapter 4.0. The effect of the two plant growth regulators Manipulator™ and Ethrel™
on anther retention in five spring wheat (Triticum aestivum L.) genotypes.

4.1 Abstract
Gibberellins (GAs) regulate the growth and development of plants, including height and

stamen development. Semi-dwarf wheats with either the Rht-B1b or Rht-D1b allele are insensitive
to GA. Deficiency in GA concentration in plants can cause abnormal stamen development such as
failure of filament elongation and reduction in anther size which could promote anther retention.
Because anther retention is correlated with higher FHB infection, this could be the reason why
semi-dwarf wheat is associated with higher FHB susceptibility. Plant growth regulators (PGRS)
alter plant growth and development using either the GA pathway or ethylene (ET) pathway. In
cereal production, PGRs are used to produce shorter, thicker, and stronger stems which reduce the
risk of lodging. With the recent increased interest in PGRs, it is important to understand whether
PGRs affects anther retention in wheat with and without semi-dwarfing alleles. In this study, five
spring wheat cultivars that differed in FHB resistance level, height, and the presence of semi-
dwarfing alleles were used to investigate the interaction between PGRs and anther retention along
with interaction between PGRs and semi-dwarfing alleles. A no PGR control, the anti-gibberellin
product Manipulator™, and the ET releasing product Ethrel™ were tested under controlled
environments using five spring wheat cultivars (AAC Brandon, AAC Cameron, AAC Penhold,
AAC Tenacious, and Prosper). Both PGRs reduced plant height in general. Manipulator™ reduced
anther retention while Ethrel™ increased anther retention. The interaction between PGRs and
anther retention was genotype dependant. The interaction between PGRs and semi-dwarfing
alleles showed Ethrel™ was more effective to reduce height for cultivars with the Rht-B1b allele.
The height of cultivar with Rht-D1b was not affected by either PGR. Generally, there was a

tendency of genotypes with higher FHB resistance level to exhibit less anther retention.
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4.2 Introduction
Gibberellins (GAs) are a family of phytohormones that regulate growth and developmental

processes in plants. DELLA proteins regulate the downstream GA signalling pathway (Mo et al.
2018) and function as growth inhibitors because they repress growth in the absence of bioactive
GA (Daviere and Achard 2013; Nelson and Steber 2016; Mo et al. 2018). Bioactive GAs are bound
to the receptor GA-INSENSITIVE DWARF1 (GID1) and form the GA-GID1-DELLA complex
through conformational changes at the N terminus of GID1 (Mo et al. 2018). This complex leads
to DELLA degradation through a proteosome pathway (Gao and Chu 2020) thus targets of DELLA

are released and initiate downstream GA-mediated growth responses.

With the introduction of dwarfing traits into wheat cultivars, the ‘Green Revolution’ of the
1960s successfully boosted the yield of wheat under high fertilizer input (Hedden 2003): plants
with short and strong stalks were able to support the weight of the grain and thus minimized yield
loss due to lodging. Dwarfing traits can be introduced into the plant by the presence of semi-
dwarfing alleles. The semi-dwarfing alleles Rht-B1b and Rht-D1b are the major dwarfing alleles
deployed in over 70% of current wheat cultivars in the world (Mo et al. 2018). Both semi-dwarfing
alleles originated from the Japanese cultivar ‘Norin 10’ and are located on chromosomes 4B and
4D, respectively (Hedden 2003; Gilbert and Haber 2013). A base substitution within the coding
sequence of the semi-dwarfing alleles encodes a premature stop codon which translates into a
truncated DELLA protein. This prevents GID1-GA from binding to DELLA proteins leading to
GA insensitive plants with reduced height (Hedden 2003; Buerstmayr and Buerstmayr 2016;
Mugaddasi et al. 2017b; Steiner et al. 2017). Although semi-dwarfing alleles Rht-B1b and Rht-
D1b have contributed to higher yield in optimal environments, these alleles have been associated

with cultivar susceptibility to Fusarium head blight (FHB) (Gilbert and Haber 2013; Liu et al. 2013;
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Mo et al. 2018). Fusarium head blight is a serious fungal disease of cereals including wheat.
Infection of wheat by FHB results in a reduction in both grain yield and quality. Shorter wheat
cultivars tend to have higher FHB infection. There are two possible theories that explain higher
FHB susceptibility of short plants. First is that shorter plants are physically closer to the inoculum
source and provide a favorable environment within the canopy for Fusarium growth by reducing
air circulation and increasing humidity (Buerstmayr and Buerstmayr 2016). Another is that shorter

plants have a higher frequency of anther retention which might reduce Fusarium resistance.

Anther retention is a quantitative trait which is under the control of several loci and is
affected by environment, but has high heritability (Skinnes et al. 2010; Mugaddasi et al. 2017b;
Steiner et al. 2017). In wheat, short stamen filaments promote retention of anthers in the floret.
Anthers that are trapped between the palea and lemma facilitate initial infection by Fusarium spp
by providing an entry point and nutrition for the fungus. Previous research indicated anther
retention was associated with increased susceptibility to FHB (Buerstmayr and Buerstmayr 2015,
2016; He et al. 2016). Because anther retention is highly heritable (Skinnes et al. 2010; Lu et al.
2013; Buerstmayr and Buerstmayr 2015), selection for wheat lines with low anther retention could
be a good strategy for FHB resistance wheat breeding. Quantitative trait loci for anther retention
have been identified on chromosomes 4BS and 4DS, and overlap with the Rht-B1 and Rht-D1 loci
(Xu et al. 2020). This suggests the negative effects of Rht-B1 and Rht-D1 on FHB infection is not

only a function of reduced plant height, but may be due to effects on anther retention.

Gibberellins (GAs) are key phytohormones that modulate stamen development including
filament elongation and anther dehiscence (Plackett et al. 2011; Marciniak and Przedniczek 2019).

Specifically, GA stimulate filament elongation through increased cell elongation (Marciniak and
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Przedniczek 2019). During the late stage of stamen development, controlled concentration levels
of GA are essential to regulate proper anther development and function of the male reproductive

organs (Plackett et al. 2011; Marciniak and Przedniczek 2019).

Ethylene (ET) contributes to flower development. Changes in the levels of ET induce or
delay flower development (Igbal et al. 2017). Since ET is a key phytohormone that controls plant
aging (Igbal et al. 2017), ET plays a role in anther dehiscence (Koning 1983). Moreover, as a
multifunctional phytohormone, ET contributes to plant height regulation by inhibiting shoot cell
expansion (Dugardeyn et al. 2008; Ross et al. 2016; Igbal et al. 2017). Ethylene signaling
influences the GA-GID1-DELLA mechanism by reducing bioactive GA levels, causing increased
accumulation of DELLA proteins (Achard et al. 2003; Igbal et al. 2017). By mitigating DELLA-
mediated growth inhibition, ET is able to prevent plant growth (Igbal et al. 2017). In addition, ET
acts through crosstalk with the growth hormone auxin to reduce plant growth by limiting auxin
synthesis and mobility in stem tissues (Caldwell et al. 1988; Ramburan and Greenfield 2007;
Wiersma et al. 2011; Vaseva et al. 2018). Because of this, ET is exploited as one of methods for

plant growth regulators (PGRS) in cereal crops.

Synthetic formulations affecting phytohormones have been developed to modify plant
growth (Rademacher 2016). In cereal crops, PGRs are used to reduce plant height and increase
stem thickness thereby reducing the risk of lodging. As a result, PGRs make managing and
harvesting of the crop easier. Other than that, the application of PGRs has benefits for root
development such as providing better root anchorage, and possible improvement for grain quality.
The PGRs which target the GA or ET pathways have been used to improve standability in cereal

crops (Rajala et al. 2002; Rademacher 2016; Strydhorst et al. 2018). Manipulator™ is a PGR that
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inhibits early steps in GA biosynthesis. Ethrel™ is a PGR that makes plants release ET.
Appropriate use of PGRs can maximize the yield potential by improving the morphology of the
plant to make the crop more conducive to high yields. Because PGRs modulate stem elongation
by inhibiting biosynthesis of GA or releasing ET, it is important to understand if anther retention
is affected by their applications. To address these questions, the objectives of this study were to
explore the interaction between PGRs and anther retention, and examine interactions between

PGRs and semi-dwarfing alleles in different spring wheat cultivars.
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4.3 Materials and Methods

4.3.1 Plant material and experimental design

Two controlled environment experiments were conducted in a completely random design
with four replicates for Trial 1 and five replicates for Trial 2. Trial 1 was conducted in Fall 2019
and Trial 2 was conducted in Fall 2020. The same growth room was used for both trials. Growth
room conditions were set to 23°C for 16 hours with light and 18°C for 8 hours in the dark. Each
replicate consisted of one plant per cultivar assigned to each of the three treatments: Manipulator™,

Ethrel™, and no PGR control.

Five cultivars (AAC Tenacious, AAC Penhold, AAC Brandon, AAC Cameron, and
Prosper) were used in the study. The designated end-use quality class, height, the level of FHB
resistance, and the presence of semi-dwarfing alleles for each cultivar are presented in Table 4.1.
Plants were initially grown in root trainers (30 x 23 mm and 125mm deep) with Sunshine® soil
mix #4 [Sungro® Horticulture., USA]. When they reached Zadoks growth stage (GS) 12 (Zadoks
et al. 1974), they were transplanted into 150 x 180 mm pot. Slow release fertilizer (13-12-12)
[Master Plant-Prod Inc., Brampton] was applied at 15 ml/pot the day following transplanting. After
transplanting, plants were fertilized every three weeks with a water-soluble fertilizer (20-20-20)
[Even spray & Chemicals LTD., Winnipeg] diluted to a rate of 15 ml of fertilizer to 4 litres of

water.
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Table 4.1. List of five cultivars used in controlled environment experiments with wheat end-use
class, height, FHB resistance level and the presence of semi-dwarfing alleles.

Resistance to Semi-dwarfing Alleles

. . a
Cultivars Wheat Classes Height (cm) FHB? (Rht-B1 or Rht-D1)°

. Canada Prairie .
AAC Tenacious Spring Red (CPSR) Tall (101) Resistance (R) None

Moderate
AAC Penhold CPSR Short (71) Resistance (MR) Rht-D1b
Canada Western Red  Intermediate
AAC Brandon Spring (CWRS) (81) MR Rht-B1b
AAC Cameron CWRS Tall (94) Intermediate None
Resistance (I)
Prosper Canada Northern Intermediate | Rht-B1b
P Hard Red (CNHR) (84)

3Seed Manitoba 2018 and °Dr. Santosh Kumar from Agriculture and Agri-Food Canada — Brandon Research and
Development Centre

4.3.2 Plant growth regulators application

Manipulator™ (620 g/L of Chlormequat chloride) was applied to the plants at Zadoks GS
30 at a rate of 1.8L/ha in a spray chamber model #2 manufactured by Taminco US LLC. Ethrel™
(240 g/L of Ethephon) was applied to the plants at the Zadoks GS 37 to 45 at a rate of 1.25/ha in
the spray cabinet. Rates and timing were determined based on the label recommendations. Both
PGRs were diluted to the recommended concentration with distilled water. For the control, nothing

was applied.
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4.3.3 Height measurement

Plant height was determined prior to sample collection by measuring with a 2-meter ruler
the height of all individual spikes sampled on each plant from the soil surface in the pot to the tip

of the spike (excluding awns). Plant height was measured only in Trial 2.

4.3.4 Spike collection for anther retention

Anthesis date was recorded for each spike in the plant and was defined by when the first
anther was visible. Five spikes per plant were collected five days after the anthesis date. The
number of retained anthers in the primary and secondary floret from the middle of four alternate
spikelets in each spike was determined by opening them up (Figure 4.1). Any anthers that were
inside the floret or trapped between the lemma and palea were considered retained anthers. Thus,
a total of eight florets for each spike was used to determine the number of retained anthers. The

percentage of retained anthers per spike was calculated by using the following equation:

_ The number of retained anthers
Percentage anther retention = . * 100%
The maxium number of anthers
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Figure 4.1. Schematic diagram of the location of florets sampled in the wheat spike. A total of
four alternating spikelets in the center of spike were selected to determine percentage anther
retention. Primary and secondary florets for each sampled spikelet (four spikelets per spike) were
opened and retained anthers were counted.

4.3.5 Data analysis
Statistical analyses were performed using SAS software version 9.4 [SAS institute Inc.,

USA]. Analysis of variance was conducted on the percentage of anther retention using PROC
Mixed. Levene’s tests for homogeneity of variance was conducted using PROC GLM. Levene’s
test revealed that the data from the two trials could not be combined. In addition to that, the
distributions of the error variances were visually observed using PROC Univariate and it also
suggested that two trials could not be pooled, thus, trial data were analyzed and presented
separately. The model statement listed the treatments, genotypes, and the interaction of
treatment*genotype as fixed effects. Tukey means comparison test was used for comparisons of

means for main effects and their interactions. To meet the assumptions for analysis of variance,
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the data were transformed by using square root transformation which improved skewness, kurtosis

and Shapiro-wilk value.

Height data for Trial 2 was analyzed using SAS software version 9.4 [SAS Institute Inc.,
USA] with PROC Mixed. The model statement set the fixed effects for the treatments, cultivars,
and the treatment*cultivar interaction. Tukey means comparison test was used to compare main

effect and interaction means.

A Pearson’s correlation coefficient between anther retention and plant height in Trial 2 was

generated using PROC Corr in SAS version 9.4.

4.4 Results

4.4.1 Analysis of variance for anther retention

Table 4.2 shows the analyses of variance for percentage anther retention in Trials 1 and 2.
Both trials showed that there were significant differences among treatments and cultivars for the
anther retention. Only Trial 2 had a significant interaction between treatment and cultivar (Table

4.2).

Table 4.2. Analysis of variance for percentage anther retention in Trial 1 and Trial 2 using square
root transformation.

Trial 1 Trial 2
Source of variation
DF? MSP P¢value DF MS P value
PGRY treatment 2 16.86 0.0007 2 86.41 <.0001
Cultivar 4 145.39 <.0001 4 224.61 <.0001
PGR treatment*Cultivar 8 1.59 0.6839 8 22.93 <.0001
Error 280 2.24 357 2.45

aDF=Degrees of Freedom, "MS=Mean square, “P=Probability, and ®PGR=Plant growth regulator.
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4.4.2 Effect of PGR on anther retention

For both trials, there were significant differences in anther retention for PGR treatment. In
Trial 1, anther retention for the Manipulator™ treatment was 10.09%, compared to 14.89% for the
control (Table 4.3). Anther retention for the Ethrel™ treatment (15.39%) was not significantly
different from the control and was significantly higher than the Manipulator treatment in Trial 1.
Anther retention in Trial 2 was two to three times higher than in Trial 1. In Trial 2, there were
significant differences among all PGR treatments for anther retention, where Manipulator™ had
the lowest anther retention (22.68%) followed by the control (28.31%) and Ethrel™ (41.08%)

(Table 4.3).

Table 4.3. Least square means of percentage anther retention of plant growth regulator treatments
(Control, Ethrel™, and Manipulator ™) across five cultivars in Trial 1 and 2.

Anther retention (%)
PGR treatment

Trial 1 Trial 2

Control 14.89 A 28.31 B
Ethrel™ 1539 A 41.08 A
Manipulator™ 10.09 B 22,68 C

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.

4.4.3 Effect of cultivar on anther retention

Significant differences in anther retention for cultivars was observed in both Trials 1 and
2. In Trial 1, AAC Brandon, which has the semi-dwarfing allele RA#-B1b, had the highest
percentage anther retention (29.48%) among cultivars (Table 4.4). AAC Cameron with no semi-
dwarfing alleles had the second highest anther retention percentage which was 27.57%, but it was

not statistically different from the percentage of anther retention of AAC Brandon. AAC Tenacious
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had 8.9% anther retention which was significantly lower than AAC Brandon and AAC Cameron,
but not different from AAC Penhold and Prosper. AAC Penhold which has the semi-dwarfing allele
Rht-D1b showed statistically similar percentage anther retention to AAC Tenacious and Prosper.
For Prosper which has the semi-dwarfing allele RA#-B1b, it had the lowest percentage of anther

retention.

Trial 2 showed different cultivar rankings for percentage anther retention than Trial 1. AAC
Brandon had the highest rate of anther retention (Table 4.4) where more than half the spikelets
(58.56%) contained anthers. AAC Cameron and Prosper had similar percentage of anther retention
which were 38.84% and 35.56%, respectively. The cultivar AAC Penhold, had the second lowest
anther retention among cultivars at 20.37%. The lowest percentage of anther retention (9.77%)

was observed in AAC Tenacious.

Table 4.4. Least square means of percentage anther retention of cultivars (AAC Brandon, AAC
Cameron, AAC Penhold, AAC tenacious, and Prosper) across plant growth regulator treatments
in Trial 1 and 2.

Anther retention (%)

Cultivar
Trial 1 Trial 2
AAC Brandon 29.48 A 58.56 A
AAC Cameron 27.57 A 38.84 B
AAC Penhold 6.04 BC 20.37C
AAC Tenacious 8.90 B 9.77D
Prosper 458 C 35.56 B

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.
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4.4.4 Interaction between cultivar and PGR for anther retention

Analysis of variance showed no significant interaction between cultivar and PGR treatment
in Trial 1, but there was a significant interaction in Trial 2 (Table 4.2). The main reason for the
interaction between cultivar and PGR treatment was a change in ranking among the cultivars under
different PGR treatments (Figure 4.2). Relative rankings of AAC Penhold and Prosper changed
considerably with PGR treatments (Figure 4.2). For example, Prosper had the third lowest anther
retention for the control and Manipulator™ treatments, but the highest anther retention when
treated with Ethrel™. AAC Penhold also had higher anther retention when treated with Ethrel™
compared to the control and Manipulator™ treatments. Anther retention when Ethrel™ was used
with AAC Penhold or Prosper was about doubled that of the control. AAC Brandon and AAC
Tenacious had similar anther retention across PGR treatments, while AAC Cameron had a slightly
higher anther retention when treated with Ethrel™, compared to the control and Manipulator™
treatments. In addition to that, the lowest anther retention for AAC Penhold occurred when it was

treated with Manipulator™,
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Figure 4.2. Interaction between plant growth regulator (PGR) treatments (Control, Ethrel™, and Manipulator™) and cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) on anther retention (%) in Trial 2. Bars indicate the percent
anther retention for each treatment combination. Bars denoted by the same letter are not significantly different p=0.05 based on the

Tukey means comparison test.
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4.4.5 Analysis of variance for plant height in Trial 2

Analysis of variance for plant height indicated that there were significant differences
between PGR treatments, cultivars, and the interaction between PGR treatment and cultivar (Table

4.5).

Table 4.5. Analysis of variance for the plant height (cm) in Trial 2.

Source of Variation DF? Mean Square PP value

PGRE® treatment 2 2293.85 <.0001

Cultivar 4 4986.60 <.0001

PGR treatment*Cultivar 8 231.04 <.0001
Error 358 31.93

aDF=Degrees of Freedom, PP=Probability, and PGR= Plant growth regulator

Both Ethrel™ and Manipulator™ significantly reduced the plant height by more than Scm
compared to the control (Table 4.6). The relative height of cultivars followed the same ranking as
reported in Seed Manitoba 2018 (Table 4.7). AAC Tenacious was the tallest cultivar, followed by

AAC Cameron, Prosper, AAC Brandon and AAC Penhold.

Cultivar plant height rankings were similar across all PGR treatments, but the magnitude
of the differences between the cultivars was not the same across treatments. Ethrel™ significantly
reduced the height of AAC Brandon and Prosper, while application of Manipulator™ did not cause
a significant reduction in plant height of these cultivars (Figure 4.3). Both of AAC Brandon and
Prosper carry the Rht-B1b semi-dwarf allele. For AAC Cameron and AAC Tenacious, application
of Ethre]™ and Manipulator™ decreased plant height in a similar manner. AAC Cameron and
AAC Tenacious do not carry any semi-dwarfing alleles. Although there was a slight reduction in
plant height when Ethrel™ or Manipulator™ were applied to AAC Penhold, plant height was not

significantly different from the control. AAC Penhold carries the Rht-D1b semi-dwarfing allele.
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Table 4.6. Least square means of plant height (cm) with plant growth regulator treatments (Control,
Ethrel™, and Manipulator™) in Trial 2.

PGR Treatment Height (cm)
Control 70.25 A
Ethre]™ 62.25 B

Manipulator™ 63.56 B

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.

Table 4.7. Least square means of plant height (cm) with cultivars (AAC Brandon, AAC Cameron,
AAC Penhold, AAC Tenacious, and Prosper) in Trial 2.

Cultivar Height (cm)
AAC Brandon 62.54 C
AAC Cameron 68.99 B
AAC Penhold 54.16 D

AAC Tenacious 76.29 A
Prosper 64.78 C

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.
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Figure 4.3. Interaction between plant growth regulator (PGR) treatments (Control, Ethrel™, and Manipulator™) and cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) on the plant height (cm) in Trial 2. The height of the bar
represents the plant height for each treatment by cultivar combination. Bars denoted by the same letter are not significantly different at

p=0.05 based on Tukey means comparison test.
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4.4.6 Correlation of percentage of Anther retention and plant height in Trial 2

The percentage of anther retention were negatively correlated with plant height (-0.28, p<
0.0001, n=372).
4.5 Discussion

Selection against anther retention may be a proxy for FHB resistance when breeding wheat
cultivars. Phytohormones such as GA play important roles to regulate stamen development. With
benefits of using PGRs, interest in PGR has increased. Because PGRs target the GA pathway, it is

essential to understand how PGRs affect anther retention in wheat breeding against FHB.

The effect of Ethrel™ application on anther retention was similar across the two trials: the
treatment tended to increase anther retention in Trial 1, although the effect was not statistically
significant, and significantly increased anther retention in Trial 2. These results agree with those
of Bennett and Hughes (1972) and Campbell et al. (2001) who reported ET promoted anther
retention in wheat. Both studies applied exogenous ET to wheat plants which resulted in the
abnormal development of anthers and led to the failure of anther extrusion and dehiscence. Of note,
the treated plants produced smaller anthers and pollen to enhance anther retention (Bennett and
Hughes 1972). Therefore, smaller anthers have a higher chance to be retained inside of the floret
compared to the bigger anthers. Ethylene represses cell elongation through crosstalk with the GA
pathway and auxin pathway (Caldwell et al. 1988; Ramburan and Greenfield 2007; Dugardeyn et
al. 2008; Wiersma et al. 2011). Although anther size in this study was not measured, the Ethrel™
treatment could have had an impact on shortening the lodicules and stamen filaments in addition
to decreasing the size of anthers which consequently encourages anther retention by trapping the
tissue between the lemma and palea, in addition to reducing plant height. The magnitude of effect

of ET on plant development is dependant on environmental factors such as light, temperature,
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oxygen and carbon dioxide concentrations (Klassen and Bugbee 2004). Although growth rooms
are designed to provide a controlled environment, it is not possible to entirely replicate the exact
same condition across trials. Variation in growth room conditions such as light intensity and gas
concentration across the room and between experiments can influence the reproducibility of
experiments (Measures et al. 1973; Potvin et al. 1990; Porter et al. 2015). This unavoidable
variation, therefore, likely explains the different results obtained in Trial 1 and Trial 2, despite
both experiments being conducted in same the growth room. Nonetheless, results of the two trials
suggest that Ethrel™ application affects anther retention in wheat and further research is warranted

to dissect the underlying mechanism.

Gibberellins, the target of the PGR product Manipulator™, are important plant hormones
that contribute to stamen development and cell elongation in plants. During the last step of stamen
development, stamen filaments begin to elongate and anther tissue rapidly degenerates to dehisce
anthers (Marciniak and Przedniczek 2019). The amount of GA in the plant during this phase is
critical. The active ingredient of Manipulator™, Chlormequat chloride (CCC), inhibits the GA
synthesis pathway through blocking ent-copalyl diphosphate-synthase and ent-Kaurene synthase
in early steps of GA biosynthesis (Rademacher 2016). As inappropriate GA levels in the plant
cause abnormal development of anthers and aberrant elongation of filament (Marciniak and
Przedniczek 2019), Manipulator™ may cause abnormal filament elongation and anther
development. In this study, the application of Manipulator™ significantly decreased the
percentage anther retention compared to the control in both trials. This is very interesting result
because alterations in GA levels in the plant by Manipulator™ were predicted to lead to abnormal
filament elongation and anther development, thereby increasing anther retention. One possible

reason for lower anther retention caused by Manipulator™ could be that the active ingredient of
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Manipulator™, chlormequat chloride, breaks down before filament elongation happened, since
application of Manipulator™ was performed at an early growth stage; Zadoks GS 30. Clark and
Fedak (1977) reported barley treated with chlormequat chloride showed increased plant height.
This was due to the temporary cessation, or general decline of GA synthesis, by chlormequat
chloride (Clark and Fedak 1977). During the temporary cessation, GA precursors accumulated in
the plant. As soon as the chlormequat chloride degrades, GA synthesis resumes and excess GA
precursors produce high levels of active GAs resulting in higher plant height (Strydhorst 2014).
Elevated levels of GA precursors from deferment of GA synthesis may promote elongation of
anther filaments leading to lower anther retention in this study. Therefore, further research is

required to measure GA concentrations in the floret to monitor changes in GA levels.

Plant height was significantly reduced by Ethrel™ and Manipulator™ in Trial 2. Ethrel™
and Manipulator™ reduced overall plant height by the same amount. However, unexpectedly, they
showed the opposite result in anther retention; Ethrel™ increased anther retention while
Manipulator™ decreased anther retention. Higher anther retention by Ethrel™ is thought to be due
to reduced cell extension of the filament. In theory, if the PGR reduced plant height, it may have
the same effect on the filament. Hence shorter filaments would be expected to cause higher anther
retention. However, Manipulator™ decreased anther retention. The effect of Manipulator™ was
different on plant height and anther retention. This suggested that, although GA can be produced
in almost the entire plant, different organs and cells have a different extent of GA synthesis. In
Arabidopsis and rice, different responses to GA were reported for certain organs and cell types
(Dugardeyn et al. 2008). Another possibility might be timing of Manipulator™ application. As
mentioned earlier, application of Manipulator™ at Zadoks GS 30 reduced plant height, but early

application may have facilitated break down of chlormequat chloride, thus GA synthesis resumes
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with excess GA precursors at the phase of filament elongation. Thus, this could explain why

Manipulator™ only reduced stem elongation, not filament elongation.

AAC Brandon had the highest anther retention in both Trials. This may be due to the
presence of the semi-dwarfing allele Rht-B1b. Because gibberellins control cell elongation, GA
insensitive semi-dwarf plants may have shorter anther filaments which results in anthers being

retained within the spikelets (Buerstmayr and Buerstmayr 2016).

Interestingly, although AAC Cameron did not have any semi-dwarfing alleles, it ranked
second highest for anther retention among the cultivars tested and was not statistically different
from AAC Brandon for anther retention in Trial 1. In Trial 2, AAC Cameron also had the second
highest anther retention, but was statistically lower than AAC Brandon. AAC Cameron rated as
intermediate for FHB resistance, but it had lower anther retention than AAC Brandon which is
rated as moderate resistance. This indicated that the differences in FHB resistance level cannot be

determined by only considering anther retention between these two cultivars

AAC Tenacious, Prosper and AAC Penhold had different rankings among cultivars in
terms of the percentage of anther retention in Trial 1 and Trial 2. This discrepancy is likely due to
environmental variation between the experiments; as anther retention is a quantitative trait,
changes in the environment can confound the accuracy of the phenotyping. Also, the cultivar
means represent the means across all PGR treatments. Since cultivars responded differently to the

PGR, looking at the means across all PGR treatments could explain the discrepancy of ranking.

With the exception of AAC Brandon, FHB resistance ratings of the cultivars reflected the
level of anther retention in Trial 2 where lower anther retention was associated with higher FHB

resistance. Generally, cultivars with little or no anther retention tend to have low FHB infection
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(Buerstmayr and Buerstmayr 2015; Wanguimwaniki 2017). Therefore, it can be concluded that

low anther retention may contribute the level of FHB resistance of cultivars.

Plant height was measured only in Trial 2. The correlation between plant height and anther
retention revealed a significant negative relationship. Plant height is controlled by cell elongation
and cell division. If the plant is short, it may also have smaller anthers, and shorter anther filaments
which may lead to higher anther retention. Buerstmayr and Buerstmayr (2016) also found highly

negative correlation between height and anther retention in winter wheat populations.

Overall, the percentage of anther retention in Trial 2 was approximately twice that of Trial
1. The nature of quantitative trait is highly influenced by environment. Because it was impractical
to have identical environments between trials, minor genes affecting anther retention could react
differently to environment, resulting in different percentages of anther retention in Trial 1 and Trial
2. Therefore, more environments under the different temperature and light intensity would be

required to evaluate anther retention despite the fact that anther retention is highly heritable.

Data on Trial 2 showed AAC Penhold or Prosper with Ethrel™ treatment led to a
significant increase in anther retention compared to treatment with Manipulator™. Both AAC
Penhold and Prosper have semi-dwarfing alleles Rht-D1b and Rht-B1b, respectively. Because
semi-dwarf plants are already insensitive to GA, anther retention of semi-dwarf plants could be
more sensitive to application of Ethrel™ than application of Manipulator™. Unlike AAC Penhold
and Prosper, AAC Brandon containing RAt-B1b did not appear to have higher anther retention
when Ethrel™ was applied. This may be due to different sensitivity to ET in different cultivars

(Campbell et al. 2001).
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Taken together, application of the PGR Ethrel™ significantly increased anther retention
and reduced plant height in spring wheat. In contrast, the PGR Manipulator™ reduced both anther
retention and plant height. The wheat genotypes had different degrees of anther retention in the
absence of PGR treatment. Different responses of anther retention among the cultivars in Trial 1
and 2 confirm the quantitative nature of anther retention and the susceptibility of the trait to
environmental influence. Treatment of semi-dwarfing cultivars Prosper and AAC Penhold with
Ethrel™ increased anther retention compared to the control, while treatment of the semi-dwarfing
cultivar AAC Brandon with Ethrel™ slightly decreased in anther retention, but it was not
significantly different from the control. This suggests sensitivity to ET in cultivars could be
different, despite the presence of the same semi-dwarfing allele. Because at least part of the growth
inhibition by ET is modulated through the destabilization of DELLA protein directly and also
decreasing auxin synthesis and its movement in stem tissues (Caldwell et al. 1988; Achard et al.
2003; Ramburan and Greenfield 2007; Wiersma et al. 2011), GA-insensitive cultivars could be

affected by Ethrel™ more effectively than Manipulator™.

AAC Brandon is a very interesting cultivar because it has a moderate level of resistance to
FHB and had the highest anther retention in this study. AAC Brandon comes from the cross
‘Superb/CDC Osler//ND 744’ (Cuthbert et al. 2017a). Among the parents of AAC Brandon, ND
744 has high level resistance to FHB. ND 744 is derived from the cross ‘ND 283 1/Parshall//ND
706 (Mergoum et al. 2005). The FHB resistance source of ND 2831 is inherited from a cross with
‘Sumai-3’. Sumai-3 is the most widely used for a source of resistance to FHB in the world and its
derivative cultivars have excellent resistance to the spread of infection (type II) within the infected
spike (Bai and Shaner 2004). Because anther retention can increase initial infection by Fusarium,

AAC Brandon may have strong type II FHB resistance to overcome potential issues caused by
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anther retention. Therefore, it is possible that this strong type Il FHB resistance contributes to the

moderate level of resistance to FHB in AAC Brandon in spite of its higher anther retention.

Application of PGRs to tall cultivars with the highest level FHB resistant could be used to
counteract the negative effects of FHB susceptibility associated with shorter plants. If anther
retention is affected by PGR application, this could also affect FHB resistant level in cultivars.
Therefore, with increased interest in PGRs, it is useful to understand if anther retention is affected
by PGR applications. The information in this study is important for growers to decide whether
using taller FHB resistant cultivar with PGRs to manage lodging risk would be useful. The results
from this study ascertain the effect of PGRs on anther retention and plant height and showed there
was interaction between PGRs and semi-dwarfing alleles. In the present study, Manipulator™ did
not increase anther retention in general, but Ethrel™ did. The effect on plant height by PGRs was
different depending on the semi-dwarfing alleles. Both PGRs reduced plant height for plants with
no semi-dwarfing alleles, while Ethrel™ reduced plant height for the cultivars with the Rht-B1b
allele, but Manipulator™ did not affect plant height in these cultivars. Neither PGR significantly
affected plant height of the cultivar with the Rht-D1b allele. Therefore, growers need to adjust
their management when they apply PGR on wheat. For example, based on the type of PGR, anther
retention could be increased, thereby growers need to consider the type of PGR and genotype of
wheat. In addition to this experiment, inoculation of Fusarium can be applied to determine FHB
infection severity related to anther retention and semi-dwarfing alleles in the future research.
Finally, anther filament length and anther size can be measured in order to determine how PGRs

affect these traits.
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5 Chapter 5.0. The effect of the plant growth regulators Manipulator™ and Ethrel™ on
the accumulation of Fusarium graminearum DNA in spring wheat (Triticum aestivum L.)
spikes

5.1 Abstract

Fusarium head blight (FHB) is a devastating fungal disease of cereal crops caused mainly
by Fusarium graminearum. It decreases yield and quality of the grain. Height in wheat (Triticum
aestivum L.) is associated with FHB infection. This could be because of the semi-dwarfing alleles
Rht-B1b and Rht-D1b. Both semi-dwarfing alleles influence gibberellin (GA) response to make
plants short. Some plant growth regulators (PGRs) also affect the GA pathway, either directly or
indirectly. As use of PGRs has increased with intensive management, it is essential to examine
whether PGRs affect FHB development in wheat. This study evaluated the effect of PGRs,
Manipulator™ and Ethrel™, on the accumulation of F. graminearum DNA in the spike and plant
height of spring wheat cultivars that differ in height, semi-dwarfing genes, and FHB resistance.
Two controlled environment studies were conducted using five spring wheat cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper), and three PGR treatments

(Manipulator™, Ethre]™ and no PGR control).

Ethrel™ significantly reduced (p<0.001) the fungal DNA accumulation in Trial 1 and plant
height in both trials. For wheat cultivars with the semi-dwarfing allele Rht-B1b, Prosper and AAC
Brandon, spraying Ethrel™ significantly decreased the fungal DNA accumulation in both trials.
For cultivars without the semi-dwarfing Rht-B1b allele, application of Ethrel™ increased fungal
DNA accumulation in the spike in both trials. This indicated Ethrel™ effects are different among
genotypes. Results for application of Manipulator™ were variable and inconsistent for fungal
DNA accumulation in the two trials. Significant differences between Trial 1 and Trial 2 accounted

for variation and conflicting results. AAC Penhold which has the semi-dwarfing allele Rht-D1b
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responded in the opposite direction for fungal DNA accumulation in Trial 1 and Trial 2 when it
was sprayed with Manipulator™. This suggested that Manipulator™ may interact differently with
Rht-D1b in different environments. Overall, the results presented here show that the role of PGRs
in the accumulation of fungal DNA in the spike is different depending on the genotype of wheat.
Further experiments are required to understand the specific interaction between PGRs and wheat
genotype.
5.2 Introduction

Fusarium head blight (FHB), caused by Fusarium spp., is one of the most important fungal
diseases of cereal crops. In North America, Fusarium graminearum Schwabe [teleomorph
Gibberella zeae (Schwein.) Petch] is the predominant agent. Fusarium head blight causes loss of
yield and grain quality and threatens food and feed safety by producing mycotoxins, including
deoxynivalenol (DON), in the grain. Resistance to Fusarium head blight in wheat is a quantitative
trait and is influenced by environment. Research has shown that semi-dwarfing alleles from the
Rht-B1 and Rht-D1 loci in wheat are associated with increased susceptibility to FHB (Buerstmayr
and Buerstmayr 2016). The Rht-B1 and Rht-D1 loci are located on chromosomes 4B and 4D,
respectively. Both semi-dwarfing alleles from the Rht-B1 and Rht-D1 loci are associated with
higher FHB disease incidence during the initial infection stage (Gilbert and Haber 2013; Liu et al.
2013). The presence of the Rht-D1b allele also increased disease spread within the spike tissues
while the presence of the Rht-B1b allele did not (Miedaner and VVoss 2008; Srinivasachary et al.
2009; Liu et al. 2013; Lu et al. 2013; Buerstmayr and Buerstmayr 2016). Semi-dwarf plants are
preferable to growers since semi-dwarf plants produce less straw to thresh and have better lodging
tolerance; the latter enables optimum nutrient management and substantial yield increases. The

Rht-B1 and Rht-D1 loci encode DELLA proteins which function in gibberellin (GA) response; the
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Rht-B1b and Rht-D1b semi-dwarfing alleles encode truncated DELLA proteins which render the

plants insensitive to GA, thus resulting in a semi-dwarf phenotype.

Plant growth regulators (PGRs) are naturally present in plants and PGRs are also referred
to as synthetic compounds that modify plant growth and development by altering hormonal activity
in the plant. Currently, PGRs are used in cereal crops primarily to prevent lodging. Three
commercial PGR formulations are available to wheat producers in Canada: Manipulator™
[Taminco US LLC., USA] and Moddus® [Syngenta Canada Inc., Guelph] are GA inhibitors, while
Ethrel™ [Bayer CropScience Inc., Calgary] is an ethylene (ET) releasing product. The active
ingredient for Manipulator™ is chlormequat chloride (CCC) which directly inhibits the
biosynthesis of GA (Hedden and Sponsel 2015; Rademacher 2016). The active ingredient for
Ethrel™ is ethephon which elevates levels of ethylene (ET) in the plant. Endogenous ET represses
production of bioactive GAs and causes an increase in DELLA protein accumulation (Achard et
al. 2003; Dugardeyn et al. 2008; Igbal et al. 2017). In addition to that, ET interacts with auxin by
supressing synthesis and movement of auxin in the stem tissue (Caldwell et al. 1988; Wiersma et
al. 2011; Vaseva et al. 2018). When applied singly, these PGR products induce morphological
changes in the plant by reducing cell elongation and thickening stems; however, because of
crosstalk and interaction between GA, ET and auxin, the disruption of one may inadvertently result

in unpredictable secondary effects.

Studies of the effect of CCC application or ethephon application have produced conflicting
results. For example, Mankeviciene et al. (2008) reported that use of CCC and ethephon together,
or spraying CCC twice, once at an early stage and once at a late stage of winter wheat, increased

the content of Fusarium spp fungi in the grains, significantly increased zearalenone, and slightly
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increased DON concentration in grains in the field condition without artificial inoculation. On the
other hand, a field study showed that both PGRs, ethephon and CCC, had a significant effect on
spikelet and seed infection caused by F. graminearum under wet field conditions using ascospore
inoculation, while there was no effect of both PGRs on spikelet and seed infection when
macroconidia inoculation of spikes at anthesis was used on the red spring wheat cultivar ‘Max’
(Fauzi and Paulitz 1994). Under greenhouse conditions, the application of the active ingredients
CCC or ethephon, did not significantly affect on FHB progression (Fauzi and Paulitz 1994).
Therefore, the role of PGRs and its mechanisms on FHB inhibition are largely unclear and

represent a knowledge gap in the field.

Exogenous applications of GA and ET exhibited either a positive or negative effect on FHB
infection in wheat, depending on the study (Li and Yen 2008; Chen et al. 2009; Buhrow et al. 2016;
Sun et al. 2016; Foroud et al. 2018; Haidoulis and Nicholson 2020). Treatment with exogenous
GA and inoculum of F. graminearum in the FHB-susceptible wheat cultivar ‘Fielder’ at anthesis
resulted in a reduction of both FHB disease symptoms and the accumulation of DON in isolated
grains compared to inoculation of the pathogen alone without the PGR (Buhrow et al. 2016). In
another study, GA treatments on the FHB resistant cultivar ‘Sumai-3’ and the FHB susceptible
landrace ‘Y 1193-6" did not show a noticeable impact on their FHB resistance or susceptibility (Li
and Yen 2008). The effects of exogenous application of ET on FHB are more ambiguous. The
application of ethephon did not affect FHB in Sumai-3, but it did induce FHB resistance in Y1193-
6 (Li and Yen 2008). Ethylene enhancers, ethephon and ET precursor 1-aminocyclopropane-1-
carboxylic acid (ACC), increased resistance to F. graminearum in FHB susceptible cultivars
(Foroud et al. 2019b). In contrast, wheat treated with ethephon enhanced susceptibility of wheat

to F. graminearum infection (Chen et al. 2009). Additionally, the application of ET precursor ACC
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significantly increased susceptibility of Purple false brome (Brachypodium distachyon) to FHB
(Haidoulis and Nicholson 2020). In another study, ethephon treatment failed to have any impact
on the FHB in the highly FHB resistant wheat landrace ‘Wangshuibai’ and FHB susceptible mutant

‘NAUHI117” (Sun et al. 2016).

In considering the current body of empirical evidence on the effect of PGRs and exogenous
application of phytohormones on FHB, the relationship between the two remains equivocal. With
increasing interest in the use of PGRs on high yield wheat cultivars to reduce lodging and increase

yield, research to explore the effects of PGRs on FHB and its mechanisms is warranted.

Quantitative real time polymerase chain reaction (qPCR) is very sensitive and rapid tool
for detecting and quantifying Fusarium species in infected samples. In particular, it allows for
differentiation of species and offers an efficient estimation of individual species. Because F.
graminearum is the most important trichothecene producing Fusarium species in North America,
using qPCR to estimate fungal contamination of samples provides highly specific and relatively

fast quantification of individual species.

Therefore, the objectives of this study were to determine the effect of two PGRs,
Manipulator™ and Ethrel ™, on plant height and to quantify the accumulation of F. graminearum
DNA in the wheat spikes of different spring wheat cultivars. Furthermore, the study aimed to
validate the interaction between the semi-dwarfing alleles Rht-B1b and Rht-D1b with PGRs and

FHB in spring wheat cultivars.
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5.3 Materials and methods

5.3.1 Plant material and experimental design

The experiment was conducted in a completely random design with three replicates inside
a growth room. The whole experiment was repeated as Trial 1 and Trial 2. Growth room conditions
were set to 23°C for 16 hours with light and 18°C for 8 hours without light. Each replicate consisted
of one plant per cultivar assigned to each of the three treatments: Manipulator™, Ethrel™, and

control.

Five cultivars, AAC Tenacious, AAC Penhold, AAC Brandon, AAC Cameron, and Prosper,
were used in the study. The designated end-use quality class, height, level of FHB resistance, and
the presence of semi-dwarfing alleles for each cultivar are presented in Table 5.1. Plants were
grown in root trainers (14 x 3.5 x 2.5 cm per one cell) with Sunshine® soil mix #4 [Sungro®
Horticulture., USA]. When they reached Zadoks growth stage (GS) 12 (Zadoks et al. 1974), they
were transplanted individually into 15 x 18 cm pots. Slow release fertilizer (13-12-12) [Master
Plant-Prod Inc., Brampton] was applied the day following transplanting at 15 ml/pot. Water-
soluble fertilizer (20-20-20) [Even spray & Chemicals LTD., Winnipeg] was diluted at a rate of

15 ml/ 4 L of water and applied to each plant every three weeks.
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Table 5.1. List of five cultivars used in each controlled environment experiment with wheat end-
use class, height, FHB resistance level and the presence of semi-dwarfing alleles.

Cultivars Wheat Classes

Semi-dwarfing Alleles
(Rht-B1 or Rht-D1)®

Height (cm)? Resistance to
eight (cm

Canada Prairie
Spring Red (CPSR)

AAC Tenacious

AAC Penhold CPSR
Canada Western Red
AAC Brandon )
Spring (CWRS)
AAC Cameron CWRS
Canada Northern
Prosper

Hard Red (CNHR)

FHB?
Tall (101) Resistance (R) None
Moderatel
Short (71) _ Y Rht-D1b
Resistance (MR)
Intermediate
MR Rht-B1lb
(81)
Intermediate
Tall (94) _ None
Resistance (I)
Intermediate
I Rht-B1b

(84)

3Seed Manitoba 2018 and °Dr. Santosh Kumar from Agriculture and Agri-Food Canada, Brandon Research and

Development Centre
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5.3.2 Plant growth regulator application
Manipulator™ (620 g/L of Chlormequat choride) was applied to the plants at Zadoks GS

30 at a rate of 1.8L/ha in the spray chamber model #2 manufactured by Taminco US LLC. Ethrel™
(240 g/L of Ethephon) was applied to the plants at the Zadoks GS 37 to 45 at a rate of 1.25 L/ha
in the spray cabinet. Both PGRs were diluted with distilled water. PGR treatments were applied
following manufacturer’s suggested rate. For the control treatment, nothing was applied.
5.3.3 Inoculum preparation and inoculation

Four different isolates of F. graminearum were obtained in 2015 from Dr. Maria Antonia
Henriquez (Morden Research and Development Center of Agriculture and Agri-Food Canada).
Two isolates were the 3 acetyl-deoxynivalenol chemotype (HSW-15-39 and HSW-15-87), and two

isolates were the 15 acetyl-deoxynivalenol chemotype (HSW-15-27 and HSW-15-57).

Inoculum for each isolate was prepared by taking a section of a single spore isolation on
potato dextrose agar media and transferring it onto a Spezieller Nahrstoffarmer agar (SNA)
(Nirenberg 1981) media plate (20mL media/plate). Plates were placed under a UV light at room
temperature for one week. Subsequently, the SNA media was sliced and transferred into flasks of
liquid carboxymethyl cellulose (CMC) (Tuite 1969) media (1.5 L/flask) and placed under UV
light with aeration for another week to produce macroconidia. The culture was strained through
sterile cheesecloth into sterile glass bottles and kept at 4°C until use. Macroconidia concentration
of each culture was determined visually under a microscope using a hemocytometer. To prepare
spray inoculum, equal macroconidia counts of each isolate were combined in a one litre bottle and
distilled water was used to adjust the concentration to produce one litre of spray inoculum at a
final concentration of 50,000 macroconidia/mL. Tween 20 [VWR international., Edmonton] was

added as a surfactant to each bottle at a rate of 4ml/L.
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Anthesis date was recorded for each spike in the plant and was defined by visible extrusion
of the first anther in the spike. When 50% of spikelets had extruded anthers, the spike was sprayed
with inoculum using a hand sprayer. Each spike was sprayed with three pumps until whole spike
was wet. Three spikes per plant were inoculated. After inoculation, spikes were covered with a
glycine bag for two days to maintain humidity.

5.3.4 Height measurement

Plant height was determined prior to sample collection by measuring with a 2-meter ruler
the height of all individual spikes sampled on each plant from the soil surface in the pot to the tip
of the spike (excluding awns).

5.3.5 Spike collection

Inoculated spikes were collected 14 days post inoculation, flash frozen immediately in
liquid nitrogen, and stored at -80°C for further DNA extraction.
5.3.6 DNA extraction

Whole spikes were ground to a fine powder with liquid nitrogen in a sterile mortar and
pestle. Approximate 0.90 g of fine powder of each sample was transferred into a 1.5 ml tube. DNA
extraction was performed using the Qiagen plant mini kit [QIAGEN., USA] following the

manufacturer’s protocol.

Fungal DNA from HSW-15-39 served as a reference for downstream F. graminearum
quantification. Fungal DNA was isolated from liquid cultures of HSW-15-39 using an extraction
protocol provided by Dr. Maria Antonia Henriquez (Pers. Comm. Dr. Maria Antonia Henriquez,
2021, Agriculture and Agri Food Canada). The extraction protocol was a modification of the
Qiagen plant mini kit protocol. Briefly, fungal cultures in CMC were centrifuged for 10 min at

12000 rpm to form a pellet of the mycelia. Approximately 0.7 g of mycelia was ground and
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dispersed in 1000 pL TES extraction buffer (NaCl, Tris pH7.5, EDTA pH8 SDS, and H20). 2 uL
of RNase (10 mg/mL) and 2 pL of proteinase K were added. After incubation at 65°C for 45min,
500 pL of 7.5 M ammonium acetate was added and the samples were incubated at room
temperature for 5 min. After centrifugation for 10 min at 12000 rpm, DNA was isolated with
chloroform: isoamyl alcohol (24:1). Another round of centrifuge was done for 10 min at 12000
rpm, the supernatant was collected, and isopropanol was added to the supernatant. After adding
isopropanol into the samples, the isolated DNA was subsequently precipitated and purified using
the Qiagen plant mini kit. DNA concentration was determined using a Nanodrop™2000 [ Thermo
Scientific™.,, USA] and stored at -20°C until use.
5.3.7 Quantitative real time PCR

Quantitative real time polymerase chain reaction (QPCR) was used to quantify fungal DNA
in the inoculated wheat spikes. A primer pair specific to F. graminearum (translation elongation
factor la gene) was used: FgramB379 (CCATTCCCTGGGCGCT) and FgramB41l
(CCTATTGACAGGTGGTTAGTGACTGG) (Nicolaisen et al. 2009). Quantitative real time PCR
reactions were performed in 96 well plates using 20 pl reactions consisting of 10 pl 2x PowerUp™
SYBR™ Green Master Mix [Applied Biosystems., USA], 250 nM of each primer, 40 ng template
DNA, and nuclease free water as required. Each reaction was performed in technical triplicate for
all samples. Reactions were run using a CFX96™ Real-Time System [Bio-Rad Laboratories
(Canada) Ltd., Mississauga] using the following protocol 2 min at 50 °C; 95 °C 10 min; 40 cycles
of 95 °C for 15 s and 62 °C for 1 min followed by dissociation curve analysis at 60 to 95 °C
(Nicolaisen et al. 2009). A standard curve of F. graminearum DNA from isolate HSW-15-39 was
included on each plate for quantification of fungal DNA in infected spike samples. The standard

curve consisted of a ten-fold dilution series spanning from 50 ng to 500 fg of pure fungal DNA.
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The amount of fungal DNA in each sample was calculated using the linear equation derived from
Cq values of the standard curve.
5.3.8 Data analysis

Statistical analyses were performed using SAS software version 9.4 [SAS institute inc.,
USA]. Analysis of variance was carried out on the accumulation of fungal DNA using PROC
Mixed. Levene’s tests for homogeneity of variance was performed using PROC GLM. Levene’s
test determined that the data could not be pooled. In addition to that, PROC Univariate visual
observation of the distributions of the residual variances also suggested that trials could not be
pooled, thus data from the two trials were analyzed and presented separately. The model statement
listed the treatments, genotypes, and the interaction of treatment*genotype as fixed effects. Tukey
means comparison test was used for comparisons of means for main effects and their interactions.
To meet assumptions for analysis of variance, the data were transformed by using square root

transformation for Trial 2 to improve skewness, kurtosis and Shapiro-wilk values.

Height data for both Trial 1 and 2 were analyzed using SAS software version 9.4 [SAS
Institute Inc., USA] with PROC Mixed. Levene’s test for homogeneity of variance was conducted
using PROC GLM. Levene’s test indicated that data could be pooled. Results from the trials were
pooled and analyzed using PROC Mixed. The model statement listed the treatments, genotypes
and the treatment*genotype interaction as fixed effects. Trial, trial*treatment, trial*genotype, and
trial*treatment*genotype were used as random effects. Tukey means comparison test was used for
comparisons between main treatments and between genotypes. Eta squared was calculated as
described by Brown (2008) and was used to ascertain the proportion of variation in height
contributed by the treatments, genotypes and treatment*genotype interaction, trial, trial*treatment,

trial*genotype, and trial*treatment*genotype.
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A Pearson’s correlation coefficient between the fungal DNA accumulation and the plant

height in Trial 1 and Trial 2 were generated using PROC Corr in SAS version 9.4.

5.4 Results

5.4.1 Analysis of variance for fungal DNA accumulation

Analysis of variance showed significant PGR treatment, cultivar, and PGR

treatment*cultivar effects for the accumulation of fungal DNA in both trials (Table 5.2).

Table 5.2. Analysis of variance for fungal DNA (ng) accumulation in the Trial 1 and Trial 2. Trial
2 was transformed by square root.

Trial 1 Trial 2
Source of variation
DF? MSP P¢value DF MS P value
PGRYtreatment 2 109.98 <.0001 2 1.11 <.0001
Cultivar 4 302.23 <.0001 4 22.81 <.0001
PGR treatment*Cultivar 8 32.01 <.0001 8 0.92 <.0001
Error 120 4.87 120 0.083

aDF=Degrees of Freedom, "MS=Mean square, ‘P=Probability, and PGR=plant growth regulator.

5.4.2 Effect of PGR on fungal DNA accumulation
Plant growth regulator treatment affected accumulated fungal DNA in the spike for both

trials. The Manipulator™ treatment significantly increased fungal DNA (6.63 ng) in the spike
while the Ethrel™ treatment reduced fungal DNA accumulation (3.51 ng) in the spike compared
to the control (4.87 ng) in Trial 1 (Table 5.3). The accumulation of fungal DNA in spikes treated
with Manipulator™ in Trial 1 was more than three times higher than in Trial 2. In Trial 2,
Manipulator™ significantly reduced the accumulation of fungal DNA (2.01 ng) compared to the
control (2.58 ng). Ethrel™ application slightly lowered the fungal DNA (2.58 ng) in the spike, but

was not statistically different from the control treatment in Trial 2.
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Table 5.3. Least square means of fungal DNA (ng) in spike of plant growth regulator (PGR)
treatments (Control, Ethrel™, Manipulator™) with three replicates across five cultivars in Trial 1
and Trial 2.

Fungal DNA (ng)
PGR treatment Trial 1 Trial 2
Control 487 B 299A
Ethre]™ 351C 2.58A
Manipulator™ 6.63 A 201B

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.

5.4.3 Effect of cultivar on fungal DNA accumulation

The accumulation of fungal DNA in the spike was significantly different, depending on
cultivars in both Trial 1 and 2 (Table 5.4). In Trial 1, two moderately resistant cultivars AAC
Brandon and AAC Penhold, along with the intermediately resistant cultivar AAC Cameron showed
similar levels of fungal DNA accumulation. The intermediate resistant cultivar Prosper had the
highest fungal DNA accumulation whereas the resistant cultivar AAC Tenacious had the lowest
fungal DNA accumulation for both trials. In Trial 2, AAC Cameron was the second highest for
fungal DNA accumulation followed by AAC Brandon. AAC Cameron had slightly higher fungal
DNA accumulation than AAC Brandon, but they were not statistically different. Fungal DNA

accumulation for AAC Penhold was the second lowest among cultivars.
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Table 5.4. Least square means of fungal DNA (ng) in spikes of cultivars, AAC Brandon, AAC
Cameron, AAC Penhold, AAC Tenacious, and Prosper, with Fusarium head blight resistance level
across plant growth treatments in Trial 1 and Trial 2.

Fungal DNA (ng)
Cultivar FHB Resistance Level® .
Trial 1 Trial 2
AAC Brandon MRP 493 B 2.55BC
AAC Cameron I 4.12 B 3.14B
AAC Penhold MR 575B 2.16 C
AAC Tenacious R¢ 0.45C 0.06 D
Prosper I 976 A 8.01 A

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.
3Seed Manitoba 2018, "MR=Moderate Resistance, ¢I=Intermediate Resistance, and “R=Resistant.

5.4.4 Interaction between cultivar and PGR for fungal DNA accumulation

Analysis of variance showed there were significant interactions between cultivar and PGR
treatment in both trials (Table 5.2) The interaction between cultivar and PGR treatment was mainly
caused by a changes in the relative differences in magnitude among the cultivars under different
PGR treatments (Figure 5.1 and Figure 5.2). Within the PGR treatments, the trends of the fungal

DNA accumulation among the cultivars were similar.

In Trial 1, across all treatments AAC Tenacious had the lowest fungal DNA
accumulation and Prosper had the highest fungal DNA accumulation (Figure 5.1). There were
slight differences in relative ranking of fungal accumulation among the cultivars AAC Brandon
and AAC Cameron. AAC Penhold showed large differences in fungal DNA accumulation among
the different PGR treatments with much higher accumulation with the application of

Manipulator™ compared to the control or application of Ethrel™., Prosper had significantly
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higher fungal DNA accumulation with the application of Manipulator™ compared to application
of Ethrel™,

In Trial 2, the lowest fungal DNA accumulation was observed in AAC Tenacious, and
the highest fungal DNA accumulation was observed in Prosper across all treatments (Figure 5.2).
There were significant changes in relative ranking of fungal accumulation among the cultivars
AAC Brandon, AAC Cameron and AAC Penhold, depending on the PGR treatments. AAC
Brandon showed less accumulation of fungal DNA with the application of Ethrel™ and slightly
less accumulation of fungal DNA with the application of Manipulator™ compared to the control.
AAC Cameron showed much higher fungal DNA accumulation with the Ethrel™ compared to
the control or application of Manipulator™. AAC Penhold had much lower accumulation with

application of Manipulator™ compared to the control or application of Ethrel™,

115



14

12

10 AB

BC BC

Fungal DNA (ng)
N IN o [0
AAC Brandon O
AAC Cameron "
AAC Penhold T O
AAC Tenacious I'o
Prosper 3,3
AAC Brandon ©
AAC Cameron ©
AAC Penhold o
AAC Tenacious ©
Prosper
AAC Brandon
AAC Cameron /=
AAC Penhold
AAC Tenacious I
Prosper I —— x>

Control Ethrel Manipulator

Treatment*Cultivar

Figure 5.1. Interaction between plant growth regulator (PGR) treatments (Control, Ethre]™, and Manipulator™) and cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) on fungal DNA (ng) per spike in Trial 1. Bars indicate the
accumulation of fungal DNA (ng) for each treatment combination. Bars denoted by the same letter are not significantly different at

p=0.05 based on the Tukey means comparison test.
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Figure 5.2. Interaction between plant growth regulator (PGR) treatments (Control, Ethrel™, and Manipulator™) and cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) on fungal DNA (ng) per spike in Trial 2. Bars indicate the
accumulation of fungal DNA (ng) for each treatment combination. Bars denoted by the same letter are not significantly different at

p=0.05 based on the Tukey means comparison test.
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5.4.5 Plant height

Analysis of variance showed there were significant PGR treatment and cultivar effects on
plant height (Table 5.5). However, no interaction between treatment and cultivar was observed.
The plant heights in Trial 1 and Trial 2 were not significantly different from each other. There was

a significant trial*PGR treatment*cultivar interaction.

Based on proportion of variation explained, cultivar contributed more than 60% to the total
variation while PGR treatment and interaction between PGR treatment and cultivar contributed 3%
and 4% each to the total variation (Figure 5.3). With 60% of contribution to the total variation,
cultivar mainly caused differences in the height. The residual contributed 21% of the total variation,
indicating that a lot variation in the trial was not accounted for in the model. Trial*PGR
treatment*cultivar interaction attributed 3% to the total variation of height. The significant three
way interaction was probably due to behavior of cultivars across of combinations of treatment and

cultivar between the trials.

Table 5.5. Combined analysis of variance for plant height (cm) in Trials 1 and 2.

Source DF? Mean Square Pr>F

PGR? treatment 2 379.74 0.0294
Cultivar 4 3919.79 0.0034

PGR treatment*Cultivar 8 125.49 0.2432
Trial 1 151.88 0.3895
Trial*Treatment 2 11.51 0.8607
Trial*Cultivar 4 137.57 0.2171
Trial*PGR treatment*Cultivar 8 75.32 0.0006

Residual 240 20.95
aDF=Degrees of Freedom, and PPGR=Plant growth regulator.
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Figure 5.3. Proportion of total variation allocated to the main effects and cultivars and their
interactions for each response variables. Eta squared was calculated by adding all the sums of
squares then dividing the sums of squares for each of effects, interactions, and the residual by that
total to indicate the relative proportion of variation explained by the effects (Brown 2008).
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PGR treatment affected plant height. Ethrel™ significantly reduced plant height compared
to the control treatment (Table 5.6). Manipulator™ lowered the plant height, but it was not
statistically different than the control treatment or the Ethrel treatment. AAC Cameron had the
tallest plants, followed by AAC Tenacious, AAC Brandon, and Prosper (Table 5.7). The plant
heights of AAC Brandon and Prosper were not significantly different from each other. AAC
Penhold was the shortest cultivar among the cultivars, but was not significantly different from

AAC Brandon and AAC Penhold.

Table 5.6. Least square means of plant height (cm) with plant growth regulator treatments, Control,
Ethrel™, Manipulator™, across five cultivars in the combined Trial 1 and Trial 2.

Plant growth regulator treatment Height (cm)
Control 74.95 A
Ethrel™ 70.95B
Manipulator™ 73.76 AB

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.

Table 5.7. Least square means of plant height (cm) of cultivars (AAC Brandon, AAC Cameron,
AAC Penhold, AAC Tenacious, and Prosper) across PGR treatments in combined Trial 1 and 2.

Cultivar Height (cm)
AAC Brandon 71.24 BC
AAC Cameron 86.04 A
AAC Penhold 62.99 C

AAC Tenacious 75.86 B
Prosper 69.97 BC

Means followed by same letter in a column are not significantly different at p=0.05 based on the Tukey means
comparison test.
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5.5 Discussion

The lack of consistently effective FHB control strategies makes FHB a significant threat to
the wheat production. Growing wheat cultivars with strong resistance to FHB could be the most
reliable and consistent method to control FHB when they are combined with other FHB control
strategies. However, wheat cultivars in the market that have both strong resistance to FHB and
desirable agronomic traits are limited. While growers prefer to grow semi-dwarf cultivars of wheat,
most FHB-resistant cultivars tend to be tall. With growing interest in the use of PGRs to reduce
height and increase lodging tolerance, an understanding of how these compounds affect the
interaction between FHB and wheat cultivars is necessary. In this study, different spring wheat
cultivars with varying levels of FHB resistance, height, and semi-dwarfing gene combinations

were used to examine the role of PGRs in the accumulation of F. graminearum in the spike.

This study showed that the accumulation of fungal DNA followed the level of resistance
to FHB of the cultivars such that the intermediate resistant FHB cultivar Prosper had the highest
fungal DNA accumulation and the resistant cultivar AAC Tenacious had the lowest. According to
Seed Manitoba (2018), Prosper is an intermediate height spring wheat cultivar and AAC Tenacious
is a tall spring cultivar. Even though AAC Cameron was the tallest cultivar during these studies, it
had more than 10 times the fungal DNA accumulation than AAC Tenacious, indicating the
resistance level of the cultivar contributed greater to the accumulation of fungal DNA in the spike

than height.

The results presented in this study suggested that Ethrel™ not only reduced the plant height,
but also tended to lower fungal DNA accumulation in the spike except the case of AAC Cameron
in Trial 2. Since Ethel™ has ethephon as an active ingredient, it induces increases in ET level in

the plant. Previously, the work of Li and Yen (2008) found that exogenous application of ethephon
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plays positive roles in increasing FHB resistance in susceptible cultivars; these results mirrored
those of Foroud et al. (2019) which found ET enhancers such as ethephon and ACC improved
resistance, especially type Il (spread within the spike) resistance, in the susceptible cultivars and
did not change the level of FHB resistance or susceptibility in the resistant cultivars. Collectively,
these works match the observations in this study. Ethrel™ with Prosper or AAC Brandon
significantly reduced fungal accumulation compared to the control treatment. Both Prosper and
AAC Brandon have the semi-dwarfing allele Rht-B1b. The Rht-B1b alleles encodes mutant forms
of DELLA proteins, which repress GA-responsive growth (Saville et al. 2012). DELLA proteins
have the ability to regulate plant and pathogen interactions. The presence of DELLA proteins
contributes to resistance against necrotrophic pathogens through their influence on the jasmonic
acid and ET signaling pathways (Navarro et al. 2008; Harberd et al. 2009). Moreover, the DELLA
proteins play a role in the reduction of reactive oxygen species accumulation. This role contributes
to delayed cell death and promotes tolerance against necrotrophic pathogens (Achard et al. 2008).
Taken all together, DELLA proteins contribute a huge role in regulating plant growth in response
to internal cues and external biotic and abiotic stresses (Sun 2010). Since ET inhibits GA synthesis
which stabilizes DELLA proteins (Ross et al. 2016; Igbal et al. 2017), spraying Ethrel™ elevates
the levels of ET in the semi-dwarf wheat and it could have a synergetic effect with DELLA proteins
for increasing resistance to FHB. In addition, ET could act as one of the defence hormones in the
plant and result in host resistance (Haidoulis and Nicholson 2020). Ethylene plays a role with
jasmonic acid in reducing disease development caused by necrotrophic pathogens (Li and Yen
2008). On the other hand, application of Ethrel™ to AAC Cameron increased the accumulation of
fungal DNA. AAC Cameron is an intermediate resistant cultivar with no semi-dwarfing gene.

Ethylene may play different roles in mediating the response to FHB depending on genotype. For
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example, application of ethephon did not significantly change in Sumai-3 FHB reaction, but it did
increase FHB resistance in Y1193-6 (Li and Yen 2008). In another study, ET enhancers increased
resistance to F. graminearum in FHB susceptible cultivars (Foroud et al. 2019b). These results
show that differences in genotype may affect important factors for ET response to FHB. According
to Chen et al. (2009), enhancing ET levels significanlty increased colonization and conidial
production of F. graminearum in wheat. Since ET accelerated plant senescence, it could lead to
cell wall softening or dissolving and promoting cell death to offer favorable conditions for the
pathogen to invade the plant (Li and Yen 2008). Another possibility is that since ET promotes
susceptibility to biotrophs and Ethrel™ was applied before inoculation, this influences mostly the
biotrophic phase of F. graminearum infection and colonization (Haidoulis and Nicholson 2020).
These could be the reason why AAC Cameron with application of Ethrel™ had significantly higher
fungal accumulation compared to the control or Manipulator™ application. Overall, our results
using Ethrel™ as one of the PGRs for investigating F. graminearum DNA accumulation indicate

that the role of Ethrel™ in F. graminearum accumulation is genotype dependent.

The lack of consistency in the effect of Manipulator™ was due to levels of variation
between the two trials performed and the nature of the quantitative trait for FHB resistance. In
addition, the interaction between Manipulator™ and AAC Penhold had contradictory results.
Although growth rooms are an excellent instrument to control environment for research, it is very
difficult to re-enact identical environments between experiments because of variability between
repetitions within a chamber (Potvin and Tardif 1988). Many reports have mentioned that various
factors in growing conditions such as humidity, spectral changes with light over time, gas
concentration, schedule of watering, among other reasons, cause differences between experiments

(Measures et al. 1973; Potvin and Tardif 1988; Potvin et al. 1990; Porter et al. 2015). Potvin and
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Tardif (1988) identified three main sources of variation in growth chambers: chamber effect, time
effect, and an interaction between chamber and time effect. Since the same growth room was used
for Trial 1 and 2, time effect and interactions between trials and time could have influenced the
results of this study. Time effect is caused by uncontrolled factors such as batch of soil or fertilizer
and watering schedule. Interaction of effects of a particular chamber at a given time can be
influenced by fluctuations of light intensity as bulbs age. Because a single growth room does not
produce an identical environment for each trial, different environments could affect the GA
signalling pathway (Kamiya and Garcia-Martinez 1999; Achard et al. 2006; Harberd et al. 2009)
and the FHB resistance gene in wheat cultivars. Resistance to Fusarium head blight in wheat is a
quantitative trait. Quantitative traits are strongly affected by environments. Differences in
environment produced in the growth room could affect the accumulation of fungal DNA in wheat
cultivars. For example, moderately resistant cultivar AAC Penhold with application of
Manipulator™ significantly increased fungal DNA accumulation compared to the control in Trial
1, while it decreased fungal DNA accumulation compared to the control in Trial 2. This
phenomenon indicated that the possibilities that the fungal DNA accumulation in infected spikes
of cultivars were more vulnerable to environment factors when Manipulator™ was applied, there
were variations in application of Manipulator™ between the trials, or the batch of F. graminearum
between the trials had variation. The differences in correlation between height and fungal DNA

accumulation supports that there was the variation in F. graminearum between trials (Table A.32).

Manipulator™ has the active ingredient chlormequat chloride (CCC). As a gibberellin
biosynthesis inhibitor, CCC participates in early steps of GA biosynthesis by blocking CDP-
synthase and ent-Kaurene synthase (Rademacher 2016). AAC Penhold has the semi-dwarfing

allele Rht-D1b. Unlike Rht-B1b, Rht-D1b may interact difterently with Manipulator™. This could

124



be supported by different effects of the semi-dwarfing genes on type II (spread within the spike)
resistance in wheat. Both RA#-B1b and Rht-D1b reduced the type I (disease incidence) resistance,
whereas Rht-B1b increased resistance against FHB severity, while Rht-D1b increased spread
within the spike (Miedaner and Voss 2008; Srinivasachary et al. 2009; Liu et al. 2013; Lu et al.
2013; Buerstmayr and Buerstmayr 2016). Conflicting results of fungal DNA accumulation from
spraying Manipulator™ on AAC Penhold suggest there may be a more complex interaction

between CCC and AAC Penhold in the GA biosynthesis pathway.

Altogether, it can be concluded that the role of PGRs in the accumulation of fungal DNA
appears to differ, depending on the level of host resistance to the FHB and genotype of wheat. The
higher fungal DNA accumulation equates to higher fungal biomass (Horevaj et al. 2011). Fusarium
biomass can be a predictor for FHB infection. Higher Fusarium biomass has been associated with
higher DON content in grain, FDK and severity (Horevaj et al. 2011). Therefore, it is important to
consider the type of PGRs and genotype of wheat when growers use PGRs to maintain potential
yield and reduce risk of FHB infection. Based on results from this study, Ethrel™ reduced plant
height consistently and the response of the plant to Ethrel™ is less likely affected by environment
factors. Future research under different environments could help understand how the responses of
wheat from the application of Manipulator™ interact with FHB. Since the amount of fungal DNA
in the spike was estimated in this study, fungal biomass in the spike could be assessed using a
different standard curve. Furthermore, disease severity can be measured to evaluate types of FHB

resistance of cultivar before quantifying fungal DNA accumulation.
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6 Chapter 6.0 General Discussion and Conclusion

Fusarium head blight (FHB) is a devastating fungal disease mainly caused by Fusarium
graminearum in Canada. This disease is considered as one of the most important diseases
worldwide because of the impact it has on yield and grain quality, and its ability to produce high
mycotoxin content in the grain. Small cereals including wheat are the main target for FHB. Canada
has had substantial economic losses since early 1990s (Government of Alberta 2021). Because
there is no single gene attributing complete resistance to FHB, this generates challenges for wheat
breeding against FHB. Currently, available highly FHB resistant cultivars are limited, and they
often come with undesirable agronomic traits such as tall height. Shorter cultivars are closer to
Fusarium inoculum sources and have a tendency of higher anther retention which provides
entrance to fungus. These make shorter cultivars vulnerable to FHB. Since shorter cultivars are a
preferable option for growers, applying plant growth regulators (PGRs) to existing highly FHB
resistant tall cultivars to reduce plant height and lodging may be a way to take advantage of the
FHB resistance without the risk of reduced yield due to lodging. However, because PGRs target
the gibberellin (GA) pathway directly or indirectly to alter plant growth, it is possible that PGRs
may change FHB resistance level of highly FHB resistant cultivars. To determine the effect of
PGRs on FHB infection, the first study examined the role of PGRs, Manipulator™ and Ethrel™
on FHB in five spring wheat cultivars by F. graminearum in field conditions. The second study
investigated the effect of PGRs on anther retention in the spring wheat cultivars in controlled
environments. The third study demonstrated the effect of PGRs on the accumulation of F.

graminearum DNA in spring wheat under controlled environments.

In the first study, field trials were conducted to evaluate the effect of PGRs on five spring

wheats that differ in height, semi-dwarfing alleles and level of FHB resistance at four different
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environments in Manitoba; Carman (2019), Winnipeg (2019), Carman (2020), and Winnipeg
(2020). There were six main effect treatments and five spring wheat cultivars. Because of hot and
dry conditions in 2019 and 2020, plants were already compacted and short. However, combined
results from the first study showed significant height reduction by Ethrel™. There was no change
in anther retention and FHB resistance level of all tested cultivar. Cultivars with semi-dwarfing
alleles had higher anther retention. This may be due to GA insensitivity which led to repression of
cell elongation. Limited cell elongation in anther filaments could promote anther retention
(Buerstmayr and Buerstmayr 2016). At the same FHB resistance level, AAC Brandon with Rht-
B1b was more resistance to FHB than AAC Penhold with Rht-D1b. AAC Brandon with Rht-B1b
had higher resistance for spread of infection within the spike (type Il) than AAC Penhold with Rht-
D1b. This aligns with the finding that cultivars with Rht-B1b have demonstrated higher resistance
against disease spread within the spike (Miedaner and Voss 2008; Srinivasachary et al. 2009; Liu

et al. 2013; Lu et al. 2013; Buerstmayr and Buerstmayr 2016).

The second study was conducted to determine whether PGRs affect anther retention in
spring wheat cultivars under controlled environments with three treatments. Both PGRs reduced
plant height. Interestingly, Manipulator™ reduced anther retention whereas Ethrel™ increased
anther retention. Since Manipulator™ was applied earlier, its effect might not be still active when
the plant was flowering. Early degradation of chlormequat chloride, the active ingredient of
Manipulator™ was also observed in another study (Clark and Fedak 1977). Application of
exogenous ethylene (ET) to wheat led to abnormal development of anthers such as smaller anther
size, thereby anther retention is promoted (Bennett and Hughes 1972; Campbell et al. 2001). In
addition to this, because ET inhibits cell elongation through crosstalk with the GA pathway and

auxin pathway (Caldwell et al. 1988; Ramburan and Greenfield 2007; Dugardeyn et al. 2008;
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Wiersma et al. 2011), application of Ethrel™ could shorten the length of filaments which
encourages anther retention. The interaction between PGRs and anther retention was genotype
specific. Because of GA insensitivity of the Rht-B1b allele, Ethrel™ was more effective in height
reduction on cultivars with Rht-B1b allele compared to Manipulator™. Overall, there was a

tendency of genotypes with higher FHB resistance to exhibit less anther retention.

The third study was conducted to demonstrate the role of PGRs on F. graminearum DNA
accumulation in spring wheat cultivars under the controlled environment with three treatments.
Ethrel™ had different effects on fungal DNA accumulation depending on cultivar. Ethre]™
significantly reduced not only fungal DNA in the spike of cultivars with Rht-B1b, but also reduced
plant height of all tested cultivars. However, cultivars without Rht-B1b had higher fungal DNA
accumulation when Ethrel™ was applied. Cultivars with semi-dwarfing alleles, Rht-B1b or Rht-
D1b, have more DELLA proteins than cultivars without semi-dwarfing alleles. Because ethylene
stabilized the DELLA proteins, DELLA proteins from semi-dwarfing cultivars could have a
stronger effect on resistance against necrotrophic pathogens through jasmonic acid and ethylene
signaling pathways (Navarro et al. 2008; Harberd et al. 2009). Furthermore, the role of DELLA
proteins on reduction of reactive oxygen species accumulation could contribute lower
accumulation of fungal DNA in cultivars with Rht-B1b (Achard et al. 2008). The results from the
application of Manipulator™ were inconsistent for fungal DNA accumulation in spikes of cultivars,
especially with Rht-D1b. This result could be due to variation between the two trials such as
application of Manipulator™ and the batch of F. graminearum inoculum. Conflicting results of
the AAC Penhold with Rht-D1b when Manipulator™ was applied indicates a complex interaction
between Manipulator™ and AAC Penhold with Rht-D1b in the GA pathway. Overall, the effect

of PGRs on the accumulation of fungal DNA in the spike is genotype specific.
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All studies reported results showing Ethrel™ was effective for reduction of height in the
field and under controlled environments. In the field, PGRs did not affect anther retention and
FHB infection in spring wheat. Under controlled environments, PGRs had different effects on
anther retention. Ethrel™ increased anther retention while Manipulator™ decreased anther
retention. The effect of Ethrel™ on the accumulation of fungal DNA is genotype dependent.
Manipulator™ showed inconsistent results. In this project, results regarding the effect of PGRs on
anther retention and FHB infection from the field experiment and the controlled environment
experiments were not consistent. Because height, anther retention and FHB resistance are
quantitative traits, these traits are influenced not only by genotype of wheat, but also by
environmental factors. Inconsistent results from the field and controlled environment are caused
by different environment factors that affect plant growth such as photoperiod, soil type, amount of
water availability, temperature, and humidity. Taken together, environment and cultivar play
important roles in the performance of PGRs on height, anther retention and FHB infection.
Therefore, experiments in more environments under different factors such as photoperiod,
temperature, light intensity, and humidity with more cultivars will be helpful to clarify some of

results that have been found in this study.

Based on field results, either of the PGRs did not significantly affect FHB and alter FHB
resistance level of wheat cultivar. Therefore, growers could benefit from FHB resistance cultivar
without risk of losing potential yield by choosing highly FHB resistance taller cultivar and
controlling the plant height with PGRs to prevent lodging. Also, breeders could focus more on
selecting for good FHB resistance and focus less on ensuring plant height is acceptable to
producers. However, the results from the controlled environments indicated that anther retention

and the accumulation of F. graminearum were affected by application of PGRs. Therefore,
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growers need to consider genotype of wheat and type of PGRs when they apply PGRs depending
on the environment. Altogether, it appears that plants with application of Ethrel™ were less
sensitive to environmental factors in terms of reducing the height compared to plants with
application of Manipulator™. Growing taller FHB resistance cultivars and controlling height with
Ethrel™ could be one way to manage FHB. Further research will be required to investigate the
underlying mechanism between PGRs and wheat cultivars. In addition to that, expanding the
number of cultivars tested as well as the number of testing environments would be required to

confirm the results from this study.
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Appendices

Table A.1. Total precipitation (mm) in each location from May to August from four test
environments. The numbers in brackets indicated the average of total precipitation (mm) based on
23 and 24 years of growing seasons (1996 to 2018 and 1996 to 2019) in each location on each
month.

Carman 2019  Winnipeg 2019 Carman 2020  Winnipeg 2020

May 36.9 (75.6) 28 (72.2) 26.4 (74) 24.5 (70.3)
June 37.9 (83.2) 25 (79) 70.7 (81.3) 735 (76.8)
July 57.4 (61.6) 87.9 (70.3) 54 (61.5) 39.2 (71)
August 61.6 (57.1) 65.6 (66.9) 24.3 (57.3) 59.1 (66.8)
Total 193.8 (277.6)  206.5(288.3) 1754 (274.1)  196.3 (284.9)

Table A.2. The monthly average temperature (°C) in each location on each month from May to
August from four test environments. The numbers in brackets indicated the average temperature
(°C) based on 23 and 24 years of growing seasons (1996 to 2018 and 1996 to 2019) in each location
on each month.

Carman 2019  Winnipeg 2019 Carman 2020  Winnipeg 2020

May 9.6 (11) 9.8 (10.9) 10.7 (1) 10.7 (10.9)
June 17.3 (16.8) 17.8 (16.9) 18.2 (16.8) 18.7 (16.9)
July 19.5 (19.3) 20.2 (19.6) 20.2 (19.3) 20.9 (19.7)
August 18.1 (18.4) 18.1 (18.7) 18.7 (18.4) 19.4 (18.7)

Table A.3. Simple contrasts between main treatments across all tested cultivars for protein from
combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.735
Ethrel™, No FHB inoculation vs No FHB inoculation 0.5896
Manipulator™, FHB inoculation vs FHB inoculation 0.5228
Manipulator™, No FHB inoculation vs No FHB inoculation 0.3184
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.3339
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.6401
FHB inoculation vs No FHB inoculation 0.0158
All FHB inoculation vs All No FHB inoculation 0.0026
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Table A.4. Simple contrasts between main treatments across all tested cultivars for test weight
from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.3615
Ethrel™, No FHB inoculation vs No FHB inoculation 0.4172
Manipulator™, FHB inoculation vs FHB inoculation 0.5444
Manipulator™, No FHB inoculation vs No FHB inoculation 0.636
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.1395
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.2079
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001

Table A.5. Simple contrasts between main treatments across all tested cultivars for thousand
kernel weight from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.3088
Ethrel™, No FHB inoculation vs No FHB inoculation 0.1809
Manipulator™, FHB inoculation vs FHB inoculation 0.6325
Manipulator™, No FHB inoculation vs No FHB inoculation 0.584
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.5798
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.4114
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001
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Table A.6. Simple contrasts between main treatments across all tested cultivars for yield from
combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.8011
Ethrel™, No FHB inoculation vs No FHB inoculation 0.7759
Manipulator™, FHB inoculation vs FHB inoculation 0.9219
Manipulator™, No FHB inoculation vs No FHB inoculation 0.3861
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.7266
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.2561
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001

Table A.7. Simple contrasts between main treatments across all tested cultivars for FHB disease
severity from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.4319
Ethrel™, No FHB inoculation vs No FHB inoculation 0.8759
Manipulator™, FHB inoculation vs FHB inoculation 0.6947
Manipulator™, No FHB inoculation vs No FHB inoculation 0.824
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.2457
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.7059
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001
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Table A.8. Simple contrasts between main treatments across all tested cultivars for FHB disease
incidence from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.306
Ethrel™, No FHB inoculation vs No FHB inoculation 0.9101
Manipulator™, FHB inoculation vs FHB inoculation 0.9227
Manipulator™, No FHB inoculation vs No FHB inoculation 0.9815
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.3518
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.8918
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001

Table A.9. Simple contrasts between main treatments across all tested cultivars for Fusarium
damaged kernel from combined experiments conducted in Carman and Winnipeg in 2019 and
2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.8844
Ethrel™, No FHB inoculation vs No FHB inoculation 0.9804
Manipulator™, FHB inoculation vs FHB inoculation 0.7534
Manipulator™, No FHB inoculation vs No FHB inoculation 0.9794
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.6467
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.9598
FHB inoculation vs No FHB inoculation 0.0001
All FHB inoculation vs All No FHB inoculation <.0001
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Table A.10. Simple contrasts between main treatments across all tested cultivars for
deoxynivalenol from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.7245
Ethrel™, No FHB inoculation vs No FHB inoculation 0.9736
Manipulator™, FHB inoculation vs FHB inoculation 0.9101
Manipulator™, No FHB inoculation vs No FHB inoculation 0.9963
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.6423
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.9699
FHB inoculation vs No FHB inoculation 0.0001
All FHB inoculation vs All No FHB inoculation <.0001

Table A.11. Simple contrasts between main treatments across all tested cultivars for FHB index
from combined experiments conducted in Carman and Winnipeg in 2019 and 2020.

Main treatments Probability
Ethrel™, FHB inoculation vs FHB inoculation 0.1668
Ethrel™, No FHB inoculation vs No FHB inoculation 0.949
Manipulator™, FHB inoculation vs FHB inoculation 0.8749
Manipulator™, No FHB inoculation vs No FHB inoculation 0.9809
Ethrel™, FHB inoculation vs Manipulator™, FHB inoculation 0.1275
Ethrel™, No FHB inoculation vs Manipulator™, No FHB inoculation 0.9299
FHB inoculation vs No FHB inoculation <.0001
All FHB inoculation vs All No FHB inoculation <.0001
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Table A.12. Analysis of variance for spike density, height, anther retention, and protein content in the Carman 2019 trial.

Spike density Height Anther retention Protein
Source of Variation
DF? MSP P MS P DF MS P MS P
Main treatment 5 3645.64 0.4486 217.78 0.0016 5 43.51 0.4239 0.37 0.762
Cultivar 4 17214.00 <.0001 947.77 <.0001 4 3552.13 <.0001 13.88 <.0001
Main Treatment*Cultivar 20 1519.47 0.7557 11.54 0.1575 20 68.99 0.0867 0.13 0.2491
Rep 3 1119.49 0.819 241.34 0.0025 3 283.12 0.0029 3.55 0.0129
Rep* Main treatment 15 3630.41 0.0506 31.68 <.0001 15 4151 0.5205 0.77 <.0001
Error 72 2012.40 0.4486 8.32 68 43.92 0.10
aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
Table A.13. Analysis of variance for test weight, thousand kernel weight, and yield in the Carman 2019 trial.
Test weight Thousand kernel weight Yield
Source of Variation
DF? MsP P MS P DF MS P
Main treatment 5 40.36 <.0001 80.04 <.0001 5 4664735 <.0001
Cultivar 4 7.36 <.0001 32.81 <.0001 4 1381053 <.0001
Main treatment *Cultivar 20 0.95 0.0007 3.85 0.0016 20 160613 0.0222
Rep 3 1.39 0.0765 1.77 0.5172 3 228166 0.2016
Rep* Main treatment 15 0.53 0.1051 2.32 0.0999 15 137960 0.0774
Error 68 0.33 1.46 66 82190

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.14. Analysis of variance for Fusarium head blight (FHB) index, severity, incidence, Fusarium damaged kernel (FDK), and

deoxynivalenol (DON) in the Carman 2019 trial.

FHB Index Incidence Severity FDK
Source of Variation DF?
MSP P MS P MS P MS P MS P
Main treatment 5 3647.49 <.0001 31708.00 <.0001 5226.65 <.0001 98.02 <.0001 384.41 <.0001
Cultivar 4 540.93 <.0001 1114.38 <.0001 490.90 <.0001 30.49 <.0001 62.84 <.0001
Main Treatment*Cultivar 20 141.20 0.0001 244.62 <.0001 131.77 0.0003 6.27 <.0001 20.26 <.0001
Rep 3 425.83 0.0387 79.74 0.1346 414.32 0.0636 3.15 0.3567 6.35 0.3216
Rep* Main treatment 15 127.57 0.0011 37.05 0.7066 148.68 0.0002 2.90 0.0001 5.22 0.1106
Error 68 42.90 48.22 43.20 0.79 3.36
aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
Table A.15. Analysis of variance for spike density, height, anther retention, and protein content in the Winnipeg 2019 trial.
Spike density Height Anther retention Protein
Source of Variation DF?
MSP P MS P MS P MS P
Main treatment 5 11583.00 0.2472 134.66 0.1313 65.87 0.3436 0.81 0.8938
Cultivar 4 15481.00 0.0315 3492.83 <.0001 6239.71 <.0001 31.23 <.0001
Main Treatment*Cultivar 20 8482.63 0.0938 36.61 <.0001 147.24 0.0004 0.27 0.1837
Rep 3 6919.38 0.4651 132.28 0.1572 65.10 0.3386 6.98 0.0804
Rep* Main treatment 15 7705.56 0.1708 66.12 <.0001 53.60 0.3959 2.55 <.0001
Error 72 5502.68 8.88 49.94 0.20

3 DF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.16. Analysis of variance for test weight, thousand kernel weight, and yield in the Winnipeg 2019 trial.

Test weight Thousand kernel weight Yield
Source of Variation
DF?2 MSP P DF MS P DF MS P

Main treatment 5 74.15 <.0001 5 121.64 <.0001 5 9374597 <.0001
Cultivar 4 52.63 <.0001 4 38.11 0.0002 4 186547 0.2473
Main Treatment*Cultivar 20 7.97 <.0001 20 11.44 0.0207 20 661185 <.0001
Rep 3 0.42 0.801 3 16.02 0.2074 3 2703966 0.0467
Rep* Main treatment 15 1.26 0.0382 15 9.36 0.0956 15 806321 <.0001

Error 70 0.66 72 5.85 69 134438

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.

Table A.17. Analysis of variance for Fusarium head blight (FHB) index, severity, incidence, Fusarium damaged kernel (FDK), and
deoxynivalenol (DON) in the Winnipeg 2019 trial.

FHB Index Incidence Severity FDK DON
Source of Variation DF?
MSP P MS P MS P MS P MS P

Main treatment 5 10189.00 <.0001 19586.00 <.0001 14271.00 <.0001 51.34 <.0001 103.45 <.0001
Cultivar 4 4311.79 <.0001 6290.15 <.0001 8338.27 <.0001 27.71 <.0001 54.13 <.0001
Main Treatment*Cultivar 20 773.82 <.0001 1124.88 <.0001 429.04 0.0076 5.41 <.0001 10.18 <.0001
Rep 3 11.55 0.9215 22.94 0.8218 150.33 0.5125 5.04 0.17 1.89 0.5163
Rep* Main treatment 15 72.18 0.0359 75.39 0.061 187.71 0.4969 2.63 <.0001 2.39 0.0053

Error 72 37.77 43.21 193.93 0.70 0.96

3 DF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.18. Analysis of variance for spike density, height, anther retention, and protein content in the Carman 2020 trial.

Spike density Height Anther retention Protein
Source of Variation DF@
MSP P MS P MS P MS P
Main treatment 5 3290.25 0.5907 92.78 0.0029 71.66 0.0605 4.95 <.0001
Cultivar 4 32734.00 <.0001 2617.06 <.0001 6855.36 <.0001 34.01 <.0001
Main Treatment*Cultivar 20 3010.87 0.2863 11.71 <.0001 145.93 <.0001 0.66 <.0001
Rep 3 1242.30 0.8335 25.85 0.2116 13.23 0.6864 0.77 0.0517
Rep* Main treatment 15 4321.70 0.0681 15.33 <.0001 26.36 0.1548 0.24 0.0559
Error 70 2523.15 3.23 18.34 0.13
aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
Table A.19. Analysis of variance for lodging rating, test weight, thousand kernel weight, and yield in the Carman 2020 trial.
L Lodging rating Test weight Thousand kernel weight Yield
Source of Variation DF?
MSP pe MS P MS P DF MS P
Main treatment 5 3.99 0.0002 144,73 <.0001 391.11 <.0001 5 35858523 <.0001
Cultivar 7.72 <.0001 78.71 <.0001 30.74 <.0001 4 6478219 <.0001
Main Treatment*Cultivar 20 1.04 0.0142 13.01 <.0001 23.25 <.0001 20 2016358 <.0001
Rep 3 0.34 0.4639 5.58 0.0959 9.35 0.0818 3 521049 0.3168
Rep* Main treatment 15 0.38 0.715 2.2 0.0204 3.45 0.0039 15 410957 0.0008
Error 70 0.50 1.05 1.33 66 132556

3DF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.20. Analysis of variance for Fusarium head blight (FHB) index, severity, incidence, Fusarium damaged kernel (FDK), and
deoxynivalenol (DON) in the Carman 2020 trial.

FHB Index Incidence Severity
Source of Variation DF?
MS P P MS P P

Main treatment 19055.00 <.0001 37409.00 <.0001 <.0001 458.96 <.0001 <.0001
Cultivar 5396.73 <.0001 328442 <.0001 <.0001 173.23 <.0001 <.0001
Main Treatment*Cultivar 1114.73 <.0001 541.66 <.0001 <.0001 36.70 <.0001 <.0001
Rep 123.71 0.1436 2.96 0.8907 0.1158 11.70 0.1176 0.6046
Rep* Main treatment 0.1515 14.34 0.6587 0.0671 5.06 0.7361 0.5006

Error 17.62 6.84

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.

Table A.21. Analysis of variance for plant density, spike density, height, anther retention, and protein content in the Winnipeg 2020

trial.
Plant density Spike density Height Anther retention Protein
Source of Variation DF?
P MS P P MS P P
Main treatment 5 0.9605 13271.00 0.0987 0.0221 25.26 0.8176 0.1408
Cultivar 4 0.0042 61643.00 <.0001 <.0001 6367.01 <.0001 <.0001
Main Treatment*Cultivar 20 0.7193 1837.28 0.6165 <.0001 53.86 0.0014 0.0102
Rep 3 0.0359 10776.00 0.1817 0.0324 297.54 0.0124 0.1635
Rep* Main treatment 15 0.0008 5840.65 0.0021 <.0001 58.38 0.0015 0.0042
Error 68 2097.92 20.23

3 DF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.22. Analysis of variance for test weight, thousand kernel weight, and yield in the Winnipeg 2020 trial.

Test weight Thousand kernel weight Yield
Source of Variation DF?
MmsP pe MS P MS P

Main treatment 5 86.94 <.0001 424.88 <.0001 20055399 <.0001
Cultivar 4 55.32 <.0001 33.54 <.0001 515443 0.0031
Main Treatment*Cultivar 20 9.86 <.0001 34.54 <.0001 1180343 <.0001
Rep 3 10.41 0.0469 18.97 0.116 3132211 0.0038
Rep* Main treatment 15 3.10 0.0012 8.17 <.0001 454549 <.0001

Error 68 1.05 1.89 116416

aDF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.

Table A.23. Analysis of variance for Fusarium head blight (FHB) index, severity, incidence, Fusarium damaged kernel (FDK), and
deoxynivalenol (DON) in the Winnipeg 2020 trial.

FHB Index Incidence Severity FDK DON
Source of Variation DF?
MsP P MS P MS P MS P MS P

Main treatment 5 7010.65 <.0001 16470.00 <.0001 11978.00 <.0001 201.22 <.0001 508.82 <.0001
Cultivar 4 222266 <.0001 4899.83 <.0001 3552.85 <.0001 87.28 <.0001 233.02 <.0001
Main Treatment*Cultivar 20 508.34 <.0001 1060.73 <.0001 703.32 <.0001 17.60 <.0001 49.29 <.0001
Rep 3 332.62 0.0721 385.90 0.128 111.93 0.1697 25.63 0.0557 61.95 0.0636
Rep* Main treatment 15 116.65 <.0001 174.20 <.0001 58.40 0.0003 8.13 <.0001 20.67 0.0002

Error 68 24.77 35.67 17.30 2.02 5.83

3 DF=Degrees of Freedom, ® MS=Mean squares, and ¢ P=Probability.
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Table A.24. Least square means for height and protein content for different main treatments tested across cultivars from four test

environments (Carman and Winnipeg for 2019 and 2020).

Height (cm) Protein (%)
Main Treatment
C192 w19P Cc20¢ w20¢ C19 W19 C20 W20
Ethrel™ _ FHB 64.0 C 71.7 828AB  82.8AB 18.2 15.8 17.6 A 16.8
inoculation
Ethrel™ . no FHI.'D’ 64.7 BC 74.1 80.7B 81.9B 17.9 15.7 16.8 B 16.1
inoculation
Manipulator™ . FHB. 70.8 A 743 828AB  82.7AB 17.8 15.8 17.7A 16.3
inoculation
Manipulator™ . no FHI.B 68.5 ABC 77.1 83.7 AB 84.4 AB 17.8 16.1 16.8 B 16.1
inoculation ' ' ' ' ' ' ' '
FHB
Control . . 719 A 77.1 86.1 A 84.6 AB 18.0 15.9 17.8 A 16.3
inoculation
no FHB
Control . . 70.2 AB 78.8 86.4 A 86.9 A 17.8 15.5 16.7B 16.0
inoculation
Experimental mean 68.4 75.5 83.8 83.9 17.9 15.8 17.2 16.3

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, and “Winnipeg 2020 trial.
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Table A.25. Least square means for spike density, height, anther retention and protein for cultivars tested across different main treatment
from four test environments (Carman and Winnipeg for 2019 and 2020).

Spike density (spikes/m2) Height (cm) Anther retention (%) Protein (%0)

Cultivar
C19¢ w19 C20° W20¢ C19 w19 C20 W20 C19 wi9 C20 W20 Cl19 w19 C20 w20
Bé\ﬁgon 393 AB 472 553 AB 541 AB 65.5B 676D 76.7D 755D 450A 493B 641A 599A 187A 173A 185A 174A
C:r\npéfon 375BC 432 543 B 514 B 759 A 85.3B 899B 95.0B 179C 3B56C 346C 474B 184B 161B 179B 16.6B
PeAnAhE):Id 352C 413 493 C 427C 60.7C 61.2 E 736 E 65.1E 16.7C 282D 346C 452B 181B 161B 17.7B 16.6B
Teﬁgi%us 424 A 470 518 BC 565 A 73.7A 90.2A 986A 1027A 326B 174E 161D 149C 167D 142D 154D 147D
Prosper 373BC 454 592 A 543 AB 65.9B 73.3C 808C 81.1C 174C 57.7A 394B 486B 178C 153C 168C 16.1C

Mean® 383 448 540 518 68.3 75.5 83.9 83.9 25.9 37.6 37.8 43.2 17.9 15.8 17.2 16.3

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, “Winnipeg 2020 trial, and *Experimental mean.
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Table A.26. Least square means for test weight, thousand kernel weight, yield, and lodging rating for different main treatments tested
across cultivars from four test environments (Carman and Winnipeg for 2019 and 2020).

. . Lodging
Main Treatment Test weight (Kg/hL) TKW (g) Yield (Kg/ha) rating
Clo*  Wi%®  C200° w200  C19 W19 C20 W20 C19 W19 C20 W20 C20
Ethrel™ inogﬂ;ion 791B 768B 752B 780B 327B  296C  280B  284B 26634B 33303B 34059B 35633B  0.040B
Ethrel™ inr;(():uFI;Ii?;Jn 81.8A 804A 797A 821A 363A 339AB 355A  368A 35164A 45197A 55690A 50477A  0.119B
Manipulator™ inofﬂiion 783C 771B 738B 776B 324B 312BC  282B  293B 26466B 3501.8B 31353B 32458B 0518B
Manipulator™ inr;(():uFI;Ii?;Jn 813A 803A T791A 8l5A 366A 348A  368A  37.8A 37240A 49213A 610L2A 53136A 0545B
FHB 786
Control . . 767B 744B 780B 328B  307C  290B  306B 279598 34612B 328798 31040B 1298 A
inoculation BC
Control ing‘;uﬁ:tin 813A 806A 793A 817A 365A 357A  371A  391A 35875A 45846A 57801A 50914A  0595B
Experimental mean 804 787 769 798 346 32.7 32.4 337 31556 40532 45466 42276 0519

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, and “Winnipeg 2020 trial.
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Table A.27. Least square means for test weight, thousand kernel weight, and yield for cultivars tested across different main treatments
from four test environments (Carman and Winnipeg for 2019 and 2020).

Test weight (Kg/hL) TKW (g) Yield (Kg/ha) Lodging
Cultivar rating
C192 Wi1g9b C20¢ Ww20¢ C19 W19 Cc20 W20 C19 W19 C20 W20 C20
AAC Brandon  807A 796B 775B 802B 331C 321AB  3L0C  3L9C  3457A 4045 3955D 41368  0.230 BC
AAC Cameron 799B 786C 763C 789C 354AB  340A  325B  337B  3222A 4153 4453BC 4315AB 1456 A
AAC Penhold  795B 775D 747D 789C  348B  329A  31L5C  337B  2074B 3915 4252CD  4073B  0.000C
AAC Tenacious 806A 80.6A 796A 824A 336C  335A  339A  354A  2835B 4096 5339A 4167 AB  0.183BC
Prosper 796B 770D 765C 786C  360A  308B 332AB  336B 3291 A 4057 4734B 4446 A  0.725B
Experimental = o, 757 769 708 34.6 32.7 32.4 337 3156 4053 4547 4227 0.519

mean

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, and “Winnipeg 2020 trial.
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Table A.28. Least square means for Fusarium head blight (FHB) index, disease severity, and disease incidence for the main treatments
tested across cultivars in 2019 and 2020 data from Carman and Winnipeg.

(0 i F ) - 5
Treatment FHB Index (%) Disease Incidence (%) Disease Severity (%)

C19° W19P c20° w20¢ C19 W19 C20 W20 C19 W19 C20 W20

Ethrel™ FHB inoculation 209A  400A 504B 270B 4.7 A 574A 804A 452A 259A ©650A 56.7B 43.7 A

Ethrel™ _NoFHB 0B 08B  03C 0cC 0088 17B 13B 0B 0B 122B 38C  06B
inoculation
Manipulator™ inofﬂ;ion 206A 439A 587A 393A 769A 606A 833A 574A 355A 642A 645AB  500A
Manipulatorm ~ MOFHB 55058 168 03c  oc  01B  26B 28B 006B 01B 192B 39C  0.1B
ioafios . . . . . . . . . . .
Control FHB inoculation 26.1A 435A 617A 364AB  795A 601A 831A 570A 314A 643A 667A 43.92A
no FHB
Control . . 003B 14B  02C 0C 04B 25B 25B 0B 05B 163B 23C  003B
inoculation
Experimental mean 12.8 21.9 28.6 17.1 38.6 30.8 42.2 26.6 15.6 40.2 33.0 23.1

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, and “Winnipeg 2020 trial.
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Table A.29. Least square means for Fusarium damaged kernel (FDK) and deoxynivalenol (DON) content for the main treatment tested
across cultivars in 2019 and 2020 data from Carman and Winnipeg.

. FDK (%) DON (ppm)
Main Treatment C19° W1gP c20¢ W20¢ C19 W19 C20 W20
Ethrel™ _ FHB 453 A 326A  759B 6.24 A 7.90 A 407A  1423B 9.34 A
inoculation
Ethrel™ _noFHB 0092B  020B  012C  0012B 0.38B 0.08 B 019C 0.037 B
inoculation ' ' ' ' ' ' ' '
Manipulator™ . HB. 3.98 A 324A  10.32A 5.98 A 8.07 A 411 A 17.03 A 9.81 A
inoculation ' ' ' ' ' ' ' '
. no FHB
Manipulator™ ; 0.10B 0.32B 0.14C 0.046 B 0.025 B 0.09 B 0.22C 0.072 B
inoculation
Control _ FHB 454 A 307A  865AB 578 A 9.38 A 453 A 14.64 B 951 A
inoculation
no FHB
Control . ; 0.09 B 0.28 B 0.14C 0.035 B 0.10B 0.11B 0.24C 0.061 B
inoculation
Experimental mean 2.22 1.73 4.49 3.02 431 2.17 7.76 4.81

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

aCarman 2019 trial, "Winnipeg 2019 trial, “Carman 2020 trial, and “Winnipeg 2020 trial.
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Table A.30. Least square means for Fusarium head blight (FHB) index, disease incidence, disease severity for the five spring wheat
cultivars (AAC Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) tested across main effect treatments from four

test environments (Carman and Winnipeg for 2019 and 2020).

Cultivar Resistance FHB Index (%) Disease Incidence (%) Disease Severity (%)
level® cle®  wige C20  W20° C19 W19 €20 W20 C19 W19 C20 W20
AAC Brandon MR’ 157A  156C 317B  174B  430A 402A 493A  402A  187A  213B 3528 180C
AAC Cameron 19 126A  266B  342AB  192B 3907A 331B  439B  255C  154A  498A  414A  312AB
AAC Penhold MR 156 A  291B 372A  247A  423A 346B  481A  304BC 179A  500A  421A  337A
AAC Tenacious R 448 19D 21C 02C  263B  28C 215C 20D 76B  193B 48C 33D
Prosper | 153A  362A  379A  241A 418A  433A  482A  349B  181A  604A  4l4A  292B
Experimental 12.8 21.9 28.6 17.1 38.6 30.8 42.2 26.6 156 40.2 33.0 231

mean

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

3Seed Manitoba 2018, "Carman 2019 trial, “Winnipeg 2019 trial, “Carman 2020 trial, *Winnipeg 2020 trial, 'MR=Moderate Resistance, °I=Intermediate Resistance,

and "R=Resistant.

162



Table A.31. Least square means for Fusarium damaged kernel and deoxynivalenol levels for the five spring wheat cultivars (AAC
Brandon, AAC Cameron, AAC Penhold, AAC Tenacious, and Prosper) tested across main effect treatments from four test environments
(Carman and Winnipeg for 2019 and 2020).

Cultivar Resistance Fusarium damaged kernel (%0) deoxynivalenol levels (ppm)
level® C19° W19° C204 W20° C19 W19 C20 W20
AAC Brandon MR’ 1.88C 1.21B 494 B 2.59B 4.04 BC 1.59C 9.38 AB 5.55B
AAC Cameron 19 201C 1.83B 414 B 2.82B 3.93C 2.50B 8.26 B 4.96 B
AAC Penhold MR 3.73 A 2.61A 771 A 5.00 A 5.50 AB 251B 9.30 AB 412 B
AAC Tenacious R" 0.63D 0.18C 0.32C 0.039C 1.83D 0.05D 0.96 C 0.25C
Prosper I 2.85B 2.80 A 5.37B 4,63 A 6.24 A 416 A 10.90 A 9.14 A
Experimental
mean 2.22 1.73 4.49 3.02 431 2.17 7.76 481

Means followed by same letter are not significantly different at p=0.05 based on the Tukey means comparison test.

3Seed Manitoba 2018, "Carman 2019 trial, “Winnipeg 2019 trial, “Carman 2020 trial, *Winnipeg 2020 trial, 'MR=Moderate Resistance, °I=Intermediate Resistance,
and "R=Resistant

Table A.32. Pearson’s correlation coefficients between fungal DNA accumulation and plant height from PGR treatments and five spring
wheat cultivars (n=135) in Trial 1 and Trial 2.

Fungal DNA (ng)
Trial 1 Trial 2

Height (cm) -0.21* -0.02 ns

Note: Bold numbers show there is correlation among the parameters. * Significant at p<0.05
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