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Fusarium head blight (FHB) caused by Fusarium graminearum and Septoria tritici
blotch (STB) caused by Septoria tritici are economically important wheat diseases in
Ontario. Both reduce yield, FHB is associated with mycotoxin accumulation including
deoxynivalenol (DON). Different F. graminearum chemotypes produce either DON/15acetyldeoxynvialenol (ADON) or DON/3-ADON. The majority (97.5%) of F.
graminearum isolates collected from commercial fields across Ontario were 15-ADON
chemotype, the remaining were 3-ADON. In inoculated field experiments 3-ADON
chemotypes were more aggressive and toxic compared with 15-ADON chemotypes as
measured by FHB symptoms and DON content. In inoculated field experiments with a
population derived from ‘RCATL33’ and ‘RC Strategy’ soft red winter wheat parents,
genetic resistance was more effective than fungicide application at controlling FHB.
Field trials with the hard red winter wheat population derived from ‘Maxine’ and ‘FTHP
Redeemer’ parents revealed that STB and FHB phenotypic resistance had no negative
impact on grain yield in the absence of disease.
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Chapter 1.0: General Introduction and Literature Review.
General Introduction
Wheat (Triticum aestivum L.) is an important crop worldwide and has long been a
staple in many parts of the world (Curtis et al. 2002). Historically, in Ontario wheat was
regarded more for its rotational value compared to its cash crop value (OMAFRA 2009;
Schaafsma 2002; Schaafsma 2013). Within the last ten years, wheat yields and grain
prices have both increased making it an attractive third cash crop in Ontario
(Schaafsma 2013). The majority of winter wheat grown in Ontario is soft red, but there is
demand for high quality hard red wheat. There are many diseases that can infect wheat
in Ontario, but two of the most important and common are Fusarium head blight (FHB)
(Fusarium graminearum Schwabe (telemorph Gibberella zeae (Schwein Petch)), and
Septoria tritici blotch (STB) (Septoria tritici Roberge in Desmaz (teleomorph
Mycosphaerella graminicola (Fuckel)) J. Schrot in Cohn).

Fusarium head blight (FHB) is a destructive fungal disease of wheat and other
cereals that has been reported worldwide (McMullen et al. 1997; Parry et al. 1995).
Infection of wheat with FHB decreases yield and quality along with mycotoxin
accumulation such as deoxynivalenol (DON) (Goswami and Kistler 2004; McMullen et
al. 1997; Osborne and Stein 2007; Parry et al. 1995). These mycotoxins are hazardous
to both human and animal health and Health Canada has imposed limits for non-staple
and baby food in Canada (Canada 2012; Desjardins 2006; Pestka 2010). FHB can be
caused by a number of species within the Fusarium genus, but in North America is most
commonly caused by F. graminearum.

Genetic control, fungicide use, crop rotation and tillage are the main methods
used to control FHB in wheat. There is no individual management strategy that
completely controls FHB in wheat, thus an integrated approach considered best
(Krupinsky et al. 2002; Osborne and Stein 2007). Breeding wheat cultivars for high
levels of FHB resistance is thought to be the most effective individual strategy for
controlling FHB (Campbell and Lipps 1998; von der Ohe et al. 2010a). Most FHB
genetic resistance is quantitative in nature making breeding difficult (Buerstmayr et al.
1

2009). Research has focused on identifying quantitative trait loci (QTLs) associated with
FHB resistance and developing MAS (market assisted selection) that can be used in
breeding programs. In wheat, QTLs for FHB resistance have been found on all
chromosomes except for 7D (Buerstmayr et al. 2009).

At the field level fungicide efficiency can be extremely variable and often
insufficient at controlling FHB infected wheat (Champeil 2004; Lehoczki-Krsjak et al.
2010; Mesterhazy 2003; Mesterhazy et al. 2011). Studies examining the combined
effects of cultivar resistance and fungicide application have been mixed (Amarasinghe
et al. 2013; Hollingsworth et al. 2008; Sip et al. 2010). To date the interactions between
specific QTLs for FHB resistance and fungicide application have not yet been examined
within a wheat population.

There are three main chemotypes or toxin producing types of F. graminearum;
15-ADON, 3-ADON and NIV (Desjardins 2008; Miller et al. 1991). In Canada, the 15ADON chemotype has historically predominated over the 3-ADON chemotype. Within
the last five to ten years, molecular surveillance in the mid-Western US and Western
Canada has identified a shift to 3-ADON chemotypes from 15-ADON chemotypes (Guo
et al. 2008; Puri and Zhong 2010; Ward et al. 2008). This chemotype shift has not been
detected in Ontario or the mid-Atlantic, North Carolina or Kentucky states of the US
(Amarasinghe et al. 2009; Schmale et al. 2011; Tamburic-Ilincic et al. 2006a). Thus,
molecular surveillance in Ontario to detect any changes in chemotype distribution is
important. F. graminearum 3-ADON isolates are reported to produce more
trichothecenes and cause greater disease severity on wheat compared with 15-ADON
isolates (Gilbert et al. 2010; Puri and Zhong 2010; Von der Ohe et al. 2010b; Ward et al.
2008). Further investigation into the toxicity, aggressiveness and competitiveness of 15ADON and 3-ADON F. graminearum chemotypes would be beneficial.
Septoria tritici blotch (STB), is a serious foliar disease of wheat that can
dramatically reduce wheat yields up to 50% and is caused by the fungus Septoria tritici
(Curtis et al. 2002; Eyal et al. 1987; Orton et al. 2011). Symptoms of STB typically

2

appear 14-21 d after infection, when leaves begin to develop irregular chlorotic lesions
or flecking which eventually become gray-brown and necrotic (Bockus et al. 2010; Eyal
1999; Eyal et al. 1987; Orton et al. 2011). These necrotic lesions reduce grain yields by
lowering the photosynthetic capacity of leaves. The management of STB relies on using
integrated approach such as the use of resistant wheat cultivars, plant nutrition, cultural
controls and fungicides (Cools and Fraaije 2008; Orton et al. 2011). In Ontario, triazoles
and strobilurin fungicides are used to effectively control STB (OMAFRA 2012). Wheat
has found to have both quantitative and qualitative resistance against STB (Brading et
al. 2002; Krenz et al. 2008; Miedaner et al. 2012; Risser et al. 2011).

There is some evidence in certain plant disease pathosystems that disease
resistance may affect crop yield or other quality traits (Brown 2002;
Smedegaardpetersen and Tolstrup 1985). In Canada, the introgression of Fhb1 gene
for FHB resistance was not associated with a significant yield, thousand kernel weight
or protein content drag within a winter wheat population (Tamburic-Ilincic 2012). In
Europe the introgression of Fhb1 gene and the 5A QTL for FHB resistance was
associated with a small yield and thousand kernel weight drag in two winter wheat
populations (von der Ohe et al. 2010a). Extensive research has not investigated
whether or not there are yield or quality drags associated with STB resistance in wheat
or combined FHB and STB resistance in wheat.

In view of all of this, the major objectives of this thesis were to examine whether
a F. graminearum chemotype shift had occurred in Ontario and to examine the toxicity,
aggressiveness and competiveness of 15-ADON and 3-ADON F. graminearum isolates
from across Canada in a moderately susceptible winter wheat cultivar. Additional
objectives were to estimate the level of achievable protection against FHB when
genetics and fungicides are combined in individual wheat lines and to develop and
evaluate methodologies to simultaneously screen a winter wheat population for STB
and FHB resistance, yield and overall quality.

3

Wheat
Wheat is the most widely grown food crop in the world (Curtis et al. 2002). It has
been the basic staple for North Africa, Europe and West Asia for the last 8,000 years.
The domestication of wheat began about 9,250 years BP when early farmers grew
landraces selected directly from the wild population (Shewry 2009; Tanno and Willcox
2006). The two wild ancestors to wheat are the diploid einkorn (T. boeoticum Boiss) and
tetraploid emmer (T. dicoccoides (Korn) Aschers and Graebner), both of which
originated in Turkey. Wheat has since spread from its center of origin to nearly
worldwide, because of its versatility and adaptability. It can be grown in a wide variety of
environments with a cultivation range in region between latitudes of 67°N to 45°S,
receiving annual precipitation between 250 – 1750 mm and temperatures ranging from
a minimum of 3-4 °C and a maximum of 30-32 °C (Curtis et al. 2002; Shewry 2009).
Optimum growing conditions occur in regions between latitudes 30-60 °N and 27-40 °S
experiencing an optimum temperature of 25 °C and sufficient moisture throughout the
growing season (Curtis et al. 2002).

There are two main types of wheat, winter and spring; the main differences
between the two being planting season (Curtis et al. 2002). Winter wheat is planted in
the fall and undergoes a vernalization period during the winter, heads in the spring and
matures in the summer. Spring wheat is planted in the spring, matures and is harvested
in late summer.

Cultivated wheat can also be differentiated based on ploidy groups (Curtis et al.
2002). All cultivated wheat species in the Triticum genus have a 1x chromosome
number of 7 and are either diploid, tetraploid or hexaploid. The majority of cultivated
wheat is the hexaploid T. aestivum, also called bread wheat or common wheat (Curtis et
al. 2002; Shewry 2009).

Wheat around the world
Wheat provides is an important food source for many people around the world
(Curtis et al. 2002; Shewry 2009). Both starches and protein in wheat are easily
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digested by humans and contribute greatly to the diet of many nations around the world
(Curtis et al. 2002). Wheat grains primarily are made up of starch (60-70%) and provide
a suitable source of calories for animal feed (Curtis et al. 2002; Shewry 2009). In
humans, wheat provides a good source of iron, zinc, selenium and phytochemicals. In
third world countries, cereals provide over 70% of energy to human diets (Pomeranz
1988).

Today over 600 million tonnes is produced worldwide annually and is consumed
by both humans and livestock (Shewry 2009). Wheat yield can exceed 10 T -1 ha,
although the worldwide average is much lower at 2.8 T -1 ha, this is due to a variety of
factors including nutrient deficiencies, drought and pests (Shewry 2009). Worldwide, it is
estimated that 25 – 30% of the wheat crop is lost to biotic and abiotic stresses, with the
majority of biotic stress being wheat diseases (Bockus et al. 2010). In Ontario, wheat
yields are higher than the overall worldwide average. Between 2001 and 2011, Ontario
winter wheat provincial yields ranged from 4.8 – 5.6 T -1 ha with an average of 5.1 T -1
ha, while yields of Ontario spring wheat ranged from 2.9 – 3.5 T -1 ha with an average of
3.4 T -1 ha (Kulasekera 2012).

In 2010, the top wheat producing countries in the world based on quantity were
China, India, United States of America, France and Russian Federation (FAO 2012).
Canada was ranked 7th for total wheat production worldwide. The majority of wheat is
consumed where it is produced, however about 1/5 of the annual crop is exported
(Curtis et al. 2002). In terms of quantity, the top importers of wheat in 2010 were Egypt,
Italy, Brazil, Japan and Indonesia. The top exporters of wheat in 2010 in terms of
quantity were the United States of America, France, Canada, Australia and Russian
Federation.

Canadian Wheat
Wheat is the major crop grown in Canada, with 95% of it being produced in the
Prairie provinces (Curtis et al. 2002). The majority of wheat grown in Canada is in the
hard red spring wheat class, although other classes of wheat are common (GFO
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2012a). Canadian wheat is used for both human and animal feed. Internationally,
Canada’s wheat is respected for its consistent high quality and high protein content
(Curtis et al. 2002).
Wheat is Canada’s top export, with 18,394,492 T exported in 2010, valued at 4.5
billion USD (FAO 2012). Between 1993 and 1995, 84% of wheat produced in Canada
was exported, to mainly China, Russia and Japan (Curtis et al. 2002; GFO 2012a).
These countries mill Canadian wheat into an assortment of flours, which is used for a
variety of food products.

Ontario Wheat
Wheat is an integral part of Ontario’s cropping system, playing an important role
in crop rotation with corn and soybeans (OMAFRA 2009). Historically, crop prices in
Ontario have been lower for wheat compared to soybeans and corn, thus wheat is
regarded more for rotational value than cash crop value (Schaafsma 2002). In Ontario,
growing wheat helps to improve soil structure, reduces soil erosion and increase
manure management options for producers (OMAFRA 2009; Schaafsma 2002). In the
last ten years, wheat yields have improved by over 20% and commodity prices have
remained competitive making wheat an attractive third cash crop in the corn-beanwheat rotation in addition to its values as a rotation crop (Schaafsma 2013).
Furthermore the dissolution of the single desk Ontario wheat producers marketing board
has allowed the emergence of several niche, direct marketing opportunities that have
helped solidify wheat’s important place in the crop economy. There are approximately
18,000 wheat producers in Ontario growing six different classes of both winter and
spring wheat which include soft red winter wheat, soft white winter wheat, hard red
winter wheat, hard white winter wheat, hard red spring wheat and durum (GFO 2012a).

The majority of wheat grown in Ontario is winter wheat, accounting for the largest
cereal acreage in the province (OMAFRA 2011a). Revenues in 2010 from Ontario
winter wheat were $340.4 million (Kulasekera 2012). In 2011, about 2.3 million T of
Ontario winter wheat were produced and in 2012, 344,000 ha of Ontario winter wheat
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was seeded (Edwards and Stevenson 2011; Kulasekera 2012).

The majority of winter wheat grown in Ontario is soft red, but there is demand for
high quality hard red wheat and soft white wheat for breakfast cereals. Hard red winter
wheat typically has higher protein and lower yield compared to soft red winter wheat
(OMAFRA 2011a). Soft white winter wheat tends to sprout easier and is more
susceptible to Fusarium head blight (FHB). End uses for Ontario winter wheat include
pastries, Asian noodles, pizza dough, flatbreads, noodles, crackers, breakfast cereals
and bread (GFO 2012b; OMAFRA 2011a). The Canadian grain commission is
responsible for grading all Ontario wheat for export, to ensure all export shipments
meet quality, quantity and safety contract specifications (GFO 2012b). Grading is based
on a variety of factors including test weight, percent sprouts and percent FDK (GFO
2012c).

In Ontario, the most common diseases of wheat are Fusarium head blight (FHB)
(Fusarium graminearum Schwabe (telemorph Gibberella zeae (Schwein Petch)),
Septoria tritici blotch (STB) (Septoria tritici Roberge in Desmaz (teleomorph
Mycosphaerella graminicola (Fuckel)) J. Schrot in Cohn), leaf rust (Puccinia triticana
Erikss. (syns. P. recondita Roberge ex Desm. F. sp. tritici (Erikss. & E. Henn.) D.M.
Henderson)), powdery mildew (Blumeria graminis (DC.) Speer f. sp. tritici emend. É. J.
Marchal (syn. Erysiphe graminis DC)), barley yellow dwarf virus, stem rust (Puccinia
graminis Pers.:Pers. f. sp. tritici Eriks. E. Henn), and Stagonospora leaf and glume
blotch (Stagonospora nordum (Berk.) E. Castellani and E.G. Germano) and (OMAFRA
2011b). These diseases, if left unmanaged can cause large yield and quality losses,
thus it is important for growers to manage these diseases effectively. Typical yield
losses for wheat diseases vary depending on the disease, but for a single disease
under epidemic conditions yield losses can range from 30 – 50% (Curtis et al. 2002). In
extreme epidemics of both STB and FHB together yield losses of 70% have been
reported (Curtis et al. 2002).
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Fusarium Head Blight
Fusarium head blight (F. graminearum) is a destructive fungal disease of wheat
and other cereals including corn, oats, and barley. FHB has a long history, described
first in England in 1884 where it was considered a major threat to both barley and wheat
throughout the early 20th century (Goswami and Kistler 2004). FHB has been reported
around the world, wherever wheat is produced including North America, Europe, Asia
and South America (McMullen et al. 1997; Parry et al. 1995). Wheat fields infected by
FHB can potentially be destroyed just a few weeks before harvest (McMullen et al.
1997). Infection of wheat with FHB results in decreased yield and quality along with
mycotoxin accumulation such as deoxynivalenol (DON), with quality loss and mycotoxin
contamination being the major causes of economic loss (Goswami and Kistler 2004;
McMullen et al. 1997; Osborne and Stein 2007; Parry et al. 1995).

The international maize and wheat improvement center (CIMMYT) has listed
FHB as a major factor limiting wheat production around the world (Goswami and Kistler
2004). Epidemics of FHB across North America have had a large impact on grain
production. In 1993, an epidemic in Manitoba, Canada and the US states of Minnesota,
North Dakota and South Dakota cost the grain industry an estimated $1 billion USD due
to both yield and quality losses (McMullen et al. 1997). In areas of North Dakota, wheat
yields were 45% lower compared to the previous year and an estimated 4 million
hectares of cereal crops were affected.

In 1996, there was a FHB epidemic in Ontario wheat which resulted in over $100
million CND direct losses and reduced wheat yields up to 30% (Schaafsma 2002).
Direct losses occurred from reductions in grain yield, quality penalties for DON
contamination, additional marketing costs and the purchasing of replacement grain.
Marketing of Ontario wheat changed substantially as the grain industry became more
aware of DON and the importance of monitoring the toxin in harvested grain.

Losses from FHB epidemics are multifaceted and affect numerous stakeholders
along the value chain. In addition to yield and quality losses, there is also mycotoxin
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accumulation in the harvested grain (Goswami and Kistler 2004; McMullen et al. 1997;
Schaafsma 2002). In extreme cases, producers must decide whether it is best to
harvest their crop or destroy it (McMullen et al. 1997). While harvesting a badly infected
crop, producers can either harvest as much as possible or increase the wind speed on
the combine to blow out as many infected kernels as possible depending on the
expected grade, volume and price. Increasing the air flow on the combine helps to blow
out FDKs (Fusarium damaged kernels) which are less dense, which helps to improve
the overall quality of grain harvested (Salgado et al. 2011). There are a variety of factors
such as FHB disease level, DON discounts, yield and grain price which determine
whether or not it is economically feasible for producers to use increase the air speed on
the combine. While marketing their grain, producers may have to spend more money on
marketing costs to sell severely infected grain (McMullen et al. 1997; Schaafsma 2002).
When the grain is finally sold, it may be downgraded resulting in losses for the
producers. Mills may have to buy additional disease free grain from other areas to meet
the requirements of their clients.

Fusarium Species
Globally, numerous species of fungi in the Fusarium genus are casual agents of
FHB, although the most common are F. graminearum, F. culmorum (W.G. Smith)
Saccardo, F. avenaceum (Fries) Saccardo (telemorph Gibberella avenacea Cook), F.
poae (Peck) Wolllenweber and F. sporotrichiode Sherbakoff (Demeke et al. 2005;
Goswami and Kistler 2004; Miedaner et al. 2008a; Parry et al. 1995). In North America,
F. graminearum is most commonly associated with FHB in wheat.

The systematics and classification of Fusarium species have a long history of
being complex and full of difficulties (Liddell 2003; Summerell and Leslie 2011). Within
its 200 year plus history, the Fusarium genus has ranged from 9 to over 1000 species
(Summerell and Leslie 2011). The Fusarium genus belongs to the Ascomycetes phylum
and the fungi within the genus are generally saprophytic, facultative parasites and many
are plant pathogens (Goswami and Kistler 2004; Liddell 2003; Parry et al. 1995;
Summerell and Leslie 2011). Fusarium spp. cannot be differentiated based on
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symptoms in field. Other methods such as spore morphology or molecular methods
must be used to differentiate species (Nelson et al. 1983; Xu and Nicholson 2009).

Integrated approaches using both morphological and molecular data were used
to help classify species within the Fusarium genus (Liddell 2003; Summerell and Leslie
2011). Morphological classification consists of using morphological keys to identify
species for example whether microconidia are present and their shape, macroconidia
shape and pigmentation on artificial media (Liddell 2003; Nelson et al. 1983). Molecular
tools used to classify species are most commonly DNA sequences from highly
conserved genes within the fungal genome (Demeke et al. 2005; Goswami and Kistler
2004).

Previously, Fusarium graminearum was used to describe a polyphyletic group of
fungal species causing both FHB and crown and foot root of small grains (Goswami and
Kistler 2004). Before 1999, Fusarium graminearum was split into two groups, former
Fusarium graminearum ‘Group 1’ and former Fusarium graminearum ‘Group 2’. Former
Fusarium graminearum ‘Group 1’ is now known to be Fusarium pseudograminearum
the causal agent of crown and foot rot on small grains. Former Fusarium graminearum
‘Group 2’ is now known to be a monophyletic group of at least 9 separate phylogenetic
species responsible for FHB (Goswami and Kistler 2004; O'Donnell et al. 2000;
O'Donnell et al. 2004).

In order to sort out F. graminearum taxonomy, several fungal strains were first
morphologically identified as F. graminearum and then 11 genes were sequenced and
compared with molecular techniques (Goswami and Kistler 2004; O'Donnell et al. 2004;
Ward et al. 2002). Within the F. graminearum complex, 9 distinct cryptic species were
identified. Presently, Fusarium graminearum sensu stricto is used to describe species
that are most commonly associated with FHB around the world (Goswami and Kistler
2004).
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Symptoms
In wheat, symptoms of FHB begin with small water soaked brown coloured spots
at either the middle or base of the glume (Goswami and Kistler 2004; McMullen et al.
1997; Osborne and Stein 2007; Parry et al. 1995). The discolouration or pre-mature
bleaching spreads from all directions outwards from the point of infection. White and
magenta mycelium may appear around the edges of the infected glumes. Eventually,
the majority of the inflorescence may become blighted and awns if present may become
deformed, twisted and curved downward. Infected kernels or Fusarium damaged
kernels (FDKs) are gray-white in colour, often with a magenta hue, are shrunken and
have a floury interior. Many refer to these FDKs as “tomb-stone kernels”.

Pathogen
The pathogen varies in both pathogenicity and aggressiveness among isolates (Bai and
Shaner 1996; Mesterhazy 2002; Shaner 2003). Bai and Shaner (1996), inoculated nine
cultivars of wheat carrying different degrees of FHB resistance using single-floret
inoculation with single isolates from the USA and China. The largest variation in FHB
disease severity among isolates was reported with cultivars carrying moderate
resistance opposed to those with high resistance or susceptible.

The primary inoculum for F. graminearum comes from mycelia that survives
saprophytically as chlamydospores over winter on host crop debris (Goswami and
Kistler 2004; Khonga and Sutton 1988; Munkvold 2003; Osborne and Stein 2007;
Shaner 2003; Xu 2003). Crop debris can be a variety of things from small grain stems to
roots to corn stalks and ears. Overwintering survival of the pathogen in enhanced under
reduced tillage, where the majority of the crop debris remains on the surface (Osborne
and Stein 2007; Pereyra et al. 2004). Mycellium and perithecia can survive
saphrophytically for up to 2 years post harvest on wheat residue, and even longer on
maize stubble (Khonga and Sutton 1988; Pereyra et al. 2004).

In the spring, warm moist weather triggers the development and maturation of
perithecia on crop debris (Goswami and Kistler 2004; Xu 2003). When environmental
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conditions are favourable, ascospores are released from the perithecia and dispersed
by wind, insect and rain to susceptible hosts (Goswami and Kistler 2004; Pereyra et al.
2004; Trail et al. 2005). Ascospore release has been correlated to both rainfall events
and time of day (Fernando et al. 2000). Ascospores can undergo long-distance spore
dispersal via travelling in the planetary boundary layer, thus aiding in the long-distance
dispersal of inoculum (Maldonado-Ramirez et al. 2005).

Environment
The environment plays in important role in FHB disease development; conditions
must be suitable for both fungal growth and infection of the host plant (Krupinsky et al.
2002). Environment was shown to be the main driver of the major epidemic in wheat in
Ontario in 1996, and out of this work emerged a reliable forecast to predict DON
accumulation called DONcast® that is now used worldwide to predict Fusarium
epidemics, make spraying decisions and assist producers to market their grain (Hooker
et al. 2002). Compared to other Fusarium spp. that can cause FHB, F. graminearum
can thrive under a wide range of both temperature and moisture levels (Osborne and
Stein 2007). F. graminearum mycelium growth can occur between 10-30°C, with the
optimal temperature being 25°C (Brennan et al. 2003; Shaner 2003). F. graminearum
tends to exist in the warmer regions of the world since it favours warm wet conditions in
terms of ascospore production and infection rate (Brennan et al. 2003; Shaner 2003; Xu
2003).

Wheat has a narrow window of susceptibility to FHB infection from anthesis to
the soft dough stage (McMullen et al. 1997; Osborne and Stein 2007; Shaner 2003).
The weather around this window is very important in determining the severity of FHB
infection, because F. graminearum ascospore production, colonization and germination
is highly depend upon moisture and temperature (Shaner 2003; Xu 2003). Generally, in
Ontario and other wheat producing areas the temperature during this window is around
the optimal temperature for F. graminearum growth. Within the Great Lakes region,
including Ontario reduced tillage has resulted in unlimited inoculum for FHB infections
(Hooker et al. 2002; Sutton 1982 ). Favourable weather conditions including warm
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weather and moisture are needed for FHB infections to occur.

Agriculture practices such as tillage and previous crop can modify conditions that
influence F. graminearum infection potential. As previously mentioned, reduced tillage
favours F. graminearum survival and infection capability compared to tillage systems
(Osborne and Stein 2007). Having a previous crop that is a host to FHB such as corn or
cereals and reduced tillage contributes to conditions that are more favourable for F.
graminearum survival and production of high local inoculum levels.

Plant Host
Breeding wheat cultivars for high levels of FHB resistance is preferred since it
reduces the need for chemical control measures thus lowering input costs for producers
and reducing environmental impacts (von der Ohe et al. 2010a). Unfortunately, to date
no full genetic resistance to FHB has been achieved in wheat. The majority of studies
have concluded most FHB genetic resistance is quantitative in nature making breeding
for FHB resistance in wheat difficult, especially when resistance genes tend to be linked
to yield and quality drag (Buerstmayr et al. 2009). The physiological condition of the
host plant influenced by nutrition, hydration and age plays an important role in FHB
disease development (Osborne and Stein 2007). As mentioned previously, wheat is
susceptible to FHB infection between anthesis and the soft dough stage of development
(McMullen et al. 1997; Osborne and Stein 2007; Shaner 2003).

F. graminearum occupies many niches before, during and after the growing
season (Osborne and Stein 2007). Not only can F. graminearum grow on a variety of
cultivated crops including wheat, barley and corn, but it can also survive on wild grasses
(Goswami and Kistler 2004; Inch and Gilbert 2003; Osborne and Stein 2007). Wild
grasses can harbor F. graminearum and provide another environment in which the
fungus can survive. Inch and Gilbert (2003), examined 34 grass species from Southern
Manitoba and recovered F. graminearum and other Fusarium spp. capable of causing
FHB from many of the grasses sampled. F. graminearum was the species most often
recovered throughout the study and was found on 8% of the inflorescences examined.
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In Argentina, F. graminearum has been recovered from soybean fields (Barros et al.
2012).

Infection Cycle
Wheat becomes infected with FHB when F. graminearum ascospores land on
susceptible host tissue and germinate, giving rise to unbranched hyphae that penetrate
stomata. (Brown et al. 2010). F. graminearum utilizes penetration plugs and pit fields to
move through plant cell walls. Recently it was discovered that F. graminearum also
uses both lobate appressoria and infection cushions during the infection process of
wheat heads (Boenisch and Schaefer 2011). It is not yet known exactly when within the
infection process that these appressoria or cushions are formed and utilized. F.
graminearum spreads between florets and spikeletes through vascular bundles within
the rachis and rachilia (Goswami and Kistler 2004). Invasion of host tissue occurs
quickly, with hyphae present in the ovary and floral bracts within 36 hr after inoculation,
resulting in decreased amounts of cellulose, xylan and pectin in the plant cell walls in
the area surrounding the hyphae (Brown et al. 2010). Plant tissue behind the advancing
hypha become chlorotic and brown within a few days (Bushnell et al. 2003). After
infecting and colonizing the wheat head, F. graminearum mycelium can move through
the pith and vascular system to colonize wheat culms (Guenther and Trail 2005).

Trichothecene biosynthesis is not required for initial penetration of wheat tissue, but
is induced within the FHB infection structures (Boenisch and Schaefer 2011).
Trichothecenes such as deoxynivalenol will inhibit protein synthesis in plant tissue
which leads to necrosis and hemolysis (Bushnell et al. 2003). Trichothecenes are
thought to play an important role in FHB disease development in wheat by acting as
virulence factors for F. graminearum infection (Desjardins 2006; Mesterhazy 2002).
Trichothecenes have been shown to be toxic to plants by inhibiting ribosomal protein
synthesis in plant cells causing wilting, chlorosis and necrosis (Desjardins 2006; Rocha
et al. 2005). Wheat resistant to FHB, has been found to have mechanisms for
decomposing DON, while Fusarium isolates that do not produce DON have low
aggressiveness (Mesterhazy 2002).
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Kernels infected with F. graminearum eventually become shrivelled, white, light
with a floury interior, often with a magenta colour associated with infection (Bechtel et
al. 1985; Goswami and Kistler 2004; Parry et al. 1995). F. graminearum infects wheat
kernels destroying cell walls, starch granules and storage proteins (Bechtel et al. 1985).
FDKs were less viable and contained more DON Compared with healthy kernels.
Kernels with the most visual damage from F. graminearum the highest levels of DON.

It has been debated for some time whether F. graminearum is biotrophic or
necrotrophic (Kazan et al. 2012). Brown et al (2010) classified F. graminearum as
hemibiotrophic, meaning the pathogen begins as a biotroph for a period and then
becomes a necrotroph (Perfect and Green 2001). The biotroph phase for F.
graminearum occurs during the initial stage of infection and continues where the
advancing hyphae survive extracellularly and continually maintain an area of living host
cells (Brown et al 2010). Host cell death is initiated in an area behind advancing
hyphae, where necrotrophic intracellular colonization occurs (Brown et al 2010). Thus,
F. graminearum infection results in an area of biotrophic growth in the advancing
hyphae and necrotrophic growth in the area behind the advancing hyphae

Management Strategies
Because no individual management strategy controls FHB in wheat, an
integrated approach or using multiple methods is considered the best option for control
(Krupinsky et al. 2002; Osborne and Stein 2007). The main methods in order of
importance include genetic control for FHB, fungicide use, crop rotation and tillage.
Blandino et al (2012) showed that by combining management strategies to control FHB
resulted in synergistic effects and an integrated approach was the best. In fact, DON
levels were reduced by 97% when all management strategies (tillage, genetic
resistance, fungicide application at heading) were combined compared to using no
management strategies to control FHB.

Cultural Management Strategies
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Cultural management strategies such as cultivar selection, crop rotation and
tillage can be used to manage FHB efficiently. Currently, cultivar selection is regarded
as the best method to consistently and reliably reduce DON accumulation in wheat
(Beyer et al. . 2006; Pirgozliev et al. . 2003; Schaafsma et al. . 2001). To date, there are
no wheat cultivars on the market that offer full protection against FHB (Champeil 2004;
Koch et al. . 2006). In Ontario, all registered winter wheat varieties are entered into
Ontario Winter Wheat Performance Trials and tested for both DON levels and FHB
resistance in inoculated nurseries (Tamburic-Ilincic et al. 2011). Using both DON
content and FHB symptoms, cultivars are grouped into one of four susceptibility
classes: moderately resistant (MR), moderately susceptible (MS), susceptible (S) and
highly susceptible (HS). These susceptibility classes have been shown to be stable and
robust over years and are a tool by which Ontario wheat producers select cultivars
(Tamburic-Ilincic et al. 2011).

Crop rotation is regarded as one of the more effective cultural control strategies
for managing FHB (Pirgozliev et al. 2003). Disease levels of FHB are higher when the
previous crop is susceptible to FHB and there is a high density of residue left behind
(Champeil 2004; Pirgozliev et al. 2003). Dill-Macky and Jones (2000), found the lowest
level of DON accumulation in wheat following soybeans compared to following either
wheat or corn. Schaafsma et al (2005), samples wheat fields at anthesis and found the
greatest number of viable airborne propagules of F. graminearum in fields with either
corn or wheat stubble compared to fields with non-hosts as the previous crop.

Tillage conservation can be used to manage FHB. Generally, removing crop
debris or ploughing under crop debris contaminated with F. graminearum both help to
reduce the incidence of FHB in cereal grains (Champeil 2004; Pirgozliev et al. 2003).
Tillage results in the loss of water and crop residue along with more rapid warming of
the soils in the spring, generally making conditions less favourable for the growth of F.
graminearum (Krupinsky et al. 2002). One study in the Midwestern USA found lower
FHB disease levels following moldboard ploughing compared to either chisel ploughing
or non-till (Dill-Macky and Jones 2000). Schaafsma et al (2001), found that tillage and
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nitrogen application had no effect on DON accumulation in wheat fields and that year
(environment), cultivar and previous crop played the largest role associated with DON
accumulation. A study conducted in Argentina found that favourable weather conditions
conducive to FHB were more important than either tillage or fertilizer treatments for
DON accumulation or grain quality (Lori et al. 2009). Lori et al (2009) concluded that
since there was lots of inoculum available it was not the limiting factor and thus less
important than weather conditions to FHB disease development.

Chemical Management Strategies
Fungicides can be used as part of an integrated management strategy to help
manage FHB in the field. Since F. graminearum has been shown to establish in wheat
heads quickly both inter and intracellularlly a fungicide needs to be persistent and able
to translocate within the tissue of the head (Brown et al. 2010). Fungicides developed
for FHB should both reduce the disease level in the field and DON accumulation
(Mesterhazy 2003). Ideally, fungicides should reduce field infection to below 5 % and
FDKs should be minimal or absent. To date, no fungicides offer complete control of
FHB.

In practical field situations, fungicide efficiency is extremely variable and often
insufficient at controlling FHB in infected wheat (Champeil 2004; Lehoczki-Krsjak et al.
2010; Mesterhazy 2003; Mesterhazy et al. 2011). Fungicide efficacy is highly dependent
on application timing, rate and head coverage (Mesterhazy 2003). Application timing is
especially important, because current classes of fungicides used cannot translocate
quickly enough in plant tissue and thus all heads must be emerged before the fungicide
is applied (Beyer et al. 2006; Mesterhazy 2003). Some growers have trouble with
fungicide timing because favourable weather for FHB is frequently unfavourable
weather for ground spraying (Mesterhazy 2003). Small-plot experiments tend to achieve
better fungicide efficiency compared to farm situations (Lehoczki-Krsjak et al. 2010).
This is due to what Lehoczki-Krsjak et al (2010), refer to as a “technology gap” in
fungicide application equipment at the farm level. With the proper equipment and
application timing both FHB incidence and DON content can be significantly reduced in
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field situations (Hooker and Schaafsma 2004; Mesterhazy et al. 2011). In, Ontario
research found that traditional spray equipment and aerial application had low coverage
with about 10 % and 1-3 % respectively (Hooker and Schaafsma 2004). Turbo
FloodJet® nozzles gave uniform coverage above 30 % and have since been adopted by
Ontario farmers.

Fungicide testing requires well thought out field trials, thus it is recommended to
use artificial inoculum and to have conditions that promote FHB development such as
the use of mist systems (Mesterhazy 2003). Both toxin and yield data can provide
valuable information and help to make sense of the results.

Presently, the most effective fungicides used to control FHB in wheat on the
market are the triazoles: tebuconazole, metconazole and prothioconazole (Klix et al.
2007; Mesterhazy 2003). Klix (2007), found that triazole fungicides inhibited ascospore
germination of F. graminearum. Fungicides used to control FHB are demethylation
inhibitors (DMI), disturb fungal membranes and target C-14 demethylase in sterol
biosynthesis (Dubos et al. 2011; FRAC 2011). In vitro studies found that on a molecule
basis prothioconazole is the most effective at inhibiting F. graminearum ascospore
germination followed by metconazole and tebuconazole (Klix et al. 2007). Generally, the
more often an active ingredient is used, the greater chance Fusarium or other fungal
populations will develop resistance. Fungal resistance to DMIs such as the triazoles is
polygenic in nature and several mechanisms are needed for resistance to occur (Brent
and Hollomon 2007). This polygenic resistance lowers the overall likelihood that
Fusarium populations will become resistant to triazole fungicides. Klix et al (2007),
found some evidence for emerging Fusarium resistance to triazoles, but argued that to
date it has been offset by advances in fungicide chemistry technologies.

Across the US, generally fungicide efficacy is higher in spring wheat compared to
soft winter wheat (Paul et al. 2008). Beyer et al (2006), found that on average triazole
fungicides applied at anthesis reduced DON content in wheat 53 ± 4% compared to
non-treated controls. For both winter and spring wheat prothioconazole has been found
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to be the most reliable triazole fungicide for reducing DON content (Mesterhazy et al.
2003). Strobilurin fungicides are generally ineffective at controlling FHB and in some
cases have been shown to increase DON content compared to non-treated controls
(Pirgozliev et al. 2002; Simpson et al. 2001).

Studies examining the combined effects of cultivar resistance and fungicide
application have mixed results. Hollingsworth et al (2008), found that with cultivars rated
as MR and MS fungicide application may not reduce DON levels. However, other
studies have found that cultivars with more FHB resistance have improved fungicide
efficacy compared to those with less resistance (Amarasinghe et al. 2013; Sip et al.
2010). Blandino et al (2012), found that fungicide application lowered DON content for
both MR and S varieties, but lowest DON content occurred in the MR variety. Other
studies have found that even though susceptible cultivars react more favourably to
fungicide, the reduction in DON content may not be low enough to be acceptable
(Mesterhazy et al. 2003). To date the interaction between specific FHB resistance and
fungicide application and interactions within a population of genetically related lines has
not been examined.

Biological Control Strategies
Biological control strategies can be used as an important part of an integrated
management strategy to control FHB in wheat (Luz et al. 2003). Because wheat has a
narrow window of susceptibility to FHB, it makes developing biological control strategies
easier than something with a longer window of susceptibly such as STB. To date,
several bacterial and fungal species have been identified that inhibit F. graminearum
(Gilbert and Fernando 2004; Luz et al. 2003). The majority of biocontrol agents are
gram positive or negative bacteria or filamentous fungi. The greatest efficacy to date
has come from Brazilian isolates of Bacillus and Paenibacillus (Luz 2000; Luz et al.
2003). FHB disease severity and incidence were reduced 67% and 50%, while yield
increased over 700 kg/ha after application of these bacteria to wheat heads.

Most biological control strategies aim to disturb the lifecycle of F. graminearum
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(Luz et al. 2003). Microbial antagonists can be applied directly to wheat heads to
prevent spikelet infection or movement of F. graminearum within wheat heads. After
harvest a microbial antagonist could be applied to crop stubble to prevent F.
graminearum survival, overwintering or future inoculum production. For example,
Trichoderma harzianium applied to infected wheat straw after harvest reduced the
incidence of recovered F. graminearum (Fernandez 1992). The T. harzianium isolate
was more effective at colonizing the wheat straw compared to F. graminearum.

There are many limitations to developing effective biological control agents to
manage FHB. Similar to fungicides, there can be large differences in efficacy between
controlled environments and field environments (Pirgozliev et al. 2003). When
developing a biological control agent that is applied directly to wheat heads one needs
to take into consideration the harsh environment of the wheat head (Gilbert and
Fernando 2004). Finding something that can grow on the harsh environment of the
wheat head with high temperatures, low moisture, high UV radiation and poor nutrition
can be difficult.

Breeding for FHB resistance in wheat
There are three main types of resistance in winter wheat to FHB, type I or
resistance to initial infection, type II or resistance to the spread of infection and type III
resistance to DON accumulation (Mesterhazy 1995; Schroeder and Christensen 1963).
Type I resistance can be assessed by observing FHB disease incidence, type II can be
assessed by observing the spread of infection from single floret inoculations, while type
III can be assessed by analysis of DON in harvested grain (Buerstmayr et al. 2009).
Breeders should try to test for all types of resistance because it is believed that all three
mechanisms occur simultaneously in natural FHB epidemics. Breeding wheat for high
levels of FHB resistance is difficult due to high levels of genotype x environment
interactions, lack of reproducibility of results, the need for artificial inoculation of plots
and because of the polygenic nature of FHB resistance (Buerstmayr et al. 2009;
Miedaner and Korzun 2012).
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Globally, many resources have been invested into developing QTLs and MAS for
breeding wheat including those for FHB disease resistance traits (Gupta et al. 2010).
Currently, using quantitative trait loci (QTLs) associated with FHB resistance and MAS
(market assisted selection) for breeding FHB resistant wheat cultivars cannot be a
complete substitute for conventional phenotypic selection (Miedaner and Korzun 2012).
Over 300 studies on wheat disease resistance QTL’s have been published since 1992,
but to date the only disease resistance QTL consistently used in wheat breeding is Fhb1
(syn. Qfhs.ndsu-3BS). In wheat, QTLs for FHB resistance have been found on all
chromosomes except for 7D (Buerstmayr et al. 2009).

Breeding for FHB resistance in wheat is challenging for breeders because they
need to develop cultivars with high resistance to FHB and good yields (von der Ohe et
al. 2010a). The use of high level of resistance in cultivars is preferred since it lowers
input costs for producers, reduces the use of fungicide, which in turn is better for the
environment and overall food safety. The discovery and use of major FHB resistant
QTLs will not be effective or put to use in wheat breeding programs if the QTLs cannot
be combined with elite locally adapted germplasm or if they are associated with yield or
quality penalties.

The most common source of FHB resistance used globally in wheat breeding
programs come from the Chinese cultivar ‘Sumai 3’, a stable line that is combined with
useful agronomic traits such as yield potential and resistance to rusts and powdery
mildew (Champeil 2004). This is an exotic source or non-native source of FHB
resistance that can be used in Ontario and globally. Families of lines crossed with this
cultivar were used to map the major FHB resistance QTLs 5A accounting for 23% of
phenotypic variation and 3B accounting for 60% of phenotypic variation (Anderson et al.
2001; Buerstmayr et al. 2002; Buerstmayr et al. 2003). Cuthbert et al (2006) were able
to mapped the QTL 3B, now referred to as Fhb1 to a Mendelian locus in two different
spring wheat populations. The Fhb1 gene has been associated with type II resistance in
wheat and seems to be additive compared to other sources of resistance (Bai and
Shaner 1994; Cuthbert et al. 2006). Horevaj et al (2012), found that Fhb1 seemed to
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confer resistance to DON as measured by the number of DON bleached florets after
DON was applied directly to the florets. The spread of bleaching was minimal in wheat
lines with the Fhb1 gene, suggesting that Fhb1 protects spikes from the loss of
chlorophyll. The phytotoxic effects of DON still occurred in wheat lines with the Fhb1
gene, as measured by relative grain yield, suggesting that Fhb1 does not protects
spikes against the phytotoxic effects of DON only from the loss of chlorophyll.

Other exotic sources of FHB resistance commonly used are the Brazilian cultivar
‘Frontana’ and the Japanese cultivar ‘Nobeokabouzu-Komugi’ (Champeil 2004). The
major FHB resistance QTL 3A, accounting for 16% of the phenotypic variation has been
mapped in families of lines crossed with the cultivar ‘Frontana’ (Steiner et al. 2004).
The 3A QTL seems to confer type I resistance or resistance to initial FHB infection.
Szabo-Hever et al (2012) mapped eight QTLs in a double haploid (DH) population of
lines crossed with the cultivar ‘Frontana’. It was found that QTLs could confer resistance
to FHB disease severity, FDKs or both FHB disease severity and FDKs. The authors
argue that breeders should be focusing on selecting QTLs that confer resistance to both
FHB disease severity and FDKs.

Morphological characteristics such as plant height have also been associated
with FHB resistance. Generally, taller genotypes have lower levels of FHB symptoms
(Hilton et al. 1999; McCartney et al. 2007; Tamburic-Ilincic et al. 2007b). However, this
association seems to be due to linkage, it should be possible to break and have short
lines with good levels of FHB resistance. Yan et al (2011), found tall isolines had
superior type I resistance compared to dwarf isolines, but did not find any clear effect
with type II resistance. Lu et al (2011), found the dwarf allele Rht-D1b increased FHB
susceptibility in a F2 derived DH family (cross between Swedish cv Avle (wild type
allele) and Line 685 (Rht-D1b dwarf allele)). This DH family had both ‘Sumai-3’ and
‘Nobeokabouzu-Komugi’ exotic FHB resistance sources in the families genetic
background. The dwarf allele Rht-D1b is desirable for wheat breeders because it is
associated with increased yield and decreased lodging. In order to mitigate the
increased FHB susceptibility from Rht-D1b dwarf allele, the Fhb1 gene and 5A QTL for
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FHB resistance had to be pyramided into wheat lines. Depending on the desired level of
FHB resistance, additional QTLs for FHB resistance may be need to be pyramided into
wheat lines with the Rht-D1b dwarf allele in the Avle / Line 685 DH population studied.

Exotic QTLs successfully have been introgressed into locally adapted germplasm
(McCartney et al. 2007; Miedaner et al. 2008b; Miedaner et al. 2006; Tamburic-Ilincic
2012). Miedaner et al (2006) introgressed the 3B and 5A QTLs from ‘Sumai 3’
background and the 3A QTL from ‘Frontana’ background into a spring wheat population.
Lines with all 3 QTLs had significantly lower DON content compared to those lines
carrying none of these QTLs in the spring wheat population. The best resistance was
observed by stacking the 3B and 5A QTLs together, DON content was lowered by 78%
and FHB symptoms by 55% in lines with stacked QTLs compared to lines carrying no
QTLs in the spring wheat population. Miedaner et al (2008b), were able to pyramid
QTLs from exotic sources into elite European germplasm. After targeted introgression,
major QTLs for FHB resistance could be detected in the progeny with phenotypic
selection alone. McCartney et al (2007), were able to incorporate exotic QTLs for FHB
resistance into elite Canadian spring wheat lines, lowering FHB index, FDKs and DON
content compared to lines having no QTLs.

Von der Ohe et al (2010a) examined the effect of the Fhb1 gene and the 5A
QTL for FHB resistance, agronomic and baking quality performance in two European
winter wheat populations. Both the Fhb1 gene and the 5A QTL increased FHB
resistance in the two winter wheat populations, but were associated with a small
negative effect on thousand kernel weight and grain yield. Within a highly susceptible
winter wheat background, introgression of both the Fhb1 gene and the 5A QTL did not
have an advantage over the introgression of just the 5A QTL. It was recommended to
introgress the 5A QTL only. In Canada, a winter wheat population carrying a
combination of 3A, 5A, Fhb1 gene or no QTLs was examined for FHB resistance, yield,
thousand kernel weight and protein content (Tamburic-Ilincic 2012). In this population,
the introgression of the Fhb1 gene was recommended since it resulted in the lowest
FHB symptoms, FDK counts and DON content and did not have significantly lower grain
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yield, thousand kernel weight or protein content.

Mycotoxins
Numerous Fusarium spp. are capable of producing a variety of mycotoxins, most
often trichothecenes (Desjardins 2006). Trichothecenes are a family of over 200
secondary metabolites that are structurally related, have a low molecular weight are
non-volatile and are sesquiterpenoids (Desjardins 2006; Goswami and Kistler 2004;
Pestka 2010; Rocha et al. 2005). Trichothecenes have a tricyclic ring structure and
commonly have an epoxide group at C-12 and C-13 which are necessary for toxicity
(Desjardins et al. 1993; Rocha et al. 2005) Trichothecenes inhibit eukaryotic protein
synthesis and are associated with chronic and fatal toxicosis in both animals and
humans (Desjardins 2006; Desjardins et al. 1993; Rocha et al. 2005).

Trichothecenes are split into 4 groups, A to D depending on the fungus that
produces the toxin and on the chemical properties of the toxin (Rocha et al. 2005).
Toxins that are important to agricultural crops belong to groups A and B, including those
produced by Fusarium spp. Both trichothecene group A and B can be distinguished
from the others by the C-8 functional group having either an oxygen or carbonyl group,
respectively. Major toxins in agriculture include the group A trichothecene T-2 and group
B trichothecenes nivalenol (NIV) and deoxynivalenol (DON). In wheat, 15acetyldeoxynivalenol and 3-acetyldeoxynivalenol both group B trichothecenes, co-occur
with deoxynivalenol at much lower levels (Pestka 2010). Strains within a Fusarium spp.
can differ in the types and ratio of trichothecene metabolites they produce and are
referred to as chemotypes (Desjardins 2008; Rocha et al. 2005).

Trichothecenes are synthesized through a series of enzymatic reactions in Fusarium
spp. controlled by several biosynthesis genes clustered together called the ‘TRI gene
cluster’ (Desjardins 2006; Goswami and Kistler 2004; Schollenberger et al. 2007). This
‘Tri gene cluster’ is approximately 25 kb long and contains about half the genes needed
for trichothecene production (Goswami and Kistler 2004). The rest of the genes needed
for toxin production flank the gene cluster and differ depending on the trichothecene
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being produced. Chemotype specific primers for F. graminearum have been developed
using differences within the ‘TRI gene cluster’ to distinguish chemotypes (Ji et al. 2007;
Starkey et al. 2007).

Trichothecenes are very heat stable and do not degrade during food processing,
meaning once grain has been contaminated it is nearly impossible to decontaminate
(Rocha et al. 2005). The most important source of human exposure to trichothecenes is
via contaminated cereal grains such as wheat, barley and corn (Desjardins 2006).
Globally, cereals can be contaminated with multiple mycotoxins making mycotoxin
contaminated grain even more difficult to deal with (D'Mello et al. 1999). Trichothecenes
are detected and quantified frequently using high-performance and costly liquid
chromatography, gas chromatography and mass spectrometry (Desjardins 2006). Rapid
qualitative and semi-quantitative screening tools for example ELISA (Enzyme-linked
immunosorbent assay) helps to decrease analytical costs and are used by elevators
and breeding programs for quick detection of mycotoxins (Desjardins 2006; Mirocha et
al. 2003).

In Canada, natural trichothecene contamination in grain was not investigated
rigorously prior to 1980 (Abramson et al. 1987; Desjardins 2006). In 1980, Ontario
wheat had high visual levels of FDKs, which prompted further investigation. Samples
were tested for DON, diacetoxyscipenol, neosoloniol, T-2 and HT-2, but only DON was
found in grain above the detection limit of 0.05 µg/g. Canadian surveys have continued
annually for natural trichothecene contamination and currently wheat, maize, barley,
oats and other grains are tested, with DON detected most frequently (Desjardins 2006).
In wheat, DON is the most commonly regulated mycotoxin. It is unlikely that mycotoxins
will be completely eliminated from our food supply, thus it is important to establish
acceptable levels for mycotoxins and manage the risk (Desjardins 2006). Mycotoxin risk
management begins in the field and is important throughout all stages of the supply
chain to the consumer. Health Canada set maximum DON concentrations at 2.0 ppm
for uncleaned soft wheat used in non-staple foods and 1.0 ppm for uncleaned soft
wheat used in baby food, however both of these limits are currently under review
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(Health Canada,(2012).

Trichothecenes have a wide range of biological effects, but generally they inhibit
eukaryotic protein synthesis (Desjardins 2006). Trichothecenes are regulated in the
human food chain for a number of reasons including their effect on the immune system
and reproduction and fetal development. DON can act as an immunostimulant or
immunosuppressant depending on the exposure frequency, dose and timing of
functional immune assay (Pestka et al. 2004). DON has also been associated with both
reproductive and developmental effects (Collins et al. 2006; Debouck et al. 2001; Khera
et al. 1984; Pestka 2010; Sprando et al. 2005).

Trichothecenes are toxic to all tested animals thus far, although there are differences
in the effects on the animals and between the different toxins (Rocha et al. 2005). DON
also known colloquially as vomitoxin due to its emetic effect in swine is regarded as one
of the least lethal trichothecenes (Pestka 2010). When animals are chronically exposed
to low doses of DON they experience decreases in weight gain (Mirocha et al. 2003;
Pestka 2010; Rocha et al. 2005). Swine seem to be the most sensitive to DON
compared to mice, rats, dogs and cats (Pestka 2010). When swine are exposed to high
levels of DON they exhibited abdominal distress, malaise, emesis and diarrhea. In
humans, a single high exposure to DON causes gastroenteritis and emesis.

Chemotypes
There are three main chemotypes of F. graminearum based on differences in
secondary trichothecene metabolites produced by different fungal strains within the
species and these designations are used to describe chemical phenotypes or the
“toxigenic potential” of an isolate (Desjardins 2008; Miller et al. 1991). Strains producing
mainly nivalenol (NIV) are referred to as the NIV chemotype, while those producing 15acetyl deoxynivalenol (15-ADON) and DON are the 15-ADON chemotype and those
producing 3-acetyl deoxynivalenol (3-ADON) and DON are the 3-ADON chemotype
(Ichinoe et al. 1983; Miller et al. 1991; O'Donnell et al. 2000). Chemotypes vary in their
geographical distribution globally (Goswami and Kistler 2004; Miller et al. 1991). In
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China the 3-ADON chemotype seems to predominate, while in Germany, North America
and Mexico historically the 15-DON chemotype has predominated (de Kuppler et al.
2011; Goswami and Kistler 2004; Miller et al. 1991). Balancing selection is thought to
maintain high trichothecene diversity around the world although it is not known whether
it is due to differences in toxin production or other traits (Ward et al. 2008).

Ward et al (2008) identified a longitudinal cline where 3-ADON chemotypes are
much more common in Eastern Canada compared to Western Canada. Other recent
surveys conducted in North Dakota and Western Canada suggest a shift to 3-ADON
chemotypes from 15-ADON chemotypes in the mid-Western US and Western Canada
(Guo et al. 2008; Puri and Zhong 2010; Ward et al. 2008). The basis for this chemotype
shift is unclear, but Ward et al (2008) believe there must be a large selection advantage
for the 3-ADON chemotype since its incidence was very low prior to 1998 in Western
Canada. Population genetics studies show that the 3-ADON chemotype was most likely
introduced transcontinentally into Eastern Canada from Europe (Puri and Zhong, 2010;
Ward et al, 2008).

Contrary to the hypothesis of an East to West continental gradient of chemotype
shift proposed by Ward et al (2008), the 15-ADON chemotype still predominates and no
chemotype shift has been detected in Ontario, Canada or the mid-Atlantic, North
Carolina or Kentucky states of the United States (Amarasinghe et al. 2009; Schmale et
al. 2011; Tamburic-Ilincic et al. 2006a). Studies conducted in 2004 and 2008 in Ontario,
Canada found that majority of isolates (100% and 93% respectively) were of the 15ADON chemotype. A survey conducted in 2006, found that in the US Eastern seaboard
92% of F. graminearum isolates were 15-ADON, 7% were 3-ADON and 1% were NIV
chemotypes (Schmale et al. 2011).

Chemotype distribution varies globally and may be related to environment, with
some chemotypes having an advantage over other chemotypes (Puri and Zhong 2010;
Ward et al. 2008). These chemotype advantages may be related to pathogen fitness.
Carter et al (2002), investigated the genetic diversity of F. graminearum isolates from
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USA, Nepal and northwest Europe. Isolates were screened using random amplified
polymorphic DNA analysis and assigned into three groups (A-C). Geographic clustering
of group occurred, with groups A and B containing F. graminearum isolates from Nepal
and group C containing F. graminearum isolates from USA and northwestern Europe.
For those isolates from Nepal classified as group A, there were differences in
aggressiveness between chemotypes. Isolates that were the NIV chemotype were more
aggressive towards corn compared to the DON chemotype or non-classified
chemotype. Other studies, such as de Kuppler et al (2011) found in Germany F.
graminearum chemotypes were independent from both the crop and region in which
they were isolated.

Isolates that produce 3-ADON are reported to produces more trichothecenes,
have greater fecundity, more rapid growth and causes greater disease severity on
wheat than 15-ADON isolates (Gilbert et al. 2010; Puri and Zhong 2010; Von der Ohe et
al. 2010b; Ward et al. 2008). In the laboratory, 3-ADON isolates have been found to
grow faster and producer more conidia than 15-ADON isolates (Puri and Zhong 2010;
Ward et al. 2008). Von der Ohe et al (2010b) found no significant differences in FHB
indices between 15-ADON and 3-ADON F. graminearum isolates for any of the wheat
genotypes tested. However, in the majority of environments for moderately resistant
wheat genotypes and in all environments where susceptible wheat genotypes were
tested the 3-ADON isolates produced significantly more DON compared with the 15ADON isolates. No differences were observed for moderately susceptible wheat
cultivars. Some field studies found no difference in pathogencity on wheat between 3ADON and 15-ADON isolates (Gilbert et al. 2010; Ward et al. 2008). However, Gilbert et
al (2010) found on average 3-ADON isolates produced more DON than 15-ADON
isolates. Puri and Zhong (2010) found that 3-ADON isolates caused greater disease
severity and DON levels compared with 15-ADON isolates on susceptible and resistant,
but not on moderately susceptible wheat cultivars. Amarasinghe et al (2013) found that
azole fungicides targeted towards FHB were effective against both 15-ADON and 3ADON chemotypes. A shift from F. graminearum 15-ADON to 3-ADON chemotypes
could result in greater levels of toxin accumulation and FHB disease field symptoms,
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with a potentially large impact on food safety in the future (Ward et al. 2008).

Septoria tritici Blotch
Worldwide there are two major Septoria diseases that can infect wheat and
significantly reduced yields, Septoria tritici blotch (STB) and Stagonospora nodorum
blotch (SNB) (Eyal 1999; Eyal et al. 1987). Septoria tritici blotch (STB), also called
speckled leaf blotch or Septoria leaf blotch is caused by the fungus Septoria tritici (Eyal
et al. 1987; Orton et al. 2011). Septoria tritici belongs to the Ascomycetae phylum and is
a filamentous fungi that survives both sexually and asexually (Eyal et al. 1987; Orton et
al. 2011). In 1842, S. tritici was first found and described on wheat, while the sexual
state M. graminicola wasn’t described until 1972 (Eyal et al. 1987; Shipton et al. 1971).
Worldwide, when local wheat cultivars were replaced with early maturing semidwarf
cultivars this in turn lead to an increase of STB because many of these semidwarf
cultivars were susceptible to STB (Eyal et al. 1987). Stagonospora nodorum blotch also
called Septoria glume blotch is caused by the fungus Stagonospora nodorum and
belongs to the Ascomycetae phylum of fungi (Eyal et al. 1987). Both diseases can
cause serious yield losses and can co-infect wheat plants; however STB infects wheat
leaves, while SNB infected wheat heads. This thesis focuses on S. tritici and STB only.

Worldwide, STB is considered the foliar disease with the greatest negative
economic impact in wheat (Goodwin et al. 2011; Orton et al. 2011). Septoria has been
reported all around the world, except for South-west Asia (Eyal 1999). STB thrives in
climates with frequent moisture available throughout the development of wheat up until
flag leaf emergence. Yields can be severely reduced if disease pressure is high, with
yield losses of 30 -50% reported in wheat (Eyal et al. 1987; Goodwin et al. 2011). In
Ontario, high STB infections can cause yield reductions upwards of 10-20% in wheat
(Sutton 1993).

Pathogen
There are significant differences in the virulence of S. tritici around the world, with
regions such as Latin America having the most virulent populations (Eyal et al. 1987).
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There are also varying levels of aggressiveness among S. tritici isolates (Czembor et al.
2011; Eyal et al. 1987). Significant cultivar by isolate interactions have been found,
indicating a gene for gene system (Brading et al. 2002; Kema et al. 2000; McCartney et
al. 2002). In a gene for gene system, each gene for STB resistance in wheat has a
corresponding avirulence gene within the S. tritici population (Brading et al. 2002; Flor
1971). For this gene for gene relationship to exist the gene for resistance and avirulence
must be present and conserved in the plant and pathogen populations (Flor 1971). S.
tritici isolates can be grouped into ‘races’ depending on the type of avirulence genes
they have.

In Canada, both sexual and asexual spores contribute to STB disease
development (Hoorne et al. 2002; Razavi and Hughes 2004). In the summer of 2001,
the first sexual spore of S. tritici was recovered from wheat stubble in Southwestern
Manitoba. Previously, only asexual spores had been found in Canada and it was
thought that ascospores did not contribute to primary inoculum or STB infections. In
Saskatchewan, molecular markers provided evidenced of sexual reproduction in S. tritici
populations (Razavi and Hughes 2004). The discovery of ascospores in Canada
indicated that ascospores did contribute to the primary inoculum of S. tritici and played
an important role in STB infections of wheat. Many fungal structures including
ascospores, pycnidiospores and mycelium are involved in STB infections, along with
numerous plant materials such as wheat seeds, wheat stubble, wheat debris, volunteer
wheat and other grass species (Suffert et al. 2011). The STB disease cycle is complex
and the primary inoculum and the early stages of epidemics are still not completely
understood. STB is polycyclic and plants can be infected several times in a growing
season (Bockus et al. 2010). Perithecia and pycnidia can survive overwinter on crop
debris (Eyal et al. 1987). Pycnidia mature and moisture activates the release of
pycnidiospores which germinate on wheat leaves. Moisture is critical for STB infection,
and it is needed for germination, penetration and development of mycelium. Primary
inoculum for STB infection can come from a variety of sources (Bockus et al. 2010; Eyal
et al. 1987; Suffert et al. 2011). Infected crop debris with pycnidiospores can survive
and remain viable for up to five months. It is thought that the most important source of
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primary inoculum for STB infections is airborne ascospores from wheat debris (Suffert
et al. 2011).

Previously, in Canada before ascospores were discovered it was thought that
STB infections began in the spring from pycnidiospores. It is now known that STB
infections can begin in the fall from ascospores as the primary inoculum, making
epidemics worse and more frequent. In climates such as Ontario, with winter wheat
planted early epidemic stages last from early October until late February when they are
infected in the fall (Suffert et al. 2011). Winter wheat can still be infected after February.
In late summer, following the harvest of winter wheat airborne ascospores or rainsplashed pycnidiospores from wheat stubble can infect volunteer wheat, where it can
survive until late autumn and serve as primary inoculum for newly planted winter wheat
(Bockus et al. 2010; Eyal 1999; Eyal et al. 1987; Suffert et al. 2011). Alternatively, in
late autumn airborne ascospores from wheat debris can serve as the primary inoculum
for winter wheat. Windblown ascospores can also come from other grass species and
infect winter wheat in late autumn. In early winter rain-splashed pycnidiospores from
senescent basal leaves can contribute to secondary infections. In the spring,
overwintered lesions on wheat leaves mature and pycnidia are produced (Bockus et al.
2010). Secondary infections can continue on into the spring where either rain-splashed
pycnidiospores or airborne ascospores infect wheat from other nearby wheat fields,
volunteer wheat, other grass species or plants in the same field (Suffert et al. 2011).
The pathogen survives late summer and early fall on wheat stubble, volunteer wheat,
other grass species or wheat debris both parasitically and saprophytically.

Symptoms
S. tritici can infect a variety of graminaceous hosts including both bread wheat
and durum wheat (Eyal 1999; Orton et al. 2011). Unlike FHB, there is a wide
susceptibility window when wheat can become infected with STB. Symptoms of STB
typically appear 14-21 d after infection, when leaves begin to develop irregular chlorotic
lesions or flecking which eventually become gray-brown and necrotic (Bockus et al.
2010; Eyal 1999; Eyal et al. 1987; Orton et al. 2011). Light to dark brown pycnidia form
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within necrotic lesions. These necrotic lesions reduce photosynthetic capacity of leaves,
in turn reducing grain yields. Symptoms in winter wheat will first develop on lower
leaves and will successively move up the canopy to higher leaves, creating a gradient of
disease incidence from high to low incidence as one moves up the canopy (Bockus et
al. 2010). STB symptom development is highly dependent upon the environment,
wheat cultivar and S. tritici isolate (Eyal et al. 1987).

Environment
Generally, Septoria tritici is found in Mediterranean-type climates with moderate
temperatures and wet winters, while Stagonospora nodorum tends to be found in more
Northern climates (Bockus et al. 2010; Eyal 1999).

Optimal temperatures for S. tritici are between 20-25°C, with a minimum
temperature of 2-3 °C and a maximum temperature of 33-37 °C (Eyal et al. 1987). Low
temperatures at night can delay field infection. Free moisture is required for
germination, penetration and growth of Septoria tritici mycelium. With as few as two
successive days with rain events can allow for 48 h of high humidity resulting in
infection (Bockus et al. 2010). The most favourable weather conditions for STB occur
when it is rainy, cloudy and between 20-25°C.

Infection Cycle
S. tritici acts as a biotroph and does not break the hosts cell walls or membranes
during infection (Cohen and Eyal 1993; Duncan and Howard 2000; Kema et al. 1996b;
Orton et al. 2011). S. tritici penetrates wheat through stomata with germ tubes which
grow over the leaf surface (Bockus et al. 2010; Duncan and Howard 2000; Eyal 1999).
Mycelium of S. tritici grows within the apoplast of the wheat leaf (Bockus et al. 2010;
Duncan and Howard 2000). Following infection and penetration of the leaf, hyphae grow
intercellularly for approximately 10 d or until necrosis of the leaf tissue occurs.
Mesophyll cells collapse at the infection site and pynidia will develop in the substomatal
cavities of lesions after about 10-14d post infection.
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Management
Similar to FHB, the management of STB relies on using integrated approach
such as the use of resistant wheat cultivars, plant nutrition, cultural controls and
fungicides (Orton et al. 2011). The use of resistance cultivars can also greatly help to
reduce STB levels in the field. Highly resistant cultivars have lower amounts of lesions
and pycnidial production compared to cultivars that are not resistant (Cohen and Eyal
1993).

Chemical control strategies are commonly used to control STB in wheat;
however resistance to fungicides has become problematic. As of 2008, the only group
of systematic fungicides effective against STB is the azoles in Europe (Cools and
Fraaije 2008). In Ontario, triazoles and strobilurins are still rated very good for
controlling STB, decreased sensitivity has not yet been detected (OMAFRA 2012).
Azoles include DMIs, triazoles and imidazoles and function by binding to the
14αdemethylase (CYP51) which is an enzyme needed for ergosterol biosynthesis.
Recently, in Europe there has been a decline in azole efficacy against STB. The
reduced sensitivity in S. tritici seems to be caused by amino acid alterations in the
CYP51 enzyme, at least 17 different alterations have been reported so far. There is a
clear link between S. tritici CYP51 variants and reduced sensitivity towards some
azoles. Some azoles such as prothioconazole and epoxiconazole still seem to be very
effective against STB, however the agricultural industry will need to be vigilant to
prevent further declines in fungicide efficacy. Fungicide timing is important and they are
typically applied around or shortly after flag leaf emergence (Bockus et al. 2010).
However, if weather conditions are favourable for STB development a few days before
fungicide application, control may be poor. Fungicides are costly for growers, but have
the advantage of controlling several wheat diseases.

Managing STB through cultural controls can prove to be an effective strategy.
Cultural control strategies such as ploughing debris, burning wheat residue or crop
rotation with a non-host help to reduce inoculum levels (Eyal 1999; Eyal et al. 1987;
OMAFRA 2003b). Biological controls such as Trichoderma spp. were found to be used
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to control STB in wheat fields in Argentina, by either seed coating or foliar spray (Perello
et al. 2006).

Balanced and adequate fertility helps to reduce disease levels by decreasing
plant stress and in turn increasing physiological plant resistance (Krupinsky et al. 2002).
Much research has focused on the effect of nitrogen application in wheat and STB.
Some research has found that increased nitrogen leads to increased susceptibility to
STB in wheat (Shipton et al. 1971), while others report increased nitrogen application
can decrease late season STB infection (Gooding and Davies 1992). Ishikawa et al
(2012), found that the relationship between nitrogen application in wheat and STB
disease development may not be a simple linear relationship. In fact they concluded
there may be an optimal concentration of nitrogen in the host plant for S. tritici to grow
and cause infection. The authors did not give an optimal nitrogen concentration for S.
tritici; they concluded that this needs to be investigated further.

Plant Host
Wheat has found to have both quantitative and qualitative resistance against
STB (Brading et al. 2002; Krenz et al. 2008; Miedaner et al. 2012; Risser et al. 2011).
Qualitative resistance, also known as vertical resistance can be defined as a plant host
exhibiting complete resistance against one race, strain or biotype of a pathogen but
exhibiting no resistance to others of the same pathogen. This form of resistance is
control by a single gene in both the host and pathogen and follows the gene for gene
model. Quantitative resistance, also called horizontal resistance can be defined as a
plant host expressing incomplete resistance that is effectual against all races, strains or
biotypes of a pathogen (Poland et al. 2009). It is generally accepted that quantitative
resistance is polygenetic and results in a compatible response (disease development)
between host and pathogen; however development of disease is slowed.

Generally, quantitative resistance is more durable compared to qualitative
resistance (Krenz et al. 2008; Krupinsky et al. 2002; Orton et al. 2011; Poland et al.
2009). This is because qualitative resistance can easily break down when the pathogen
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population adapts making resistance genes in the host no longer effective. In the
Oregon, resistance in wheat cultivars broke quickly down after the S. tritici population
adapted and the resistance gene was no longer effective against STB in this region
(Krenz et al. 2008). It is thought that STB qualitative resistance may be less durable
compared to resistance to other diseases (Chartrain et al. 2004). This is because the
pathogen can reproduce sexually many times within the wheat growing season and
because S. tritici populations are very diverse (Kema et al. 1996a; Linde et al. 2002;
Zhan et al. 2003). Together, this makes it easier for S. tritici populations to adapt and for
resistance to breakdown in wheat.

Breeding for STB resistance
Breeding for STB resistance has progressed within the last 15 years (Orton et al.
2011). Much of the breeding work completed thus far has focused on qualitative
resistance, with 13 major genes (STB1 – 12, STB15) for STB resistance identified and
mapped. Brading et al (2002), were the first to map the STB6 gene which is located on
the short arm of the 3A chromosome and to demonstrate a gene for gene relationship in
the STB wheat pathosystem. In Europe, STB6 and STB15 are bred most commonly into
germplasm (Arraiano and Brown 2006). Within the European wheat germplasm, there is
a wide range of both quantitative and qualitative resistance.

Risser et al (2011) mapped major QTLs on chromosome 3B and 6D in
‘Florett’/‘Biscay’

winter wheat population and major QTLs on chromosome 4B and 6B in

the ‘Tuareg’/‘Biscay’ winter wheat population. The authors concluded that with finer
mapping of QTLs, molecular markers could be used to select for both QTLs and singleisolate specific resistant genes within the same germplasm. Integrating both quantitative
and qualitative resistance into wheat germplasm would be beneficial and would reduce
the incidence of resistance breakdown.

Recently, five lines of synthetic hexapolid wheat were developed and tested for
STB resistance with 20 global isolates of S. tritici (Tabib Ghaffary et al. 2012). It was
found that common wheat progenitors, such as the ones used to develop the synthetic
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hexaploid wheat lines could be useful for conventional wheat breeding programs in
providing broad resistance against STB.

Genetic resistance to STB does not confer resistance to SNB, although some
research has focused on screening wheat accessions for multiple diseases including
both STB and SNB (Ali et al. 2008; Gurung et al. 2012). A diverse set of winter wheat
accessions across the USA was screened for four common diseases including STB and
SNB (Gurung et al. 2012). A positive association was found between resistance for STB
and SNB, although the authors speculated it could be due to overall breeding efforts for
foliar diseases in wheat cultivars.

There is some evidence in other pathosystems that disease resistance may
affect crop yield or other quality traits (Brown 2002; Smedegaardpetersen and Tolstrup
1985). When developing commercial wheat cultivars yield is usually the top priority with
disease resistance being less important (Brown 2002). If STB disease resistance
hinders yield or another desirable quality trait in wheat it most likely will not be used in
commercial cultivars. These yield or quality penalties associated with disease
resistance could be due to linkage between undesirable traits and resistance genes.
Linkage could be broken up between resistance genes and undesirable traits. To date,
extensive research has not investigated whether or not there are yield or quality drags
associated with STB resistance in wheat.
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Chapter 2: Fusarium graminearum Chemotype Diversity Across Winter
Wheat Fields in Southwestern Ontario in 2010.

2.1 Abstract
Fusarium head blight caused by Fusarium graminearum is a serious disease of
wheat (Triticum aestivum L.) in Ontario and other parts of North America. Three main F.
graminearum chemotypes have been identified; 15-acetyldeoxynivalenol (15-ADON), 3ADON and nivalenol (NIV). In the last ten years, a chemotype shift from 15-ADON to 3ADON has been identified in some parts of North America. This shift has not yet been
detected in Ontario. The objectives of this study were to [1] investigate deoxynivalenol
(DON) content from commercial winter wheat fields with and without fungicide
application, across different counties and winter wheat cultivars and [2] determine the
relative occurrence of 15-ADON and 3-ADON F. graminearum chemotypes from
commercial wheat fields across Southwestern (SW) Ontario. In 2010, grain samples
were collected from 46 commercial fields across Ontario. DON levels in grain as
determined by ELISA ranged from none detected -1.8 ppm. Middlesex County had the
highest DON level (0.9 ppm) based on the average of 7 commercial field locations,
Bruce, Chatham-Kent, Lambton and Wellington counties had the lowest DON content
below the detection level based on 2, 7, 7 and 4 locations respectively. Commercial
fields sprayed with FHB targeted fungicides had 0.5 ppm lower DON content compared
to those fields not sprayed. Winter wheat FHB cultivar rating, FHB targeted fungicide
application and their interaction all had significant effects on DON content. The largest
fungicide response occurred from the most susceptible wheat cultivars. Management
practices used to lower FHB can influence total DON content. From each location,
single spore F. graminearum isolates were recovered and chemotyped using PCR. The
majority of isolates were of the 15-ADON chemotype (n=155, 97.5%), while all
remaining were of the 3-ADON chemotype (n=4, 2.5%), with no nivalenol producers
detected, all suggesting no chemotype shift has occurred in Ontario.
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2.2 Introduction
Fusarium head blight (FHB), caused by Fusarium graminearum (Schwabe) is a
devastating disease of wheat (Triticum aestivum L.), resulting in lost grain yield and
quality losses, and mycotoxin contamination, a hazard to human and animal health
(Goswami and Kistler 2004). While FHB can be caused by a variety of species in the
Fusarium genus including F. avenaceum (Fries), F. culmorum (W.G. Smith), F. poae
(Peck) and F. sporotrichioides (Sherbakoff), F. graminearum is the most common and
serious causal agent for FHB in much of North America (Demeke et al. 2005; Goswami
and Kistler 2004; Parry et al. 1995). Spore morphological and molecular methods are
used to differentiate Fusarium species because field symptoms are ambiguous (Nelson
et al. 1983; Spanic et al. 2010; Xu and Nicholson 2009).

Three main chemotypes of F. graminearum isolates have been identified, those
producing the trichothecene-B toxins 3-acetyl deoxynivalenol (3-ADON) in addition to
deoxynivalenol (DON), 15- acetyl deoxynivalenol (15-ADON) in addition to DON and
nivalenol (NIV) alone (Ichinoe et al. 1983; Miller et al. 1991; O'Donnell et al. 2000).
Chemotypes describe the “toxigenic potential” of an isolate, or its ability to produce
particular mycotoxins (Miller et al. 1991).

Historically, the 15-ADON chemotype predominated in North America (Miller et
al. 1991). Within the last ten years, surveys conducted in Western Canada and North
Dakota suggest a shift from 15-ADON to 3-ADON chemotypes (Guo et al. 2008; Puri
and Zhong 2010; Ward et al. 2008). This shift has not yet been observed in Ontario,
Canada or the mid-Atlantic, Kentucky or North Carolina states of the US where the 15ADON chemotypes predominate (Amarasinghe et al. 2009; Schmale et al. 2011;
Tamburic-Ilincic et al. 2006a).

Generally, the 3-ADON chemotype is believed to produce more trichothecenes
including DON, with greater fungal fecundity and more rapid growth, resulting in greater
disease severity (Gilbert et al. 2010; Puri and Zhong 2010; Ward et al. 2008). However,
while Ward et al (2008) found that 3-ADON isolates grew faster and produced more
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conidia than 15-ADON isolates in the laboratory, they observed no differences in
pathogenicity on wheat in the field. Gilbert et al (2010) found that 15-ADON and 3ADON isolates did not differ in their pathogenicity, but on average the 3-ADON isolates
produced more DON than 15-ADON isolates. Von der Ohe (2010b), found in the
majority of environments the 3-ADON isolates produced significantly more DON
compared with the 15-ADON isolates in moderately resistant wheat, no significant
differences were found in FHB indices. Puri and Zhong (2010) found that in the
laboratory 3-ADON isolates produced more DON and conidia compared with 15-ADON
isolates; 3-ADON isolates also produced greater disease severity and DON higher
levels compared with 15-ADON isolates on susceptible and resistant, but not
moderately susceptible wheat cultivars. These differences in toxin producing potential
and aggressiveness for these two chemotypes could have serious consequences for
those areas where a chemotype shift from 15-ADON to 3-ADON might occur. There
could be higher FHB disease levels or mycotoxin accumulation.

Although such a chemotype shift has not occurred in the Great Lakes region or
much of the Eastern seaboard, it remains important to monitor F. graminearum
populations and chemotype diversity. Knowing what F. graminearum chemotypes occur
in the Great Lakes region can help guide breeders as to what chemotypes are best to
screen material with and as to which toxins should be monitored for. This will allow
appropriate adjustments to be made to management practices should a chemotype shift
occur with early detection.

The objectives of this study were to [1] investigate DON content from commercial
winter wheat fields with and without fungicide application, across different counties and
winter wheat cultivars within Southwestern Ontario (SW) and [2] determine the relative
occurrence of 15-ADON and 3-ADON F. graminearum chemotypes from commercial
wheat fields across Southwestern (SW) Ontario. It is hypothesized that fungicide
application, field location, and cultivar resistance to FHB affect DON content in
harvested winter wheat and that the 15-ADON chemotype predominates in SW Ontario.
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2.3 Materials and Methods
Field Sampling and Toxin Analysis
In the summer of 2010, 46 commercial fields of winter wheat (Figure 2.1, Table
2.1) were sampled in SW Ontario. When mature, wheat was hand harvested starting
from the middle of each field moving towards the North, South, East and West avoiding
the edge of the field. The wheat was cut such as to include tillers in the samples with a
total of ten-1m2 samples taken from each field. Composite samples from each field site
were threshed (Laboratory thresher LD 180, WINTERSTEIGER, Saskatoon, SK) and
grain was used for toxin analysis. From each sample site, producers filled out an
information sheet that included winter wheat field location, winter wheat variety planted,
fungicide(s) used and previous crop grown.

From each composite sample, 100g sub-samples were taken using a calibrated
sample splitter (Dean Gamet Mfg. Co., Minneapolis, MN), and ground using a Romer
mill (Sub sampling mill Model 2A, Romer Labs®, Union, MO). A Stein Mill M2 grinder
was used to grind approximately 25g sub-samples into a fine powder to pass through a
20 mesh sieve. Ten gram samples were extracted in 50ml distilled water by shaking for
three minutes followed by filtration through Whatman #4 filters. One hundred micro litres
of sample extract was applied to and analyzed by the commercial competitive ELISA
(enzyme-linked immunosorbent assay) kit (EZ QuantTM Vomitoxin kit, Diagnostix,
Maine, USA) to determine DON content. The limit of detection for this method was 0.5
ppm.

Fungal Isolates
From each location, 60 kernels considered to be of poor quality, were chosen for
surface sterilization. Kernels were considered low quality if they were shriveled, chalky
or unhealthy looking. Kernels were surface sterilized by soaking them in 0.16% NaOCl
for three min, followed by two three minute rinses with sterilized distilled water. Kernels
were then air dried, placed on acidifed potato dextrose agar (PDA) (Difco, Detroit, MI)
with 15 wheat kernels per plate. Plates were incubated under a UV (ultraviolet) light at
room temperature approximately 5 d or until mycelium began to grow around kernels,
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after which F. graminearum isolates were identified morphologically (Figure 2.2)
according to Nelson et al (1983). Up to ten Fusarium isolates were selected for single
spore isolation from each location. For each isolate, a small mycelium mass was
selected from the center of the colony of interest, and transferred to 2% water agar
(WA), and incubated as previously described for approximately 4 d until F. graminearum
began to grow. Isolates were then confirmed to be F. graminearum according to Nelson
et al (1983). If isolates were another Fusarium spp. according to the guidelines by
Nelson et al (1983) they were not used any further for this study. Single spores were
then isolated for those isolates that were consistent with Nelson et al (1983) F.
graminearum guidelines and transferred to acidified PDA plates, and incubated as
before for approximately one week until mycelium growth was visible. For each single
spore isolate a plug of mycelium was placed in a cryogenic vial full of 20% sterilized
glycerol. Isolates were stored up to 200 d at -20°C until DNA extraction.

DNA Isolation
F. graminearum isolates were grown up on acidified PDA prior to DNA
extractions. For each location, up to six isolates were chosen for DNA extraction, with
mycelium harvested using a metal scraper and ground with a mortar and pestle in liquid
nitrogen. DNA was extracted according to Fernando et al. (2006). Briefly, fungal tissue
was ground in a 2-ml microcentrifuge tube. One hundred and forty microlitres of 5M
NaCl and 70 µl 10% CTAB were added to each tube and these were vortexed briefly.
Tubes were incubated for 20 min at 65 °C, and 600 µl of
phenol:chloroform:isoamyalcohol (Fisher Scientific, NJ, USA) (v/v 25:24:1) was added
to each tube, after which, the mixture was centrifuged at 10,000 rpm for 15 min. The
upper aqueous layer was transferred to a new microcentrifuge tube and the previous
steps were repeated 3 times.

DNA was precipitated by adding 1000 µl 100% ethanol and 80 µl 5M NaCl to the
tube followed by gentle shaking of the tube five times and 5 min of rest, followed by
centrifuging for 5 min at 10,000 rpm. After discarding the supernatant the DNA pellet
was washed with 200 µl of ice cold 80% ethanol and allowed to air dry and then re41

suspended in 200 µl of 65°C sterilized distilled water. RNA was removed by adding 3 µl
of RNase (SIGMA-ALRICH, St. Louis MO) to each microcentrifuge tube followed by
incubation at 37 °C for 30 min. DNA extractions were confirmed by gel electrophoresis;
5µl sample DNA and 2µl orange DNA loading dye (Thermo Scientific, Burlington, ON)
were loaded into a 2% agarose gel in 1X TBE buffer (89mM tris base, 89mM boric acid
and 2mM EDTA). Photographs of the gel were taken to confirm DNA extractions were
successful (KODAK DIGITAL SCIENCE DC 120 Zoom Digital Camera, Kodak
Electrophoresis Documentation and Analysis System 120, Kodak 1D Image Analysis
Software, Rochester NY).

Chemotyping by PCR
F. graminearum isolates were confirmed using the specific polymerase chain
reaction (PCR) according to Demeke et al (2005). Briefly, primers Fg16F (5’CTCCGGATATGTTGCGTCAA-3’) and Fg16R (5’-GGTAGGTATCCGACATGGCAA-3’)
combined to produce a 450bp fragment. Each 10 µl PCR reaction contained 1x PCR
buffer (SIGMA-ALRICH, St. Louis Mo), 0.2mM of each deoxynuclesoide triphosphate,
1.5mM MgCl2, 0.4 µM of each primer, 1 unit of JumpStartTM Taq DNA Polymerase
(SIGMA-ALRICH, St. Louis Mo) and genomic DNA. A RoboCycler (Stratagene Cloning
System, La Jolla, CA) was programmed for a 3 min denaturation at 95°C followed by 38
cycles of 30 s at 95°C, 20 s at 62°C, 45 s at 72°C, a final elongation step of 5 min at
72°C was used to complete the reaction. PCR products were visualized with gel
electrophoresis; 10µl PCR products and 3µl orange DNA loading dye (Thermo
Scientific, Burlington, ON) were loaded into a 2% agarose gel with 1X TBE buffer
(89mM tris base, 89mM boric acid and 2mM EDTA). Gels were photographed as before
and DNA fragment sizes were compared with a 100-bp DNA ladder (Thermo Scientific,
Burlington Ontario).

Isolates confirmed to be F. graminearum by PCR were chemotyped using the
multiplex chemotype PCR developed by Starkey et al (2007). This multiplex PCR
reaction uses the primer 3CON (5’-GGCAAAGACTGGTTCAC-3’) common to all three
chemotypes and three chemotype specific primers 3D15A (5’42

CTGACCCAAGCTGCCATC-3’), 3D3A (5’-CGCATTGGCTAACACATG-3’) and 3NA( 5’GTGCACAGAATATACGACG-3’). Fragments approximately 240bp, 610bp and 840bp
were produced for 3-ADON, 15-ADON and NIV chemotypes, respectively. The PCR
reaction was similar to that described above except 2mM MgCl2, 0.5 µM of each primer,
0.2 units of JumpStartTM Taq DNA polymerase were used. Each reaction had a 5 min
denaturation at 95°C followed by 45 cycles of 30 s at 94°C, 30 s at 52°C and 1 min at
72°C followed by a final elongation of 8 min at 72°C. Again, PCR products were
visualized with gel electrophoresis as described previously.

Statistical Analysis
All statistical analysis was carried out using SAS 9.2 (SAS Institute, Cary, NC)
with a type 1 error rate of 0.05, unless otherwise stated. The type I error rate is the
probability of rejecting the null hypothesis when it is true. Analysis of variance was
completed using PROC GLM. The model used was DON content = (fungicide
application) (winter wheat cultivar FHB rating) (fungicide application)*(winter wheat
cultivar FHB rating). The Shapiro-Wilk normality test and residual analysis were used to
confirm homogeneity of variance and normality Lund’s test for outliers was used to
confirm there were no outliers in the data set (Lund 1975). Least squared means and
standard errors were generated for fungicide application, winter wheat cultivar FHB
rating and (fungicide application)*(winter wheat cultivar FHB rating) using the students ttest and the Tukey-Kramer adjustment.

2.4 Results
Toxin Analysis
Deoxynivalenol was found in grain samples harvested from commercial fields in
Ontario in 2010, with levels ranging from none detected (n.d) to 1.8 ppm (Table 2.1).
Deoxynivalenol production varied between counties, samples taken from Middlesex
county had the highest DON content (0.9 ppm) based on the average of 7 locations and
Bruce, Chatham-Kent, Lambton and Wellington counties had the lowest DON content
below the limit of detection of 0.5 ppm, based on 2, 7, 7 and 4 locations respectively
(Figure 2.3).
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Analysis of variance data revealed that FHB targeted fungicide application, winter
wheat FHB cultivar rating and FHB targeted fungicide application* winter wheat FHB
cultivar rating all had significant effects on DON content from grain sampled from the
2010 winter wheat survey (Table 2.2). Wheat samples from fields treated with FHB
targeted fungicide had significantly lower DON content than those from fields not treated
(Table 2.3). FHB targeted fungicides were applied at early anthesis and had chemistry
targeted towards Fusarium. Samples collected from fields with cultivars rated as highly
susceptible had significantly higher DON content than from fields with cultivars rated as
either moderately susceptible or moderately resistant (Table 2.3). Fields planted with
susceptible winter wheat cultivars did not differ significantly from moderately
susceptible, moderately resistant or highly susceptible winter wheat cultivars. Wheat
samples with no fungicide application and highly susceptible winter wheat FHB cultivar
rating had significantly higher DON content than those samples with any other
combination of FHB targeted fungicide application and winter wheat FHB cultivar rating.

Chemotyping by PCR
The specific PCR results for 159 isolates from 46 locations confirmed that all
were F. graminearum. The chemotype PCR results for 159 F. graminearum isolates
revealed that 97.5% (n=155) of isolates were of the 15-ADON chemotype and 2.5%
(n=4) were of the 3-ADON chemotype. Nivalenol chemotypes were not detected by
PCR.

All four isolates of the 3-ADON chemotype were found in fields with soft red
wheat cultivars rated either moderately susceptible or susceptible to FHB. In field 21.2
Proline (prothioconazole, Bayer Crop Science) fungicide was applied, and in field 64.1
and 65 Folicur (tebuconazole, Bayer Crop Science) was applied. No fungicide was
applied in field 69. In two of the fields where these chemotypes were identified corn
was the previous crop, no clear pattern emerged. However, the majority of F.
graminearum isolates from these two fields were of the 15-ADON chemotype (Table
2.1).
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2.5 Discussion
Toxin Analysis
Deoxynivalenol ranged from n.d to 1.8 ppm commercial fields in Ontario in 2010.
DON may have been present in samples with n.d, at levels below the detection limit of
0.5 ppm. The incidence and severity of FHB were low in winter wheat sampled and all
fields sampled had grain below the 2 ppm DON threshold needed for selling grain
without penalty in Ontario. Results from this survey must be treated with caution
because DON content was low and below the limit of detection in some cases.These
results are similar to those from Ontario commercial wheat survey conducted in 2007 in
which DON levels ranged from n.d to 1.1 ppm respectively, but are dissimilar to a wheat
survey conducted in 2004 in which DON levels ranged from 0.8 ppm – 4.9 ppm
(Tamburic-Ilincic et al. 2009; Tamburic-Ilincic et al. 2006a).

Analysis of variance data revealed that FHB targeted fungicide application*
winter wheat FHB cultivar rating had significant effects on DON content, indicating that
both FHB targeted fungicide application and winter wheat FHB cultivar rating play a role
in total DON content from harvested grain. However, in this survey there were only
three field sites with winter wheat cultivars rates HS, two of which were without
fungicide application and 1 with fungicide application. Together, data from this survey
indicates that management practices such as FHB targeted fungicide application and
genetic resistance to FHB influence total DON content in harvested grain. In the future,
it would be useful to have a more balanced survey of winter wheat FHB cultivar ratings
so this could be investigated further perhaps through the use of side by side field trials
which would reduce the field to field variability that can occur through surveys.

In this study FHB targeted fungicide application and the use of FHB resistant
wheat cultivars consistently brought down DON levels in harvested grain. Overall, fields
treated with a FHB targeted fungicide had DON levels 0.5 ppm lower than those fields
not treated with a FHB targeted fungicide. There was a significant interaction between
wheat cultivar and fungicide application. Interestingly, the largest fungicide response
occurred from the most susceptible wheat cultivars. In this study, many of the samples
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tested were at or below the limit of detection so these results must be treated with
caution. A recent study in Northern Italy similarly showed that by combining agriculture
practices (ploughing, FHB targeted fungicide application, moderately resistant wheat
cultivar) DON content could be reduced 97% compared to using no agriculture practices
to reduce FHB (direct sowing, no FHB targeted fungicide application, susceptible wheat
cultivar) (Blandino et al. 2012). Furthermore, interactions between the agriculture
practices (previous crop residue, tillage, FHB targeted fungicide application, wheat
cultivar) were shown to have a synergistic effect (Blandino et al. 2012). Thus, integrated
management strategies that combine all agriculture practices can significantly lower
FHB and DON content.

Chemotyping by PCR
All 159 isolates that were identified as F. graminearum by Nelson et al (1983)
guidelines for mycelium and spore morphology were confirmed to be F. graminearum
with species specific PCR. Other Fusarium spp. were identified from samples, but were
not used further because they were not the focus of this study. The majority of F.
graminearum isolates were of the 15-ADON chemotype (97.5%), and few were of the 3ADON chemotype (2.5%). These results are similar to those from surveys conducted in
Ontario in 2004 and 2008 when 100% and 93% of isolates were found to be 15-ADON
chemotypes for 2004 and 2008 respectively (Amarasinghe et al. 2009; Tamburic-Ilincic
et al. 2006a). Others have reported more 3-ADON F. graminearum isolates with high
DON levels. There was an epidemic of FHB with moderately high DON levels in Ontario
wheat in 2004 and no F. graminearum chemotype shift was detected (Tamburic-Ilincic
et al. 2006a). Even though DON levels in this survey were low because F. graminearum
chemotype diversity has been investigates in Ontario during epidemic years (like 2004)
this should not impact our conclusions for F. graminearum chemotype diversity in
Ontario. The results from this study also agree with those of Schmale et al (2011), who
found that, in the US Eastern seaboard 92% of F. graminearum isolates were 15ADON, 7% were 3-ADON and 1% were NIV chemotypes (Schmale et al. 2011). None of
the data from these regions support a shift from 15-ADON to 3-ADON chemotypes.
Other regions in North America have reported a shift from 15-ADON to 3-ADON
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chemotypes (Guo et al. 2008; Malihipour et al. 2012; Puri and Zhong 2010; Ward et al.
2008)

Because there was no material shift in the distribution of chemotypes in the
region sampled, nothing could be said about the effect of fungicide use, previous crop,
or cultivar selection on the distribution of 3-ADON chemotypes. The majority of
commercial winter wheat fields sampled were located in the SW region of Ontario
(Figure 2.1), where winter wheat is predominant, while all 3-ADON isolates were found
in counties near the North East portion of the sampling area, where spring wheat is
grown more frequently. The regions reporting greater proportions of 3-ADON isolates all
grow more spring wheat than regions reporting greater proportions of 15-ADON.
Furthermore, more corn is grown in regions where winter wheat is grown compared with
regions where spring wheat is grown. Schmale et al (2011) found an increasing trend of
3-ADON isolates from North Carolina (South) to New York (North), with New York and
Pennsylvania having more 3-ADON isolates. This is similar to results from this survey,
but more 3-ADON isolates need to be identified before this can be confirmed.
Conclusions
There was an interaction between FHB cultivar rating and FHB targeted fungicide
application, the largest fungicide response occurred from the most susceptible wheat
cultivars. Fields sprayed with FHB targeted fungicides had 0.5 ppm lower DON content
compared to those fields not sprayed. Overall DON content was low from the 46
commercial fields tested across Ontario in 2010; therefore these results must be treated
with caution. This study shows that management practices used to lower FHB disease
levels such as FHB targeted fungicide application and cultivar selection can influence
total DON content.

In Ontario, there was no 15-ADON to 3-ADON chemotype shift detected. The
majority of F. graminearum isolates are still of the 15-ADON chemotype. It is
recommended that continuing monitoring of F. graminearum populations and
chemotype diversity in the Great Lakes region continues so any changes can be
detected early.
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Figure 2.1. Selected winter wheat commercial fields from across SW Ontario used
in the Ontario 2010 commercial winter wheat survey (n=46). Blue marker indicates
that one or more F. graminearum isolate with a 3-ADON chemotype was
recovered.
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Table 2.1 Field Identification (Id), county, wheat variety, wheat cultivar FHB rating, fungicide treatment, previous
crop, DON, number of F. graminearum isolates and chemotyping data for each of the locations (n=46) used in the
Ontario 2010 commercial winter wheat survey.
Chemotyping

Field
Id
2
4
5
7
8.3
8.5
12.1
13
17
21.1
21.2
25
26
28
31
32
33.1
33.2
34
36.1
37

County
Essex
Essex
Essex
Chatham-Kent
Chatham-Kent
Chatham-Kent
Chatham-Kent
Haldimand
Haldimand
Hamilton-Wentworth
Hamilton-Wentworth
Chatham-Kent
Chatham-Kent
Elgin
Haldimand
Haldimand
Brant
Brant
Elgin
Middlesex
Middlesex

Winter
Wheat
Variety
25R51
Emmit
Emmit
Ava
25R47
25R56
25R51
Beecher
25R39
Emmit
Emmit
Emmit
25R47
Princeton
Princeton
Princeton
Emmit
Emmit
Emmit
25R47
Wentworth

FHB
Rating
MR
MS
MS
MR
S
S
MR
S
MS
MS
MS
MS
S
MS
MS
MS
MS
MS
MS
S
HS

FHB
Targeted
Fungicide
Treatment
Yes
No
No
Yes
No
Yes
No
Yes
Yes
No
Yes
No
Yes
Yes
No
No
No
Yes
No
No
No

Previous Crop
Soybeans
Unknown
Unknown
Peas
Soybeans
Soybeans
Unknown
Soybeans
Soybeans
Mixed grain
Mixed grain
Soybeans
Soybeans
Cranberry Beans
Unknown
Unknown
Unknown
Unknown
Unknown
Soybeans
Soybeans

DON
(ppm)
0.2
0.6
0.8
0.2
0.1
0.2
0.1
0.3
0.1
0.2
0.4
0.4
0.1
0.5
1.1
0.2
0.5
0.4
0.5
1.0
1.8

No.
% 15isolates ADON
4
100
4
100
6
100
4
100
5
100
5
100
2
100
4
100
4
100
4
100
4
75
4
100
4
100
3
100
3
100
4
100
4
100
4
100
4
100
4
100
4
100

%3ADON
0
0
0
0
0
0
0
0
0
0
25
0
0
0
0
0
0
0
0
0
0
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Field
Id
38
39
40
41.1
43.1
43.2
44.2
45.2
47
52
56
58
60
61
64.1
65
67
68.1
69
71.1
73
75
76
78
79

County
Middlesex
Middlesex
Middlesex
Middlesex
Huron
Huron
Huron
Huron
Perth
Perth
Wellington
Middlesex
Huron
Huron
Bruce
Bruce
Huron
Perth
Perth
Wellington
Wellington
Wellington
Chatham-Kent
Lambton
Lambton

Winter
Wheat
Variety
Wentworth
Ava
25W43
25R47
25R47
25R47
25R56
25R39
Emmit
25R39
25R47
Princeton
Emmit
Emmit
25R47
25R56
25R56
Harvard
Emmit
Emmit
Palmer
CM614
25R47
25R51
25R51

FHB
Rating
HS
MR
HS
S
S
S
S
MS
MS
MS
S
MS
MS
MS
S
S
S
S
MS
MS
S
S
S
MR
MR

FHB
Targeted
Fungicide
Treatment
No
Yes
Yes
No
Yes
No
No
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
No
No
No
Yes
No
No
Yes

Chemotyping

Previous Crop
Soybeans
Soybeans
Soybeans
Soybeans
Soybeans
Soybeans
Soybeans
Soybeans
Edible beans
Soybeans
Soybeans
Unknown
Soybeans
Soybeans
Corn
Corn
Soybeans
Unknown
Unknown
Unknown
Soybeans
Soybeans
Soybeans
Beans
Beans

DON
(ppm)
1.6
0.3
0.0
1.1
0.3
0.6
0.5
0.3
0.3
0.3
0.0
0.2
0.3
0.6
0.1
0.4
0.1
1.1
0.3
0.2
0.2
0.4
0.2
0.2
0.3

No.
% 15isolates ADON
4
100
4
100
4
100
4
100
4
100
5
100
4
100
1
100
2
100
1
100
4
100
5
100
4
100
4
100
3
66.66
4
75
2
100
4
100
1
0
1
100
2
100
1
100
2
100
3
100
2
100

%3ADON
0
0
0
0
0
0
0
0
0
0
0
0
0
0
33.33
25
0
0
100
0
0
0
0
0
0

Note
*Moderately resistant; ** moderately susceptible; Ϯ susceptible; ϮϮ highly susceptible
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Table 2.2. Variance analysis of Fusarium targeted fungicide application, winter wheat cultivar FHB rating and
their interaction on DON content in harvested grain from Southwestern Ontario winter wheat survey 2010.
Source

df

SS

MS

F-value

P>F

FHB targeted Fungicide Application

1

1.71000244

1.71000244

27.18

<.0001

FHB Cultivar Rating

3

0.29378426

0.09792809

1.56

0.2228

County

11

0.75527742

0.06866158

1.09

0.404

FHB targeted Fungicide Application * FHB Cultivar Rating

3

1.46630523

0.48876841

7.77

0.0007

Error

27

1.69861147

0.06291154
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Table 2.3. LS Means, standard errors and results of means comparisons of fungicide application and winter
wheat cultivar FHB rating on the DON content (ppm) from Southwestern Ontario winter wheat survey in 2010.
FHB Targeted
Fungicide
Application
Yes
No

Yes
Yes
Yes
Yes
No
No
No
No

Winter Wheat Cultivar FHB
Rating

Highly susceptible
Susceptible
Moderately Susceptible
Moderately Resistant
Highly susceptible
Susceptible
Moderately Susceptible
Moderately Resistant
Highly susceptible
Susceptible
Moderately Susceptible
Moderately Resistant

DON Content
(ppm)
0.2
b
0.7
a
0.9
a
0.4
ab
0.4
b
0.2
b
0.0
b
0.2
b
0.4
b
0.3
b
1.7
a
0.6
b
0.5
b
0.2
b

se
0.08
0.07
0.16
0.06
0.06
0.11
0.08
0.09
0.13
0.18
0.09
0.07
0.18

n
22
24
3
17
20
6
1
9
8
4
2
8
12
2
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Fusarium spp.

Figure 2.2 Poor quality wheat kernels plated out on PDA medium. The brown /
caramel coloured colonies are Fusarium species.
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1.2

DON (ppm)

1.0
0.8

0.6
0.4
0.2

0.0

County

Figure 2.3. Average DON content (ppm) and standard error from each county across Ontario included in the 2010
commercial winter wheat survey.
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Figure 2.4. Electrophoresis pattern of F. graminearum specific PCR on a 2 %
agarose gel. The first lane is a 100 bp ladder, followed by the negative control
(Ngt) and positive control (a), respectively. Lanes b-d are F. graminearum isolates
collected from SW Ontario winter wheat fields in 2010. The F. graminearum
amplified fragments are 450 bp.

Figure 2.5. Electrophoresis pattern of multiplex chemotype PCR on 2 % agarose
gel. The first lane is 100 bp ladder, followed by the negative control (Ngt), positive
controls for 15-ADON (a), 3-ADON (b) and NIV (c), respectively. Lanes d-h are 15ADON isolates and i is a 3-ADON isolate. The 15-ADON isolates amplified
fragments are 610bp, 3-ADON amplified fragments are 243 bp and the NIV
amplified fragments are 840 bp.
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Chapter 3.0 Effect of Fusarium graminearum chemotypes isolated from
Canada on symptoms, damaged kernels and mycotoxins in winter wheat
grain.

3.1 Abstract
Fusarium head blight caused by Fusarium graminearum (Schwabe) is a serious
wheat (Triticum aestivum L.) disease in Canada. The two main chemotypes of Fusarium
graminearum found in Canada are 15-acetyldeoxynivalenol (ADON) and 3-ADON in
addition to deoxynivalenol they produce 15-ADON and 3-ADON respectively. The 3ADON chemotypes are reported to be more aggressive and toxic compared with 15ADON chemotypes. The objectives of this study were [1] to investigate if there are
differences in aggressiveness and mycotoxin production between F. graminearum
isolates of 15-ADON and 3-ADON chemotypes after FHB infection in a moderately
susceptible (MS) winter wheat, [2] to investigate the competitiveness between F.
graminearum isolates of 15-ADON and 3-ADON chemotypes from four Canadian
provinces after inoculation of a mixture of isolates in a MS winter wheat and [3] to
investigate whether there are differences in aggressiveness and mycotoxin production
between the origin of F. graminearum isolates from four Canadian provinces where
Fusarium is important. The MS winter wheat ‘Emmit’ was planted in Ridgetown, Ontario
arranged in a RCB. One 15-ADON and one 3-ADON producing isolate was chosen from
each of the provinces of Manitoba (MB), Ontario (ON), Quebec (PQ) and Nova Scotia
(NS). At 50% anthesis, plots were spray inoculated using each single isolate or a
mixture of both isolates from each province for a total of twelve treatments, plus a
control plot inoculated with water alone. FHB symptoms were evaluated, FDKs
measured and mycotoxin content (DON, 15-ADON, 3-ADON) analyzed using GC-MS
and percent 3-ADON and 15-ADON FG isolates recovered from harvested grain using
chemotyping by PCR. In 2011, chemotype played a large role in FHB disease
development and mycotoxin accumulation; the 3-ADON isolates were more aggressive
and toxic compared with the either the 15-ADON isolates or the mixture of isolates. In
2012, there were no significant differences in aggressiveness or toxicity between the
chemotypes; however origin of F. graminearum isolates played a significant role in FHB
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disease development and mycotoxin accumulation. Overall in 2012 isolates from PQ
were significantly more aggressive and toxic compared with isolates from other
Canadian provinces. Within the mixture of isolates, across all origins more 3-ADON was
recovered in grain compared with 15-ADON. In the mixture of isolates from ON and NS,
there was no significant difference between 15-ADON and 3-ADON chemotypes
recovered by PCR. In the mixture of isolates from MB and PQ, significantly more 3ADON isolates were recovered by PCR compared with 15-ADON isolates. When both
chemotypes were present in 1:1 ratio the 3-ADON isolates tended to be more toxic and
competitive compared with the 15-ADON isolates.

3.2 Introduction
Fusarium head blight (FHB), mainly caused by Fusarium graminearum
(Schwabe) in North America, is a destructive disease of wheat, corn, barley and other
grasses (McMullen et al. 1997; Osborne and Stein 2007). FHB leads to the premature
bleaching of wheat heads, mycotoxin contaminated grain, and decreased grain yield
and quality. There are three main chemotypes or toxin producing strains of F.
graminearum; the 15-acetyldeoxynivalenol (15-ADON) chemotype, producing
deoxynivalenol (DON) and 15-ADON, the 3-ADON chemotype, producing DON and 3ADON, and the nivalenol (NIV) chemotype producing NIV only. However, some 15ADON chemotypes might produce both 15-ADON and 3-ADON in grain (Von der Ohe et
al. 2010b).

During the past decade a rapid shift from 15-ADON to 3-ADON chemotypes has
been documented in some parts of Western Canada and North Central USA (Guo et al.
2008; Puri and Zhong 2010; Ward et al. 2008). However, results from chapter 3 along
with three other recent studies show that this shift has not yet been detected in Ontario
or in the mid-Atlantic, Kentucky or North Carolina states of the US (Amarasinghe et al.
2009; Muckle et al. 2012; Schmale et al. 2011; Tamburic-Ilincic et al. 2006a).

Previous to the chemotype shift in North America, it was reported there were no
significant differences in aggressiveness towards wheat among Canadian F.
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graminearum isolates from Ontario (ON), Manitoba (MB), Saskatchewan (SK) and
Alberta (AB) within greenhouse conditions (Gilbert et al. 2001). Following this
chemotype shift, differences in aggressiveness and mycotoxin production between F.
graminearum isolates of 15-ADON and 3-ADON chemotypes from across Canada has
not been thoroughly investigated. Gilbert et al (2010), investigated differences in DON
content and FHB symptoms in wheat between 15-ADON and 3-ADON F. graminearum
isolates from AB, SK and MB within field conditions. There were no significant
differences in FHB symptoms among either chemotype or among DON content for
isolates of the 3-ADON chemotype. However, among the 15-ADON isolates, those from
AB produced less DON in planta compared with those from SK and MB. It is unknown
why these differences exist among the 15-ADON isolates from Western Canada (Gilbert
et al. 2010). Differences in aggressiveness and mycotoxin production between F.
graminearum isolates from across Eastern Canada could help to explain the differences
in F. graminearum chemotype distribution across Canada.

Several studies report that 3-ADON chemotypes are more aggressive and
toxigenic compared with 15-ADON chemotypes (Gilbert et al. 2010; Puri and Zhong
2010; Ward et al. 2008). Within laboratory conditions, 3-ADON isolates were found to
produce more conidia and have faster growth rates compared with 15-ADON isolates
(Puri and Zhong 2010; Ward et al. 2008). Studies examining differences in FHB disease
symptoms and DON content between F. graminearum chemotypes have had mixed
results. Puri and Zhong (2010), found that for susceptible (S) and resistance (R) wheat
cultivars 3-ADON isolates caused greater disease severity with higher DON levels
compared with 15-ADON isolates within greenhouse conditions. Von der Ohe et al
(2010b) found no significant differences in FHB indices between 15-ADON and 3-ADON
F. graminearum isolates for any of the wheat genotypes tested in the field. However, in
3/4 environments for moderately resistant (MR) wheat genotypes and in all
environments where susceptible wheat genotypes were tested the 3-ADON isolates
produced significantly more DON compared with the 15-ADON isolates. No differences
were observed for MR wheat cultivars. Gilbert et al (2010) and Ward et al (2008), found
no differences in pathogencity towards wheat between 3-ADON or 15-ADON isolates
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within the field. However, Gilbert et al (2010) found that 3-ADON isolates produced
more DON compared with 15-ADON isolates on average. To the best of our knowledge,
research has not investigated the competitiveness between F. graminearum isolates of
the 15-ADON and 3-ADON chemotypes within the field environment. Differences in the
competitiveness between chemotypes could help to explain why a dramatic shift in
chemotype composition has occurred in some parts of Canada.

The objectives of this study were [1] to investigate if there are differences in
aggressiveness and mycotoxin production between F. graminearum isolates of 15ADON and 3-ADON chemotypes after FHB infection in a moderately susceptible (MS)
winter wheat, [2] to investigate the competitiveness between F. graminearum isolates of
15-ADON and 3-ADON chemotypes from four Canadian provinces after inoculation of a
mixture of isolates in a MS winter wheat and [3] to investigate whether there are
differences in aggressiveness and mycotoxin production between the origin of F.
graminearum isolates from four Canadian provinces where Fusarium is important.. It
was hypothesized that [1] 3-ADON F. graminearum isolates will be more aggressive
and produce more mycotoxin compared with 15-ADON F. graminearum isolates, [2] 3ADON F. graminearum isolates will be more competitive compared with 15-ADON F.
graminearum isolates and [3] there will be differences in aggressiveness and mycotoxin
production between the origin of F. graminearum from four Canadian proivnes where
Fusarium is important in wheat.

3.3 Materials and Methods
One 15-ADON and one 3-ADON producing isolate of F. graminearum isolate
were selected from Nova Scotia (NS), Quebec (PQ), Ontario (ON) and Manitoba (MB)
for a total of eight isolates. The eight isolates (NS-06-2 (3-ADON), Q-06-11 (3-ADON),
ON-06-39 (3-ADON), M8-06-5 (3-ADON), NS-06-3 (15-ADON), Q-06-10 (15-ADON),
ON-06-17 (15-ADON) and DF-FG-144 (15-ADON)) were selected from a library of
approximately thirty isolates obtained from R. Clear (Canadian Grain Commission,
Winnipeg MB) and were chosen based on viability and growth habit culture within the
laboratory.
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Inoculum was produced in liquid culture (modified Bilay’s medium (2 g KH2PO4, 2
g KNO3, 1 g MgSO4, 1 g KCl, 1 g dextrose, 20 mg 100 mL-1 minor elements (FeCl2,
MnSO4, ZnSO4), in 1 L distilled water)) (Tamburic-Ilincic et al. 2007a). Approximately
350 ml of medium was added to 2 L flasks and autoclaved at 121 °C for 10 min. After
cooling to room temperature either 3-4 PDA plugs of F. graminearum isolates or 10 mL
of liquid conidia suspension was added aseptically to each flask, which were incubated
on shaker tables at room temperature under 12:12 h UV light: dark cycle for
approximately two weeks. A haemocytometer was used to measure conidia
concentrations and adjust them to 5500 spores ml-1 and a few drops of TWEEN® 20
(Sigma-Aldrich, St. Louis, Mo) was added as a surfactant.

In 2010 and 2011, field trials using the MS (moderately susceptible) winter wheat
‘Emmit’ were planted in mid-October in Ridgetown, Ontario. The experiment was
arranged in a randomized complete block design with 2 m long single rows with 20 cm
spacing between rows. Four replicates were planted in 2011 and three replicates were
planted in 2012. A MS cultivar of wheat was used to ensure there was adequate FHB
disease development. To ensure F. graminearum spores were not transferred between
experimental plots, guard plots were placed around each inoculated plot.

At 50% anthesis plots were inoculated with 50 ml of spore suspension of each
single isolate or a 1:1 mixture of both isolates from each Province for a total of twelve
treatments plus a control plot inoculated with water alone using a backpack sprayer.
Each plot was inoculated three times at 2 d intervals. An overhead mist system was
installed to stimulate FHB disease development which operated for 5 hr daily, unless it
was raining. Approximately 7.5 mm of water was delivered daily in 30 s bursts every 2
min. The system was turned on 3rd June, 2011 and 19th May, 2012 and turned off once
all FHB ratings had been completed.

Visual symptoms were recorded 21 d after inoculation as incidence (percent of
heads in plot infected) and severity (percent of spikletes infected). Severity was
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estimated according to Stack and McMullen (1995). FHB index for each plot was the
product of severity and index divided by 100.
After all plots matured, they were hand-harvested on 4th August in 2011 and 9th
July in 2012. Each plot was threshed using a laboratory thresher (WINTERSTEIGER
LD180, WINTERSTEIGER AG, Salt Lake City Ut USA) with the fan speed set low to
optimize FDK recovery. A seed cleaner (Almoco, Allan Machine CO, Ames Ia USA)
was used to clean any chaff and debris from harvested grain.

Grain samples were analyzed with gas chromatography-mass spectrometry for DON,
15-ADON and 3-ADON using the FD-TOXINS-TRICO Version 4.0 method from the
Canadian Food Inspection Agency at the University of Guelph’s Agriculture and Food
Laboratory (University of Guelph, Guelph Ontario). The limit of detection for this method
was 0.06 ppm for DON and 0.05 ppm for 15-ADON and 3-ADON.

Percentage of Fusarium damaged kernels (FDKs) was estimated using a
SpectraStarTM 2500 NIR reflectance monochromator (Unity Scientific, Brookfield, CT
USA) with a wavelength range of 380-2500 nm. From each plot, approximately 25 g of
grain was packed into the analysis cup. The analysis cup was placed onto the NIR for
scanning. For each plot 3 separate scans were completed and the grain was removed
and repacked into the analysis cup between all scans. The average of the 3 scans was
used for the final FDK value. The NIR machine was calibrated using grain samples with
known FDK values. Samples with FDKs below 10 % were separated out by hand. Five
gram samples were weighed out and any white, chalky and shriveled kernels were
considered to be FDKs. FDKs were separated out, weighted and percent FDKs was
calculated as weight of FDKs divided by 5 g multiplied by 100. In 2012, all samples
were below 10 %, so FDKs were separated out by hand.

In each year, up to 10 F. graminearum isolates were recovered from the plots
inoculated with one of the mixtures of F. graminearum isolates. FDKs from each mixture
plot were sterilized and plated out onto PDA, the single spore isolation method and
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multiplex chemotyping PCR were used as described in the materials and methods of
chapter 2. In 2011, three replicates (1st, 2nd and 3rd) were used for recovery of
chemotypes, while in 2012 two replicates (2nd and 3rd) were used.

Statistical Analysis
All statistical analyses were performed using SAS 9.2 (SAS Institute, Cary, NC)
with a type 1 error rate of 0.05, unless otherwise stated. Analysis of variance (ANOVA)
was performed using PROC MIXED for FHB index, FDKs, DON content, 15-ADON
content and 3-ADON content. Residual analysis, Shapiro-Wilk normality test and Lund’s
test for outliers (Lund 1975) were used to confirm homogeneity of variance, normality
and test for outliers. In 2011, 15-ADON content was square root transformed because it
did not follow a normal distribution. The fixed effects in the model were chemotype,
origin and their interaction, while random effects were block(year), year and
chemotype*origin*year. If chemotype*origin*year effects, were significant years were
analyzed separately with the model reduced to include blocks as random effects. One
outlier was identified as a recording error and removed from DON data set in each year
and FHB index in 2012. Least squared means and standard errors were generated for
treatments using the students t-test and the Tukey-Kramer adjustment to separate
means. Back transformation of LS means and standard errors was completed according
to Jørgensen et al (1998). SAS contrast statements were used to examine differences
between sources of variance within the different models.

To determine competitiveness between 15-ADON and 3-ADON chemotypes
within the mixture of isolates an ANOVA was performed using PROC mixed for ADON
content; ADON type, origin of isolate and their interactions were fixed effects and block
was a random effect. To further investigate the competitiveness between 15-ADON and
3-ADON chemotypes within the mixture of isolates ANOVAs were performed using
PROC MIXED for recovery of F. graminearum isolates using PCR. Due to an unequal
number of replications being collected across the two years, it was suggested to run the
analysis for each origin of F. graminearum isolate separately (Costanzo 2013). The
fixed effects in the model were chemotype of isolate, while block(year) and year were
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considered random effects. As described above, residual analysis, outlier tests were
completed to confirm the residuals were normally distributed and did not include outliers
and least squared means and standard errors were generated.

3.4 Results
In 2011, FHB index ranged from 2.8 – 85.5 % with an average of 69.7 %, FDKs
ranged from 3.4 – 69.5 %, with an average of 46.0 %, DON ranged from 2.7 - 60.0 ppm,
with an average of 40.5 ppm, 15-ADON ranged from n.d – 1.7 ppm, with an average of
0.4 ppm and 3-ADON ranged from n.d – 5.2 ppm, with an average of 1.6 ppm. In 2012,
FHB index ranged from 0 – 67.2 % with an average of 28.5 %, FDKs ranged from 0.1 6.3 %, with an average of 2.6 %, DON ranged from 0.2 – 14.0 ppm, with an average of
4.4 ppm, 15-ADON and 3-ADON contents were too low for data analysis.

There was a significant year*origin*chemotype interaction for FHB index and
DON, but not for FDKs (Table 3.1). Therefore, years were analyzed separately for this
study (Table 3.2). In 2011, chemotype was significant for all factors tested. Origin was
significant for FHB index in both years, for 15-ADON content in 2011 and for all factors
tested in 2012. The interaction between chemotype and origin was significant for FDKs
and DON content in both years.

In 2011, mean FHB index of the 3-ADON isolates was higher compared with the
15-ADON isolates and the mixture of isolates (Table 3.3). F. graminearum isolates from
PQ had larger mean FHB index compared with those isolates from MB (Figure 3.1).
Among the 15-ADON isolates, the isolate from ON had a larger mean FHB index than
the isolate from MB (Table 3.3, Figure 3.1). In 2012, F. graminearum isolates from PQ
had larger mean FHB index compared with those isolates from any other province,
while F. graminearum isolates from ON had a larger FHB index compared with those
from MB (Figure 3.6). Among the 3-ADON isolates, the isolate from PQ had a larger
mean FHB index compared with all other provinces, while the isolate from ON had a
larger mean FHB index compared with MB or NS (Table 3.3, Figure 3.6). Among the 15ADON isolates, the isolate from PQ had a larger mean FHB index compared with the
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isolates from the three other provinces (Table 3.3, Figure 3.6). Among the mixture of
isolates, the mixture from PQ had a larger mean FHB index compared with the isolates
from the 3 other provinces (Table 3.3, Figure 3.6).

In 2011, mean DON content of the 3-ADON isolates was larger compared with
the 15-ADON isolates and the mixture of isolates (Figure 3.2, Table 3.3). Those F.
graminearum isolates from ON had larger mean DON content compared with those
isolates from MB (Figure 3.2, Table 3.3). Among the 3-ADON isolates, the isolate from
ON had a larger mean DON content than the isolates from PQ or NS (Table 3.3, Figure
3.2). The isolate from PQ had a smaller mean DON content compared with the isolates
from the other three provinces combined. Among the 15-ADON isolates, the isolate
from ON had a larger mean DON content than the isolate from MB, but a smaller mean
DON content than the isolate from PQ (Table 3.3, Figure 3.2). The isolate from PQ had
a larger mean DON content compared with the isolates from the other three provinces
combined. In 2012, F. graminearum isolates from PQ had larger mean DON content
compared with those isolates from any other province, while F. graminearum isolates
from ON had a larger mean DON content compared with isolates from MB or NS (Table
3.3, Figure 3.7). Among the 3-ADON isolates, the isolate from PQ had a larger mean
DON content compared with the other three provinces (Table 3.3, Figure 3.7). Among
the 15-ADON isolates, the isolate from PQ had a larger mean DON content compared
with the other three provinces (Table 3.3, Figure 3.7). Among the mixture of isolates, the
mixture from PQ had a larger mean DON content compared with the other three
provinces (Table 3.3, Figure 3.7).

In 2011, mean FDK content of the 3-ADON isolates was larger compared with
the 15-ADON isolates (Figure 3.3, Table 3.3). Among the 3-ADON isolates, the isolate
from ON had a larger mean FDK content compared with the isolate from NS (Figure 3.3,
Table 3.3). Among the 15-ADON isolates, the isolate from ON had a larger mean FDK
content compared with the isolate from MB (Figure 3.3, Table 3.3). In 2012, F.
graminearum isolates from PQ had larger mean FDK content compared with those
isolates from any other province (Figure 3.8, Table 3.3). Among the 15-ADON isolates
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and among the mixture of isolates, the isolate(s) from PQ had a larger mean FDK
content compared with the other three provinces (Table 3.3, Figure 3.7).

Percent ADON compared with total DON was dependent upon year and
treatment type. For the 3-ADON treatment percent 3-ADON compared with total DON
was 5.9 % and 2.5 % in 2011 and 2012 respectively. Percent 15-ADON compared with
total DON for the 15-ADON treatment was 2.3 % and 1.1 % in 2011 and 2012
respectively. For the plots inoculated with the mixture of isolates, percent 15-ADON
compared with total DON content was 1.8 % and 0.3 % for 2011 and 2012, while
percent 3-ADON was 3.7 % and 2.5 % for 2011 and 2012.

In 2011, mean 15-ADON content of the 15-ADON isolates was larger compared
with the mixture of isolates and the 3-ADON isolates (Figure 3.4, Table 3.3). The mean
15-ADON content of the mixture of isolates was larger compared with the 3-ADON
isolates. F. graminearum isolates from MB had smaller mean 15-ADON content
compared with the isolates NS or ON (Figure 3.4, Table 3.3). Among the 15-ADON
isolates, the isolate from PQ had a larger 15-ADON content compared with the isolates
from the three other provinces (Figure 3.4, Table 3.3). Among the 15-ADON isolates,
the isolate from ON had larger mean 15-ADON content compared with the isolate from
MB. Among the mixture of isolates, the mixture from ON had larger 15-ADON content
compared with the mixture from MB (Figure 3.4, Table 3.3).

In 2011, mean 3-ADON content of the 3-ADON isolates was larger compared with the
mixture of isolates and the 15-ADON isolates (Figure 3.5, Table 3.3). The mean 3ADON content of the mixture of isolates was larger compared with the 15-ADON
isolates. Among the 3-ADON isolates, the isolate from ON had larger 3-ADON content
compared with the isolate from NS (Figure 3.5, Table 3.3).

Within the mixture of isolates from MB and PQ, there was more 3-ADON isolates
recovered using PCR compared with 15-ADON isolates (Figure 3.9, Table 3.4). Within
the mixture of isolates from ON and NS, about the same amount of 3-ADON and 1565

ADON isolates were recovered using PCR (Figure 3.9, Table 3.4). There was an
interaction between ADON type and origin of F. graminearum isolates interaction for
ADON content (Table 3.5). Within the mixture of isolates from all four provinces, more
3-ADON was recovered compared with 15-ADON (Figure 3.10). More 3-ADON was
produced from the mixture of isolates from NS, compared with the 3 other provinces
(Figure 3.10). There was no significant differences among 15-ADON produced from
mixture of isolates from the four provinces (Figure 3.10).

3.5 Discussion
In this study the effects F. graminearum chemotype, origin of F. graminearum
isolate and their interaction were investigated after FHB infection in a MS winter wheat.
To our knowledge, this is the first field study investigating the competiveness of
Canadian F. graminearum chemotypes. Results from this study show, that depending
on the environment F. graminearum chemotype, origin or their interaction may play a
role in FHB disease development and mycotoxin accumulation.

Throughout the two years of this study the environment played a large role in the
level of FHB present. In 2011, there was high FHB disease symptoms and large
quantities of mycotoxin present in the grain, overall it would be considered an epidemic
year for FHB. In, 2012 FHB disease symptoms and mycotoxins levels were lower
compared to 2011 and it would be considered a moderate year for FHB. This can be
attributed to precipitation around the flowering period (Table 3.6). Environment is the
main generator of FHB epidemics in Ontario wheat (Hooker et al. 2002). Around the
flowering period, average mean daily temperature was similar in both years and close to
the optimal temperature of 25°C for F. graminearum growth (Brennan et al. 2003;
Shaner 2003). Within the flowering period, there was 18.6 mm of precipitation in 2011
compared with 4.2 mm in 2012. In both years a mist system was used to help with FHB
symptoms development, but precipitation would still play an important role with
symptoms development. More FHB symptoms and mycotoxin content would be
expected in the environment with the greater precipitation during the flowering period,
because F. graminearum favours warm wet conditions for infection rate (Brennan et al.
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2003; Shaner 2003; Xu 2003). Based on precipitation data during the flowering period, it
would be expected that there would be more FHB symptoms and DON content in 2011
compared to 2012.

In 2011, chemotype played a large role in FHB disease development and
mycotoxin accumulation within the MS wheat cultivar. The 3-ADON F. graminearum
isolates were more aggressive and toxic compared to the 15-ADON isolates, producing
more FHB symptoms and DON content compared with both 15-ADON and the mixture
of F. graminearum isolates (Figure 3.1-3). Similarly, it has been reported that within S
and R wheat cultivars 3-ADON F. graminearum isolates produce significantly more FHB
disease symptoms and DON compared with 15-ADON isolates in greenhouse
conditions (Puri and Zhong 2010). However, in 2012 chemotype did not play a
significant role in FHB disease development or mycotoxin accumulation (Figure 3.63.8). There were no significant differences in aggressiveness or toxicity between the F.
graminearum chemotypes. Similarly, other studies have reported no significant
differences between 3-ADON and 15-ADON chemotypes in pathogenicity towards
wheat (Gilbert et al. 2010; Ward et al. 2008). Yet, other studies have reported mixed
results depending on wheat cultivar used and environment. Von der Ohe et al (2010b),
found that there were no significant differences between FHB symptoms, however in
some environments 3-ADON F. graminearum isolates produced significantly more DON
compared with the 15-ADON F. graminearum isolates for MR and S wheat genotypes.
No significant differences were observed for the MS wheat genotypes. Differences in
the role chemotypes played in FHB disease symptoms and mycotoxin content between
2011 and 2012 could be attributed to environmental conditions. Conditions in 2011
could have been more favourable for the 3-ADON isolates compared with the 15-ADON
isolates. In 2012, conditions could have been equally favourable for both chemotypes,
thus no differences in aggressiveness or toxicity was observed between the
chemotypes.

In 2012, origin of F. graminearum isolates played a significant role in FHB
disease development and mycotoxin accumulation (Table 3.2). The isolates originating
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from PQ had larger FHB index, FDKs and DON content compared with all other origins.
Overall the isolates originating from PQ were more aggressive and toxic compared with
the isolates collected from other Canadian provinces. Gilbert et al (2010), reported 15ADON isolates from AB produced less DON in planta compared with 15-ADON isolates
from MB or SK, differences in F. graminearum isolates from Eastern Canada were not
examined. Significant differences between F. graminearum isolates for both
pathogenicity and mycotoxin content has also been reported in North Carolina (Walker
et al. 2001). In 2011, origin of F. graminearum isolates played a less significant role in
FHB disease development and mycotoxin accumulation compared with 2012 (Table
3.2). The isolates originating from PQ had larger FHB index compared with those
originating from MB, while isolates originating from NS had larger 15-ADON content
compared with those originating from MB (Figure 3.1, 3.4). There were no significant
differences in FDKs, DON content or 3-ADON content based on the origin of isolates in
2011 (Figure 3.2, 3.3, 3.5). Similarly, previous to the chemotype shift it was been
reported there were no significant differences in aggressiveness towards wheat
between Canadian F. graminearum isolates from ON, MB, SK and AB (Gilbert et al.
2001).

Overall, in 2011 and 2012 isolates originating from MB were less aggressive and
toxic compared to isolates from other provinces. Within 2011, FHB symptoms, FDKs
and DON content was high across all treatments and differences within F. graminearum
origin may have been masked. In 2012 FHB symptoms, FDKs and DON content were at
more moderate and differences within origin were detected, isolates from PQ were more
aggressive and toxic compared with those from other provinces. High levels of FHB
disease and DON accumulation have been reported in spring wheat grown in PQ and
Eastern Ontario (Schaafsma 2013). F. graminearum isolates originating from PQ may
be more aggressive and toxic compared with other regions of Canada and this may
account for the high FHB disease levels and DON content in spring wheat grown in this
region. The environment, host or F. graminearum isolates used may impact whether or
not origin plays a significant role in FHB disease development and mycotoxin
accumulation. It would be useful to investigate differences in F. graminearum isolates
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from both Eastern and Western Canada both before and after the chemotype shift was
reported in Western Canada. This could help to explain differences in FHB epidemics
and chemotype distributions across Canada.

In both years, there was an interaction between chemotype and origin of F.
graminearum isolate for FDK and DON content, but not for FHB index (Table 3.2). In
2011, DON and FDK content of the 3-ADON ON isolate was larger compared with the
15-ADON ON isolate (Figure 3.2-3.3). So far, the majority of F. graminearum isolates in
ON are the 15-ADON chemotype, however if a shift were to occur to the 3-ADON
chemotype FHB field symptoms and DON content could increase in Ontario wheat
fields since the 3-ADON ON isolate produced higher quantities of DON and FDKs
(Amarasinghe et al. 2009; Muckle et al. 2012). In 2012, DON content of the 15-ADON
PQ isolate was larger than the 3-DON PQ isolate (Figure 3.7). Surveillance from PQ
found that F. graminearum chemotypes of 15-ADON and 3-ADON were equal (Ward et
al. 2008). A chemotype shift in PQ to a majority of 3-ADON F. graminearum isolates
may result in a decrease in DON content since the 15-ADON PQ isolate produced
significantly more DON content than 3-ADON PQ isolate. In 2011, DON content of the
15-ADON isolate from MB was larger compared with the 15-ADON isolate from MB
(Figure 3.2). In 2012, FDK content was larger for the 3-ADON isolate from MB
compared with the 15-ADON isolate from MB (Figure 3.8). Thus, depending on the
environment in MB F. graminearum isolates may behave differently. In epidemic years
(years similar to 2011), 15-ADON MB isolates may produce more DON content, while in
more moderate years (years similar to 2012) 3-ADON isolates may produce more
disease symptoms.

Percent ADON compared with total DON was dependent upon environment and
treatment type and ranged from 0.3 – 5.9 % over both years. In 2011 more mycotoxins
were produced and more of the 3-ADON and 15-ADON analogs were recovered
compared with 2012. Because 15-ADON and 3-ADON analogs are both precursors to
DON, it is expected that they would be found in smaller quantities in grain compared
with DON (Schollenberger et al. 2006; Von der Ohe et al. 2010b). This data is similar to
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findings by Von der Ohe et al (2010) which found 1.0% and 2.5% of total DON for 3ADON and 15-ADON respectively and to Tamburic-Ilincic et al (2009) which found 15ADON and 3-ADON analogs were approximately 2% of total DON in harvested wheat
grain. Because more DON is found in harvested grain compared to ADON, the overall
DON production of F. graminearum isolates is more critical compared with ADON
production. Over both years, more 3-ADON was produced by the 3-ADON isolates
compared with 15-ADON by the 15-ADON isolates. This is similar to Von der Ohe et al
(2010b), which found larger quantities of 3-ADON produced by 3-ADON isolates
compared with 15-ADON by 15-ADON isolates, but dissimilar to finding by Gilbert et al
(2010) which reported more 15-ADON produced by 15-ADON isolates than 3-ADON by
3-ADON isolates.

Chemotype played an important role the percent recovery of chemotypes from
grain inoculated with the mixture of isolates from MB and PQ. In the mixture of isolates
from MB and PQ, significantly more 3-ADON isolates were recovered compared with
15-ADON isolates (Figure 3.9). This suggests in these two provinces the 3-ADON
isolates are more competitive compared with the 15-ADON isolates when present in the
1:1 ratio. In ON and NS, there was no significant difference between 15-ADON and 3ADON chemotypes recovered in the mixture of isolates (Figure 3.9). This suggests in
these two provinces F. graminearum chemotypes can colonize the MS wheat equally
when in the 1:1 ratio. Miedaner (2004) found that in mixture of F. culmorum isolates
there were no significant differences in fitness between 3-ADON or NIV chemotypes.
Furthermore, they concluded that for F. culmorum the aggressiveness of mixed
inoculum may be lower than that of single isolate inoculum. However, this study
investigated differences in F. graminearum chemotypes not F. culumorum. The biology
of these two Fusarium species are not identical, thus differences could be expected in
the fitness of chemotypes within a mixture. To the best of our knowledge, this is the first
field study to investigate the competiveness of Canadian F. graminearum chemotypes
within a 1:1 ratio.

In 2011, ADON type and the interaction between ADON type and origin of F.
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graminearum isolate played an important role ADON production from grain inoculated
with the mixture of isolates (Table 3.5). Across all Provinces, more 3-ADON was
recovered from grain inoculated with the mixture of isolates compared with 15-ADON
(Figure 3.10). The most 3-ADON was recovered from grain inoculated with the mixture
of isolates from NS. Together, this suggests that within the mixture of isolates the 3ADON isolates are more competitive and produce more ADON compared with the 15ADON isolates.

This is the first study to investigate what occurs in the field between 3-ADON and
15-ADON F. graminearum isolates with in a 1:1 ratio in MS wheat. This study shows
that even though single isolates of 3-ADON and 15-ADON F. graminearum isolates may
behave differently depending on the environment, when both chemotypes are used in a
1:1 ratio the 3-ADON F. graminearum isolates tend to be more toxic and competitive
compared with the 15-ADON F. graminearum isolates.
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Table 3.1. Analysis of Variance of F. graminearum chemotype, origin and their interaction on FHB index (%),
Fusarium damaged kernels (FDKs) and deoxynivalenol (DON) content (ppm) using PROC MIXED following
inoculation with 12 different combinations of F. graminearum isolates in the winter wheat cultivar ‘Emmit’ planted
in Ridgetown, Ontario in 2011-2012.
FHB Index

FDKs

DON Content

Covariance Parameter

Estimate

SE

Z

Pr Z

Estimate

SE

Z

Pr Z

Estimate

SE

Z

Pr Z

Year
Block (Year)
Year * Origin * Chemotype
Residual
Effect

1019.6500
19.7261
59.0345
49.3708
Num df

1458.9000
15.1690
31.7669
9.6783
Den df

0.7
1.3
1.86
5.1
F

0.2423
0.0967
0.0316*
<.0001*
Pr>F

1054.3000
25.5153
4.1250
26.4038
Num df

1502.9600
17.5999
5.2870
5.0863
Den df

0.7
1.45
0.78
5.19
F

0.2415
0.0736
0.2176
<.0001*
Pr>F

744.0100
22.9202
20.7711
12.9332
Num df

1064.5600
15.2701
10.6026
2.5195
Den df

0.7
1.5
1.96
5.13
F

0.2423
0.0667
0.0251*
<.0001*
Pr>F

Chemotype

2

11

0.77

0.4858

2

11

1.82

0.2081

2

11

2.53

0.1246

Origin

3

11

4.53

0.0267*

3

11

1.36

0.3053

3

11

1.36

0.3071

Chemotype * Origin

6

11

0.33

0.9101

6

11

1.81

0.1866

6

11

1.76

0.1972

*Significant at α=0.05.
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Table 3.2. Analysis of variance by year for FHB index (%), Fusarium damaged kernels (FDKs) (%), deoxynivalenol
(DON) content (ppm), 15-acetyldeoxynivalenol (15-ADON) content (ppm) and 3-ADON content (ppm) using PROC
MIXED following inoculation with 12 different combinations of F. graminearum isolates in the winter wheat
cultivar ‘Emmit’ planted in Ridgetown, Ontario in 2011 and 2012.
F
FHB Index
Chemotype
Origin
Chemotype * Origin

2011
Pr>F
Num df

Den df

F

2012Ϯ
Pr>F
Num df

Den df

4.4
3.73
1.03

0.0205*
0.0208*
0.4214

2
3
6

32
32
32

0.91
20.26
0.78

0.4174
<.0001*
0.5937

2
3
6

21
21
21

Chemotype
Origin
Chemotype * Origin

3.35
1.34
2.6

0.0478*
0.2778
0.0365*

2
3
6

32
32
32

1.01
16.3
5.94

0.3812
<.0001*
0.0009*

2
3
6

21
21
21

DON Content
Chemotype
Origin
Chemotype * Origin

25.58
2.8
12.25

<.0001*
0.0562
<.0001*

2
3
6

31
31
31

0.75
40.43
4.41

0.4841
<.0001*
0.0049*

2
3
6

21
21
21

15-ADON Content
Chemotype
Origin
Chemotype * Origin

81.11
4.75
1.77

<.0001*
0.0075*
0.1365

2
3
6

32
32
32

3-ADON Content
Chemotype
Origin
Chemotype * Origin

42.25
1.11
0.99

<.0001*
0.3576
0.4485

2
3
6

32
32
32

FDKs

*Significant at α=0.05. Ϯ15-ADON & 3-ADON levels were too low in 2012 for data analysis.
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Table 3.3. Significance of F-values for means of FHB index, FDKs, DON content, 15-ADON content, 3-ADON
content within each source of variation following inoculation with 12 different combinations of F. graminearum
isolates in the winter wheat cultivar ‘Emmit’ planted in Ridgetown, Ontario in 2011 and 2012.
Significance of F-value
df
Source of Variance
Chemotypes
3ADON vs. 15ADON
3ADON vs. Mixture
15ADON vs. Mixture
Origin
East vs. West˄
ON vs. MB
ON vs. PQ
ON vs. NS
PQ vs. rest
Among 3-ADON isolates
ON vs. MB
ON vs. PQ
ON vs. NS
PQ vs. rest
Among 15-ADON isolates
ON vs. MB
ON vs. PQ
ON vs. NS
PQ vs. rest
Among Mixture
ON vs. MB
ON vs. PQ
ON vs. NS
PQ vs. rest

2011
Num df
Den df
1
32
1
32
1
32

2012
Num df
Den df
1
21
1
21
1
21

FHB Index (%)
2011
2012

FDKs (%)
2011
2012

DON (ppm)
2011Ϯ
2012

ADON (ppm)
15
3
2011
2011

*
*
ns

ns
ns
ns

*
ns
ns

ns
ns
ns

*
*
ns

ns
ns
ns

*
*
*

*
*
*

1
1
1
1
1

32
32
32
32
32

1
1
1
1
1

21
21
21
21
21

*
*
ns
ns
ns

*
*
*
*
*

ns
ns
ns
ns
ns

*
ns
*
ns
*

ns
*
ns
ns
ns

*
*
*
ns
*

*
*
ns
ns
ns

ns
ns
ns
ns
ns

1
1
1
1

32
32
32
32

1
1
1
1

21
21
21
21

ns
ns
ns
ns

*
*
*
*

ns
ns
*
ns

ns
ns
ns
ns

ns
*
*
*

ns
ns
ns
*

ns
ns
ns
ns

ns
ns
*
ns

1
1
1
1

32
32
32
32

1
1
1
1

21
21
21
21

*
ns
ns
ns

ns
*
ns
*

*
ns
ns
ns

*
*
ns
*

*
*
ns
*

*
*
ns
*

*
ns
ns
*

ns
ns
ns
ns

1
1
1
1

32
32
32
32

1
1
1
1

21
21
21
21

ns
ns
ns
ns

ns
ns
ns
*

ns
ns
ns
ns

ns
*
ns
*

ns
ns
ns
ns

ns
*
ns
*

*
ns
ns
ns

ns
ns
ns
ns

*Significant at α=0.05, ns = not significant, Ϯden df 31 for all sources of variance, ˄West is made up of MB & ON, while East is made up on PQ & NS.
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Figure 3.1. FHB index LS means and standard error following inoculation with 12 different combinations of F.
graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011. Means followed by the same letter are not significantly different according to Tukey’ multiple
range test (α=0.05), lower case letter denotes differences for isolate origin within chemotype group, upper case
denotes differences for chemotype groups and bold letters denote differences for isolate origin .
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Figure 3.2. DON content LS means and standard error following inoculation with 12 different combinations of F.
graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011. Means followed by the same letter are not significantly different according to Tukey’ multiple
range test (α=0.05), lower case letter denotes differences for isolate origin within chemotype group, upper case
denotes differences for chemotype groups and bold letters denote differences for isolate origin.
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Figure 3.3. FDKs LS means and standard error following inoculation with 12 different combinations of F.
graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011. Means followed by the same letter are not significantly different according to Tukey’ multiple
range test (α=0.05), lower case letter denotes differences for isolate origin within chemotype group, upper case
denotes differences for chemotype groups and bold letters denote differences for isolate origin.
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Figure 3.4. 15-ADON content LS means and standard error following inoculation with 12 different combinations of
F. graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011. Means followed by the same letter are not significantly different according to Tukey’ multiple
range test (α=0.05), lower case letter denotes differences for isolate origin within chemotype group, upper case
denotes differences for chemotype groups and bold letters denote differences for isolate origin.
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Figure 3.5. 3-ADON content LS means and standard error following inoculation with 12 different combinations of
F. graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011. Means followed by the same letter are not significantly different according to Tukey’ multiple
range test (α=0.05), lower case letter denotes differences for isolate origin within chemotype group, upper case
denotes differences for chemotype groups and bold letters denote differences for isolate origin .
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Figure 3.7. DON content LS means and standard error following inoculation with 12 different combinations of F.
graminearum isolates plus an un-inoculated control in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
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Figure 3.8. FDKs LS means and standard error following inoculation with 12 different combinations of F.
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Table 3.4. Analysis of variance for recovery of F. graminearum isolates with PCR
(%) using PROC MIXED following inoculation with 1:1 ratio of 15-ADON and 3ADON F. graminearum isolates in the winter wheat cultivar ‘Emmit’ planted in
Ridgetown, Ontario in 2011-2012.
Origin of F. graminearum Isolates

F

Pr>F

Num df

Den df

Chemotype

49.34

0.0022*

1

4

Ontario
Chemotype

0.06

0.8220

1

4

Quebec
Chemotype

36.87

0.009*

1

4

Nova Scotia
Chemotype

0.03

0.8702

1

4

Manitoba

*Significant at α=0.05.
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Figure 3.9. Percent recovered F. graminearum chemotypes LS means and
standard errors following inoculation with a mixture of 15-ADON and 3-ADON F.
graminearum isolates in the winter wheat cultivar ‘Emmit’ planted in Ridgetown,
Ontario in 2011-2012. Means followed by the same letter are not significantly
different within isolate origin according to Tukey’ multiple range test (α=0.05).
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Table 3.5. Analysis of variance for ADON content using PROC MIXED following
inoculation with 1:1 ratio of 15-ADON and 3-ADON F. graminearum isolates in the
winter wheat cultivar ‘Emmit’ planted in Ridgetown, Ontario in 2011.
ADON Type
Origin of Isolate
ADON type * Origin of Isolate

F

Pr>F

Num df

Den df

147.68
2.58
11.44

<.0001*
0.0810
0.0001*

1
3
3

21
21
21

*Significant at α=0.05.
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Figure 3.10. ADON content LS means and standard errors following inoculation
with a 1:1 ratio of 15-ADON and 3-ADON F. graminearum isolates in the winter
wheat cultivar ‘Emmit’ planted in Ridgetown, Ontario in 2011. Means followed by
the same letter are not significantly different according to Tukey’ multiple range
test (α=0.05).
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Table 3.6. Mean daily temperature and daily precipitation around the flowering of ‘Emmit’ in Ridgetown, Ontario
in 2011 and 2012.
2011
5 June
6 June
7 June 8 June*
9 June
10 June 11 June
Mean Daily Temperature (°C)
20.5
19.9
22.8
26.9
18.7
14.1
19.5
Daily Precipitation (mm)
0.0
0.0
17.0
0.0
0.7
0.1
0.8
24
2012
21 May
22 May 23 May
May*
25 May
26 May 27 May
Mean Daily Temperature (°C)
19.6
13.2
14.4
20.1
23.7
18.9
18.8
Daily Precipitation (mm)
0.0
1.0
0.0
0.0
0.0
2.0
1.2
*Plots were inoculated with F. graminearum.
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Chapter 4.0. Combining genetic resistance and prothioconazole fungicide
to maximize protection against FHB in winter wheat.
4.1 Abstract
Fusarium head blight (FHB) is a destructive disease of wheat and other cereals. Exotic
sources from the Chinese cultivar ‘Sumai 3’ and the Brazilian cultivar ‘Frontana’ have
been incorporated in numerous wheat breeding programs successfully. Fungicides have
also been used to manage FHB, with the most effective ones belonging to the triazole
group. Several studies have looked at the interaction between cultivars of wheat and
fungicide application on FHB management, but very little has been done to examine this
interaction within a population of wheat lines segregating for QTL’s for FHB resistance.
In a winter wheat population derived from a cross between ‘RCATL33’ (carrying 5A, 3A
QTL, Fhb1 gene) and ‘RC Strategy’ (FHB susceptible), the objectives of this study were
[1] to compare the extent of reduction in FHB index and DON levels in these
segregating lines genotypically with or without the application of the fungicide
prothioconazole [2] to compare the extent of reduction in these wheat lines when
classified into FHB phenotypic groups (moderately resistant (MR), moderately
susceptible (MS), susceptible (S) and highly susceptible (HS)) with or without the
application of the fungicide prothioconazole. Parental lines, along with the RILs
(previously genotyped for 5A, 3A QTLs and the Fhb1 gene) were planted in two
(Ridgetown and Centralia) F. graminearum inoculated nurseries were arranged in a split
plot design with recombinant inbred line (RIL) as main and fungicide application as
subplots. Subplots were sprayed with prothioconazole fungicide at anthesis. FHB index
ratings and DON content were measured for each subplot. The RILs were classified into
one of four FHB phenotypic groups, MR, MS, S or HS based on inoculated data from
Ridgetown. Fungicide application reduced FHB index, but not DON content across all
RILs and both locations. Within Ridgetown, RILs in the Fhb1 gene class had a smaller
mean FHB index and lower DON content compared with RILs in any other class. In
Ridgetown, RILs classified as MR had smaller mean FHB index and DON content
compared with RILs in any other classification. In Centralia, RILs classified as MR had a
smaller mean DON content compared with those classified as S or HS. There was no
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interaction between fungicide application and genetic resistance to FHB within this
wheat population for either FHB index or DON content. To our knowledge, this is the
first study investigating the interactions between fungicides that control FHB and genetic
resistance to FHB within a wheat population segregating for genes for FHB resistance
coming from two exotic sources, Sumai 3 and Frontana. Results from this study show
that genetic control is more effective than fungicide application for controlling FHB within
this winter wheat population.

4.2 Introduction
Fusarium head blight (FHB) caused primarily by Fusarium graminearum
(Schwabe) is a destructive disease of wheat and other cereals in North America
(Goswami and Kistler 2004; Osborne and Stein 2007). Symptoms of FHB include the
premature bleaching of wheat heads, Fusarium damaged kernels (FDKs) and the
accumulation of mycotoxins such as deoxynivalenol (DON). Worldwide DON is the
mycotoxin most commonly detected in high concentrations in contaminated grain
(Pestka 2010). DON has been linked to both human and animal health problems and
can have detrimental effects on the immune system, reproductive system and
development (Pestka 2010; Pestka et al. 2004).

Economic losses from FHB epidemics are both direct due to yield and quality
reductions and indirect due to DON contaminated grain and downgrading of grain at
marketing (Osborne and Stein 2007). In Ontario, loses from an FHB winter wheat
epidemic in 1996 were estimated to be over $100 million CAD (Schaafsma 2002). It is
thought that the single most economically effective and reliable management strategy to
control FHB is the use of wheat cultivars with genetic resistance to FHB (Campbell and
Lipps 1998; Schaafsma et al. 2001). Breeding for FHB resistance is difficult and to date
the best wheat cultivars are moderately resistant to FHB (Goswami and Kistler 2004).
In Ontario, exotic sources of FHB resistance such as the Chinese cultivar ‘Sumai
3’ and the Brazilian cultivar ‘Frontana’ have been used when breeding wheat cultivars
for FHB resistance(Tamburic-Ilincic 2012). Families of lines crossed with ‘Sumai 3’ have
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been employed to map two major FHB resistance QTLs such as 5A and 3B (now
identified as the Fhb1 gene) (Anderson et al. 2001; Buerstmayr et al. 2002; Buerstmayr
et al. 2003; Cuthbert et al. 2006). The Fhb1 gene seems to confer type II resistance or
resistance to the spread of FHB infection and type III FHB resistance or resistance to
DON accumulation (Bai and Shaner 1994; Cuthbert et al. 2006; Horevaj et al. 2012).
The major QTL 3A for FHB resistance has been mapped in populations developed with
‘Frontana’ as a source of FHB resistance, which seems to confer resistance to initial
FHB infection or type 1 resistance (Steiner et al. 2004).

In Ontario, a winter wheat population carrying a combination of 3A, 5A Fhb1
gene or no QTLs was examined for FHB resistance along with other yield and quality
characteristics (Tamburic-Ilincic 2012). Within this population, the Fhb1 gene was
associated with the lowest FHB symptoms and DON content and was recommended for
breeding winter wheat with increased level of FHB resistance in Ontario. Within an
European spring wheat population, stacking the Fhb1 gene, 5A and 3A QTLs resulted in
lower levels of DON compared to wheat lines carrying none of these QTLs (Miedaner et
al. 2006).

Fungicides, especially triazoles, have been shown to be moderately effective
against FHB, reducing symptoms and DON accumulation by up to 80 % and 70 %
respectively (Lechoczki-Krsjak et al. 2008; Lehoczki-Krsjak et al. 2010; Mesterhazy
2003). Triazole fungicides belong to the de-methylation inhibitions in sterol biosynthesis,
also known as group 3 fungicides (Dubos et al. 2011; FRAC 2011). The most effective
of these against FHB are tebuconazole, metconazole and prothioconazole (Klix et al.
2007; Mesterhazy 2003).

None of the fungicides available to date offer complete control of FHB. Their
efficacy is highly dependent on application timing, rate and coverage (Mesterhazy
2003). Wheat producers may have trouble with FHB fungicide timing since favourable
weather for FHB is unfavourable weather for ground spraying. According to Mesterhazy
(2003) an ideal fungicide targeting FHB would need to be persistent and have good
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movement within the tissue of the wheat head. This is because a few days after initial
penetration F. graminearum can develop an intricate hypae network both inter and
intracellular in almost every cell type of the rachis and spikelet (Brown et al. 2010).
Fungicides developed to target FHB should both reduce DON accumulation and
disease level in the field ideally to below 5 % with FDKs minimal or absent (Mesterhazy
2003).

Results from studies that have examined the interaction between genetic FHB
resistance and fungicide application have been mixed and most studies involved
comparing cultivars of different genetic background. Some have found that fungicide
application to cultivars with FHB resistance may not result in reduction of DON content
(Hollingsworth et al. 2008). Other studies found that fungicide efficacy is improved in
cultivars with FHB resistance (Amarasinghe et al. 2013; Sip et al. 2010). Others argue,
that even with fungicide use, the reduction of DON content may not be low enough to be
considered acceptable for cultivars that are susceptible to FHB (Mesterhazy 2003). With
this uncertainty, we were interested in the interaction between specific QTLs for FHB
resistance and fungicide application for FHB control and DON reduction within a
population derived from common parents, something to our knowledge, not yet studied.
A better understanding of fungicide and QTL interactions could lead to improved FHB
management techniques.

The objectives of this study were [1] to compare the extent of reduction in FHB
index and DON levels in a population of recombinant inbred lines (RILs) of winter wheat
classified genotypically into those carrying 5A, 3A, Fhb1 gene or no QTLs with and
without prothioconazole fungicide applied and [2] to make similar comparison within the
same population, but this time classified into FHB phenotypic groups (moderately
resistant (MR), moderately susceptible (MS), susceptible (S) and highly susceptible
(HS)). It was hypothesized that the lowest level of FHB symptoms and DON content
would occur in wheat lines carrying the Fhb1 gene or classified as MR for FHB
phenotypic resistance after fungicide application.
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4.3 Materials and Methods
Population Development
The population of RILs was derived from crosses between the varieties
‘RCATL33’ and ‘RC Strategy, where ‘RCATL33’ has combined FHB resistance from the
Chinese sources ‘Sumai 3’ (Fhb1 gene and 5A QTL) and Brazilian sources ‘Frontana’
(3A QTL) (Tamburic-Ilincic et al. 2006b). ‘RC Strategy’ is a soft red winter wheat cultivar
carrying no FHB resistance, but is high yielding and well adapted to production in
Ontario. One hundred forty three recombinant RILs with single QTL, stacked QTLs in
different combinations or no QTLs were used for this study. Random selection of lines
occurred in the F5 generation (Tamburic-Ilincic, 2012).
Microsatellite genotyping for FHB resistance was previously completed for the
population and parent lines using simple sequence repeat (SSR) markers as described
by Tamburic-Ilincic (2012). Briefly, markers Xgwm533, Xgwm493 and Xbarc147 were
used to detect the Fhb1 gene on chromosome 3B, markers Xgwm293, Xgwm304 and
Xwmc7050 were used to detect the QTL on chromosome 5A and markers Xgwm5,
Xbarc45 and Xwmc264 were used to detect the QTL on chromosome 3A. Seventy-two
RILs were grouped into four classes based on QTLs they carried; no QTLs (n=23,
31.9%), 5A (n=18, 25.0%), Fhb1 gene (n=13, 18.1%) and 3A (n=18, 25.0%).

Field Trials
Field trials were planted in two environments one at Ridgetown and the other at
Centralia, Ontario in the fall of 2010. Plots were single rows, 2 m long spaced 20 cm
apart, with 2 replicates arranged in a strip-plot design with wheat line as the main plot
and fungicide application as the subplot. Planting was done in mid-October following
standard agronomic practices for Ontario (OMAFRA 2009). When wheat was at the end
of tillering (Zadoks stage 29) plots were split in half mechanically by removing one to
two plants in the middle of each row (Zadoks et al. 1974).
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FHB resistance was tested using inoculum from four F. graminearum isolates ON-06-17
(15-ADON), ON-06-39 (3-ADON), DF-FG-144 (15-ADON) and Q-06-23 (3-ADON) (Isolates
provided by R. Clear from the Canadian Grain Commission, Winnipeg MB). At Ridgetown
inoculum was a suspension of macro-conidia produced in liquid culture on a modified Bilay’s
medium (2 g KH2PO4, 2 g KNO3, 1 g MgSO4, 1 g KCl, 1 g dextrose, 20 mg 100 mL-1 minor
elements (FeCl2, MnSO4, ZnSO4), in 1 L distilled water) (Tamburic-Ilincic et al. 2007b).
Approximately 350 mL of medium was added to 2 L flasks and autoclaved at 121°C for 10 min.
After cooling to room temperature either 3-4 PDA plugs of F. graminearum isolates or 10 mL of
liquid conidia suspension was aseptically added to each flask. Flasks were incubated on shaker
tables at room temperature approximately 21°C for about two wk or until conidia concentration
reached 100,000 spores per mL as measured with a haemocytometer, followed by the addition
of a few drops of TWEEN® 20 (Sigma-Aldrich, St. Louis, Mo) added as a surfactant.

At Centralia, the inoculum used was infected corn kernels produced in culture
and placed on the soil prior to wheat heading. In a 4 L plastic jug 600 ml of distilled
water was added to 1 kg of corn, with water decanted after soaking for a minimum of 2
h. The jugs full of corn were then autoclaved at 121°C for 30 min, followed by cooling to
room temperature for 2 d, and then a second cycle of autoclaving after corn was
loosened by thorough shaking. The jugs were cooled to room temperature, followed by
the addition of 4 - 5 small plugs of F. graminearum isolates grown on PDA, then loosely
capped and kept under fluorescent light at room temperature for approximately 2 wk or
until all corn kernels were visibly infected. The jugs were shaken every few days to help
encourage the development of infection. The corn inoculum was spread at a rate of
approximately 25 g per plot on 1 and 8 of June 2011, just prior to wheat heading.
Perithecia development was observed on the corn inoculum on 12 June, 2011.

At 50% anthesis the front half of each plot was sprayed with prothioconazole
(Proline®, 480g/L, Bayer Crop Science, Monheim am Rhein, Germany) using TeeJet ®
even flat spray tips (TeeJet Technologies, IL USA) and a backpack sprayer. A field rate
of 420 mL/ha in 200 L/ha water with Agral90 (Norac Concepts Inc, Guelph Ontario) at
0.125%v/v. In Ridgetown, the whole plot was inoculated with F. graminearum twice, one
application 2 d after fungicide application followed by a second application 2 d later
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using a backpack sprayer. In Centralia, there was no spray inoculum, rather the natural
dispersal of ascospores released by perithecia from the infected corn. Infected corn was
used as an inoculum source because there was not enough man power to dispense
liquid inoculum.

At both locations an overhead mist system was installed to stimulate FHB
disease development. In Ridgetown, it was set to operate for 5 hr daily, unless it rained
delivering about 7.5 mm of water daily in 30 s bursts every 2 min. The system was
turned on 3 June, 2011 and turned off once all FHB ratings had been completed. In
Centralia, it was set to run for 40 min during the hottest part of the day, unless it rained
delivering about 2.6 mm of water. The system was turned on after the corn inoculum
was applied to help stimulate perithecia development and turned off 1 wk after the last
plot was sprayed with fungicide.

Visual symptoms were recorded 23 d and 25 D after fungicide application and
Centralia respectively, for each subplot as incidence (percent of heads in subplot
infected) and severity (percent of each spikelet infected). Severity was estimated as
according to Stack and McMullen (1995). FHB index was calculated as the product of
severity and incidence expressed as a percentage.

Sprayed and non-sprayed subplots were hand-harvested at maturation 26 and
27 July at Ridgetown and 6 and 8 August in Centralia. Followed by threshing using a
laboratory thresher (WINTERSTEIGER LD180, WINTERSTEIGER AG, Salt Lake City
Ut USA) with the fan speed set low to optimize FDK recovery and cleaning on an
Almoco seed cleaner ( Allan Machine CO, Ames Ia USA).

DON concentration was determined from 20 g sub-samples from each sub-plot
which were ground using a Stein Mill M2 grinder for approximately 2 min, until the flour
could pass through a 20 mesh sieve. A 10 g portion of flour was extracted in 50 ml of
distilled water with shaking for 3 min, followed 20 min rest until all the sediment had
settled, leaving the supernatant for analysis. Of this 100 µl was subjected to competitive
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ELISA (enzyme-linked immunosorbent assay) using a commercial kit with its
recommended methods (Diagnostix Inc., EZ QuantTM Vomitoxin kit, Beacon Analytical
System Inc., Maine USA) with a limit of detection of 0.1 ppm.

All RILs were assigned into one of four FHB phenotypic classifications based on
the system used by Tamburic-Ilincic et al (2011). Non-sprayed data from Ridgetown
was used to assign classifications because FHB symptoms and DON content was very
low in Centralia. Phenotypic classifications were based on disease resistance either MR
(moderately resistant), MS (moderately susceptible), S (susceptible) or HS (highly
susceptible).

Statistical Analysis
All statistical analyses were performed using SAS 9.2 (SAS Institute, Cary, NC)
with a type 1 error rate of 0.05, unless otherwise stated. Analysis of variance (ANOVA)
was performed using PROC MIXED for FHB index and DON content. Residual analysis,
Shapiro-Wilk normality test judged graphically (Costanzo 2013) and Lund’s test for
outliers (Lund 1975) and residual anlaysis were used to confirm homogeneity of
variance, normality and test for outliers. The fixed effects in the model were RIL,
fungicide application and their interaction, while random effects were
block(environment), environment and environment*RIL. Five outliers were identified as
a recording error and removed from natural logarithm transformed DON data set and
two outliers were identified as recording errors removed from the square root
transformed FHB index data set. If the RIL by environment interaction was significant,
the two environments were analyzed separately with the model reduced to blocks as
random effects and QTL class, fungicide application and their interaction as fixed effects
or FHB phenotypic class, fungicide application and their interaction as fixed effects. A
natural logarithm transformation was used for models with QTL class in the random
effects and DON as the dependent variable, two outliers were removed from the
Ridgetown data set. A square root transformation was used for models with QTL class
in the random effects and FHB index as the dependent variable. A square root
transformation was used for all models with FHB phenotypic class in the random
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effects, 2 and 9 outliers were identified as recoding errors removed from the FHB index
and DON Ridgetown data set while 3 outliers were identified as recording errors
removed from the DON Centralia data set. Least squared means and standard errors
were generated for treatments using the student’s t-test and the Tukey-Kramer
adjustment to separate means. Back transformation of LS means and standard errors
was completed using the methods suggested by Jørgensen et al (1998). Pearson’s
correlation coefficients and P values were calculated for data using PROC CORR
between FHB index and DON for the Ridgetown data set, the Centralia data set and
both environments combined.

4.4 Results
FHB symptom and DON levels were greater in the plots at Ridgetown than those
at Centralia. In Ridgetown, FHB index ranged from 0.7 – 71.1 % with an average of
18.78 % and DON content ranged from 0.1 – 87.9 ppm, with an average of 20.2 ppm. In
the Centralia plots, FHB index ranged from 0.4 – 59.4 % with an average of 10.4 % and
DON content ranged from 0.1 – 8.7 ppm, with an average of 1.2 ppm. FHB index was
positively correlated with DON at the Ridgetown site (0.65, p=<0.0001, n=565), at
Centralia (0.12, p=0.0055, n=557) and across both environments (0.59, p=<.0001,
n=1122).

RILs Classified by Genotype
By ANOVA (Table 4.1) there was a RIL by environment interaction for both FHB
index and DON (Table 4.1), therefore the two environments were analyzed separately.
Both the effects of QTL class and fungicide application, but not their interaction were
significant by ANOVA for FHB index at Ridgetown and Centralia (Table 4.4). The effect
of QTL was significant for DON content, but not the effect of fungicide application nor
their interaction at Ridgetown. None of the main effects or their interaction were
significant for DON content at Centralia.

In both environments disease levels measured by FHB index in plots without
fungicide application were higher compared with those with fungicide application 16.8 %
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versus 13.9 % at Ridgetown and 10.3 % versus 7.6 % at Centralia for the 72 RILs used
for QTL analysis portion of this study. There were no significant differences in mean
DON content between non-sprayed and sprayed data for the 72 RILs used for QTL
analysis portion of this study in either environment. At Ridgetown disease levels were
lower for those lines in the Fhb1 gene class compared with those in any other class, 9.2
%, 17.0 %, 16.6 % and 19.0 % for Fhb1 gene, 5A, 3A and no QTL classes respectively.
At Ridgetown mean DON content was lower for the Fhb1 gene class compared with
those in any other class 9.2 ppm, 14.5 ppm, 15.8 ppm and 18.0 ppm for Fhb1 gene, 5A,
3A and no QTL classes respectively. Across all QTL classes fungicide application
lowered both mean FHB index and DON content numerically, but not significantly at
Ridgetown, Ontario (Figure 4.1, 4.2). At Centralia, disease levels for lines in the Fhb1
gene class were significantly higher than those in 3A QTL class (11.8 % compared with
7.3 %). There were no other significant differences in the mean of FHB disease levels
among QTL classes of lines at Centralia, nor were there differences in mean DON
content between QTL classes. Across all QTL classes fungicide application lowered
both mean FHB index and DON content numerically, but not significantly at Centralia,
Ontario (Figure 4.1, 4.2). Except for the 3A QTL class where fungicide application
raised mean DON content numerically, but not significantly (Figure 4.2).

RILs Classified by Phenotype
Within the wheat population, the majority of RILs were classified as MS (n=43,
40.6 %) for FHB phenotypic resistance, with the parents ‘RCATL33’ and ‘RC Strategy’
classified as MR and HS respectively (Figure 4.3). The distribution of RILs within
phenotypic classes was normal. By ANOVA, FHB phenotypic class, but neither
fungicide application nor the interaction of these two main effects were significant for
DON content in Ridgetown or Centralia (Table 4.5). Both the effects of FHB phenotypic
class and fungicide application, but not their interaction were significant by ANOVA for
FHB index at Ridgetown (Table 4.5). By ANOVA, only the main effect of fungicide
application was significant for FHB index at Centralia.

In both environments disease levels measured by FHB index in plots without
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fungicide application were higher compared with those with fungicide application 18.7 %
versus 15.3 % at Ridgetown and 9.5 % versus 6.9 % at Centralia for the all 143 RILs
used in this study. There were no significant differences in mean DON content between
non-sprayed and sprayed data for all 143 RILs used for this study in either environment.
At Ridgetown disease levels and mean DON content were lower for those lines in the
MR class (7.9 %, 8.1 ppm) compared with those in the MS class (13.2 %, 14.0 ppm), in
the S class (21.7 %, 22.4 ppm) and those in the HS class (28.9 %, 31.4 ppm) (Figure
4.4, 4.5). Across all FHB phenotypic classes fungicide application lowered both mean
FHB index and DON content numerically, but not significantly at Ridgetown, Ontario
(Figure 4.4, 4.5). At Centralia, DON content were lower for those lines in the MR class
(0.7 ppm) compared with those lines in the S class (1.1 ppm) and HS class (1.3 ppm),
but not significantly different than those lines in the MS class (0.9 ppm) (Figure 4.5).
There were no significant differences in the mean of FHB disease levels among
phenotypic classes of lines at Centralia, Ontario (Figure 4.4). Across all phenotypic
classes fungicide application lowered both mean FHB index and DON content
numerically, but not significantly at Centralia, Ontario (Figure 4.4, 4.5). Except for the S
phenotypic class where fungicide application (1.1 ppm) raised mean DON content
numerically, but not significantly compared with no fungicide application (1.0 ppm)
(Figure 4.5).

4.5 Discussion
In this study the effects of genetic resistance donated by the parent ‘RCATL33’,
fungicide application and their interaction were examined on FHB index and DON
content in a soft red winter population of RILs developed from a cross between
‘RCATL33’ and ‘RC Strategy’. To our knowledge, this is the first study investigating the
interactions between a fungicide that controls FHB and QTLs associated with FHB
resistance within a wheat population.

Disease and DON levels were higher at the Ridgetown site, compared with the
Centralia site. This can be attributed to mean daily temperatures and precipitation
during the flowering period (Table 4.2, 4.3). In Ontario, environment has been shown to
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be the main driver of FHB epidemics of wheat (Hooker et al. 2002). During the flowering
period of the population at Ridgetown the average mean daily temperature was 19.5°C
compared with 15.8°C at Centralia. F. graminearum can grow between 10 – 30°C, with
an optimal temperature of 25°C (Brennan et al. 2003; Shaner 2003). During the
flowering period of population at Centralia, the majority of the days the minimum daily
temperature was below 10°C. Low temperatures in Centralia, could have allowed some
RILs to escape FHB infection. During the flowering period, the Ridgetown site received
17.7 mm of precipitation compared with 0.3 mm at the Centralia site, while a mist
system delivered 7.5 mm and 2.6 mm of water per day at Ridgetown and Centralia
respectively. F. graminearum favours warm wet condition for both ascospore production
and infection rate, therefore one would expect more FHB symptoms and DON content
in the environment with more precipitation during the flowering period (Brennan et al.
2003; Shaner 2003; Xu 2003). Within this study two distinct inoculation techniques were
used liquid inoculum in Ridgetown and infected corn in Centralia. Studies using different
liquid inoculum techniques with vastly different spore concentrations have been
obtained from the multiple inoculation systems, thus in theory using two different modes
of inoculation should not have affected results of this study (Buerstmayr et al. 2008; Van
Eeuwijk et al. 1995; Von der Ohe et al. 2010b). However, because the environment was
so unfavourable for F. graminearum growth around the flowering period of the wheat
population at Centralia, the use of infected corn inoculum may not have been effective
since it was reliant on the natural dispersal of ascospores released from perithecia.

In this winter wheat population, FHB index and DON content were moderately
correlated at the plots at Ridgetown, but a low correlation was reported at Centralia.
Disease symptoms and DON content are not correlated consistently in the literature,
with some studies reporting no correlation (Edwards et al. 2001), others reporting a low
correlation (Tamburic-Ilincic 2012; Tamburic-Ilincic et al. 2011), some reporting a
moderate correlation (Arseniuk et al. 1999; Bai et al. 2001) and yet others reporting a
high correlation (Haidukowski et al. 2005; Mesterhazy et al. 2003). Weather may
account for the difference in the strength of the correlations between the two
environments of the current study, with cooler temperatures and less precipitation
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reducing disease progress in the plots at Centralia. Amarasinghe et al (2013) also
reported differences in the strength of the correlation between FHB index and DON
content across different years, which they attributed to differences in weather
conditions. Furthermore, different environments may have favoured different isolates in
the mixture of F. graminearum isolates used for this study. Previously (chapter 3),
environment played an important role in both FHB index and DON production for
individual F. graminearum isolates. Within this study, Ridgetown could have had more
favourable conditions for the isolates chosen for F. graminearum inoculum compared to
Centralia. Or, liquid inoculum method may have been more successful in Ridgetown
compared with the infected corn inoculation method in Centralia. However, because
weather conditions in Centralia were not conductive to FHB infection and some RILs
may have escaped FHB infection, affecting the outcome for the data from Centralia.

In this study, mean FHB index was lower with fungicide application compared to
without fungicide application; however there was no difference in mean DON content.
These findings agree with those from Amarasinghe et al (2013), who found variable
efficacy for prothioconazole applied to control FHB in spring wheat. Prothioconazole,
has been found to be the most reliable triazole fungicide for reducing DON content in
wheat (Mesterhazy 2003). One possibility for the lack of reduced DON content with
fungicide application in either environment for our study may be overwhelming disease
pressure in the Ridgetown plots reducing efficacy of prothioconazole application in turn
resulting in high disease levels. In Centralia, the effect of prothioconazole application
could have been masked by escapes of RILs due to low disease pressure. Perhaps,
fungicide application would have been more effective at controlling FHB symptoms and
DON accumulation within an environment with a moderate amount of infection. Similar
to results from this study, it is well reported that in wheat fungicide efficiency can be
extremely variable and insufficient at controlling FHB in the field (Champeil 2004;
Lehoczki-Krsjak et al. 2010; Mesterhazy 2003; Paul et al. 2007). Contrary to results
from this study, many have reported that triazole fungicides are effective at controlling
FHB within field conditions (Beyer et al. 2006; Blandino et al. 2012; Sip et al. 2010).
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At Ridgetown, disease and DON levels were lower in RILs of the Fhb1 gene
class compared with RILs of any other class. Conversely, at Centralia disease levels
were higher in RILs of the Fhb1 gene class compared with RILs of the 3A QTL class,
while there were no significant differences in mean DON content. These findings from
Ridgetown, agree with those from Tamburic-Ilincic (2012), who found within the same
winter wheat population used for this study, RILs in the Fhb1 gene class had smaller
FHB index, FDK level and DON content compared with those from other QTL classes or
no QTLs. Others have also found the Fhb1 gene for resistance reduced FHB symptoms
and DON content in wheat (Bai and Shaner 1994; Cuthbert et al. 2006; Horevaj et al.
2012). In Centralia, the effect of QTL class may have been masked by escapes of RILs
due to low disease pressure, accounting for the fact RILs in the Fhb1 gene class had
larger mean FHB index compared with RILs in the 3A QTL class. In Ridgetown, RILs in
the 3A or 5A QTL class did not have significantly different mean FHB index or DON
content compared to RILs in the no QTL class. Others also found no selection gain from
the 3A QTL (Miedaner et al. 2006; Tamburic-Ilincic 2012), while others did find the 3A
and 5A QTLs are associated with FHB resistance in wheat (Anderson et al. 2001;
Buerstmayr et al. 2002; Buerstmayr et al. 2003; Steiner et al. 2004; Szabo-Hever et al.
2012). Within this study, the same winter wheat population was used as Tamburic-Ilincic
(2012), thus it makes sense that similar results would be obtained and no selection gain
was detected from the 3A QTL.

In this winter wheat population, no interaction was found between QTL class and
fungicide application for either FHB index or DON content. To the best of our knowledge
this is the first study to investigate a possible interaction between QTL class and
fungicide application on FHB symptoms and DON levels within a wheat population. It
has been speculated that a possible interaction may exist between fungicide application
and FHB resistance in wheat. Some studies have found greater FHB fungicide efficacy
in more resistant cultivars compared with less resistant cultivars (Amarasinghe et al.
2013; Sip et al. 2010; Wegulo et al. 2011). Within this winter wheat population, RILs
within QTL classes responded similarly to fungicide application.
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The parents ‘RCATL33’ and ‘RC Strategy’ were classified as MR and HS
respectively in the FHB phenotypic class. This is what one would expect because
‘RCATL33’ is known to carry QTLs for FHB resistance, while ‘RC Strategy’ is known to
be susceptible to FHB infection (Tamburic-Ilincic 2012). In Ridgetown, RILs classified as
MR had the smallest mean FHB index and DON content compared with any other class.
This is expected, since FHB index and DON content data from Ridgetown were used to
assign RILs into the FHB phenotypic classes. In Centralia, RILs classified as MR had a
smaller mean DON content compared with RILs classified as S or HS, while there were
no significant differences in mean FHB index among the FHB phenotypic classes.
Generally, the FHB phenotypic classifications assigned using data from Ridgetown were
robust and were similar in Centralia for DON content, but not for FHB index. The system
used to assign RILs into FHB phenotypic classes for this study has been shown to
stable in Ontario over a number of different environments (Tamburic-Ilincic et al. 2011).
However, since disease pressure was low in Centralia escapes of RILs could have
masked the effect of FHB phenotypic classification for FHB index data.

In this winter wheat population, no interaction was found between FHB
phenotypic class and fungicide application for either FHB index or DON content. Some
research has found that cultivars with FHB resistance may have improved fungicide
efficacy compared to those with less resistance (Amarasinghe et al. 2013; Sip et al.
2010; Wegulo et al. 2011). However, it has also been reported that cultivars with FHB
resistance may respond less favourably to fungicide application (Hollingsworth et al.
2008). This was the first study to investigate interactions between FHB phenotypic
resistance and fungicide application for FHB control and DON reduction within a
population derived from common parents. Generally within this population, RILs within
different FHB phenotypic classes responded similarly to fungicide application.

Results from this study show that genetic control is more important than fungicide
application for controlling FHB, demonstrating that genetic resistance to FHB through
the use of resistant wheat cultivars is an economical and reliable management strategy
for protection against FHB. However, it would be important to test this in an environment
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with a moderate level of FHB disease pressure. One environment used in this study had
very light disease pressure and possible escapes of RILs, while the second
environment had very high disease pressure which may have overwhelmed and
decreased fungicide efficacy. In Ontario, it is recommended to incorporate the Fhb1
gene for FHB resistance because within this winter wheat population it had the lowest
FHB index and DON content compared to all other QTL classes in Ridgetown.
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Table 4.1. Analysis of variance of recombinant inbred line (RIL) and fungicide application and their interaction on
FHB index (%) and DON content (ppm) using PROC MIXED for a population of RILs derived from a cross between
RCATL33 and RC Strategy soft red winter wheat planted in Ridgetown and Centralia, Ontario in the 2011 growing
season.
FHB Index
DON Content
Covariance Parameter

Estimate

SE

Z

Pr Z

Estimate

SE

Z

Pr Z

Environment
Block (Environment)
Environment * RIL
Residual

0.3562
0.0270
0.5982
0.3890
Num df

0.5299
0.0284
0.0832
0.0204
Den df

0.67
0.95
7.19
18.51
F

0.2508
0.1711
<.0001*
<.0001*
Pr>F

4.4550
0.0320
0.1720
0.4753
Num df

6.3259
0.0337
0.0352
0.0254
Den df

0.7
0.95
4.89
18.7
F

0.2406
0.1711
<.0001*
<.0001*
Pr>F

RIL
Fungicide Application
RIL * Fungicide Application

142
1
142

142
685
685

1.11
68.17
0.18

0.2676
<.0001*
1.0000

142
1
142

142
698
698

2.53
0.1
0.59

<.0001*
0.7578
0.9999

*Significant at α=0.05.
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Table 4.2. Mean daily temperature, daily precipitation and number of plots sprayed with prothioconazole
fungicide during the flowering for a population of RILs derived from a cross between RCATL33 and RC Strategy
soft red winter wheat planted in Ridgetown, Ontario the 2011 growing season.
June 2

June 3

June 4

June 5

June 6

June 7

June 8

June 9

Mean Daily Temperature (°C)

12.1

13.1

21.6

20.5

19.9

22.8

26.9

18.7

Daily Precipitation (mm)
Number of Plots Sprayed with
fungicide

0.0

0.0

0.0

0.0

0.0

17.0

0.0

0.7

3

89

40

69

26

44

13

2

Table 4.3. Maximum daily temperature, minimum daily temperature, mean daily temperature, daily precipitation
and number of plots sprayed with prothioconazole fungicide during the flowering for a population of RILs
derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in Centralia, Ontario 2011
the 2011 growing season.
June 10

June 11

June 12

June 13

June 14

June 15

Maximum Daily Temperature (°C)

20.2

20.5

15.7

18.6

24.3

25.3

Minimum Daily Temperature (°C)

9.2

12.7

10.2

8.8

9.2

9.8

Mean Daily Temperature (°C)

15.2

16.9

13.2

13.8

16.8

18.6

Daily Precipitation (mm)
Number of Plots Sprayed with
fungicide

0.0

0.3

0.0

0.0

0.0

0.0

199

0

73

0

0

14
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Table 4.4. Analysis of variance of quantitative trait loci (QTL) class and fungicide application and their interaction
on FHB index (%) and DON content (ppm) using PROC MIXED with Ridgetown and Centralia, Ontario analyzed
separately for 72 RILs derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in
the 2011 growing season.
F

Ridgetown, Ontario
Pr>F
Num df
Den df

F

Centralia, Ontario
Pr>F
Num df

Den df

21d FHB Index
QTL Class
Fungicide Application
QTL Class*Fungicide Application

12.57
5.33
0.15

<.0001*
0.0217*
0.9269

3
1
3

279
279
279

2.76
6.71
0.05

0.0424*
0.0101*
0.9851

3
1
3

274
274
274

DON
QTL Class
Fungicide Application
QTL Class*Fungicide Application

7.68
0.16
0.26

<.0001*
0.6867
0.8548

3
1
3

272
272
272

0.61
0.06
0.24

0.6066
0.8046
0.8709

3
1
3

278
278
278

*Significant at α=0.05.
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Figure 4.1. FHB index LS means and standard errors sorted by QTL class and fungicide application from 72 RILS
derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in Ridgetown (A) and
Centralia (B), Ontario in the 2011 growing season. Means followed by the same letter are not significantly
different according to Tukey’ multiple range test (α=0.05).
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Figure 4.2. DON content LS means and standard errors sorted by QTL class and fungicide application from 72
RILS derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in Ridgetown (A) and
Centralia (B), Ontario in the 2011 growing season. Means followed by the same letter are not significantly
different according to Tukey’ multiple range test (α=0.05).
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Figure 4.3. Frequency distribution of FHB phenotypic classification after
inoculation with F. graminearum across a population of 143 RILs derived from a
cross between RCATL33 and RC Strategy soft winter wheat population planted in
Ridgetown, Ontario the 2011 growing season. Arrows indicate FHB classification
of parents.
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Table 4.5. Analysis of Variance of FHB phenotypic class and fungicide application and their interaction on FHB
index (%) and DON content (ppm) using PROC MIXED with Ridgetown and Centralia, Ontario analyzed separately
for 143 RILs derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in the 2011
growing season.
F

Ridgetown, Ontario
Pr>F
Num df
Den df

F

Centralia, Ontario
Pr>F
Num df

Den df

21d FHB Index
FHB Phenotypic Class
Fungicide Application
FHB Phenotypic Class*Fungicide Application

141.77
22.19
0.27

<.0001*
<.0001*
0.8446

3
1
3

561
561
561

0.33
12.27
0.03

0.8008
0.0005*
0.9938

3
1
3

548
548
548

DON
FHB Phenotypic Class
Fungicide Application
FHB Phenotypic Class*Fungicide Application

137.96
0.91
1.21

<.0001*
0.3413
0.3067

3
1
3

547
547
547

12.90
0.07
0.09

<.0001*
0.7876
0.9628

3
1
3

558
558
558

*Significant at α=0.05.
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Figure 4.4. FHB index LS means and standard errors sorted by FHB phenotypic class and fungicide application
from 143 RILS derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted in
Ridgetown (A) and Centralia (B), Ontario in the 2011 growing season. Means followed by the same letter are not
significantly different according to Tukey’ multiple range test (α=0.05).
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Figure 4.5. DON content LS means and standard errors sorted by FHB phenotypic class and fungicide
application from 143 RILS derived from a cross between RCATL33 and RC Strategy soft red winter wheat planted
in Ridgetown (A) and Centralia (B), Ontario in the 2011 growing season. Means followed by the same letter are
not significantly different according to Tukey’ multiple range test (α=0.05).
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Chapter 5. Screening and selection for FHB resistance, STB resistance,
yield and quality traits in a hard red winter wheat population.

5.1 Abstract
Hard red winter wheat (Triticum aestivum L.) varieties developed for Ontario
need to have competitive yield, high level of protein, Fusarium head blight (FHB) and
Septoria tritici blotch (STB) resistance and quality traits required by industry. Fungicide
application has been shown to increase yield, thousand kernel weight (TKW) and test
weight (TW) in wheat. Disease resistance has been associated with yield and quality
penalties in wheat, but this has not yet been investigated for both FHB and STB
resistance within Ontario wheat. The objectives of this study were to [1] develop and
evaluate methodologies to simultaneously screen a DH winter wheat population for STB
and FHB resistance [2] to examine interactions between wheat lines, environment,
fungicide application, yield, protein content, TW and TKW and [3] to examine if there are
yield and quality penalties associated with STB or FHB resistance in winter wheat.. A
double haploid (DH) hard red winter wheat population was developed from a single
cross between the cultivars ‘FTHP Redeemer’ and ‘Maxine’. Two main types of field
trials were used for this field study, disease nursery and agronomy trials. In 2011 and
2012, all 108 DH lines were inoculated with Septoria tritici and Fusarium graminearum
at tillering and anthesis respectively in the disease nursery trials. Visual ratings were
taken for both STB and FHB and DON content was measured in harvested grain. All
108 DH lines were classified into the following classes based on phenotypic resistance:
moderately resistant (MR), moderately susceptible (MS), susceptible (S) and highly
susceptible (HS). Inoculations with S. tritici and F. graminearum successfully provided a
wide range of field symptoms and DON accumulation, there were several DH lines that
exhibited fewer STB symptoms, lower FHB index and less DON accumulation
compared with either parent. It is recommended that artificial inoculation be used for
both F. graminearum and S. tritici and STB ratings should be taken from the bottom of
the canopy to rate STB reaction. In 2011, agronomic screening trials were planted with
108 DH lines plus parents arranged in a split plot design with DH lines as the main plot
and fungicide application as the split plot. At flag leaf and mid-anthesis plots were
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sprayed with Stratego® (trifloxystrobin, propiconazole) and Proline® (prothioconazole)
respectively. Grain yield, TW, TKW and crude protein content were for measured for
each sub-plot. The 22 DH lines with the largest grain yield were selected for further
examination and were planted in agronomic field trials at 3 environments in 2012.
Fungicide application increased yield by 6 - 9 % and TKW by 1.2 % within the DH
population. In some instances, fungicide application decreased protein content by 2 %,
while in other environments fungicide application did not have a significant effect on
protein content. More research needs to be conducted to investigate the effect of
fungicide application on protein content of wheat in Ontario. Within this population, STB
and FHB phenotypic resistance had no negative impact on grain yield. FHB phenotypic
resistance had a positive impact on protein content and a small negative impact on
TKW and TW. STB phenotypic resistance had a positive impact on TKW and TW and a
small negative impact on protein content within this wheat population. Methodologies
were developed and evaluated for simultaneously screening of a DH winter wheat
population for STB and FHB resistance, yield and overall quality.

5.2 Introduction
There is a demand for high quality hard red wheat for milling in Ontario, even
though the majority of wheat grown in the province is soft red winter wheat. Typically
hard red winter wheat has lower yield and higher protein compared with soft red winter
wheat (OMAFRA 2011a). Higher input costs are associated with producing hard red
winter wheat because more nitrogen is required to achieve higher protein levels
(OMAFRA 2011a). Quality of hard red wheat is more variable compared with soft red
winter wheat. However, producers earn premiums for high protein hard red winter wheat
offsetting the risks. In Ontario, these premiums range from $8/tonne premium for protein
levels between 11-11.9% to $15/tonne premium for protein levels 12% or higher (GFO
2012c). Hard red winter wheat produced in Ontario is blended with premium grade
wheat from the prairies to make pizza dough, flatbreads, noodles, crackers and bread
(GFO 2012b; OMAFRA 2011a). Ontario hard wheat flour typically has medium protein
strength and lower ash content compared with wheat from the prairie provinces (GFO
2012b).
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Several diseases limit the production of winter wheat in Ontario and the most
common include leaf rust (Puccinia triticana Erikss. (syns. P. recondita Roberge ex
Desm. F. sp. tritici (Erikss. & E. Henn.) D.M. Henderson)), stem rust (Puccinia graminis
Pers.:Pers. f. sp. tritici Eriks. E. Henn), barley yellow dwarf virus, powdery mildew
(Blumeria graminis (DC.) Speer f. sp. tritici emend. É. J. Marchal (syn. Erysiphe
graminis DC)), Septoria tritici blotch (STB) (Septoria tritici Roberge in Desmaz
(teleomorph Mycosphaerella graminicola (Fuckel)) J. Schrot in Cohn), Stagonospora
leaf and glume blotch (Stagonospora nordum (Berk.) E. Castellani and E.G. Germano)
and Fusarium head blight (FHB) (Fusarium graminearum Schwabe (telemorph
Gibberella zeae (Schwein Petch)) (OMAFRA 2011b). The two most important diseases
affecting winter wheat in Ontario are FHB and STB.

FHB infects wheat heads resulting in premature bleaching, shrunken seeds and
yield and quality loss (Goswami and Kistler 2004; McMullen et al. 1997). The most
important consideration is mycotoxin contaminated grain which may be unfit for either
food or feed use (McMullen et al. 2012; Pestka 2010). No single management method
completely controls FHB (Champeil 2004; Koch et al. 2006; Osborne and Stein 2007).
Using integrated management strategies such as fungicide application with host
resistance seems most effective for FHB control (Blandino et al. 2012; Krupinsky et al.
2002).

Worldwide, STB is considered the foliar disease with the greatest negative
economic impact related to yield loss (Orton et al. 2011). STB infects the leaves of
wheat causing irregular chlorotic lesions that eventually become necrotic severely
reducing the photosynthetic capacity of wheat foliage (Eyal et al. 1987; Orton et al.
2011). In Ontario, STB infections had reduced wheat yields by 10-20% (Sutton 1993).
Again, integrated management is the most effective way to control STB (Orton et al.
2011). In Ontario, foliar fungicides in the triazole and strobilurin group are rated very
good for controlling STB and there are a variety of winter wheat cultivars available with
STB resistance (OCCC 2011; OMAFRA 2012).
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As part of the requirement for registration in Ontario, wheat cultivars must be
screened for both for FHB and STB (OCCC 2011). Ratings for FHB are based on a
combination of visual symptoms in the field and DON levels from harvested grain both
obtained from inoculated field trials placed strategically around the province. Ratings for
STB are based on data collected from field trials with natural infection. More intensive
screening is completed for FHB compared with STB.

Disease control by fungicide can lead to increased grain yield (Cox et al. 1989;
Olson et al. 2011; Sutton and Roke 1986). Fungicide response has been found to be
dependent upon winter wheat cultivars (Olson et al. 2011; Sutton and Roke 1986).
Previously, fungicide response was thought to be dependent upon the level of disease
resistance of wheat cultivars, with the most susceptible cultivars benefiting the most
from fungicide application (Sutton and Roke 1986). However, Olson et al (2011)
reported that yield increases may also be variety dependent independent of the level of
disease resistance. In Ontario, if disease pressure is high enough fungicide application
on winter wheat has been shown to be profitable for producers (Brinkman 2012).
However, it can be challenging for producers to know in advance whether fungicide
applications will be profitable or not (OMAFRA 2003a).

Thirteen major genes and numerous QTLs have been identified and mapped that
are associated with STB resistance and many QTLs and one major gene has been
identified that are associated with FHB resistance (Buerstmayr et al. 2009; Cuthbert et
al. 2006; Miedaner et al. 2012; Orton et al. 2011; Risser et al. 2011). While breeding for
FHB and STB resistance is an important goal which has received considerable
investment, disease resistance cannot come at the expense of yield and quality
characteristics. Few studies report on the cost in yield and quality associated with these
FHB resistance genes and QTLs (Tamburic-Ilincic 2012; von der Ohe et al. 2010a). It
would be useful to know which (if any) FHB and STB resistance in wheat is associated
with yield and quality penalties.
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Fifteen hard red winter wheat varieties were available in 2013 for production in
Ontario (GFO 2012c). It would be beneficial for Ontario wheat producers to have new
hard red winter wheat varieties with strong yield, good protein and quality
characteristics, along with strong disease resistance. New screening methodologies that
would simultaneously screen for STB and FHB resistance, yield, quality and protein
could help lead to the development of new hard red winter wheat varieties. Developing
new hard red winter wheat cultivars for Ontario can be difficult since they need to have
high yield, adequate quality parameters and good disease resistance.

The objectives of this study were to [1] develop and evaluate methodologies to
simultaneously screen a DH winter wheat population for STB and FHB resistance [2] to
examine interactions between wheat lines, environment, fungicide application, yield,
protein content, test weight (TW) and thousand kernel weight (TKW) and [3] to examine
if there are yield and quality penalties associated with STB or FHB resistance in winter
wheat. It is hypothesized that it is possible to screen a DH winter wheat population
simultaneously for STB and FHB resistance, yield and overall quality. Interactions will
occur with grain yield and quality parameters between wheat lines, environment and
fungicide application. Lines with STB or FHB resistance may have lower yield or quality
compared to lines with less or no resistance.

5.3 Materials and Methods
Double Haploid Population Development
A double haploid (DH) hard red winter wheat population of 108 lines was
developed by the maize pollination method in 2008-2009 (Florimond Desprez, France)
from a cross between ‘FTHP Redeemer’ and ‘Maxine’. The cultivar ‘FTHP Redeemer’ is
moderately resistant to FHB, moderately susceptible to STB, has good bread making
quality and produces high levels of protein (CFIA 2013; OCCC 2007). The cultivar
‘Maxine’ has good quality characteristics, consistent yield, some resistance to STB and
is rated highly susceptible to FHB (C&MSeeds 2013; OCCC 2007).
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Field Trials
Two types of field experiments were used for this study, the first focused on
disease reaction in inoculated nurseries and the second focused on yield and quality in
agronomy plots. Disease nurseries for both FHB and STB resistance were planted in
mid-October at Ridgetown, Ontario in for evaluation in 2011 and 2012. Agronomy trials
assessed grain yield, test weight, thousand kernel weight, crude protein content and
natural foliar diseases were planted in mid-October at Ridgetown, Ontario for the 2011
growing season and at Ridgetown, Inwood and Centralia, Ontario for the 2012 growing
season.

Disease Nursery Trials
Experiments for disease evaluation after inoculation were planted in single row
plots, 2 m long spaced 20 cm apart with 3 replicates arranged in a RCB design in midOctober each year. Field trials included 108 DH lines and their parents. In the second
year due to seed infection with dwarf bunt (Tilletia controversa) DH lines CA03-021 and
CA03-052 were not planted.

An overhead mist system was installed to stimulate STB and FHB disease
development and it was set to operate for 5 hr daily, unless it rained. Approximately 7.5
mm of water was delivered daily in 30 s bursts every 2 min. The system was turned on
3 June, 2011 and 19 May, 2012, and turned off once all FHB ratings had been
completed.

Inoculum Production and Disease Ratings
Conidia were produced in liquid culture from two S. tritici isolates (MG-9626 and
MG-2 provided by Dr. Brule-Babel’s laboratory, University of Manitoba, Winnipeg MB).
The liquid culture medium consisted of 4 g malt extract, 4 g yeast extract, 10 g glucose,
50 mg streptomycin in 1L distilled water and was referred to as malt years extract
(MYE) (Eyal et al. 1987; Guo and Verreet 2008). Approximately 350 mL of MYE was
added to 2 L flasks and they were autoclaved at 121°C for 10 min. After cooling to room
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temperature either 3-4 MYE plugs of one S. tritici isolate or 10 mL of liquid conidia
suspension was added aseptically to each flask, followed by an incubation on shaker
tables at room temperature under UV 12:12 hour light: dark cycle for approximately 1 w
or until conidia concentration reached 300,000 spores per mL, determined by a
haemocytometer, followed by the addition of a few drops of TWEEN® 20 (SigmaAldrich, St. Louis, Mo) added as a surfactant. Each plot was inoculated four times with
about one wk in between inoculations using a backpack sprayer with about 50 mL of
spore suspension applied to each plot when wheat plants were between tillering and
booting. STB symptoms were rated three times, with the top and bottom canopy rated
separately on a scale of 0-9 for disease incidence and severity combined based on the
guidelines by OCCC for rating foliar diseases (OCCC 2013).

FHB resistance was tested using inoculum from four F. graminearum isolates
ON-06-17 (15-ADON), ON-06-39 (3-ADON), DF-FG-144 (15-ADON) and Q-06-23 (3ADON) (isolates provided by R. Clear from the Canadian Grain Commission, Winnipeg
MB). Inoculum was produced in liquid culture (modified Bilay’s medium (2 g KH2PO4, 2
g KNO3, 1 g MgSO4, 1 g KCl, 1 g dextrose, 20 mg 100 mL-1 minor elements (FeCl2,
MnSO4, ZnSO4) in 1 L distilled water) (Tamburic-Ilincic et al. 2007b) as described
earlier for S. tritici conidia production except that flasks were incubated for
approximately two wk or until conidia concentration was 10,000 spores per mL, as
measured by a haemocytometer. At mid-anthesis, each plot was inoculated twice using
a backpack sprayer, with about 50 mL of spore suspension per application and one day
in between applications.

FHB visual symptoms were recorded 14 and 21 d after F. graminearum
inoculation for each plot as incidence (percent of heads in subplot infected) and severity
(percent of spikelets infected). Severity was estimated according to Stack and
McMullen (1995). FHB index for each plot was the product of severity and index divided
by 100.

When plots were mature, they were harvested using a plot combine
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(WINTERSTEIGER classic plot combine, WINTERSTEIGER, Saskatoon, SK) on 11
August in 2011 and 1 August in 2012. The fan speed was set low to optimize FDKs
recovery. Each year, samples from the two replications with the highest average FHB
field symptoms were retained for DON analyses.

DON concentration was determined from 30 g sub-samples taken from each plot
and ground using a Stein Mill M2 grinder for approximately 2 min, until the flour could
pass through a 20 mesh sieve. Ten gram samples of flour were extracted in 50 ml of
distilled water by shaking for 3 min, followed by samples resting for approximately 20
min until all the sediment had settled, leaving the supernatant for analysis. Of this 100 µl
was subjected to competitive ELISA (enzyme-linked immunosorbent assay) using a
commercial kit with its recommended methods (Diagnostix, EZ QuantTM Vomitoxin kit,
Beacon Analytical System Inc., Maine USA). The limit of detection for this method was
0.1 ppm.

Agronomic Trials
Screening trials for overall yield, quality and protein were conducted following our
breeding protocol, with a basic screening of all DH lines during the first year if selection
(2011), followed by more intensive screening of selected lines during the second year
(2012). For both years, field trials were planted in mid-October with 6 row plots with 1.14
x 4m dimensions, at 2000 seeds per plot. The experiment was arranged in a strip-plot
design wheat lines were the main plots and fungicide application was the subplot. Plots
were maintained following standard agronomic practices for hard red winter wheat
production in Ontario (OMAFRA 2009).

In the 2011 growing season, all 108 DH lines and parents were screened in a
field trial planted in Ridgetown, Ontario with 2 replications. Using results from this first
basic year of screening, 22 DH lines were selected based on yield. Yield was the
selective factor because this is the most important trait for wheat breeders and growers.
In 2012, the 22 DH lines that were top yielding and their parents were evaluated in
Ridgetown, Inwood, and Centralia Ontario in field trials with 4 replications.
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In the spring of each year, when wheat was mid-tillering (Zadoks stage 20-26)
plots were split in half mechanically by removing a strip of plants through the middle of
each plot (Zadoks et al. 1974). The front half of each plot, from now on referred to as
the treated plot was treated with two different fungicides one at the flag leaf stage and
the other at mid-anthesis stage. The back half of each plot, from now on referred to as
the non-treated plot was not treated with any fungicide during the study.

When wheat was at the flag leaf stage (Zadoks stage 30-37 (Zadoks et al.
1974)), the sprayed plots were treated with Stratego® (propiconazole 125 g/L,
trifloxystrobin 125 g/L, Bayer Crop Science, Monheim am Rhein, Germany) using
TeeJet® even flat spray tips (TeeJet Technologies, IL USA) and a backpack sprayer
with a product rate of 500 mL/ha and a water at 200L/ha. Care was taken to ensure
Stratego® did not drift onto the control plots by using a barrier to prevent drift to the back
half of the plots. When wheat was at mid-anthesis stage (Zadoks stage 60-65), Proline®
(prothioconazole 480g/L, Bayer Crop Science, Monheim am Rhein, Germany) was
applied in the same manner as described above, using at field rate of 420 mL/ha, water
at 200 L/ha and Agral90 (Norac Concepts Inc, Guelph Ontario) was included as a
surfactant at 0.125%v/v.

Disease assessments were taken throughout the growing season for sprayed
and control plots separately, and data was collected only for those diseases that
naturally developed. In Ridgetown 2011, disease ratings were taken for STB, powdery
mildew and leaf rust. In Ridgetown 2012, disease ratings were taken for STB, powdery
mildew, BYD and leaf rust. In Inwood, disease ratings were taken for STB, BYD and leaf
rust. In Centralia, disease ratings were taken for STB, powdery mildew, BYD and leaf
rust. All foliar diseases were rated on a scale of 0-9 for severity and incidence combined
using the OCCC guidelines (2013). Foliar diseases were first rated when there was
sufficient disease levels in the field, additional ratings were taken if the disease
progressed and ratings ended when disease no longer progressed in the field or wheat
leaves senesced. FHB was not assessed in any trials because natural disease
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incidence was very low.

STB visual assessments were conducted multiple times, with the top and bottom
canopies evaluated each time separately, on a scale of 0-9 for incidence and severity
combined as per the OCC guidelines (2013). The number of STB ratings conducted
each year was dependent upon the natural disease progression in the field. Additional
STB ratings were conducted if there was disease progression in the field warranted it.

Heading date was defined as the day 50% of wheat heads in a plot were
emerged fully. In 2012, flag leaf senescence, was defined as the day 75% of flag leaves
had completely senescence in a plot. Green leaf duration after heading (GLDAH) was
calculated as the days between heading and flag leaf senescence (Naruoka et al.
2012).

Before harvest plots were trimmed uniformly and length was individually
measured to ensure accurate plot separation and yield measurement. At maturity plots
were harvested mechanically using a small plot combine keeping all sprayed and nonsprayed sub-plots separate. In Ridgetown 2011 and Inwood the Wintersteiger class plot
combine (Wintersteiger, Saskatoon, SK) was used and plots were harvested on 5th
August, 2011 and 13th July, 2012 respectively. In Ridgetown 2012, plots were harvested
using a small plot combine WINTERSTEIGER Nursery Master Elite (WINTERSTEIGER
America Inc, USA) on 9th July, 2012. In Centralia plots were harvested using Hege 140
plot combine (Hege Maschinen, Niederlassung, Germany) on 12th July, 2012. Yield for
each sub-plot was converted to T/ha based on the sub-plot area and standardized to
moisture level of 14%.

TKW, TW and crude protein content were measured as indicators for grain
quality from only 2 replications. In Ridgetown 2011, TW and TKW were only measured
for 1 replication due to the large number of treatments in the experiment. In 2012,
replications with the lowest coefficient of variation (CV) for yield were chosen for grain
quality testing. TKW was measured for each sub-plot by counting out 1000 seeds using
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an Agriculex ESC-1 seed counter (Agriculex Inc., Guelph, ON) twice and averaging the
value. TW was measured for each sub-plot, by weighing the amount of grain that filled
up a 0.5 L measure after pouring it through a Cox Funnel (Seedburo Equipment Co,
Des Plaines, IL). Crude protein content and moisture was measured using a
SpectraStarTM 2500 NIR reflectance monochromator (Unity Scientific, Brookfield, CT)
operating at wavelengths between 380-2500 nm.

Statistical Analysis
All statistical analyses was performed using SAS 9.2 (SAS Institute, Cary, NC)
with a type 1 error rate of 0.05, unless otherwise stated. Analysis of variances
(ANOVAs) were performed using the PROC MIXED procedure. Least squared means
and standard errors were generated for wheat lines using the students t-test or the
Tukey-Kramer adjustment. Residual analysis, Shapiro-Wilk normality test and Lund’s
test for outliers (Lund 1975) were used to confirm homogeneity of variance, normality
and test for outliers. For inoculated data, FHB index and DON content DH line was a
fixed effect, while block(year) and year were random effects. Repeated measures
analysis was used for STB ratings from inoculated plots with DH lines as fixed effect
and block(year) and year as random effects.

All DH lines were assigned into one of four FHB and one of four STB phenotypic
classifications based on the system used by Tamburic-Ilincic et al (2011). Using two
years of data from plots inoculated with F. graminearum and S. tritici. In each year,
repeated measures analysis (DH lines as fixed effect and block as a random effect) was
used to assign an overall mean STB rating for each DH line, which was converted to an
overall mean rank for each DH line. Each DH line was classified as follows: ≥ 1SD
below mean (moderately resistant – MR), 2 ≤ 1SD below mean (moderately susceptible
– MS), 3 ≤ 1SD above mean (susceptible – S), 4 ≥ 1SD above mean (highly susceptible
– HS). In each year, mean FHB index and DON content was calculated for each DH line
separately, which was converted to a combined overall mean rank and each DH line
was assigned into a class. Each DH line was then classified into MR, MS, S and HS as
based on classification from both years.
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Yield and quality data were analyzed in three ways; by wheat line by STB and
FHB phenotypic class. Analysis of variances (ANOVAs) were performed using the
PROC MIXED procedure. Least squared means and standard errors were generated for
wheat lines using the students t-test or the Tukey-Kramer adjustment. Residual
analysis, Shapiro-Wilk normality test and Lund’s test for outliers (Lund 1975) were used
to confirm homogeneity of variance, normality and test for outliers. For all 108 DH lines,
yield and crude protein content was analyzed with wheat line, fungicide and
fungicide*wheat line as fixed effects and block as random effect or with STB phenotypic
classification/FHB phenotypic classification, fungicide and their interaction as a fixed
effects with block(environment) environment as the fixed effects. For the 22 DH lines
selected, yield, crude protein content, TKW, TW and GLDAH were analyzed with
fungicide, wheat line and interactions as fixed effects and block(environment) and
environment as random effects or with STB phenotypic classification/ FHB phenotypic
classification, fungicide application and their interactions as fixed effects.
Pearson’s correlation coefficients and P values were calculated for inoculated
data using PROC CORR between 14d FHB index, 21d FHB index, DON, FHB
phenotypic class, STB phenotypic class and heading date. Pearson’s correlation
coefficients and P values were also calculated between yield, TW, TKW, GLDAH and
crude protein content for fungicide treated and untreated plots analyzed separately at
Ridgetown, Centralia and Inwood field trials in 2012. Spearman’s rank correlation
coefficients and P values were calculated using PROC CORR SPEARMAN using
inoculated STB visual symptoms in 2011 and 2012. Spearman’s rank correlation
coefficients and P values were calculated between natural average STB symptoms in
Ridgetown 2011, Centralia, Inwood and Ridgetown 2012.

5.4 Results
Disease Nursery Screening
In 2011, STB symptoms ranged from 0 – 7 with an average of 2.7, FHB index
ratings ranged from 0.4 - 71.1 %, with an average of 15.1% and DON content ranged
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from 0.3- 38.2 ppm with an average of 6.2 ppm following inoculation with S. tritici and F.
graminearum. In 2011, the parents mean STB symptoms were 4.6 and 5.9, FHB
symptoms were 8.9 % and 16.8 % and DON content was 3.4 and 5.9 ppm for Maxine
and FTHP Redeemer respectively. In 2012, STB symptoms ranged from 0 – 6 with an
average of 1.8, FHB index ratings ranged from 0.4 - 63.2 % with an average of 7.4 %
and DON content ranged from n.d - 14.3 ppm with an average of 2.5 ppm. In 2012, the
parents mean STB symptoms were 3.1 and 4.0, FHB symptoms were 6.5 % and 4.2 %
and DON content was 2.4 and 1.3 ppm for Maxine and FTHP Redeemer respectively.

Frequency distribution of LS means of combined STB ratings for wheat lines after
inoculation with S. tritici in 2011 and 2012 shows a continuous distribution with
transgressive segregants on either end of the distribution (Figure 5.1). There were 27
DH lines with smaller STB ratings than both parents and 19 DH lines with larger STB
ratings than both parents. The parents had an average STB rating of 3.8 and 4.9 for
Maxine and FTHP Redeemer respectively.

The frequency distribution of LS means of 21d FHB index for wheat lines after
inoculation with F. graminearum in 2011 and 2012 shows a continuous distribution with
transgressive segregates (Figure 5.2). There were 39 lines with 21d FHB index smaller
than both parents and 47 lines with larger 21d FHB index compared to both parents.
The parents had an average 21d FHB index of 11.2 and 16.0 % for Maxine and FTHP
Redeemer respectively.

Frequency distribution of LS means of DON content for wheat lines after
inoculation with F. graminearum in 2011 and 2012 shows a continuous distribution with
transgressive segregates on either end of the distribution (Figure 5.3). There were 32
lines with smaller DON accumulation compared to the both parents and 72 DH lines
with larger DON accumulation compared with both parents. The parents had an
average DON content of 3.0 and 3.2 ppm for Maxine and FTHP Redeemer respectively.
A significant positive correlation was found between DON and 21d FHB index across
both years after inoculation with F. graminearum (r=0.53143, p<0.0001, n=428) for all
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DH lines (Figure 5.4).

Heading date was positively correlated with 14d FHB index, 21d FHB index,
DON content and FHB class, while FHB class and STB class were not correlated
across the DH population following inoculation with F. graminearum in 2011 and 2012
(Figure 5.1). The 14d FHB index was positively correlated with 21d FHB index, FHB
class, DON content and STB visual ratings, while STB class was not correlated (Figure
5.1). STB visual ratings were positively correlated with 14d FHB index, 21d FHB index,
DON content, while FHB class was not correlated (Figure 5.1). DON content was
positively correlated with both 14d and 21d FHB index (Figure 5.1). Correlations and pvalues were similar when 2011 and 2012 year data were analyzed separately, except
for those between STB visual rating and 14d FHB index or 21d FHB index. STB visual
rating and14d FHB index or 21d FHB index were not correlated when years were
analyzed separately.

All DH lines were classified separately into STB and FHB phenotypic classes
based on 2011 and 2012 S. tritici and F. graminearum inoculated data according to
Tamburic-Ilinic et al (2011) (Table 5.2). Maxine was classified as MS, MS and FTHP
Redeemer was classified as HS, MS for STB and FHB respectively. Most DH lines
(n=18, 16.67%) were classified MS, MR for STB and FHB respectively. One DH line
(n=1, 0.93%) was classified as MR, HS and as HS, HS for STB and FHB respectively.
Similarly the 22 lines selected on the basis of yield from Ridgetown in 2011 were
classified according to STB and FHB phenotypic classes (Table 5.3). Of these most
(n=7, 31.82%) were classified as MS, MR and few (n=1, 4.55%) was classified as MS,
HS for STB and FHB respectively.

Disease ratings from the top and bottom of the crop canopy for STB were
positively correlated in 2011 (r=0.76058, p<.0001), 2012 (r=0.62064, p<.0001) and
across both years (r=0.76081, p<.0001) in the DH population following inoculation with
S. tritici. In 2011, top canopy STB ratings ranged from 0-7, with an average of 2.17,
while bottom canopy STB ratings ranged from 1-6, with an average of 3.24. In 2012, top
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canopy STB ratings ranged from 0-5, with an average of 1.20, while bottom canopy STB
ratings ranged from 1-6, with an average of 2.33.

Ranking of DH lines according to STB ratings across 2011 and 2012 were
correlated by Spearman’s rank correlation (rs=0.49684, p<.0001, n=106) in the DH
population following inoculation with S. tritici. DH lines classified as HS (n=11) according
to STB phenotype had more consistent ranking of lines between 2011 and 2012 based
on STB disease ratings compared with those DH lines classified as MR (n=25) (Figure
5.5).

Yield and Quality Screening ‘Maxine x FTHP Redeemer’ Population
Grain yield ranged between 2.7- 6.6 T/ha, with an average of 4.6 T/ha for all DH
lines in the first year of screening at Ridgetown, Ontario in 2011. The parents had an
average yield of 5.3 and 4.8 T/ha for Maxine and FTHP Redeemer, respectively. Crude
protein content ranged between 11.7- 15.5 %, with an average of 13.6 %. The parents
had an average crude protein content of 13.4 and 13.6 % for Maxine and FTHP
Redeemer respectively.

By ANOVA the main effects of DH line and fungicide application were significant
for the variable of grain yield and protein content in the DH population at Ridgetown,
Ontario in 2011 (Table 5.4). However the interaction between DH line and fungicide
application was not. On average fungicide application increased grain yield by 9 %
across the DH population (Figure 5.6). On average fungicide application decreased
crude protein content by 2 % across the DH population (Figure 5.6). The results were
the same whether natural STB symptoms were included in ANOVAs as a covariate or
not.

When data were re-arranged by classifying lines either by STB or FHB
phenotype, the main effect of fungicide application and phenotypic class was significant
for each classification method in the DH population at Ridgetown, Ontario in 2011
(Table 5.5). With one exception, for the effect FHB phenotypic class on grain yield,
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which was not significant. The results were the same whether natural STB symptoms
were included in ANOVAs as a covariate or not. Wheat lines classified as MR for STB
were the highest yielding, significantly larger than DH lines rated S or HS for STB
(Figure 5.7). DH lines classified as MS for STB had the largest crude protein content,
significantly larger than those rated HS or MR for STB (Figure 5.7). Wheat lines
classified as MR for FHB were the highest yielding numerically, but this was not
significantly different from any other class (Figure 5.7). DH lines rated MR for FHB had
the largest crude protein content, significantly larger than any other FHB class (Figure
5.7).

Yield and Quality Screening for the 22 DH Lines Selected
Across the four environments, grain yield ranged from 1.7 – 8.0 T/ha, with an
average of 4.4 T/ha for the 22 DH lines selected based on yield from a population
derived from a cross between Maxine and FTHP Redeemer in 2011 and 2012. The
parents had an average yield of 4.6 and 4.4 T/ha for Maxine and FTHP Redeemer
respectively. Crude protein content ranged from 10.9 - 17.6 %, with an average 13.9 %.
The parents had an average crude protein content of 14.0 and 13.9 % for Maxine and
FTHP Redeemer, respectively. TKW ranged from 31 – 51 g, with an average of 39 g.
The parents had an average TKW of 46 and 45 g for Maxine and FTHP Redeemer
respectively. TW ranged from 69 -83 kg/hL, with an average of 77 kg/hL. The parents
had an average TW of 73 and 74 kg/hL for Maxine and FTHP Redeemer respectively.
GLDAH ranged from 27- 40 days with an average GLDAH of 34 d. The parents had an
average GLDAH of 37 and 32 d for Maxine and FTHP Redeemer respectively.

By ANOVA the main effects of DH line and fungicide application were significant
for the variable of grain yield, TKW and GLDAH for the 22 DH lines selected based on
yield from the 22 DH lines selected based on yield from the population at Ridgetown,
Ontario in 2011 and Ridgetown, Inwood and Centralia, Ontario in 2012 (Table 5.6).
However the interaction between DH line and fungicide application was not. On average
fungicide application increased grain yield by 6 %, increased TKW by 1.2 % and
increased GLDAH by 1.8 % compared with no fungicide application across the 22 DH
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lines selected based on yield from the population (Figure 5.8). By ANOVA the main
effect of DH line was significant for the variable of crude protein content and TW for the
22 lines selected based on yield from the DH population. The main effect of fungicide
application and the interaction was non-significant (Table 5.6). The results were the
same whether natural STB symptoms were included in ANOVAs as a covariate or not.

When data were re-arranged by classifying lines either by STB or FHB
phenotype, the main effect phenotypic class was significant for the variable TKW and
TW for the 22 DH lines selected based on yield from the population of hard red winter
wheat DH lines derived from a cross between Maxine and FTHP Redeemer at
Ridgetown, Ontario in 2011 and Ridgetown, Inwood and Centralia, Ontario in 2012
(Table 5.7). The main effects of fungicide application and phenotypic class were
significant for the variable GLDAH by ANOVA (Table 5.7). By ANOVA, the main effect
of fungicide application was significant for the variable grain yield (Table 5.7). The main
effect of FHB phenotypic class was significant for the variable crude protein content
(Table 5.7). The results were the same whether natural STB symptoms were included in
ANOVAs as a covariate or not.

There were no significant differences in yield based on whether lines were
classified by STB or FHB phenotype (Figure 5.9). The effect of classifying by STB
phenotype for GLDAH was significant, with those lines classified as MR or S having a 1
d longer GLDAH compared with lines classified as MS (Figure 5.9). Classifying by FHB
phenotype for GLDAH was significant, with lines classified as MS having a 1 d longer
GLDAH compared with those lines classified as MR which was 1 d longer than those
lines classified as S, which was 2 d longer than those lines classified as HS (Figure
5.9). The effect of classifying by STB phenotype for TKW was significant, with those
lines classified as MR having a 1 g larger TKW compared with those lines classified as
MS or S (Figure 5.10). While the effect of classifying by FHB phenotype for TKW was
significant, with those lines classified as S having a 2 g larger TKW compared with
those lines classified as MR, which was 1 g larger compared with those lines classified
as MS or HS (Figure 5.10). The effect of classifying by STB phenotype for TW was
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significant, with those lines classified as MR having a 0.6 kg/hL larger TW compared
with those lines classified as S, which was 0.2 kg/hL larger TW compared with those
lines classified as MS. While classifying by FHB phenotype was significant, with lines
classified as MS or S having a 1 kg/hL larger TW compared with those lines classified
as MR, which was 1 kg/hL larger TW compared with those lines classified as HS (Figure
5.10). There were no significant differences in protein content based whether lines were
classified by STB phenotype (Figure 5.11). The effect of classifying by FHB phenotype
for protein content was significant, with those lines classified as MR having a 0.9 %
larger protein content compared with those lines classified as MS (Figure 5.11).

Heading date was positively correlated with yield or TW and was negatively
correlated with GLDAH for non-treated plots across the 22 DH lines selected based on
yield from a population of 108 DH lines derived from a cross between Maxine and FTHP
Redeemer for agronomy trials at Ridgetown, Inwood and Centralia, Ontario in 2012
(Table 5.8). Protein content was positively correlated with TW, TKW and GLDAH for
non-treated plots (Table 5.8).TW was positively correlated with TKW and yield for nontreated plots (Table 5.8). Protein content was positively correlated with TW, TKW and
GLDAH for treated plots across the 22 DH lines selected based on yield from a
population of 108 DH lines derived from a cross between Maxine and FTHP Redeemer
for agronomy trials at Ridgetown, Inwood and Centralia, Ontario in 2012 (Table 5.9).
Heading date was positively correlated with TW and negatively correlated with GLDAH
for fungicide treated plots (Table 5.9). TW was positively correlated with TKW for
fungicide treated plots (Table 5.9).

Natural Foliar Diseases
Disease pressure was low across all four environments in this study. For all
diseases and environment there were no interactions between disease levels and wheat
lines (data not shown). In all four environments, STB was accountable for most of the
disease pressure. Other foliar disease such as leaf rust and powdery mildew were only
present on a small scale. FHB was not present at high enough levels to rate in any of
the four environments.
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Ranking of the 22 DH lines selected on the basis of yield according to natural
STB ratings across Ridgetown in 2012 were negatively correlated with data from
Inwood by Spearman’s rank correlation (rs=0.49684, p<.0001, n=106). Spearman’s rank
correlations of the 22 DH lines selected on the basis of yield according to natural STB
ratings between all other locations were not significant.

5.5 Discussion
Disease Nursery Screening
Inoculations with S. tritici and F. graminearum successfully provided a wide
range of field symptoms and DON accumulation levels in 2011 and 2012. Several DH
lines exhibited fewer STB symptoms, lower FHB index and less DON accumulation
compared with either parent. These DH lines could be used in breeding programs to
develop hard red winter wheat cultivars with good FHB and STB disease resistance.
Maxine sustained lower STB visual symptoms compared with FTHP Redeemer, while
both parents had similar FHB indices and DON accumulation. Previously, FTHP
Redeemer was classified as MR for FHB resistance, while Maxine was classified as HS
by the OCCC (2007). The classification system used by the OCCC has been shown to
be robust and stable over different environments in Ontario (Tamburic-Ilincic et al.
2011). Therefore, it was expected that the FTHP Redeemer, would have had a smaller
FHB index and lower level of DON compared with Maxine. It is not clear why FTHP
Redeemer and Maxine had unexpected FHB phenotypic classifications in this present
study. Perhaps in this study Maxine had lower than expected FHB symptoms and DON
levels because the environment at Ridgetown in 2011 and 2012 was favourable for the
FHB resistance mechanisms Maxine carries.

Average STB symptoms, FHB index and DON accumulation was higher in 2011
compared with 2012. Differences in STB symptoms can be attributed to differences in
precipitation during May and June of each year. In 2011 there were 160.7 and 71.1 mm
of precipitation in May and June, compared with 38.9 and 44.4 mm in 2012 (Table
5.10). Mean temperature between May and August was similar in 2011 and 2012 (Table
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5.10). S. tritici favours rainy, cloudy and warm weather conditions and free moisture is
essential for the germination, penetration and growth of S. tritici mycelium (Bockus et al.
2010; Eyal et al. 1987). The mist system used in both years along with S. tritici
inoculation was important to STB disease development, but precipitation would have
also been beneficial to STB development. Based on precipitation data in May and June,
it is expected that more STB symptoms in 2011 compared to 2012. Differences in FHB
indices and DON accumulation between 2011 and 2012 can be attributed to
precipitation around the flowering period of the DH population (Table 5.11).
Environment is the main generator of FHB epidemics in Ontario wheat, with F.
graminearum favouring warm wet conditions (Brennan et al. 2003; Hooker et al. 2002;
Shaner 2003). Within the flowering period of the DH population, there was 17.7 mm of
precipitation in 2011 compared with 4.2 mm in 2012 (Table 3.11). Mean daily
temperatures during the flowering period of the DH population were similar in 2011 and
2012 (Table 3.11). Similar to STB disease development, the mist system would help to
reduce the effect of the environment, but additional precipitation would have been
beneficial to FHB disease development. Based on precipitation data during the
flowering period of the DH population, it would be expected that there would be more
FHB symptoms and DON content in 2011 compared with 2012.

FHB field symptoms and DON accumulation were positively moderately
correlated (r=0.53143, p<0.0001) within the DH population (Figure 5.4). There were a
few outliers, where high DON content was associated with lower than expected FHB
symptoms. This could be caused by late DON accumulation within the wheat line,
where FHB infection occurred after the FHB index rating had been taken. Studies
examining correlations between FHB symptoms and DON accumulation have had
mixed results depending on the environment and cultivar used. Some studies have
reported a high correlation (Haidukowski et al. 2005; Mesterhazy et al. 2003), some
reported a moderate correlation (Arseniuk et al. 1999; Bai et al. 2001), some reported a
low correlation (Tamburic-Ilincic 2012; Tamburic-Ilincic et al. 2011) and one reporting no
correlation (Edwards et al. 2001). Data from this study, is dissimilar to recent research
conducted in Ontario which has found a low correlation (r=0.24, p=0.0042) between
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FHB index and DON accumulation across a soft red winter wheat population (TamburicIlincic 2012). The differences in correlation between FHB field symptoms and DON
accumulation from this current study and that of Tamburic-Ilincic (2012) could be due to
different genetic backgrounds of the wheat population used. The mechanisms and
sources of FHB resistance could differ between the two wheat populations, causing
there to be differences in correlation between FHB symptoms and DON content
between the two studies.

Heading date was positively moderately correlated with 14d FHB index
(r=0.5255, p<0.0001), 21d FHB index (r=0.56345, p<0.0001) and DON content
(0.54833, p<0.0001) (Table 5.1). Similarly, Tamburic-Ilincic (2012), found heading date
and DON content moderately correlated (r=0.61, p<0.0001) in an Ontario soft red winter
wheat population, but dissimilar to this study heading date and FHB index were not
correlated. FHB index at 14 d and 21 d were strongly correlated (Table 5.1), which is
expected since they are the same rating taken at different time point of FHB disease
progression. This data suggests that early FHB disease levels are indicative of later
FHB disease levels.

There were 4 wheat lines in the population phenotypically classified as MR, MR
for both STB and FHB showing that it is possible to combine resistance for both
diseases (Table 5.2). To the best of our knowledge, this is the first study to investigate
combining phenotypic resistance to FHB and STB within the same wheat population.
Lines selected based on yield were mainly classified as MS, MR for STB and FHB
respectively (Table 5.3). No lines were classified as MR, MR for STB and FHB
respectively, indicating that if breeding was being conducted with a large focus on STB
and FHB resistance selections should be based on yield and inoculated disease data
combined.

Disease ratings for STB taken from the top of the canopy were highly correlated
with those from the bottom. However those from the bottom had a greater range in
disease severity and incidence allowing for a quicker assessment. Thus, it is
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recommended to rate the bottom of the canopy only. This is the first study to investigate
what the most effective method of disease assessment for STB in a winter wheat
population following inoculation with S. tritici.

Ranking of DH lines according to STB ratings across 2011 and 2012 were
moderately correlated (rs= 0.49684) in the DH population following inoculation with S.
tritici. Differences in the ranking of DH lines according to STB ratings between 2011 and
2012 could be due to differences in the weather. As discussed earlier, in 2011
precipitation during May and June was more conducive to STB disease development
compared with 2012. The mist system used in the field along with inoculation of S. tritici
most likely helped to reduce the effect of the environment, but in 2012 some DH lines
could have escaped STB infection. Stability of STB symptom ranking between the 2
years of inoculated field trials was more consistent for those wheat lines classified as
HS for STB phenotype compared with those classified MR (Figure 5.5). The
discrepancy for DH lines classified as MR between STB symptom ranking in 2011 and
2012 could be due to some DH lines escaping STB infection (Figure 5.5). However, the
lack of stability of STB symptom ranking between the 2 years of inoculated field trial
data shows that at least two years of S. tritici inoculated data is needed to have
confidence in STB phenotypic classification of DH lines.

Ranking of the 22 DH lines selected according to natural STB ratings across
Ridgetown in 2012 were negatively correlated with data from Inwood. Ranking of the 22
DH lines according to natural STB ratings data were not correlated between any of the
other environments. The negative correlation of ranking of the 22 DH lines according to
natural STB ratings between data from Ridgetown in 2012 and Inwood, and the
absence of correlations between other environments shows that natural STB infection
cannot be relied upon to screen for STB disease resistance in this population.
Inoculation with S. tritici is warranted and provides a robust screening tool for detecting
STB resistance in this population. In the future, research should be conducted on other
populations and genotypes of winter wheat in Ontario to investigate if inoculation with S.
tritici is warranted or if natural STB infection can be used to screen for STB resistance.
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Simultaneous screening of ‘Maxine x FTHP Redeemer’ hard red winter wheat
population for resistance to F. graminearum and S. tritici was successful. There was a
wide range of symptoms for both diseases and some lines showed resistance to both
diseases. When employing these methods to develop new cultivars, it is recommended
that artificial inoculation be used for both F. graminearum and S. tritici. Observations
should be taken from the bottom of the canopy to rate STB reaction.

Yield and Quality Screening ‘Maxine x FTHP Redeemer’ Population
Fungicide Application
The main effects of DH lines and fungicide application were significant for the
variable of grain yield across all 108 DH lines within the population screened at
Ridgetown in 2011 and across the 22 selected DH lines screened at Ridgetown in 2011
and Ridgetown, Centralia and Inwood in 2012 (Table 5.4, 5.6). On average fungicide
application increased grain yield by 9 % and 6 % across all 108 DH lines and the 22 DH
lines selected within the population respectively (Figure 5.6, 5.8). It has been reported
that fungicide application increases grain yield (Cox et al. 1989; Olson et al. 2011;
Ruske et al. 2003a; Sutton and Roke 1986). In Ontario, fungicide application increased
grain yield between 7.7 – 14.5 % in soft red wheat cultivars (Brinkman 2012). Dissimilar
to results from this study, in the southern Great Plains it has been reported that foliar
fungicide application did not affect grain yield of hard red winter wheat cultivars (Khalil
et al. 2002). No interaction was observed between fungicide application and DH line for
the variable of grain yield within this population (Table 5.4, 5.5). This result contradicts
that of Sutton and Roke (1986), who found a significant interaction between genotype
and fungicide application, between five Ontario soft white winter wheat cultivars sprayed
with propiconazole at Zadoks stage 55 – 60 (Zadoks et al. 1974). The genotypes used
in the Sutton and Roke (1986) study were random and not related, while in this study
the genotypes had the same genetic background. The genetic background of the
Ontario soft white winter wheat cultivars may be responsible for the interaction between
genotype and fungicide interaction in the study by Sutton and Roke (1986), which is not
found in the genetic background of the hard red winter wheat population used for this
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current study.

DH lines and fungicide application were significant for the variable of protein
content across all 108 DH lines within the population screened at Ridgetown in 2011.
On average fungicide application decreased crude protein content by 2 % compared
with no fungicide application across all 108 lines within the DH population screened at
Ridgetown in 2011 (Figure 5.6). Fungicide application was not significant for the
variable of protein content for the 22 DH lines selected from the population and
screened at Ridgetown in 2011 and Ridgetown, Centralia and Inwood in 2012 (Table
5.6). Other studies examining fungicide application on protein content results have been
mixed depending on environment and wheat cultivar (Brinkman 2012; Ruske et al.
2003a). Ruske et al (2003a; 2003b), studied the effect of five fungicide treatments over
3 different timings in four European wheat cultivars and found the effect of fungicide
application on the variable protein content mixed depending on the environment. In the
environments where fungicide application decreased protein content, the yield gain was
much larger compared to the decrease in protein content (Ruske et al. 2003b). This is
similar to results from this study, in which fungicide application increased yield by 9 %,
but decreased protein content by 2 % across all 108 DH lines within the population
(Figure 5.6). Ruske et al (2003a; 2003b), found that these small decreases in protein
content could be compensated for by applying late season nitrogen application.
Previously, it was though that fungicide application may lead to a dilution of protein and
total protein content within wheat. However, it has been reported that fungicide
application improved the duration of grain nitrogen accumulation during grain filling
within winter wheat (Ruske et al. 2003a; Ruske et al. 2003b). Perhaps in some
environments, fungicide application did not have an effect on protein content because of
improved grain nitrogen accumulation, which helped to offset the dilution of protein due
to gains in yield. Future research in Ontario could focus on fungicide application, late
season nitrogen applications, and their interactions within hard red winter wheat
cultivars.

DH lines and fungicide application were significant for the variable of TKW
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content for the 22 DH lines selected from the population and screened at Ridgetown in
2011 and Ridgetown, Centralia and Inwood in 2012 (Table 5.6). On average fungicide
application increased TKW by 1.2 % compared with no fungicide application for the 22
DH lines selected from the population (Figure 5.8). It has been reported that fungicide
application increases TKW (Brinkman 2012; Olesen et al. 2000; Ruske et al. 2003a).
Similar to this study, Brinkman (2012), found that fungicide application at Zadoks stage
60-63 (Zadoks et al. 1974) increased TKW between 2.7 – 6 % in Ontario soft red winter
wheat in all sites tested across Ontario. Ruske et al (2003a), reported fungicide
application increased TKW in European winter wheat cultivars. Within this population,
fungicide application increased grain yield, in part due to larger kernel size as observed
with the 1.2 % increase in TKW after fungicide application.

Fungicide application was not significant for the variable of TW for the 22 DH
lines selected from the population and screened at Ridgetown in 2011 and Ridgetown,
Centralia and Inwood in 2012 (Table 5.6). TW was not significantly different following
fungicide application (Figure 5.8). Dissimilarly, recent results from Ontario found that
wheat cultivar played an important role in TW and that generally TW increased following
fungicide application (Brinkman 2012). However, Brinkman (2012) reported that
fungicide application at Zadoks stage 39-49 (Zadoks et al. 1974) to Ontario soft red
winter wheat increased TKW between 0.2 – 0.9 %, at four sites, but decreased TW in
one site. In the Great Plains regions of the United States, it was reported that foliar
fungicide application significantly increased TW of the winter wheat majority of the time,
but had no effect on protein content (Kelley 2001). Ruske et al (2003a), found that
strobilurin fungicide treatments consistently increased yield, TW and TKW in winter
wheat, but the effect on protein content differed between seasons and cultivars. Within
this population, fungicide application increased grain yield, but not TW. Therefore, the
yield increase in this population was not due to grain density as observed with no
increase in TW after fungicide application.

DH lines and fungicide application were significant for the variable of GLDAH for
the 22 DH lines selected from the population and screened at Ridgetown in 2011 and
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Ridgetown, Centralia and Inwood in 2012 (Table 5.6). On average fungicide application
increased GLDAH by 1.8 % compared with no fungicide application for the 22 DH lines
selected from the population (Figure 5.8). Brinkman (2012) found that fungicide
application prolonged green leaf duration within soft red winter wheat cultivars grown in
Ontario. Ruske et al (2003b), found that fungicide application increased green leaf
duration most likely due to disease control within European winter wheat cultivars. It is
thought that prolonged GLDAH may lead to increased yields since there is longer time
for grain filling (Naruoka et al. 2012). However, Gooding et al (2000), found the
relationship between yield and green leaf duration may be dependent on wheat cultivar.
In this study, DH lines had a similar genetic background; therefore one would expect
them to have a similar relationship between yield and GLDAH. For the DH population
examined in this study, fungicide application increased both grain yield and GLDAH
(Figure 5.8), but there was no correlation between grain yield and GLDAH (Table 5.8
and 5.9). This indicates that another factor such as decreased levels of disease may be
responsible for increased yields not prolonged GLDAH.

Fungicide application increased grain yield by 9% and decreased protein content
by 2% compared with no fungicide application across all 108 DH lines within the
population (Table 5.4, Figure 5.6). While, fungicide application increased grain yield by
6 %, TKW by 1.2 % and GLDAH by 1.8 % compared with no fungicide application for
the 22 DH lines selected from the population (Table 5.6, Figure 5.8). Protein content
and TW were not significantly different following fungicide application for the 22 selected
DH lines from the population (Table 5.6, Figure 5.8). An yield increase of 0.3 T/ha from
fungicide application for the 22 selected DH lines was due to larger kernel size not grain
density as a result of about a half day longer stay green. The longer stay green
following fungicide application could be due in part to disease control. Future studies,
could focus on the effect of fungicide application on grain yield and yield component
across a more diverse genetic background of wheat in Ontario.

Correlations between heading date, grain yield and quality traits were similar for
the fungicide treated and non-treated data within the 22 DH lines selected (Table 5.8,
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5.9). With one exception, yield was moderately correlated with heading date or TW
among the non-treated plots, but not correlated among the fungicide treated data within
the 22 DH lines selected from the population. Because fungicide application increased
yield, but not TW within the 22 DH lines selected from the population this could explain
why grain yield was no longer correlated with TW for the fungicide treated data.
Fungicide application increased. TW was positively moderately correlated with heading
date, TKW, and positively weakly correlated with protein content within the 22 DH lines
selected from the population (Table 5.8, 5.9). TKW was positively moderately correlated
with protein content within the 22 DH lines selected from the population (Table 5.8, 5.9).
Conversely, within an Ontario soft red wheat population, TKW was not correlated with
protein content (Tamburic-Ilincic 2012). However, since a hard red winter wheat
population was used for this study and a soft red winter wheat population was used for
the study by Tamburic-Ilincic (Tamburic-Ilincic 2012), it is expected there would be
differences in protein content between the two populations.

Heading data was negatively moderately correlated with GLDAH among the 22
DH lines selected from the population, meaning DH lines that have earlier heading
dates have shorter GLDAH (Table 5.8, 5.9). Similarly, Naruoka et al (2012) reported
heading date was negatively strongly correlated with GLDAH in a spring wheat
population grown in Montana. GLDAH was not correlated with yield among the 22 DH
lines selected from the population. Similarly, Naruoka et al (2012) reported correlations
between GLDAH and grain yield to be low in the majority of environments. GLDAH was
not correlated with TKW, TW and weakly correlated with protein content among the 22
DH lines selected from the population. Conversely, Naruoka et al (2012), reported
GLDAH was moderately correlated with TW or TKW at 2 of their 4 locations. This
suggests that in some environments GLDAH may correlate more strongly with TW and
TKW. Perhaps, high foliar disease levels could influence GLDAH and correlations with
quality characteristics. Research could be conducted across more environments to
figure out when GLDAH correlates well with wheat quality characteristics. Correlation
between GLDAH and quality characteristics would be a useful tool for wheat breeders to
use to indirectly screen wheat lines for quality characteristics. Since screening wheat
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lines for TW and TKW can be time consuming, breeders could use this indirect selection
method to screen many more wheat lines in any particular growing season.

Impact of STB & FHB Phenotypic Resistance on Yield & Quality Traits
Wheat lines classified as MR for STB had significantly higher grain yield than
those classified as S or HS across all 108 DH lines within the ‘Maxine x FTHP
Redeemer’ hard red winter wheat population (Table 5.5, Figure 5.7). However, there
were no significant differences in grain yield between STB phenotypic classes across
the 22 DH lines selected from the population (Table 5.7, Figure 5.9). Within this DH
population, STB phenotypic resistance had no negative impact on grain yield. There
was no interaction between STB phenotypic class and fungicide application, indicating
that fungicide application can be used to control STB in the field within this population.
There were no significant differences in grain yield among FHB phenotypic classes
across all 108 DH lines within the ‘Maxine x FTHP Redeemer’ hard red winter wheat
population (Table 5.5, Figure 5.7) or across the 22 DH lines selected from the
population (Table 5.7, Figure 5.9). FHB phenotypic resistance had no negative impact
on grain yield within this DH population. Both STB and FHB phenotypic resistance had
no negative impact on grain yield within the DH population. However, because STB can
be controlled effectively by fungicide application, breeding resources perhaps should
focus on developing FHB resistance which is more difficult to control by fungicides
alone.

Wheat lines classified as MS and S for STB had significantly higher crude protein
content than those classified as MR across all 108 DH lines in the ‘Maxine x FTHP
Redeemer’ hard red winter wheat population (Table 5.5, Figure 5.7). Across all 108 DH
lines, STB phenotypic resistance had a small negative impact on protein content.
However, there were no significant differences in protein content between STB
phenotypic classes across the 22 DH lines selected from population (Table 5.7, Figure
5.11). Across the 22 DH lines selected from the population, STB phenotypic resistance
had no negative impact on protein content. Crude protein content seems to be
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associated with FHB phenotypic resistance in this DH population. Wheat lines classified
as MR for FHB phenotypic resistance had higher crude protein content compared to all
other classes across all 108 DH lines in the population (Table 5.5, Figure 5.7). Wheat
lines classified as MR for FHB phenotypic resistance had higher crude protein content
compared to lines classified as MS across the 22 DH lines selected from the population
(Table 5.7, Figure 5.11). Within this DH population, FHB phenotypic resistance had a
positive impact on protein content, although this should be investigated further across
more diverse Ontario wheat genotypes.

Wheat lines classified as MR for STB phenotypic resistance had larger TKW and
TW compared to those DH lines in any other class across the 22 DH lines selected from
the population (Table 5.7, Figure 5.10). STB phenotypic resistance had a positive
impact on both TKW and TW within this population. Wheat lines classified as S for FHB
phenotypic resistance had larger TKW compared with those DH lines in any other class
across the 22 DH lines selected from the population (Table 5.7, Figure 5.10). Wheat
lines classified as MS or S for FHB phenotypic resistance had larger TW compared with
lines classified as MR across the 22 DH lines selected from the population (Table 5.7,
Figure 5.10). Within this DH population, FHB phenotypic resistance had a negative
impact on TKW and TW.

Wheat lines classified as MR for STB phenotypic resistance had longer GLDAH
compared to those DH lines in any other class across the 22 DH lines selected from the
population (Table 5.7, Figure 5.9). STB phenotypic resistance had a positive impact on
GLDAH within this population. Natural STB infection was a covariate within the model,
thus the positive impact of STB phenotypic class must be something outside of STB
resistance. Perhaps there in linkage within the population between STB resistance and
some mechanism for longer stay green. Wheat lines classified as MS for FHB
phenotypic resistance had longer GLDAH compared with those lines in any other class
across the 22 DH lines selected from the population (Table 5.7, Figure 5.9). Within this
DH population, FHB phenotypic resistance had a small negative impact on GLDAH.
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This is the first study in Ontario to investigate whether there are yield and quality
penalties associated with STB phenotypic resistance within a winter wheat population.
Other studies have focused on the impact of genetic resistance for FHB on yield and
quality traits. In Ontario, it was reported that within a soft red wheat population the Fhb1
gene associated with FHB resistance had no negative impact on grain yield, TKW or
protein content (Tamburic-Ilincic 2012). Within this population, FHB phenotypic
resistance had no negative impact on grain yield and had a positive impact on protein
content. FHB resistance had a small negative impact on TKW and TW within this wheat
population. Similarly, small negative impacts on TKW and grain yield have been
reported with the introgression of both the Fhb1 gene and 5A QTL associated with FHB
resistance within two European winter wheat populations (von der Ohe et al. 2010a). In
Ontario, further research should focus on whether there are negative impacts on grain
yield or quality traits associated with FHB phenotypic resistance across more diverse
wheat genotypes.

Within this hard red winter wheat population we were screening and selecting for
in order of importance; grain yield, protein content, FHB resistance, STB resistance and
other quality traits (TKW, TW). Developing wheat cultivars is difficult and one must
choose the traits that are most important to their goals and focus on developing lines
that meet their specifications. Within, this population STB and FHB phenotypic
resistance was not associated with any negative impact on grain yield. Because STB
can be controlled effectively with fungicide application and FHB is more difficult to
control by fungicide alone, breeding resources should focus on developing FHB
resistance within this population. FHB phenotypic resistance was associated with a
positive impact on protein content within this population, therefore selection of DH lines
with high protein and FHB resistance should be possible. STB phenotypic resistance
was associated with a positive impact on TKW and TW, while FHB phenotypic
resistance was associated with a negative impact on TKW and TW. It may be difficult to
combine TKW and TW with FHB resistance in this population.

Conclusions
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Methodologies were developed and evaluated for simultaneously screening of a
DH winter wheat population for STB and FHB resistance, yield and overall quality. It is
recommended that artificial inoculation be used for both F. graminearum and S. tritici
and that observations taken from the bottom of the canopy to rate STB reaction.
Fungicide application increased yield, TKW and GLDAH within the DH population. In
some instances, fungicide application decreased protein content, while in other
environments fungicide application did not have a significant effect on protein content.
More research needs to be conducted to investigate the effect of fungicide application
on protein content of wheat in Ontario. Within this population, FHB phenotypic
resistance had no negative impact on grain yield, had a positive impact on protein
content and a small negative impact on TKW and TW. STB phenotypic resistance has
no negative impact on grain yield, had a positive impact on TKW and TW and a small
negative impact on protein content within this wheat population.
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Figure 5.1. Frequency distribution of mean Septoria tritici blotch (STB) infection for a population of 108 DH lines
derived from a cross between Maxine and FTHP Redeemer following inoculation with S. tritici at Ridgetown,
Ontario in 2011 and 2012 growing years. Arrows indicate mean STB score of parents. LS means were generated
using PROC MIXED with repeated measures analysis combining the three rating time points across both years.
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Figure 5.2. Frequency distribution of mean 21d Fusarium head blight (FHB) index for a population of 108 DH
lines derived from a cross between Maxine and FTHP Redeemer following inoculation with F. graminearum at
Ridgetown, Ontario in 2011 and 2012 growing years. Arrows indicate mean 21d FHB index of parents.
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Figure 5.3. Frequency distribution of mean DON content for a population of 108 DH lines derived from a cross
between Maxine and FTHP Redeemer following inoculation with F. graminearum at Ridgetown, Ontario in 2011
and 2012 growing years. Arrows indicate mean DON content of parents.
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Figure 5.4. DON content plotted against 21d Fusarium head blight (FHB) index after inoculation with F.
graminearum (n=428) from a population of 108 DH lines derived from a cross between Maxine and FTHP
Redeemer at Ridgetown, Ontario in 2011 and 2012.
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Table 5.1. Correlations of Fusarium head blight (FHB) index, deoxynivalenol
(DON), FHB phenotypic class, Septoria tritici blotch (STB) phenotypic class and
heading date across a population of 108 DH lines derived from a cross between
Maxine and FTHP Redeemer at Ridgetown, Ontario in 2011 and 2012 after
inoculation with F. graminearum and S. tritici.
STB
FHB Class
STB Class
21d FHB
DON
Visual
Heading
(average
(average
Index (%)
(ppm)
Ratings
Date
score)
score)
(average)
0.75418
0.48412
0.48606
0.20797
0.00924
0.5255
14d FHB
<.0001*
<.0001*
<.0001*
<.0001*
0.8152
<.0001*
index (%)
n=639
n=642
n=428
n=642
n=642
n=642
0.53143
0.25949
0.03168
0.56345
21d FHB
<.0001*
<.0001*
0.4241
<.0001*
index (%)
n=428
n=639
n=639
n=639
0.14549
-0.08056
0.54883
DON
0.0026*
0.096
<.0001*
(ppm)
n=428
n=428
n=428
FHB
0.04728
0.01109
0.25152
Class
0.2316
0.7791
<.0001*
(average
n=642
n=642
n=642
score)
STB
-0.03524
Class
0.3727
(average
n=642
score)
*significant at α=0.05.
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Table 5.2. Phenotypic classification for Septoria tritici blotch (STB) and Fusarium
head blight (FHB) for a population of 108 DH lines derived from a cross between
Maxine and FTHP Redeemer based on two years of F. graminearum and S. tritici
inoculated data at Ridgetown, Ontario in 2011 and 2012.
STB
FHB
Number
Phenotypic
Phenotypic
of Lines
Classification Classification
MR*
MR
4
MR
MS
8
MR
S
12
MR
HS
1
MS
MR
18
MS
MS
10
MS
S
10
MS
HS
4
S
MR
6
S
MS
10
S
S
9
S
HS
5
HS
MR
3
HS
MS
3
HS
S
4
HS
HS
1
*MR = moderately resistant, MS= moderately susceptible,
S= susceptible, HS= highly susceptible
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Table 5.3. Phenotypic classification for Septoria tritici blotch (STB) and Fusarium
head blight (FHB) for the 22 lines selected DH lines selected based on yield
derived from a cross between Maxine and FTHP Redeemer based on two years of
F. graminearum and S. tritici inoculated data at Ridgetown, Ontario in 2011 and
2012
STB
Phenotypic
Classification

FHB
Phenotypic
Classification

Number
of
Lines

MR *
MR
MS
MS
MS
S
S
S

MS
S
MR
S
HS
MR
MS
S

2
4
7
2
1
2
2
2

Lines
chosen
based on
yield (%)
9.09
18.18
31.82
9.09
4.55
9.09
9.09
9.09

*MR = moderately resistant, MS= moderately susceptible, S= susceptible, HS= highly susceptible
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CA03-003 MR
CA03-086 MR
CA03-009 MR
CA03-060 MR
CA03-005 MR
CA03-040 MR
CA03-070 MR
CA03-084 MR
CA03-098 MR
CA03-017 MR
CA03-065 MR
CA03-045 MR
CA03-092 MR
CA03-091 MR
CA03-058 MR
CA03-047 MR
CA03-095 MR
CA03-108 MR
CA03-074 MR
CA03-031 MR
CA03-055 MR
CA03-028 MR
CA03-083 MR
CA03-008 MR
CA03-018 MR
CA03-044 HS
CA03-019 HS
CA03-004 HS
CA03-029 HS
CA03-093 HS
CA03-030 HS
CA03-106 HS
CA03-104 HS
CA03-081 HS
CA03-071 HS
CA03-020 HS
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Figure 5.5. Stability of Septoria tritici blotch (STB) symptom rankings between 2011 and 2012 after inoculation
with S. tritici for DH lines classified either as moderately resistant (MR) (n=25) or highly susceptible (HS) (n=11)
derived from a cross between Maxine and FTHP Redeemer at Ridgetown, Ontario in 2011 and 2012.
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Table 5.4. Analysis of Variance of fungicide application (trifloxystrobin,
propiconazole, prothioconazole), DH Lines and their interaction on grain yield
(T/ha) and crude protein content (%) using PROC MIXED for a population of 108
DH lines derived from a cross between Maxine and FTHP Redeemer grown at
Ridgetown Ontario in 2011.
Num
Den
F
Pr>F
df
df
Grain Yield
Fungicide
Application
119.11 <.0001*
1
181
DH Line
3.61 <.0001*
105
181
Fungicide* DH Line
1.07
0.3342
105
181
Crude Protein Content
Fungicide
Application
39.98
DH Line
7.20
Fungicide* DH Line
1.09
*Significant at α=0.05.
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<.0001*
<.0001*
0.2978

1
107
107

199
199
199

4.9

a

A

4.8

Grain Yield (T/ha)

4.7
4.6
4.5

b

4.4
4.3
4.2
4.1
4.0

a

13.9

B

13.8

Protein (%)

13.7
13.6

b

13.5
13.4
13.3
13.2
13.1
treated

un-treated

Figure 5.6. Effect of fungicide application (trifloxystrobin, propiconazole,
prothioconazole) on LS means and standard errors of grain yield (A, n=402) and
crude protein content (B, n=416) for a population of 108 DH lines derived from a
cross between Maxine and FTHP Redeemer grown at Ridgetown Ontario in 2011.
Means followed by the same letter are not significantly different according to
Tukey’ multiple range test (α=0.05).
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Table 5.5. Analysis of Variance for the main effects of fungicide application (trifloxystrobin, propiconazole,
prothioconazole), phenotypic class and their interaction on grain yield (T/ha) and crude protein content (%) using
PROC MIXED for a population of 108 DH lines derived from a cross between Maxine and FTHP Redeemer grown
at Ridgetown Ontario in 2011. Covariate was the average natural Septoria tritici blotch (STB) disease rating from
each non-treated field plot. STB phenotypic and Fusarium head blight (FHB) phenotypic classification of DH lines
was based on two years of F. graminearum and S. tritici inoculated field data.
STB Phenotypic Class
FHB Phenotypic Class
F
Pr>F
Num df
Den df
F
Pr>F
Num df Den df
Grain Yield
Fungicide Application
18.88 <.0001*
1
392
11.67 0.0007*
1
392
Phenotypic Class
2.89
0.0355*
3
392
1.77
0.1525
3
392
Phenotypic Class*Fungicide
0.98
0.4039
3
392
0.19
0.9026
3
392
Covariate natural STB
20.45 <.0001*
1
392
24.11 <.0001*
1
392
Crude Protein Content
Fungicide Application
Phenotypic Class
Phenotypic Class*Fungicide
Covariate natural STB

8.79
3.78
0.48
0.16

0.0032*
0.0107*
0.6964
0.6896

1
3
3
1

*Significant at α=0.05.
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406
406
406
406

7.04
6.88
0.14
0.78

0.0083*
0.0002*
0.9380
0.3780

1
3
3
1

405
405
405
405

STB Phenotypic Class
a

A

ab

4.7

c

4.6

bc

4.5
4.4
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14.0

13.4
13.2

12.8
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b
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Figure 5.7. Grain yield LS means and standard errors by STB phenotypic class (A, n=416) and FHB phenotypic
class (B, n=416) and crude protein content LS means and standard errors sorted by STB phenotypic class (C,
n=416) and FHB phenotypic class (D, n=415) for a population of 108 DH lines derived from a cross between
Maxine and FTHP Redeemer grown at Ridgetown Ontario in 2011. Means followed by the same letter are not
significantly different according to a pairwise t-test (α=0.05), MR=moderately resistant, MS=moderately
susceptible, S=susceptible, HS=highly susceptible.
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Table 5.6. Analysis of Variance of fungicide application (trifloxystrobin,
propiconazole, prothioconazole), DH Lines and their interaction on grain yield
(T/ha) and crude protein content (%), thousand kernel weight (TKW) (g), test
weight (TW) (kg/hL) and green leaf duration after heading (GLDAH) (days) using
PROC MIXED for 22 DH lines selected based on yield from a population of 108 DH
lines derived from a cross between Maxine and FTHP Redeemer grown at
Ridgetown Ontario in 2011 and at Centralia, Inwood and Ridgetown, Ontario in
2012.
Grain Yield
Fungicide Application
DH Line
DH Line*Fungicide
Application
Crude Protein Content
Fungicide Application
DH Line
DH Line*Fungicide
Application
TKW
Fungicide Application
DH Line
DH Line*Fungicide
Application
TW
Fungicide Application
DH Line
DH Line*Fungicide
Application
GLDAHϮ
Fungicide Application
DH Line
DH Line*Fungicide
Application

F

Pr>F

Num df

Den df

33.04

<.0001*

1

553

3.18

<.0001*

21

553

0.86

0.6406

21

553

0.63
8.49

0.4274
<.0001*

1
21

301
301

0.55

0.9463

21

301

4.88
27.06

0.028*
<.0001*

1
21

257
257

0.70

0.8297

21

257

1.23
11.19

0.2689
<.0001*

1
21

256
256

0.34

0.9974

21

256

20.12
31.11

<.0001*
<.0001*

1
21

473
473

0.15

1.0000

21

473

*Significant at α=0.05.
Ϯnot evaluated in 2011.
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Figure 5.8. Effect of fungicide application (trifloxystrobin, propiconazole,
prothioconazole) on LS means and standard errors of grain yield (A), crude
protein content (B), thousand kernel weight (TKW) (C), test weight (TW) (D) and
green leaf duration after heading (GLDAH) (E) for 22 lines selected based on yield
from a population of 108 DH lines derived from a cross between Maxine and FTHP
Redeemer grown at Ridgetown Ontario in 2011 and at Ridgetown, Centralia and
Inwood, Ontario in 2012. GLDAH was not evaluated in 2011. Means followed by
the same letter are not significantly different according to a pairwise t-test
(α=0.05).
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Table 5.7. Analysis of Variance for the main effects of fungicide application
(trifloxystrobin, propiconazole, prothioconazole), phenotypic class and their
interaction on grain yield (T/ha), crude protein content (%), thousand kernel
weight (TKW) (g), test weight (TW) (kg/hL) and green leaf duration after heading
(GLDAH) (days) using PROC MIXED for 22 DH lines selected based on yield from
a population of 108 DH lines derived from a cross between Maxine and FTHP
Redeemer grown at Ridgetown Ontario in 2011 and Ridgetown, Inwood and
Centralia, Ontario in 2012.
STB Phenotypic Class
Num
Den
F
Pr>F
df
df

FHB Phenotypic Class
Num
Den
F
Pr>F
df
df

Grain Yield
Fungicide
Phenotypic Class**
Phenotypic Class*Fungicide
Covariate natural STBϮ

18.03
0.72
0.35
5.03

<.0001*
0.4881
0.7017
0.0253*

1
2
2
1

588
588
588
588

6.25
1.70
0.42
3.05

0.0127*
0.1658
0.7379
0.0814

1
3
3
1

586
586
586
586

Crude Protein Content
Fungicide
Phenotypic Class
Phenotypic Class*Fungicide
Covariate natural STB

0.13
1.85
0.04
1.02

0.7137
0.1593
0.9592
0.3134

1
2
2
1

337
337
337
337

0.10
15.15
0.34
0.23

0.7474
<.0001*
0.7931
0.6286

1
3
3
1

334
334
334
334

TKW
Fungicide
Phenotypic Class
Phenotypic Class*Fungicide
Covariate natural STB

0.41
8.89
0.17
4.33

0.5246
0.0002*
0.8436
0.0383*

1
2
2
1

295
295
295
295

0.58
17.87
0.34
2.25

0.4458
<.0001*
0.7975
0.1349

1
3
3
1

293
293
293
293

TW
Fungicide
Phenotypic Class
Phenotypic Class*Fungicide
Covariate natural STB

0.74
8.55
0.57
0.01

0.3892
0.0002*
0.5638
0.9348

1
2
2
1

293
293
293
293

1.37
12.61
0.30
0.22

0.2429
<.0001*
0.8268
0.6409

1
3
3
1

291
291
291
291

GLDAH
Fungicide
Phenotypic Class
Phenotypic Class*Fungicide
Covariate natural STB

12.93
11.15
0.06
4.54

0.0004*
<.0001*
0.9373
0.0336*

1
2
2
1

510
510
510
510

7.98
25.40
0.09
5.07

0.0049*
<.0001*
0.9648
0.0248*

1
3
3
1

508
508
508
508

*Significant at α=0.05.
ϮCovariate was the average natural Septoria tritici blotch (STB) disease rating from each non-treated field plot. STB
phenotypic.
**Fusarium head blight (FHB) phenotypic classification of DH lines was based on two years of F. graminearum and S.
tritici inoculated field data.
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Figure 5.9. Grain yield LS means and standard errors by STB phenotypic class (A) and FHB phenotypic class (B)
and green leaf duration after heading (GLDAH) LS means and standard errors sorted by STB phenotypic class (C)
and FHB phenotypic class (D) for 22 DH lines selected based on yield from a population of 108 DH lines derived
from a cross between Maxine and FTHP Redeemer grown at Ridgetown Ontario in 2011 and at and Ridgetown,
Inwood and Centralia, Ontario in 2012. GLDAH was not evaluated in 2011. Means followed by the same letter are
not significantly different according to a pairwise t-test (α=0.05), MR=moderately resistant, MS=moderately
susceptible, S=susceptible, HS=highly susceptible.
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Figure 5.10. Thousand kernel weight (TKW) LS means and standard errors by STB phenotypic class (A) and FHB
phenotypic class (B) and test weight (TW) LS means and standard errors sorted by STB phenotypic class (C) and FHB
phenotypic class (D) for 22 DH lines selected based on yield from a population of 108 DH lines derived from a cross
between Maxine and FTHP Redeemer grown at Ridgetown Ontario in 2011 and at and Ridgetown, Inwood and
Centralia, Ontario in 2012. Means followed by the same letter are not significantly different according to a pairwise ttest (α=0.05), MR=moderately resistant, MS=moderately susceptible, S=susceptible, HS=highly susceptible.
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Figure 5.11. Protein Content LS means and standard errors sorted by STB phenotypic class (A) and FHB
phenotypic class (B) for 22 DH lines selected based on yield from a population of 108 DH lines derived from a
cross between Maxine and FTHP Redeemer grown at Ridgetown Ontario in 2011 and at and Ridgetown, Inwood
and Centralia, Ontario in 2012. Means followed by the same letter are not significantly different according to a
pairwise t-test (α=0.05), MR=moderately resistant, MS=moderately susceptible, S=susceptible, HS=highly
susceptible.
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Table 5.8. Correlations of heading date, yield, test weight (TW), thousand kernel
weight (TKW), protein content and green lead duration after heading (GLDAH)
across non-treated plots of 22 DH lines selected from a population of 108 DH
lines derived from a cross between Maxine and FTHP Redeemer at Ridgetown,
Centralia and Inwood, Ontario in 2012 after inoculation with F. graminearum and
S. tritici.

Heading
Date

Yield

TW

TKW

Protein
Content

0.32283

0.49826

0.16962

-0.00133

-0.49018

<.0001*

<.0001*

0.0519

0.9879

<.0001*

n=264

n=132

n=132

n=132

n=264

0.34313

0.13695

0.0423

-0.06299

<.0001*

0.1174

0.6469

0.3079

n=132

n=132

n=132

n=264

0.56129

0.30811

0.07734

<.0001*

0.0003*

0.3781

n=132

n=132

n=132

0.49726

0.06147

<.0001*

0.4838

n=132

n=132

Yield

TW

TKW

GLDAH

0.17698

Protein
Content

0.0424*
n=132

*significant at α=0.05.
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Table 5.9. Correlations of heading date, yield, test weight (TW), thousand kernel
weight (TKW), protein content and green lead duration after heading (GLDAH)
across fungicide treated (trifloxystrobin, propiconazole, prothioconazole) plots of
22 DH lines selected from a population of 108 DH lines derived from a cross
between Maxine and FTHP Redeemer at Ridgetown, Centralia and Inwood,
Ontario in 2012 after inoculation with F. graminearum and S. tritici.

Heading
Date

Yield

TW

TKW

Protein
Content

0.09875

0.45489

0.10106

0.0152

-0.49757

0.1102

<.0001*

0.2508

0.8632

<.0001*

n=263

n=131

n=131

n=131

n=263

0.09485

0.08388

-0.02019

-0.04587

0.2812

0.3408

0.8189

0.4588

n=131

n=131

n=131

n=263

0.52959

0.22711

0.02875

<.0001*

0.0091*

0.7444

n=131

n=131

n=131

0.42481

0.09903

<.0001*

0.2605

n=131

n=131

Yield

TW

TKW

GLDAH

0.19006

Protein
Content

0.0297*
n=131

*significant at α=0.05.
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Table 5.10. Mean temperatures and monthly precipitation during May, June, July and August in 2011 and 2012
field seasons at University of Guelph Ridgetown Campus.
May
June
July
August
2011 2012 2011 2012 2011 2012 2011 2012
Mean Temperature (°C)
14.1 16.2 19.1 20.2 23.4 22.5
20.4 19.6
Precipitation (mm)
160.7 38.9 71.1 44.4 68.2 128.6 75.0 73.4

Table 5.11. Mean daily temperature and daily precipitation during the flowering period of a DH population of 108
wheat lines derived from a cross between Maxine and FTHP Redeemer at Ridgetown, Ontario in 2011 and 2012.
2011
2 June 3 June 4 June 5 June 6 June 7 June 8 June 9 June
Mean Daily Temperature
(°C)
12.1
13.1
21.6
20.5
19.9
22.8
26.9
18.7
Daily Precipitation (mm)
0.0
0.0
0.0
0.0
0.0
17.0
0.0
0.7
2012
20 May 21 May 22 May 23 May 24 May 25 May 26 May 27 May 28 May
Mean Daily Temperature
(°C)
21.4
19.6
13.2
14.4
20.1
23.7
18.9
18.8
24.9
Daily Precipitation (mm)
0.0
0.0
1.0
0.0
0.0
0.0
2.0
1.2
0.0
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6.0 General Discussion
Fusarium head blight (FHB) caused by Fusarium graminearum (Schwabe) and
Septoria tritici blotch (STB) caused by Septoria tritici (Roberge in Desmaz) are the two
most important fungal disease of winter wheat in Ontario. Complicating matters is the
occurrence of two main F. graminearum chemotypes 15-acetyldeoxynivalenol (15ADON) and 3-ADON. In the last ten years, a chemotype shift from 15-ADON to 3-ADON
has been identified in some parts of North America (Guo et al. 2008; Puri and Zhong
2010; Ward et al. 2008). This is a concern since some research has reported 3-ADON
F. graminearum isolates produce more mycotoxins and are more aggressive compared
with 15-ADON isolates (Gilbert et al. 2010; Puri and Zhong 2010; Von der Ohe et al.
2010b; Ward et al. 2008). In Ontario, most breeding programs for wheat focus mainly on
agronomic and quality traits followed by resistance to FHB. Host resistance and
fungicide application are the two main management strategies used to control FHB in
wheat. Fungicide efficiency can be variable and insufficient at controlling FHB in wheat
(Champeil 2004; Lehoczki-Krsjak et al. 2010; Mesterhazy et al. 2011). Host resistance
is generally regarded as the most effective and economical way to control FHB in wheat
(Campbell and Lipps 1998; von der Ohe et al. 2010a). The objectives of this thesis were
to investigate F. graminearum chemotype diversity across Ontario, to investigate
differences in aggressiveness of toxicity between 15-ADON and 3-ADON F.
graminearum chemotypes, to investigate how fungicides targeted for FHB management
interact with genetic resistance to FHB in wheat and to investigate if resistance to FHB
and STB could be selected for simultaneously within a winter wheat population.

Investigation into F. graminearum chemotype diversity (chapter 2) confirmed
that no chemotype shift has been detected in F. graminearum isolates across Ontario
from commercial winter wheat fields in 2010. The majority of F. graminearum isolates
collected from Ontario still belong to the 15-ADON chemotype. Which agrees with
recent findings from Ontario (Amarasinghe et al. 2009; Tamburic-Ilincic et al. 2006a)
and mid-Atlantic region of the US (Schmale et al. 2011) and is important because it is
the most recent in depth study to investigate chemotype diversity in winter wheat across
Ontario. It is recommended to continuing monitoring of F. graminearum populations and
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chemotype diversity in the Great Lakes region so any changes can be detected early.

Results in chapter 3, investigating the aggressiveness and toxicity of F.
graminearum chemotypes collected from across Canada and tested at the same
location varied with environment. FHB symptoms and DON content were much higher in
the first year of the study compared to the second year. In the first year, 3-ADON F.
graminearum isolates from across Canada were more aggressive and toxic compared
with 15-ADON isolates. In the second year of the study there were no differences in
aggressiveness or toxicity between the two chemotypes. Perhaps, the environment in
the first year mimics situations close to a severe epidemic, while the environment in the
second year mimics situation close to a moderate amount of infection. Within severe
epidemic environments, infection with 3-ADON chemotypes may lead to higher amounts
of DON in grain. While in environments with moderate amount of infection, chemotype
may have no effect on the amount of disease in the field or DON in the grain. In both
years of the study, more 3-ADON was recovered compared with 15-ADON from grain
inoculated with a mixture of isolates of both chemotypes. This indicates that within a 1:1
ratio, 3-ADON F. graminearum isolates are more toxic compared with 15-ADON
isolates. Further investigation should be completed to examine the effect of environment
on the aggressiveness and toxicity of F. graminearum chemotypes.

Results in chapter 3, also reported the origin of F. graminearum isolates played
an important role in FHB disease development and mycotoxin accumulation in the
second year of the study. F. graminearum isolates from Quebec, were more aggressive
and toxic compared with isolates form Manitoba, Ontario or Nova Scotia within the
second year of the study. Results from this study, may help to explain why spring wheat
in Eastern Ontario and Quebec are often severely infected with FHB. The problem may
be more related to the aggressiveness of the pathogen rather than the susceptibility of
the host. Origin of F. graminearum isolates did not play an important role in FHB
disease development or mycotoxin accumulation in the first year of the study. Most
likely because FHB infection and DON accumulation were very high and masked the
effect of origin. In the future it is recommended to investigate the aggressiveness and
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toxicity from additional isolates from across Eastern Ontario and Quebec.

Similar to other findings, results from the current study investigating the effect of
FHB targeted fungicide application on DON content and FHB symptoms varied. Results
in chapter 2 reported that FHB targeted fungicide application lowered DON content by
77 % compared with no fungicide application following natural FHB infection in
commercial winter wheat fields across Ontario in 2010. Conversely results from chapter
4 reported that within the winter wheat population derived from the parents ‘RCATL33’
and ‘RC Strategy’ following artificial inoculation with F. graminearum, fungicide
application lowered FHB index, but not DON content.
The ‘RCATL33 X RC Strategy’ winter wheat population studied in chapter 4 had
previously been genotyped for QTLs (3A, 5A QTL, Fhb1 gene) associated with FHB
resistance (Tamburic-Ilincic 2012; Tamburic-Ilincic et al. 2006b; Tamburic-Ilincic et al.
2007b). In Ridgetown, lines carrying the Fhb1 gene or those classified as moderately
resistant (MR) for FHB phenotypic class had smaller FHB symptoms and DON
accumulation. These findings agree with other studies which have found the Fhb1 gene
reduced DON content and FHB symptoms in wheat (Bai and Shaner 1994; Cuthbert et
al. 2006; Tamburic-Ilincic 2012). However, in Centralia where FHB infection was very
low RILs in the Fhb1 gene class had higher FHB symptoms compared with those of the
3A QTL class. The low disease pressure in Centralia may have allowed some lines to
escape FHB infection and masked the effect of QTLs in the environment. There was no
interaction between fungicide targeted for FHB management and genetic resistance to
FHB in wheat within the ‘RCATL33 x RC Strategy’ population across the 2
environments. Overall, within the ‘RCATL33 x RC Strategy’ population, genetic control
was more effective compared with fungicide application at controlling FHB.

Chapter 5 focused on investigating if resistance to FHB and STB could be
selected for simultaneously within a winter wheat population. Methodologies were
developed for simultaneous screening and selection of STB and FHB phenotypic
resistance within the ‘Maxine x FTHP Redeemer’ hard red winter wheat population.
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When screening for STB and FHB two environments is needed with artificial inoculation
of S. tritici and F. graminearum to ensure phenotypic resistance ratings are robust. One
environment is not enough because there were instances where lines escaped infection
and would have been improperly classified. It is recommended to continue with this
screening system for FHB and STB resistance and to further investigate its usefulness
with winter wheat cultivars in Ontario.

Inputs, such as fungicide application that can increase yield or quality traits within
Ontario wheat would be beneficial to growers. Chapter 5 investigated the effect of
fungicide application had on yield and quality traits within the ‘Maxine x FTHP
Redeemer’ hard red winter wheat population. Within the population, fungicide
application increased grain yield 6 -9 % and thousand kernel weight (TKW) by 1.2 %.
Fungicide application decreased protein content by 2 % across the 108 DH lines within
the population, but did not affect protein content across the 22 DH lines selected from
the population based on yield. Fungicide application had no effect on test weight (TW)
with the population. The effect of fungicide application on protein content needs to be
investigated on other cultivars of winter wheat in Ontario.

In Ontario, it would be beneficial for researchers to know if FHB or STB
phenotypic resistance is associated with negative impacts on grain yield or quality traits.
Chapter 5 focused on investigating if FHB and STB phenotypic resistance had a
negative impact on grain yield or other quality traits within the ‘Maxine x FTHP
Redeemer’ hard red winter wheat population. Within the population STB and FHB
phenotypic resistance was not associated with any negative impact on grain yield. FHB
phenotypic resistance had a positive impact on protein content and a small negative
impact on TKW and TW. STB phenotypic resistance had a positive impact on TKW and
TW and a small negative impact on protein content. Because STB can be easily
controlled with fungicide application compared to FHB in Ontario it is recommended to
focus breeding efforts more towards FHB resistance. More research should investigate
whether FHB and STB phenotypic resistance is associated with a negative effect on
yield or quality within other types of winter wheat.
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The studies in this thesis address the understanding of 15-ADON and 3-ADON F.
graminearum chemotypes, the management of FHB and methodologies to screen for
FHB and STB resistance within winter wheat. A better understanding of F. graminearum
chemotypes may lead to methodologies that better control FHB. It is unlikely that FHB
will be managed with one technique alone, thus the investigation into management
techniques to control FHB may lead to practices that better control the disease.
Development of methodologies to simultaneously screen for FHB and STB phenotypic
resistance may lead to the development of cultivars with high levels of resistance to
both disease.
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