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ABSTRACT
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Dr. Tom Hsiang

Wheat diseases result in major losses worldwide. The purpose of this research was to
evaluate the effects of endophytic fungi or non-conventional fungicides on suppressing wheat
pathogens. Endophytic fungal isolates recovered from wheat were found to be antagonistic to the
fungal pathogens Fusarium graminearum, Microdochium majus, or Waitea circinata in dual
culture experiments. A hyphal plug sandwich of three selected antagonistic endophytic fungi
inhibited the severity of diseases caused by Fusarium graminearum (36-80%) and Waitea
circinata (31-80%) on wheat plants in growth room tests. Agar inoculum of Simplicillium
lamellicola or Clonostachys rosea was applied to an upper or lower leaf four days before agar
inoculum of F. graminearum, resulted in systemically induced disease resistance in the
pathogen-inoculated leaf, and reduced lesion lengths by 68-70% in growth room tests and 4349% in outdoor garden tests. S. lamellicola or C. rosea added to soil before seeding or seeds
soaked in biocontrol increased the growth of Triticum aestivum at the seedling stage compared
with untreated control by up to 22%. Spore suspensions of S. lamellicola or C. rosea
significantly reduced Fusarium head blight (FHB) in the growth room tests (58-66%), outdoor
garden tests (67-74%), and field tests (71-76%). Treatments with 1% humic acid, 1% phosphite,
30 mM para-aminobenzoic acid, 10 mM salicylic acid, or 2% Civitas + 0.2% Harmonizer on
five-week-old plants significantly reduced foliar disease in growth room tests by 67-96%. For
adult stage tests, these non-conventional fungicide treatments were sprayed three hours before

the spore suspension of F. graminearum was applied to wheat spikes in the growth room, and
these compounds significantly reduced FHB by 27-92% on the moderately resistant cultivar
‘Glenn’ and by 40-72% on the susceptible cultivar ‘Wilkin’. For outdoor garden tests, nonconventional fungicides were sprayed three days before inoculating the spike with the F.
graminearum and significantly reduced FHB by 54-95%. In field trials, 1% humic acid
significantly reduced FHB index % on three wheat cultivars, ‘Wilkin’, ‘Glenn’, and ‘AAC
Scotia’ by 54%, 69%, and 80%, respectively. S. lamellicola and non-conventional fungicide
treatments are promising for control of diseases caused by F. graminearum and other wheat
pathogens.
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Chapter 1: Literature Review
1.1. Introduction
1.1.1. Wheat and its importance
Wheat belongs to the family Poaceae, of which there are thousands of species (Mathew,
2010). Common wheat which accounts for the majority of human consumption is Triticum
aestivum var. vulgare, and hard wheat is T. durum. Together they are the most important food
grain source for humans (MacRae et al., 1993). Modern wheat cultivars, both common and
durum derive from an existing ancestor called wild emmer (Triticum turgidum ssp. dicoccum)
(Zaharieva et al., 2010). There are many cultivars of wheat which are grown in many countries
around the world based on wheat adaptability (McKevith, 2004). In 2003, the Food and
Agriculture Organization (FAO) suggested that the main countries producing wheat are USA,
China, Russia, India, Pakistan, European countries, Canada, Argentina, and Australia, which
together harvested 556.4 million tonnes of wheat, representing 30% of the world’s grain
production (Rashid, 2003). In 2019, Statistics Canada estimated the average export value of
wheat was $7 billion annually, and the harvested area was over 10 million ha.
Wheat is an annual grass with a height ranging from 60 cm to 1.8 m in older varieties.
The plants have foliage on slender stalks that produce spikes, or ears of grain at the top of the
plant. Each spike or kernel is made up of spikelets, which encloses the wheat grain between the
lemma and the palea. The grain also varies in size between varieties and have brush-like awns,
that may be long or short depending on the variety. The wheat seed is oval and gives the grain its
nutritional value. Cultivated wheat is most commonly grown with the human selected feature of
the fusiform spike, which is awned or awnless and is quickly winnowed (McKevith, 2004).
Many countries rely on cereals as the essential food grain source for consumption. The
most important grains are wheat (Triticum spp.), rice (Oryza sativa), oats (Avena sativa), barley
(Hordeum vulgare), rye (Secale cereale), corn (Zea mays) and millet (Panicum miliaceum)
(Raquel et al., 2013). Wheat also is a necessary food in the human diet because it provides
vitamins, minerals, essential amino acids and fiber (Shewry, 2009). Wheat and rice together
represent the essential food for 80% of the World's population (Callejo, 2002). Doe et al. (2013)
listed valuable nutrients in wheat flour as proteins, carbohydrates, fibers, vitamins, minerals and
significant levels of fats. Wheat flour is consumed mostly in products such as pasta or noodles,
bread, cakes, and pies. Wheat is so widely used because of a significant property that when
wheat flour is mixed with water, it will produce the protein complex called gluten which
determines the dough quality for bread and different baking products (Doe et al., 2013).
Wheat contains several enzymes like proteases, cytochrome oxidases, amylases, lipases
and superoxide dismutases. Besides these enzymes, wheat also contains all the essential amino
acids, especially alanine, aspartic acid, glutamic acid, arginine, and serine, which are beneficial
in supplying vast quantities of protein in the body (Annapurna, 2013). Wheat contains a large
number of compounds that are significant for health such as chlorophyll, vitamin A, vitamin C,
vitamin E and minerals like iron, calcium, and magnesium (Annapurna, 2013). Several studies
have been found that wheat species have many health benefits: they help to build red blood cells
quickly, cures anemia, and normalizes blood pressure by expanding the blood vessels
(Annapurna, 2013; Jacobs et al., 1998).
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Based on the planting times, wheat species can be divided into two types: winter and
spring wheat. Winter wheat seeds can be sown in the fall, and they need to be exposed to low
temperatures (vernalization) for flowering, so winter wheat can be affected if temperature is
increased in the winter season, which interferes with flowering and leads to unsuccessful seed
reproduction (Li et al., 2013). Changes in climate may cause a shortened duration at low
temperature which prevents vernalization in winter wheat (Li et al., 2013). Spring wheat seeds
can be sown mostly in spring and early summer (Baenziger et al., 2009) in areas where the
growing season is long enough for them to mature. The trait for early season growth has been
considered as a significant factor for gaining a high yield of spring wheat on the Canadian
prairies (Robertson, 1974).
Wheat is grouped into two classes, hard and soft. The physical structure of the hard wheat
kernel is solid and produces flour with high protein and high gluten, which are suitable for bread
and pasta. On the other hand, the soft wheat kernel is soft with low protein and gluten, and it is
suitable to produce cakes and biscuits (Oleson, 1994). Wheat can be also separated according to
seed coat color, red or white (Knott, 2007). Red or white wheat is described by this name
because they are controlled by two alleles, where red alleles are dominant to white alleles
(Strickberger, 1976). Bitter flavor can be tasted in red wheat bran because of tannins which are
absent in white wheat bran. Therefore, more flour can be produced by white wheat, and most
breakfast cereals can be made by bran of white wheat (Knott, 2007).
1.1.2. Major diseases and pathogens of wheat
Different stages of wheat plants are exposed to various mechanical, physiological, or
biological stresses that overlap with their normal growth and development (Wiese, 1987).
Extreme climatic events, toxic substances, pollutants, viruses, fungi, nematodes, bacteria, or
weeds can pose fundamental risks to wheat production. Fungi are considered one of the essential
biological agents that cause wheat diseases. Fungi can be parasitic and cause various diseases
that can be contagious from one plant to another (Wiese, 1987). Low temperature or moist soil in
the spring leads to the slow development of wheat and permits the growth of fungi which
enhances the development of diseases. Also, extended exposure to dry soils can prevent
germination and promote diseases. Many diseases have significant influences on wheat
production worldwide. Pathogenic fungi can be severe diseases causing economical losses
annually (Godfray et al., 2016). Head, root, stem, and foliar diseases of wheat may be serious
problems. The major diseases of wheat worldwide are the following: head blight caused by
Fusarium graminearum (Schisler et al., 2002), root rot by Rhizoctonia solani (Fatima et al.,
2009), snow mold or seedling blight by Microdochium nivale (Levenfors et al., 2008), leaf blight
by Alternaria triticina (Siddiqui, 2007), ergot by Claviceps purpurea (Malo, 2013), leaf rust by
Puccinia triticina (Anderson and Kolmer, 2005), black rust by Puccinia graminis (Mert et al.,
2012), stripe rusts by Puccinia striiformis (Wiese, 1987), and Septoria blotch by Septoria tritici
(Kildea et al., 2008). Fusarium graminearum is a devastating pathogen affecting all classes of
wheat, and it can destroy a field within a few weeks (McMullen et al., 1997).
In Canada, there are several fungal pathogens that can infect wheat plants (Bailey et al.,
2003). However, only five species cause significant diseases to wheat in the major wheat
producing areas in Canada, the provinces of Saskatchewan, Alberta, and Manitoba. These
diseases are able to cause extensive epidemics and destroy wheat fields within a few weeks. The
five major diseases species are stem rust (caused by Puccinia graminis f. sp. tritici), leaf rust
(Puccinia triticina), stripe rust (Puccinia striiformis f. sp. tritici), FHB (Fusarium head blight
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caused by Fusarium graminearum), and common bunt (Tilletia tritici) (Aboukhaddour et al.,
2020). Control can be challenging due to the complexity of the diseases. Aside from fungicide
use, the most effective methods to prevent disease outbreaks on wheat are to use resistant
cultivars, crop rotation, and conventional tillage (Aboukhaddour et al., 2020).
Genetic resistance is one of the crucial practical techniques and environmentally safer
means to control FHB (Bai and Shaner, 1996; Gilbert and Tekauz, 2000). Researchers attempted
to figure out which wheat varieties were more resistant to FHB (Xue et al., 2009), and this led to
the development of improved cultivar resistance in some countries (Bai et al., 2003; Ban, 1997;
Ban, 2000; Lu et al., 2001; Mesterhazy, 2003). Although considerable progress in this field has
been made, complete resistance to FHB has not been achieved since the expression of resistance
to FHB is complicated (Kolb et al., 2001), and the interaction between the host (wheat) and the
pathogen (F. graminearum) does not follow a gene-for-gene concept for resistance to occur
(Aboukhaddour et al., 2020).
1.1.3. Fusarium graminearum
Fusarium graminearum is the most common causal agent of Fusarium Head Blight
(FHB), an important disease for wheat worldwide. The pathogen belongs to the Fusarium
graminearum species complex (FGSC), and based on DNA sequences of 12 genes, was
separated into 15 phylogenetic species Fusarium acacia-mearnsii, F. aethiopicum, F. asiaticum,
F. austroamericanum , F. boothii, F. brasilicum, F. cortade-riae, F. gerlachii, F. graminearum
sensu stricto, F. meridionale, F. mesoamericanum, F. ussurianum, F. vorosii, F. nepalense and
F. lousianense (O’Donnell et al., 2000 , 2004 , 2008; Starkey et al., 2007; Yli-Mattila et al.,
2009; Sarver et al., 2011 ). Fusarium head blight, commonly known as scab, has been a severe
problem for U.S. wheat and barley producers since at least 1993 (Johnson et al., 1998). Johnson
et al. (1998) and the U.S. General Accounting Office (U.S. GAO, 1999) quantified the economic
losses suffered by producers in scab affected regions, from1993-1997 for wheat and barley as
$1.3 billion. Scab can be a devastating disease affecting all classes of wheat and other small
grains. This fungal disease, also called FHB, can completely destroy a wheat crop within a few
weeks of harvest (McMullen et al., 1997).
Some of the effects of FHB infection include bleached and shrunken kernels, decreased
seed quality and vitality, and loss of yield, but the main impact from the food safety point of
view of is the accumulation of mycotoxins, mainly deoxynivalenol (DON) and its acetylated
derivatives 3 acetyl-deoxynivalenol (3-ADON) and 15 acetyl-deoxynivalenol (15-ADON), and
nivalenol (NIV). FHB epidemics were a crucial issue globally. From 1927 to 1980, FHB caused
irregular epidemics in Ontario, Quebec and Manitoba (Zhu et al., 2019). The earliest outbreaks
considered epidemic in Canada was in 1980 (Sutton, 1982). Since 1993, disease outbreaks have
become a serious issue in Manitoba (McMullen et al., 1979). Saskatchewan is a major wheatproducing region in Canada, and in 2014, an FHB epidemic was reported in this province
(McCartney et al., 2016).
FHB epidemics occurred in Argentina in 17 of the last 50 years, causing yield losses and
price discounts due to reduced grain quality (De Galich, 1997). Specifically, in Uruguay,
decreasing wheat production represents one of the main issues because of serious disease (FHB)
that has been occurring once every 4 years over the past decades (Díaz de Ackerman and
Pereyra, 2011). The most serious outbreaks occurred in 2001, 2002, and 2012. During these
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years, Fusarium graminearum infection was severe in wheat, and there was heightened concern
regarding mycotoxins in harvested kernels in Latin America (Pereyra, 2003).
In wintertime, the mycelium of F. graminearum can grow on residues of cereal crops
such as corn, wheat, barley, and maize stalks (Xu and Nicholson, 2009; Drakopoulos et al.,
2019). In spring, perithecia normally start formation on the crop residue, and when they are full
grown, the perithecia release ascospores that can cause infection of spikelets in the flowering
stage. The ascospores germinate and penetrate the tissues via lemma, glume, and palea or anther
(Trail, 2009; Xu and Nicholson, 2009; Parry et al., 1995a). After penetrating the host, F.
graminearum can grow intracellularly and swiftly colonize the tissue. The initial symptoms
involve water soaking and bleaching of the affected tissue (Bushnell et al., 2003). The premature
bleaching that appears can be observed on a few spikelets or entire spikes (Nopsa, 2010).
After the host becomes infected, the pathogen may produce DON (Jansen et al., 2005).
Colonization of developing kernels is accompanied by DON accumulation resulting in shriveled,
undersized grains referred to as Fusarium-damaged kernels (FDK) (McMullen et al., 1997; Trial,
2009). If a diseased kernel is sown for the next season, wheat can be infected by damping-off
and seedling blights (Nopsa, 2010). Many studies report four measures to quantify the FHB
disease (Paul et al., 2005a; Paul et al., 2005b; Paul et al., 2006; Nopsa, 2010): incidence, defined
as the percentage of diseased spikes in a sample; severity, defined as the percentage of diseased
spikelets per spike; index, defined as the product of incidence and severity; and FDK, defined as
the percentage of visibly scabby kernels in a sample of harvested grain.
1.1.4. Microdochium majus
Triticum aestivum is considered one of the major hosts for the pathogenic fungus
Microdochium majus, which is one of the most important seed and soilborne pathogens of winter
cereals and perennial grasses in temperate and cold climatic areas (Tronsmo et al., 2001). M.
majus causes severe diseases such as snow mold, seedling blight (Cassini, 1981) and foot rot
(Pettitt et al., 1993) in small grain cereals. Fusarium head blight can be caused by a number of
aggressive Fusarium species, as well as M. majus (Hofgaard et al., 2010). The genus
Microdochium was initially segregated from Fusarium based on the perithecial structure (foot
cell on ascospores), ascospores septation and rRNA sequence (Samuels and Hallett, 1983). Both
pathogens are the main causes of delayed seed germination (Hudec and Muchova, 2010).
There are several studies that have indicated that both pathogens, M. majus and M. nivale,
are able to cause significant wheat crop damage (Humphreys et al., 1995; Amein et al., 2008).
Bateman et al. (2000) indicated that brown foot rot on winter wheat stem bases is caused by M.
nivale and M. majus. Ren et al. (2015) reported that M. nivale causes 30% higher disease severity
(Fusarium seedling blight) on wheat than M. majus. According to Matusinsky et al. (2008) and
Jonaviciene et al. (2016), M. nivale and M. majus are observed on stem bases of T. aestivum.
Simpson et al. (2000) tested the pathogenicity of M. nivale and M. majus, and the results showed
that both pathogens cause disease on wheat and rye (Secale cereale), but only M. nivale causes
significant disease on oats. These results demonstrated that Microdochium species can be key
pathogens for spring cereals as well. Several studies reported the host preference of both
pathogens: M. nivale is virulent on turf grasses (Grosch and Schumann, 1993; Jewell, 2013) and
M. majus is virulent on cereals (Maurin et al., 1995; Diamond and Cooke, 1997). There is often a
higher isolation rate of M. majus from grains than M. nivale (Lees et al., 1995; Parry et al.,
1995b; Jewell, 2013).
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1.1.5. Waitea circinata
Waitea circinata is an important pathogen that causes diseases in wide range of hosts and
severe commercial damage to cereal crops and turfgrasses including Poa annua, Agrostis
stolonifera, T. aestivum, and Zea mays (de la Cerda and Hsiang, 2009). W. circinata belongs to
the phylum Basidomycota in the family Corticiaceae. W. circinata was divided into three
varieties: var. circinata, var. oryzae, and var. zeae, based on variation in the colony morphology
(Gunnell, 1986). Var. circinata exhibits orange to brown, spherical sclerotia up to 2 mm in
diameter. Var. oryzae has orange to salmon, asymmetrically formed sclerotia. Var. zeae has
orange to brown, regularly shaped sclerotia up to 1 mm in diameter (Gunnell, 1986). The
teleomorph of R. oryzae is Waitea circinata, first isolated from soil in Australia in1962 (Warcup
and Talbot, 1962). R. oryzae causes sheath spot of rice and root rot of wheat and barley (Paulitz
et al., 2003). Toda et al. (2007) listed hosts of W. circinata as var. circinata causing disease on
barley, var. oryzae on rice, wheat and barley, and var. zeae on rice, corn, onion, sugar beet and
tall fescue
1.2. Biological control of plant diseases using beneficial fungi
Biological control of plant diseases by using biological agents (microorganisms) is
broadly accepted socially because it is considered more natural and environmentally safe (Xue et
al., 2009). For efficacious biological control, it is necessary to find a microorganism that exhibits
antagonistic responses against target pathogens but not the target plant and has the ability to
survive and reproduce on target plant parts (Xue, 2003a, b). Pal and Gardener (2006) stated that
the term biological control has played a significant role in different fields of biology, especially
entomology and plant pathology. In entomology, biocontrol has involved predatory insects,
entomopathogenic nematodes, or microbial pathogens to inhibit growth populations of different
pest insects. In plant pathology, biocontrol has included antagonistic microorganisms, such as
fungi or bacteria, to suppress pathogens. Furthermore, natural products extracted or fermented
from different sources, can be used for biocontrol trials.
Several reports have indicated that various agents can be used to control plant diseases,
such as virulent or avirulent pathogens, non-pathogens, cell wall fragments, plant extracts, and
synthetic chemicals, and these have led to stimulation of plants locally and systemically for
resisting incipient pathogen attack (Walters et al., 2005). This induced resistance does not fully
suppress disease but can reduce lesion numbers and size (Walters et al., 2005). Innate immune
systems of plants provide some resistance against most microorganisms. This natural defense can
be induced by earlier infection events by pathogenic or non-pathogenic microorganisms. This is
called ‘priming’, which is considered, a "constant activation of the basal level of defense swiftly
boosted when the host plant is under attack for a second time" (Lethonen, 2009). Priming can be
observed for some biocontrols where induced host defenses are activated by a compatible, nonpathogenic microorganism (Lethonen, 2009). Triggered responses are important in terms of
defenses, so recognition of a pathogen is a critical step for the host to trigger a response. Thus,
the defense response can occur when gene products of the host recognize the gene products of
the pathogen (Lethonen, 2009).
Plants have many built-in responses that help them to restrict feeding by pathogens, avoid
infection and reduce invasive growth, all leading toward the death of the pathogen (Nürnberger
and Lipka, 2005). Plants have specific features such as built-up cell and mechanical barriers
including hairs, spikes, resins, and waxes on the cuticle which are considered the first line of
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defense to protect themselves from invaders and avoid infection (Agrios 1997; Nürnberger et al.,
2004). The mechanical barriers can at first block the entry of pathogens, and when they fail,
chemical defenses can be initiated (Nürnberger and Lipka, 2005).
Environmental and health concerns of the use of chemical fungicides and pesticides have
increased the need for other measures in the control of plant diseases (Moosavi and Zare, 2012).
Biological control is considered environmentally friendly and potentially another means for pest
and disease management. Numerous organisms have been found to be antagonistic against plant
diseases. Fungal biological control agents (BCAs) are considered harmless alternatives for
protecting significant crops worldwide against plant diseases (Butt et al., 2001). However, some
reports indicate that fungal metabolites are toxic to animal cell lines in vitro, and some others
have antibiotic, fungicidal, insecticidal or antiviral properties (Kouvelis et al., 2011).
The antagonistic fungus, Simplicillium lamellicola, was previously known as
Acremonium strictum based on morphological characterization (Kim et al., 2002), and then recharacterized molecularly as S. lamellicola (Le Dang et al., 2014). Simplicillium lamellicola
isolate BCP from Korea was previously found to be involved in antibiosis and mycoparasitism as
antifungal mechanisms (Kim et al., 2002; Choi et al., 2008). It produces the antifungal
compound verlamelin which inhibits mycelial growth of Magnaporthe grisea, Bipolaris maydis,
Botrytis cinerea, Fusarium oxysporum and Alternaria alternata (Kim et al., 2002). This
antagonistic fungus also can colonize the pathogen Botrytis cinerea causing lysis of the
parasitized hyphae (Choi et al., 2008). Simplicillium spp. was utilized as a biocontrol agent
(Ward et al., 2011; Ward et al., 2010; Zare and Gams, 2001). The strain BCP was registered in
Korea and formulated using a wettable powder-type formulation (BCP-WP10) which effectively
reduced the disease incidence of gray mold on tomato and ginseng in the field trials (Shin et al.,
2017).
Plant-growth promoting fungi (PGPF), which live in rhizosphere and phyllosphere
environments, are nonpathogenic, and can promote the growth and development of a variety of
crop plants (Hyakumachi et al., 2014; Fu et al., 2016). Most of them are able to colonize crop
roots internally and are considered endophytes (Hyakumachi et al., 2014). Some biocontrol fungi
are closely related to soil-borne pathogens such as species of Fusarium, Penicillium, Phoma, and
Trichoderma, and are likely to be widespread in natural ecosystems (Hyakumachi et al., 2014).
PGPF have been documented to suppress a variety of plant diseases (Horinouchi et al., 2007,
2008, 2010, 2011). PGPF may also stimulate systemic resistance in plants against soil-borne
fungal diseases such as Fusarium wilt of cucumber (Koike et al., 2001). PGPF have the ability to
control diseases caused by viruses such as Cucumber mosaic virus (CMV) in Arabidopsis,
tobacco and cucumber (Elsharkawy et al., 2012a, b, 2013). B-caryophyllene is a volatile organic
compound released by PGPF Talaromyces spp. that can induce resistance in Brassica campestris
var. perviridis to Colletotrichum higginsianum (Yamagiwa et al., 2011).
1.2.1. Endophytes
There has been attention paid to endophytic bacteria in plant defense and plant growth
enhancement towards developing environmentally friendly technologies and opening newer
areas in microbial utilization (Pan et al., 2015), but studies with beneficial endophytic fungi are
more limited. Endophytes are microorganisms that grow inside plants without causing any
visible symptoms of infection or disease (Song et al., 2017). The usefulness of endophytes as
biological control agents is that they are adapted to living inside and with the plants, and thus,
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they might be able to provide exclusion of other organisms, such as plant pathogens (Pan et al.,
2015). Some endophytes are expected to protect their hosts from attack by fungi, insects, and
mammals by producing secondary metabolites (Wang et al., 2007).
Effective endophytic fungi or bacteria can also be considered as an eco-friendly means to
manage plant diseases (Tao et al., 2014). Endophytes are essential components in plant-microbial
ecosystems, enhancing botanical growth, assisting in phytoremediation functions with their host
plants (Li et al., 2012; Lodewyckx et al., 2002; Sessitsch et al., 2004), promoting disease
resistance (van Loon et al., 1998), and reducing the toxicity of heavy metals (Li et al., 2012;
Lodewyckx et al., 2001) and organic compounds (Barac et al., 2004). Various bacterial
endophytes have been isolated as biological control agents from many monocotyledon or
dicotyledon plants; for instance, Burkholderia cepacia from citrus (Tan et al., 2007),
Aureobacterium saperdae, Bacillus pumilus, Phyllobacterium rubiacearum and Pseudomonas
putida from cotton (Chen et al., 1995), and Enterobacter cloacae from rice (Yang et al., 2001).
Endophytic Bacillus subtilis was used to manage take-all disease of wheat caused by
Gaeumannomyces graminis var. tritici (Liu et al., 2009).
In addition to endophytic bacteria, endophytic fungi have inspired researchers to use
them as biological control agents to suppress plant diseases (Gond et al., 2010). The endophytic
fungi, Trichoderma species, are antagonistic against several phytopathogenic fungi (Gond et al.,
2010; Kari et al., 2012). Chaetomium and Phoma sp. were isolated from wheat leaves, and
reduced leaf rusts of wheat caused by Puccinia recondita f. sp. tritici (Gond et al., 2010). The
saprophytic endophytic fungus Clonostachys rosea is widespread in soils around the world
(Schroers et al., 1999; Alvarez, 2014), and caused reductions in FHB in greenhouse and field
trials, decreased mycelial growth and full suppression of spore germination of the pathogen,
(Xue et al., 2009).
In the symbiotic process between endophytes and their hosts, endophytes obtain starches
from plants; in contrast, they can enhance plant resistance to biotic and abiotic pressures
(Hamilton and Bauerle, 2012; Hamilton et al., 2012). Endophytes not only intervene in
interactions between host plants and their competitors and pathogens (Hyde and Soytong, 2008;
Guo et al., 2008; Clay and Holah, 1999; Omacini et al., 2001), but they can also impact the
diversity and structure of the plant community (Saikkonen et al., 2010; Gazis et al., 2011; Yuan
et al., 2011). Moreover, recent studies have shown that the many endophytes are metal resistant,
able to promote plant growth, and able to reduce organic contaminants; as well, endophytes have
been effectively used in phytoremediation (Chen et al., 2010; Shin et al., 2012; Luo et al., 2011).
The primary action of endophytes depends on their production of a broad range of
secondary metabolites (Gallagher et al., 1981; Rowan and Gaynor, 1986). Less progress has been
made to identify the secondary metabolites produced by fungal endophytes than bacterial ones.
For instance, the endophytic fungus Colletotrichum gloeosporioides isolated from Artemisia
mongolica has been found to produce bioactive metabolites such as colletotric acid, against the
fungus Helminthosporium sativum (Zou et al., 2000). Epichloe and Neotyphodium species were
found to produce antifungal compounds such as indole derivatives, indole-3-acetic acid and
indole-3-ethanol against the chestnut blight fungus, Cryphonectria parasitica (Yue et al., 2000).
Various subordinate metabolites with known antibacterial, antifungal and antiviral activity have
been shown to be produced by Colletotrichum spp., but they have not been well characterized
(Lu et al., 2000). Endophytic Pseudomonas spp. and Actinobacteria seem to provide a broad
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range of antifungal compounds, including phenazine and pyrrolnitrin antibiotics (Delaney et al.,
2001; Coombs et al., 2004).
1.3. Non-Conventional fungicides
Various products can be used to manage plant diseases. Some of these are nonconventional fungicides, as compared to the regular synthetic fungicides produced by agrochemical companies, and some can even induce disease resistance in plants. For example,
phosphite has shown high effectiveness to suppress Phytophthora cinnamomi in local plant
communities of Western Australia (Hardy et al., 2001; Shearer and Fairman, 2007) by direct
toxicity to the pathogen, but it also has effects in reducing disease by inducing resistance (Burra
et al., 2014).
Salicylic acid reduced sclerotial formation of Rhizoctonia solani on potato tubers under
controlled environment conditions (Hadi and Balali, 2010). Humic acid protected soybean plants
against damping-off and wilt diseases caused by F. oxysporum under in vitro and in vivo
conditions (Abdel-Monaim et al., 2011). And Civitas, a mineral oil derived from petroleum,
reduced severity of the dollar spot disease caused by Sclerotinia homoeocarpa (30%), brown
patch caused by Rhizoctonia solani (46%), and pink snow mold caused by Microdochium nivale
(66%) (Cortes-Barco et al., 2010a).
Some of these products may have the ability to induce natural defense mechanisms
(Hsiang et al., 2011) rather than a direct effect on the pathogen. Sorahinobar et al. (2016) found
that, after wheat was treated with salicylic acid wheat disease resistance was induced, with
increased activity of the enzymes, superoxide dismutase and peroxidase, lead to reduced disease
severity by the pathogen F. graminearum. A previous study indicated that defense responses of
Arabidopsis thaliana were elicited when plants were treated with phosphite; after inoculation
with Phytophthora palmivora, the phsiological effects were rapid cytoplasmic aggregation,
nuclear migration, superoxide release, hypersensitive cell death and the accumulation of phenolic
compounds (Daniel and Guest, 2005). Goodwin et al. (2018) observed that foliar application of
18 mM PABA elicited resistance against Pseudomonas syringae pv. tomato in Solanum
lycopersicum. Abdel-Monaim et al. (2011) and El-Ghamry and Abd El-Hai (2009) reported that
defense resistance was elicited when humic acid was applied to soybean or faba bean against a
wide spectrum of pathogens, resulting in incremental activity of peroxidase, polyphenol oxidase,
and phenylalanine ammonia lyase. Cortes et al. (2010a) demonstrated that ISR was elicited
against foliar diseases of Agrostis stolonifera by the mineral oil, Civitas.
Plant defense responses can be separated into a series of interrelated steps. Recognition,
signal transduction, and resistance response are three crucial steps need for resistance (Dangl and
Jones, 2001; Keen, 2000). Initially, the host plant recognizes the pathogen by reacting and
responding. The interaction occurs between surface components of extracellular materials of
pathogen usually effectors with host resistances (R-genes), normally receptors or other molecules
on host plasma membrane or in cytoplasm (Lu et al., 2005). Signal transduction can be initiated
by the cell or the plant when an incompatible interaction occurs. This can lead to increases in
activity of protein kinases, ion channels, oxidative burst events, jasmonate, ethylene, and
salicylic acid. The signaling pathways involved can induce the defense responses that suppress or
inhibit the pathogen (Lu et al., 2005). The activated resistant responses usually involve proteins
that can be directly antimicrobial, or they can be enzymes which create antimicrobial
compounds. Examples of these antimicrobial compounds, enzymes and activities include
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phenols, lactones, saponins, phenylalanine ammonia lyase (PAL), tyrosine ammonia lyase
(TAL), phytoalexins, deposition of cell wall reinforcing materials, and synthesis of pathogenesisrelated (PR)-proteins (Veronese et al., 2003).
1.4. Hypotheses and objectives
The hypotheses that were addressed in this study are as follows:
1) Plant tissues of spring wheat showing resistance to wheat pathogens contain endophytes that
are antagonistic to wheat pathogens.
2) Antagonistic organisms inhibit the growth of wheat pathogens in vitro (such as by producing
antibiotics which diffuse through media).
3) Antagonistic organisms colonize wheat tissues to prevent growth of wheat pathogens
(competitor).
4) Antagonistic organisms induce systemic resistance in the host plant to increase resistance
against wheat pathogens.
5) Non-Conventional fungicides such as Civitas-Harmonizer, salicylic acid, phosphite, humic
acid, and para-aminobenzoic acid can lead to inhibition of wheat pathogens at seedling and adult
stages.
6) Biological and chemical treatments affect the vegetative growth of Triticum aestivum.
The general objective of this work was to test the activity of endophytic fungal isolates or nonconventional fungicides to control FHB under growth room and field conditions, and the main
objectives were as follows:
a. To isolate endophytic fungi from different varieties of wheat (Triticum aestivum).
b. To test their activity in dual plate cultures against selected pathogens (Fusarium graminearum,
Microdochium majus, and Waitea circinata) of wheat seedlings.
c. To test their pathogenicity on wheat leaves.
d. To identify selected antagonistic endophytes by PCR and morphology.
e. To test activity of agar inoculum of selected endophytic isolates and positive control
Clonostachys rosea against seedling infection of spring wheat caused by Fusarium
graminearum, Microdochium majus, or Waitea circinata in growth room tests.
f. To examine hyphal interactions in competitive tests of wheat-biocontrol-pathogen interactions
g. To assess non-conventional fungicides such as Civitas-Harmonizer, salicylic acid, phosphite,
humic acid, and para-aminobenzoic acid for control of select wheat diseases in the lab tests and
the highest effect in the field tests.
h. To test the sensitivity of wheat pathogens to non-conventional fungicides.
i. To test activity of spore suspensions of biological or chemical treatments against Fusarium
head blight (FHB) of spring wheat in the growth room and in the field.
j. To test the effects of biological and chemical treatments on the growth of Triticum aestivum in
the growth room.

9

k. To test systemic activity (induced resistance) of biocontrol agents against FHB of spring
wheat in the growth room and garden tests.
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Chapter 2: Selection and Screening of Endophytes and Non-Conventional Fungicides
Against Wheat Pathogens
2.1. Introduction
Wheat is considered one of the most important food grain sources for humans because it
provides vitamins, minerals, essential amino acids and fibers (Shewry, 2009). Human health
benefits include increasing red blood cell counts rapidly, curing anemia, normalizing blood
pressure (Annapurna, 2013). Wheat and rice together represent the essential food for 80% of the
world's population (Callejo, 2002), but wheat is like other plants, and can be affected by various
pathogens. One of the significant pathogens that cause problem disease of wheat is Fusarium
graminearum which is a devastating pathogen affecting all classes of wheat (McMullen, 1997).
Several studies have found that F. graminearum is associated with a severe disease called FHB
(O’Donnell et al., 2000, 2004, 2008; Starkey et al., 2007; Yli-Mattila et al., 2009; Sarver et al.,
2011), and seedling blight (Jones, 1999; Dal Bello et al., 2002). In addition to F. graminearum,
wheat is also susceptible to diseases caused by Waitea circinata (root rot) and Microdochium
majus (head blight) (Paulitz et al., 2003; Hofgaard et al., 2010).
Biological control of plant diseases by using microorganisms is broadly accepted socially
because it is considered more natural and environmentally safe (Xue et al., 2009). For efficacious
biological control, it is necessary to find a microorganism that exhibits antagonistic response
against target pathogens but not the target plant and has the ability to survive and reproduce on
target plant parts (Xue, 2003a, b). Pal and Gardener (2006) stated that the biological control term
has played a significant role in different fields of biology, especially entomology and plant
pathology. In entomology, biocontrol has involved predatory insects, entomopathogenic
nematodes, or microbial pathogens to inhibit growth populations of different pest insects. In
plant pathology, biocontrol has included antagonistic microorganisms, such as fungi or bacteria,
to suppress pathogens. Furthermore, natural products extracted or fermented from different
sources, can be used for biocontrol trials.
Several beneficial microorganism agents have demonstrated the ability to suppress
harmful microorganisms that cause diseases and yield loss. Endophytes are microorganisms that
develop in plants without causing any visible symptoms of infection or diseases (Song et al.,
2017). The usefulness of using endophytes as biocontrol agents is that they are able to adapt to
living inside the plants and produce secondary metabolites to inhibit phytopathogens (Pan et al.,
2015). Utilizing microbial endophytes can be considered as a more eco-friendly means to
manage a plant disease than the use of conventional fungicides (Tao et al., 2014). Endophytes are
essential components in a plant-microbial ecosystem, enhancing the growth of their host plants,
and promoting disease resistance (van Loon et al., 1998). They have also been used in
phytoremediation to reduce the toxicity of heavy metals (Li et al., 2012) and contaminating
organic compounds (Barac et al., 2004). A series of studies was conducted by Xue (2002, 2003a,
b) which demonstrated that the endophytic fungal biocontrol agent Clonostachys rosea ACM
941 could act as a mycoparasite against a pea root disease complex caused by Alternaria
alternata, Aphanomyces euteiches, F. oxysporum f. sp. pisi, F. solani f. sp. pisi, Mycosphaerella
pinodes, Pythium spp., R. solani, and S. sclerotiorum, and it reduced severity of FHB caused by
F. graminearum under greenhouse and field conditions (Xue, 2009).
Various products can be used to manage plant diseases. Some of these are nonconventional fungicides, as compared to the regular synthetic fungicides produced by agro11

chemical companies. Several studies have demonstrated that some of these compounds can
decrease damage by caused destructive pathogens and activate plant responses.
An example of non-conventional fungicide is Civitas. It is chemical compound produced
by Petro Canada which was purchased by Suncor, and it is a combination of food-grade synthetic
isoparaffins and a food-grade emulsifier (Hsiang et al., 2013). Civitas induces resistance in
plants, but only has a weak direct effect on the pathogen (Hsiang et al., 2013). Hsiang et al.
(2013) found that Civitas has strong effects against various turfgrass diseases in the field. In the
Laboratory, when the soil was directly treated with Civitas without foliar exposure, the leaves
acquired resistance against several pathogenic fungi. This means that Civitas is able to induce
systemic resistance in the plant (Hsiang et al., 2013). Three marker genes (AsOPR4, AsGNS5,
and AsOS1) as indicators for ISR were used by Cortes et al. (2010a) to test Civitas on Agrostis
stolonifera. Civitas showed strong priming of these three genes after inoculation, but AsOS1only
showed induction by Civitas prior to inoculation.
Harmonizer is another product produced by Petro Canada and used in mixture with
Civitas (Hsiang et al., 2013). Harmonizer is a commercial product with a green color containing
polychlorinated copper (Cu) II phthalocyanine (Nash, 2011). The vital component of Harmonizer
might be the metal, copper, however, the mode of action of this product is still uncertain (Hsiang
et al., 2013). Chmielowska et al. (2010) tested pepper roots with copper sulfate, and found
induced resistance against Verticillium dahliae, as well as increased expression of defense
related genes. It is likely that metal phthalocyanines increase disease resistance via the
production of reactive oxygen species (ROS) in plants (Vol’pin et al., 2000).
Hsiang et al. (2013) tested four turfgrass pathogens (Rhizoctonia solani, Sclerotinia
homoeocarpa, Microdochium nivale, and Colletotrichum cereale) for direct inhibition by
Harmonizer. These pathogens were grown on media amended with up to 10% Harmonizer.
Colletotrichum cereale exhibited the highest sensitivity with a decrease of 50 % hyphal growth
at 0.1 % harmonizer. Microdochium nivale had a 50 % growth reduction at 8% Harmonizer,
while R. solani or S. homoeocarpa required more than 10 % Harmonizer for 50 % growth
reduction. In field trials, Harmonizer alone at 0.5 % minimized disease caused by S.
homoeocarpa by 45 %. Civitas alone at 5 % decreased disease by 58 %, while Civitas and
Harmonizer mixed together caused 69 % disease reduction. Therefore, the combination of both
products provided greater disease suppression than either treatment alone.
Lovatt and Mikkelsen (2006) reported that elemental phosphorus (P) is one of the
essential components needed for all living organisms, but it does not occur in nature because it
can react and combine swiftly with other elements such as oxygen (O) and hydrogen (H). When
P is oxidized entirely, it can combine with four O atoms to form phosphate, but when it is not
totally oxidized and H takes the place of one O atom, the resulting molecule is named phosphite
(PP). That molecular change leads to many significant impacts such as changes in relative
solubility, plant uptake, and effect on plant metabolism and physiology.
Phytophthora diseases have been treated extensively with phosphite in numerous
domestic plant ecosystems (Guest and Grant, 1991; Hardy et al., 2001; Shearer and Fairman,
2007), and it showed high effectiveness to suppress Phytophthora cinnamomi in local plant
communities of Western Australia. Phosphite not only primes the plant for a swift and extreme
response to infection requiring increased activation of a range of defense responses, but also
enhances some particular aspects of the defense response such as the expression of defense genes
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involved in the salicylic acid (SA), jasmonic acid (JA) or ethylene (ET) pathways in the absence
of a pathogen (Eshraghi et al., 2011).
SA belongs to a broad set of phenolic compounds bearing a hydroxyl group or its
derivatives that are synthesized by plants (Vlot et al., 2009). Commonly, plant phenolics have
been involved in secondary metabolism, as they were thought to be moderately insignificant.
However, this concept radically altered when it was found that phenolics have several key
functions. For instance, some phenolics are associated with lignin biosynthesis, and others act as
allelopathic compounds, or play crucial roles in plant disease resistance via inducing
antimicrobial defense (phytoalexins) or signaling defense activation (Humphreys and Chapple,
2002; Métraux and Raskin, 1993; Raskin, 1992). In plants, SA can affect significant processes
such as, seed germination, seedling establishment, cell growth, respiration, stomatal closure,
senescence-associated gene expression, and responses to abiotic stresses (Clarke et al., 2004;
Klessig and Malamy, 1994; Rajou et al., 2006; Stacey et al., 2006). The effect on some of these
actions might be indirect because SA changes the signaling by other plant hormones including
JA, ET, and auxin. Also, one of the important functions of SA is to act on regulating
thermogenesis and disease resistance (Vlot et al., 2009).
Humic acids (HAs) are macromolecules consisting of humic substances, which are
usually organic compounds widespread in soil, water, and natural residues such as plants
decomposition (de Melo et al., 2016). Commercially, HAs can be obtained from various sources,
such as coal and peat as nonrenewable sources of carbon, and by fermentation using tissues from
palm trees. Chemically, HAs can be synthesized through polymerization/condensation reactions
(de Melo et al., 2016). HAs are one of the essential components of humus. Humates are natural
organic materials containing a high level of humic acid and trace minerals which are vital for
plant growth (Senn, 1991). Humic materials create a steady source of carbon and promote
thermal insulation, pH buffering, and water holding capacity (McDonnell et al., 2001). Previous
studies reported that a combination of organic substances in humic acid shows positive impact on
plant growth (Yildirim, 2007). Application of HA has numerous advantages and agronomists all
around the world have accepted HA as an essential portion of their fertilizer program (ElGhamry and Abd El-Hai, 2009). HA can be utilized directly by application to the plant leaves in
liquid form or to the soil in the form of particles or as a fertilizer mixture.
A suspension of HA can be used in plant production as plant growth catalysts or soil
modifiers for promoting natural defenses against plant diseases and pests (Scheuerell and
Mahaffee, 2004, 2006), enhancing plant growth by increased cell division, and improving uptake
of nutrients and water (Atiyeh et al., 2002; Chen et al., 2004). Many reviews have pointed out the
efficacy of HA to reduce some plant diseases. Scheuerell and Mahaffee (2006) stated that the
most efficacious treatment for elimination of gray mold disease caused by Botrytis cinerea in
geranium plants is compost tea plus kelp extract and HA. Moreover, when the foliage of bean
plants was treated with HA at 6 or 8 ml/L, root rot and Alternaria leaf spot diseases were
decreased (Abd El-Kareem, 2007).
Drought stress in plants can be managed by applying natural HA, which stimulates
protein synthesis in different plant organs and activates enzyme activity (Muscolo et al., 2007).
HA plays this role via plant hormones that regulate plant growth and several studies reported that
HA can gradually promote ATPase in plants (Canellas et al., 2009; Dobbs et al., 2010). Previous
studies reported that HA is able to enhance the activity of catalase (CAT), the formation of ROS,
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and promote the activity superoxide dismutase (SOD) and ascorbate peroxidase (APX) in plants
under water stress (Cordeiro et al., 2011; Schiavon et al., 2010; Vasconcelos et al., 2009).
PABA (para-aminobenzoic acid), also known as 4-aminobenzoic acid, is a major
component of folic acid (vitamin B9 or folacin). As a compound cofactor, folic acid is involved
in various fundamental biological responses, including nucleotide biosynthesis, DNA repair and
DNA methylation. For instance, children and adults both need bounteous amounts of folic acid to
create erythrocytes and prevent anemia (Weinstein et al., 2003). As the essential source of folic
acid, plants are able to synthesize intermediate PABA in chloroplasts through PABA synthase,
and then folic acid can be produced in mitochondria (Hanson and Gregory, 2002; Basset et al.,
2004; Basset et al., 2005).
PABA is recognized for its extensive variety of functions from reducing human pain to
inducing plant disease resistance (Delaney, 1994). Recently, several plants such as Arabidopsis,
tomato, bean (Horvath et al., 2007), potato, mustard and tobacco (Larkindale and Knight, 2002;
Senaratna et al., 2000) were found to be protected against heat stress via SA activity. Because
PABA and SA are similar structurally, PABA may also play a role mediating plant
thermotolerance, but its roles in plant response to environmental stresses are still not certain (Lu
et al., 2014). PABA stimulates the synthesis of interferon, which has a significant antiviral
impact (Akberova, 2002). In China, PABA has been used to control fungal diseases (Kelman and
Cook, 1977). Yang et al. (2011) reported that the application of 18 mM PABA to roots reduced
the incidence of the bacterial pathogen Pectobacterium carotovorum subsp. carotovotrum in
tobacco by 77% which significantly reduced disease development. Moreover, PABA was found
to be effective in stimulating SAR against viral and bacterial diseases in pepper and tomato
plants (Yang et al., 2011; Song et al., 2013; Goodwin et al., 2018), and ISR against
Pseudomonas syringae pv. tomato in Solanum lycopersicum (Goodwin et al., 2018).
2.2. Objectives
a. To isolate endophytic fungi from different varieties of wheat (T. aestivum).
b. To test their activity in dual plate cultures against selected pathogens (Fusarium graminearum,
Microdochium majus, and Waitea circinata) of wheat seedlings.
c. To test their pathogenicity on wheat leaves.
d. To identify selected antagonistic endophytes by PCR and morphology.
e. To test activity of agar inoculum of selected endophytic isolates (Simplicillium lamellicola,
Valsa friessi, and Cladorrhinum flexuosum) and positive control Clonostachys rosea against
seedling infection of spring wheat caused by Fusarium graminearum, Microdochium majus, or
Waitea circinata in growth room tests.
f. To assess non-conventional fungicides such as Civitas-Harmonizer, salicylic acid, phosphite,
humic acid, and para-aminobenzoic acid for control of selected wheat diseases caused by F.
graminearum, M. majus, and W. circinata in the lab tests.
g. To examine hyphal interactions in competitive tests of wheat-biocontrol-pathogen interactions.
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2.3. Materials and methods
2.3.1. Fungal isolates
Fusarium graminearum, W. circinata, and M. majus were obtained from local stored
cultures in the Hsiang lab. All isolates had been originally isolated from wheat. The pathogens
were revived from frozen stock and grown on PDA (potato dextrose agar) until testing. The
biocontrol agent Clonostachys rosea ACM941 (Xue et al., 2009), used as a positive control, was
obtained courtesy of Dr. Allen Xue, Agriculture and Agri-Food Canada, Ottawa. Endophytic
fungi were collected at Elora Research Station, Ariss, Ontario from root and leaf tissues of fieldgrown winter wheat cultivars ‘AC Morley’ and ‘25R34’ and spring wheat cultivars ‘Sumai 3’
and ‘AAC Scotia’ which are all considered to be moderately resistant to Fusarium head blight.
Two plants per cultivar were obtained from Ariss, Ontario in June 2016, courtesy of Dr. Ali
Navabi, University of Guelph, wheat tissues were separated into leaves, stems, and roots. Sixty
5-mm-diameter disks were obtained from leaves using a cork borer, and fifty 5-mm long tissue
segments from each of the stems or roots were selected for each cultivar. Tissue segments were
surface sterilized by immersion in 70% ethanol (30 sec, 1 min, or 2 min), followed by soaking in
3.5% sodium hypochlorite (30 sec, 1 min or 2 min), and were washed three times in sterile
distilled water. These tissues were placed on 2% tetracycline and streptomycin-amended PDA
with five segments per 9-cm-diameter plate (Fig. 2.1).
Ground tissues were also used in the dilution series to attempt to recover endophytes
following Trognitz et al. (2014). After the final wash of leaf or root segments from each of the
four cultivars, the tissues were ground in 4 ml of 0.9% NaCl-solution with a pestle for 4-8
minutes. From this slurry, a dilution series was prepared in 0.9% NaCl solution. From each
dilution (undiluted, 10 -1, 10 -2 and 10 -3), 100 µl were placed on 2% antibiotic-amended PDA,
smeared across the plate using a loop, and incubated at 25°C.
All plates were incubated at 25°C and fungal morphotypes were sub-cultured during
incubation from 2 to 8 days. The subcultures were grown out on PDA and were classified by
morphology (Bechem and Etaka, 2018; Oduro-Mensah et al., 2018). These putative endophytes
were all stored in the fridge at 4°C until testing.
2.3.2. Effect of endophytic fungi against wheat pathogens in dual culture plates
Representative isolates from each of the morphotypes were selected for further testing
against wheat pathogens under in vitro conditions. The dual culture technique on PDA followed
a modification of Xue et al. (2009). A 5-mm-diam plug of each endophyte was placed in the
center of a PDA plate. A day later, on each plate, a hyphal plug from each of three pathogens (F.
graminearum, W. circinata, or M. majus) was equidistantly placed at 3 cm away from the central
endophyte plug (Fig. 2.2). There were three replicate plates of each endophyte-pathogen
combination. The plates were incubated at 25 °C for 5 days and daily observations on the growth
of endophytes and their interaction with each pathogen were recorded. For pathogen cultures
where there was visible inhibition of growth, the following calculations were made: %
inhibition= (L – C) ⁄L × 100, where L: the lateral radius of the pathogen culture (at 90° away
from the endophyte plug), and C: radial toward the endophyte plug. The last measurements were
made when the lateral growth of the pathogen colonies was almost touching.
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2.3.3. Potential phytopathogenicity of endophytes
2.3.3.1. Plant preparation and seedling inoculation
Wheat seedlings of T. aestivum ‘Glenn’ cultivar, which is considered to be resistant to
FHB (Mergoum et al., 2006), were grown in 100 mL cone-tainer tubes (Mahmoudi et al., 2019)
containing 20 g/cone-tainer of autoclaved soil (Pro-Mix ‘BX®’, Premier Horticulture Inc.,
Rivière-du-Loup, Quebec). Prior to planting, wheat seeds were surface sterilized, the conetainers were placed in a 40-cone-tainer rack and each rack was placed on a tray which could hold
up to 1000 ml water, and the soil in cone-tainers had been watered with tap water to capacity
and allowed to drip for about 1 hour. Four seeds of ‘Glenn’ were planted in each tube by placing
seed on the soil surface and covering with 0.5 mm of dry soil. Then the samples were transferred
to a growth room with a 16 hr photoperiod, a temperature of 25ºC, and a light intensity of 100
μmol m-2 s-1. After seeds were planted, the soil was misted gently every day for the first 3 days,
so all the seeds received moisture but without being dislodged. Seeds began to germinate
between days 3 and 5, after which the cone-tainers were watered daily with15 mL water if
needed (if the trays were dry). A fertilizer solution (1.25 g/L of 20-8-20 fertilizer, 250 ppm N,
Master Plant-Prod Inc., Brampton, ON, Canada, with phosphoric acid added to adjust pH to 6)
was applied once per week in place of irrigation water.
Endophytic isolates that were found to be antagonistic against wheat pathogens in dual
culture plate experiments (Section 2.3.2) were selected for pathogenicity tests on intact wheat
leaves in the growth room. Pathogenicity tests were carried out using a laborious in vitro
screening protocol with notched 1-cm-diam hyphal plugs (Fig. 2.3). A single notched hyphal
plug (7-10 days old) was placed on petioles of the third or fourth leaf (4-5 weeks age) of each
intact plant (Fig. 2.4), and the leaves were tied three-quarters of the way up the plant to keep the
inoculum plug in place (Fig. 2.4). As control, leaves were mock inoculated with a fresh notched
agar plug. Entire trays were then covered with plastic bags to seal in moisture and allow
infection, and then transferred to the growth room (same as above). At 2 days post-inoculation,
plastic bags were removed, and at 5 days post-inoculation disease was evaluated.
2.3.4. Molecular identification
Selected endophytic isolates, whether pathogenic to wheat or antagonistic to wheat
pathogens, were subjected to DNA sequencing for identification. DNA was extracted using the
modified Edwards et al. (1991) method. In brief, 600 mg of mycelium was collected after 4-6
days of growth on cellophane placed over PDA. The mycelia were ground for 15 min with
pestles using mortars, after adding autoclaved 150 mg siliconized glass beads or sea sand and 2.4
ml of extraction buffer (Edwards et al., 1991). After that, 800 µl of the ground mixture was
transferred to 1.5 ml tubes and left for 2-3 hours at room temperature. Then 300 µl of
chloroform/isoamyl (24:25) alcohol was added to each tube, shaken, and incubated for 10 min.
The tubes were spun at 12,000×g for 10 minutes, and 700 µl supernatant transferred to
clean tubes. Then 1 vol of cold isopropanol was added and mixed immediately by finger
vortexing. DNA precipitation was observed by cloudiness in the tubes. The tubes were then
incubated at -20◦C for 10 min and spun at 12,000×g for 10 minutes. The supernatant was then
discarded, and the pellet washed repeatedly with ~500 µl cold 70% ethanol. The pellets were
allowed to dry by placing the open tubes upside down on paper toweling in the flow hood for 1530 minutes. Once dry, 50 µl of PCR water was added to dissolve the DNA overnight without
agitation at 4 C. The next day, the tubes were spun at 12,000×g for 10 minutes, the supernatant
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collected into 1 ml tubes with the addition of 2 µl of RNAse to each tube, and the tubes placed in
a 37◦C water bath for 15-30 minutes.
The DNA was quantified by using gel electrophoresis: Agarose (1%) in 0.5X TBE buffer
(Tris-Borate-EDTA) was dissolved, cooled, and filled into the gel casting plate with ethidium
bromide. Gels were solidified in 15-20 min. 2 µl of DNA extract and 2 µl of loading dye (0.1
bromophenol blue, 0.1% xylene cyanol, and 60 mM EDTA) were mixed together and loaded in
wells on the agarose gel. The current was held at 90 mA and voltage at 90 volts for at least for 30
min, until the bromophenol blue reached 75% of the gel length. At that point, electric current
was turned off and the gel was stained in 0.005% ethidium bromide for 5 min. Bands visualized
on an UV transilluminator and photographed for analysis.
2.3.4.1. Polymerase chain reaction (PCR)
The extracted DNA was stored at 4◦C for up to one week or placed in long term storage at
-20 C. PCR was performed using primers ITS1 (5’-TCCGTAGGTGAACCTGCCG -3’) and
ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) to amplify the ITS region (Gardes and Bruns,
1993). The reaction was performed in a 15 µl final volume containing 0.1 µl of DNA extract, 0.3
µl of each 25 µM (stock concentration) primer, 9.6 µl PCR water, 1.7 µl PCR buffer, 2.8 µl of 15
mM Mg++, 0.6 µl of 1.25 mM dNTP, and 0.1 µl of Taq DNA polymerase. The following PCR
thermal cycle parameters were used: 94 ◦C for 3 min, 35 cycles of 30 s at 94 ◦C, 40 s at 55◦C, and
35 s at 72 ◦C and a ﬁnal extension at 72 ◦C for 7 minutes. The ampliﬁed products were examined
by electrophoresis in 1% agarose gel in TBE buffer. The amplified products were sent to the
Genomics Facility at the University of Guelph's Advanced Analysis Centre for sequencing. The
sequencing results were compared to the GenBank database at NCBI using BLASTn
(http://blast.nbci.nlm.gov/Blast.cgi?PAGE=Protein) to search for species identity.
2.3.5. Biological activity against wheat diseases on plants in the growth room
Growth room trials to control wheat pathogens F. graminearum, M. majus, and W.
circinata were carried out twice, during summer 2017 and winter 2018. Triticum aestivum
‘Glenn’ was used to test the efficacy of three selected antagonistic endophytic fungi,
Simplicillium lamellicola, Valsa friessi, Cladorrhinum flexuosum, and a positive control, C.
rosea as a biocontrol agent in the following tests.
2.3.5.1. Wheat planting and seedling inoculation
Seeds of T. aestivum ‘Glenn’ were grown in cone-tainer tubes as described previously
(Section 2.3.3.1), but one seed of ‘Glenn’ was planted in each tube to obtain a single stem rather
than four seeds as before for the pathogenicity tests. The process of preparing notched 1-cmdiam hyphal plugs is shown in Fig. 2.3 where each 1-cm-diam hyphal plug had a small pieshaped wedge removed, so the notched plug could be mounted on a leaf base. At the seedling
stage after 4-5 weeks, the third leaf was inoculated with a notched agar plug containing a
biocontrol agent (S. lamellicola, V. friessi, C. flexuosum or positive biocontrol C. rosea), and
then plants covered with plastic bag for 48 hours. Three days after biocontrol inoculation, the
same leaf (third leaf) was inoculated with a single notched agar plug containing F. graminearum,
M. majus or W. circinata, and re-inoculated with a notched plug of the biocontrol agent as a
sandwich (Fig. 2.5). At the time of inoculation, leaves were tied three-quarters of the way up the
plant to keep the inoculum plugs in place (Fig. 2.4). As controls, pathogen plugs were
sandwiched between clean PDA plugs (Fig. 2.5). Entire plants in cone-tainers were then covered
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with large plastic bags for 48 hours, and disease was assessed every other day up to 11 days postinoculation. Lesion lengths were recorded.
2.3.6. Non-Conventional fungicides to control wheat diseases in the growth room
Various concentrations of non-conventional fungicides, specifically Humic acid,
Phosphite, Para-aminobenzoic acid, Salicylic acid, Civitas-Harmonizer, and fungicide control
Propiconazole (Table 2.1) were applied individually to different wheat plants to test their
efficacy against F. graminearum, M. majus, or W. circinata under growth room conditions.
Seeds of T. aestivum ‘Glenn’ were grown in cone-tainer tubes as described previously
(Section 2.3.5.1). At the seedling stage at the third true leaf, whole plants were sprayed with
various concentrations of non-conventional fungicides until runoff (Friedrich et al., 1996; Nash,
2011), twice with 5 days between. Treatments included Humic acid (1-9%), Phosphite (1-9%),
Para-aminobenzoic acid (1-100mM), Salicylic acid (4-80mM), Civitas (0.2-5% with 1/10
Harmonizer), and fungicide control Propiconazole (0.05%). Control plants were treated with
sterile deionized water.
Wheat pathogens F. graminearum, M. majus, and W. circinata were grown on PDA for
one week, and then 5 days after treatment with Non-Conventional Fungicides, wheat leaves were
inoculated with notched 1-cm-diam hyphal plugs of each of the three pathogens as described
above. Inoculated plants were instantly covered with plastic bags, and then transferred to the
growth room and incubated at 25 ˚C for 48 hours after which bags were removed. Disease
severity was assessed at 3 to 12 days post-inoculation, and disease levels were determined by
measuring the lesion length.
2.3.7. Sensitivity test of wheat pathogens to non-conventional fungicides
For determining the sensitivity of F. graminearum, M. majus, or W. circinata to select
non-conventional fungicides, the sensitivity of the pathogens to these compounds was tested
using a strip agar test (Hsiang et al., 1997). The specific combinations of non-conventional
fungicide concentration and particular pathogens are shown in Table 2.2. Control plates
contained PDA. Growth was marked on the plates at 24 and 48 hr, and measurements were taken
to calculate growth suppression rate as: % inhibition = (a - b)/a × 100, where a is growth on
unamended PDA and b is growth on amended media.
2.3.8. Hyphal staining for wheat-biocontrol-pathogen interactions
2.3.8.1. Plant material and inoculations
Seeds of T. aestivum ‘Glenn’ were grown in cone-tainer tubes as described previously
(section 2.3.3.1). At the two-true leaf stage, leaves were cut into small pieces approximately 1
cm in length using a flame-sterilized scalpel. The small leaf pieces were placed in Petri plates
containing two sheets of autoclaved 7 cm diameter filter paper dampened with sterile distilled
water. Five leaf pieces were placed in each plate. The treatments for each plate (Table 2.14) were
as follows: treatment 1, a plug of PDA 5-mm-diam containing S. lamellicola; treatment 2, a plug
of PDA 5-mm-diam containing C. rosea; treatment 3, a plug of PDA 5-mm-diam containing F.
graminearum. These were placed face-down onto each leaf segment. The plugs were removed
after 48 hours. There were three replicate plates for each treatment. The purpose of the three
treatments was to assess hyphal penetration by each species on detached leaf tissue.
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In addition, dual inocula treatments (Table 2.14) were made as follows: treatment 4, a 5mm-diam plug of PDA containing S. lamellicola + a plug of PDA 5-mm-diam containing F.
graminearum; treatment 5, a plug of PDA 5-mm-diam containing C. rosea + a plug of PDA 5mm-diam containing F. graminearum; treatment 6, a clean plug of PDA 5-mm-diame + a plug of
PDA 5-mm-diam containing F. graminearum were placed face-down onto each leaf segment
(Fig. 2.14). Instantly after inoculation, the plates containing the inoculated leaf pieces were
placed in a plastic bin and were incubated under growth room conditions as mentioned
previously (Section 2.3.3.1). The purpose of these treatments was to study the interaction
between biocontrol agents and pathogen in wheat tissue.
2.3.8.2. Sample collection, staining, and scoring
The collection time points were 3, 5, and 7 days post-inoculation. One leaf segment from
each plate was selected randomly, and then was placed in 1.0 ml of acetic alcohol (1:3 glacial
acetic acid: 95% ethanol) for 24 hours to remove chlorophyll from the leaves (Jewell, 2013).
Twenty-four hours later, acetic alcohol was carefully discarded, and fresh acetic alcohol was
added. After a second 24-hour period, the acetic alcohol was poured off and leaf pieces were
placed onto glass slides containing two drops (approximately 100 μL) of 0.05% trypan blue
(W/V) in lactophenol (20% phenol, 20% lactic acid, 40% glycerin, and 20% water) per slide.
The leaf pieces were stained for 48 hours and then were immersed in lactophenol for 12-24 hours
to remove excess stain. Ultimately, two drops of lactophenol were placed on leaf segments and
covered by a glass slip. The outer area of each coverslip was sealed with transparent nail polish
to prevent movement and drying of mounted material. Each slide was viewed microscopically at
400x magnification. In this experiment, the growth of biocontrol agents and the pathogen was
expressed as a percent of leaf tissue covered by hyphae. These methods follow Jewell (2013).
2.3.9. Data analyses
To show the efficacy of non-conventional fungicides or endophytic fungal isolates
against wheat pathogens in dual culture plates and growth room conditions, the mycelial radius
and disease severity (lesion length) were subjected to analysis of variance (Proc GLM in SAS
ver. 9.4, SAS Institute, Cary, NC). There were 5 replicates for lesion length and 3 replicates for
mycelial radial measurements. Fisher’s Least Significant Test was used to compare significant
differences between treatment means. For chemical sensitivity tests, comparisons between
mycelial growth rate on PDA and mycelial growth rate on chemical PDA were done using the
Student's t-test. The level for statistical significance was set at p<0.05 for all analyses.
2.4. Results
2.4.1. Isolation of endophytic fungi
The three wheat pathogens, F. graminearum 13153, W. circinata 05165, and M. majus
12043, had been originally isolated from wheat. All three pathogens were revived from frozen
stock successfully and grown on PDA. The three particular isolates were selected because of
their aggressive disease on wheat leaves in lab tests. The biocontrol agent Clonostachys rosea
ACM941 was obtained courtesy of Dr. Allen Xue, Agriculture Canada, Ottawa, and was used as
a positive control since its effects against FHB were previously established (Xue et al., 2009).
Samples of field-grown winter wheat cultivars ‘AC Morley’ and ‘25R34’ and spring
wheat cultivars ‘Sumai 3’ and ‘AAC Scotia’ were collected from Elora Research Station in Ariss
Ontario in July 2016. From the 60 leaf segments, most did not yield any endophytic fungal
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isolates, and only one fungal isolate was retained per leaf disk giving 13 Isolates. The 50 stems
sections did not yield any fungal endophytes. The 50 root sections yielded over 80 isolates, and
one to three isolates were obtained from most root sections. As for the ground-up tissues, the 160
plates (four cultivars, leaves or roots, four dilution rates, five replicate plates per sample), these
only yielded eight isolates. After incubation at 25 C for 10 days with daily inspection, most
isolates were found root segments after 2-8 days. As soon as growth was seen from any of the
five segments per plate or from the ground tissues, these isolates were transferred to fresh PDA.
They were then sub-cultured for purifying by transferring hyphal tips onto fresh PDA plates.
More than 100 isolates were obtained, 61% from winter wheat cultivars and 39% from spring
wheat cultivars. The isolation rate of endophytic fungi was 80% from the root segments, 12%
from the leaf segments, and 7% from ground leaves or roots tissues. These putative endophytes
were each designated with two letters (W as a first letter represents winter wheat and S as a first
letter represents spring wheat) and three digits lab culture numbers, classified by morphology
(Table 2.3), and then stored in the fridge at 4°C until testing.
2.4.2. Screening of fungal isolates in dual culture against selected wheat pathogens
A hundred and one fungal isolates were screened using dual culture technique to test their
antagonism against F. graminearum, M. majus, or W. circinata. The confrontation cultures
between three pathogens and antagonistic endophytic fungi showed distinct inhibition zones with
at least one of the three wheat pathogens (Fig. 2.2), and distinct demarcation line was shown
between isolate WW 210 and F. graminearum (Fig. 2.2). The results indicated that 38 of 101
isolates showed significant inhibition of hyphal growth of at least one of the pathogens (F.
graminearum, M. majus, or W. circinata). Six were found to be significantly inhibitory to all
three pathogens (WB 201, SW 308, WW 219, WW 211, WX 207, and SW 316). On average, the
isolates WW 219, SW 308, WB 201, WX 210, and WW 211 showed inhibitory mycelial growth
of F. graminearum by 41%, 40%, 33%, 30%, and 26% respectively. The top twenty antagonistic
fungi against each of the pathogens are shown in Fig. 2.7, demonstrating significant differences
between them. For inhibition of M. majus, isolate SW 316 was the most inhibitory, reducing
hyphal growth in the interaction zone by 49 %. Also, the strains WW 219, SW 308, SW 302,
WB 201, WX 207, WW 210, and WW 211 inhibited mycelial growth of M. majus by 46%, 44%,
34%, 33%, 33%, 27%, and 24% respectively. Furthermore, the effect of isolate SW 315 against
W. circinata was the strongest and reduced the mycelial growth of the pathogen by 48%, but it
was not significantly different from that of WB 201 which inhibited mycelial growth of the
pathogen by 45%.
Based on inhibition tests, 38 endophytic fungal isolates out of 101 were selected for
potential pathogenicity testing on wheat leaves under controlled environment conditions. After
the leaves were inoculated with notched plugs containing selected endophytic isolates, entire
trays were then covered with plastic bags to seal in moisture and allow infection, and then
transferred to the growth room. At 2 days post-inoculation, plastic bags were removed, and 5
days post-inoculation disease was evaluated. The results showed that 22 of 38 isolates gave
disease symptoms with necrotic or lesioned areas on the wheat leaves (Fig. 2.9). This implied
that some endophytes may have pathogenic ability especially with wounded senescent tissues;
however, even under these conditions which was highly conducive for infection, 16 isolates did
not exhibit any disease symptoms. Three endophytic isolates WW 210, WW 211, and SW 315
did not incite symptoms on the leaves as well as being inhibitory to pathogens in dual culture
tests, and thus were selected for testing against wheat pathogens in planta.
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2.4.3. Molecular characterization and identification of endophytic fungal isolates
After isolation of fungal endophytes from wheat tissues, 101 fungal isolates on PDA
plates were obtained. These isolates were identified by morphology, colony texture, colony
margin characteristics, colony color, and growth rate on PDA after a week (Table 2.3 and Fig.
2.1). Multiple morphotypes were found with hyphae of different colors, where 67% of isolates
developed a whitish mycelium, 15% multiple colors, 8% greenish, 6% pinkish, and 4% blackish.
For the colony shape, the basic ones were 68% circular, 18% irregular, and 14% rhizoid. Most
isolates had similar colony margin, where 64% were filiform, 27% regular, 6% undulate, 2%
lobate, and 1% curled. The vertical growth of each colony was described as flat (70%), umbonate
(21%), raised (8%), or convex (1%). The mycelial growth rate on PDA varied, where the slowest
growth was 1.3 cm/week with isolate WB 202, while the highest was 8.5 cm/week with SW339
(Table 2.3).
There were some fungal isolates that did not incite symptoms on the leaves (WW 211,
WW 210, SW 315, WX210, and SW322), but were also inhibitory to pathogens in dual culture
tests (five isolates) and pathogenic to wheat leaves in growth room tests (nine isolates) (Table
2.4). The last 14 isolates were further identified by sequencing of the internal transcribed spacer
region and comparison to the NCBI database (Table 2.4). The five selected antagonistic
endophytic fungal isolates were found to have over 98% identity with Valsa friesii (WW 211),
Simplicillium lamellicola (WW 210), Cladorrhinum flexuosum (SW 315), Microdochium bolleyi
(WX 210), and Neosetophoma samarorum (SW 322) (Table 2.4). For these pathogenic isolates,
the lesion sizes on leaves of intact plants varied (Table 2.4). Four of nine selected pathogenic
fungi showed 100% homology with Bipolaris sorokinian (SB 308), Fusarium oxysporum (SW
302), Phaeosphaeria nodorum (WW 219), and Epicoccum nigrum (WX 207). The other five
isolates showed 99% homology with Pyrenochaeta spp. (WB 201), Fusarium equiseti (WB 219),
Alternaria sp. (WWg 204), Periconia macrospinosa (WX 203), and Fusarium incarnatum (SW
316) (Table 2.4).
2.4.4. Biological or chemical activity against wheat diseases on plants in the growth room
At the seedling stage when 3-4 leaves appeared, leaves were each inoculated with a
notched inoculum agar plug of biocontrol agents separately. Three days after biocontrol
treatment, wheat leaves were inoculated with pathogen agar plugs and re-inoculated with
biocontrol agents in a sandwich assay (described above). Lesion lengths were assessed at 3, 5, 7,
9, and 11 days after pathogen inoculation.
Compared with the inoculated check (no biocontrol treatment), wheat leaves receiving
biocontrol isolates had a signiﬁcantly reduced disease severity in the form of significantly
smaller lesion lengths (Table 2.5). The disease reduction showed no significant difference
between the putative biocontrol agent S. lamellicola and commercially available biocontrol agent
C. rosea at 3 to-11 days post pathogen inoculation (Fig. 2.10). As well, C. flexuosum and V.
friessi significantly reduced the lesion lengths caused by F. graminearum but not as much as S.
lamellicola or C. rosea. Clonostachys rosea, S. lamellicola, V. friessi, and C. flexuosum reduced
severity of F. graminearum by 87%, 80% (Fig. 2.11), 37%, and 36%, respectively at 11 days
post-inoculation compared with the untreated control.
For disease caused by W. circinata, C. rosea and C. flexuosum significantly reduced
lesion lengths at 3, 5, 7, 9, and 11 DPI, and disease reduction was 86% and 80%, respectively, at
11 DPI compared with the inoculated control. As well, the biocontrol agents V. friessi and S.
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lamellicola reduced severity of W. circinata at 7, 9, and 11 DPI, and the disease reduction was
34% and 31% respectively at 11 days post-inoculation. Interestingly C. rosea significantly
reduced severity of M. majus only, but the three antagonistic fungi S. lamellicola, V. friessi or C.
flexuosum did not reduce severity of M. majus. Although the fungus C. flexuosum was not
significant different than C. rosea at 3-to 11 DPI, it was not significantly different than the
inoculated control at 3 to11 DPI compared to S. lamellicola or V. friessi as well (Fig. 2.10).
Non-Conventional fungicides were applied separately to reduce wheat seedling infection
caused by F. graminearum, M. majus, or W. circinata under controlled environment conditions.
Disease caused by F. graminearum was significantly reduced by 1, 3, and 7% humic acid (Table
2.6) by 85% (Fig. 2.12), 59%, 68%, respectively. For 1% phosphite (Table 2.6), F. graminearum
disease reduction was 70% (Fig. 2.12). For 30, 40, and 50 mM para-aminobenzoic acid (Table
2.8), F. graminearum disease reduction was 86-87 %. For 10 mM salicylic acid (Table 2.10)
(79% reduction). For 1, 2, and 4% Civitas with 1/10 Harmonizer (Table 2.11), F. graminearum
disease reduction was 60%, 67%, and 48%, respectively compared with inoculated control.
The disease caused by M. majus was significantly reduced by 1-9 % humic acid (Table
2.7) (70%, 63%, 70%, 68%, 58% reduction respectively). For 1% phosphite (Table 2.7) (37%
reduction), and 0.2, 1, and 2% Civitas with 1/10 Harmonizer (Table 2.12) (94%, 82%, 82%
reduction, respectively) compared with inoculated control.
The disease caused by W. circinata was significantly reduced by 30 and 40 mM paraaminobenzoic acid (Table 2.9) (96%, 92% reduction, respectively) compared with inoculated
control. Fungicide control Propiconazole suppressed all three pathogens entirely. Some of nonconventional fungicide concentrations showed phytotoxicity over wheat leaves, specifically 3, 5,
7, and 9 % phosphite, 20, 40, and 80 mM salicylic acid, and 5% Civitas.
2.4.5. Direct sensitivity test
For assessing the direct effects of selected non-conventional fungicides on the growth of
the three wheat pathogens in vitro, PDA was amended with these products to target final
concentrations. Some concentrations of non-conventional fungicides significantly inhibited the
mycelial growth of three wheat pathogens (Table 2.13). M. majus showed 99% growth
(compared to PDA) on humic acid 1%, but when increased to 10 %, it grew significantly less at
56%. As well, F. graminearum grew at 76% and 71% on humic acid 1% and 10% humic acid,
respectively. For 30 mM para-aminobenzoic acid, F. graminearum or W. circinata grew at 34%
and 21%, respectively, compared with PDA. For 5% Civitas + 0.5% Harmonizer, F.
graminearum or M. majus grew at 39% compared with PDA.
Interestingly, 1% Phosphite (which as the application rate) inhibited mycelial growth of
both F. graminearum and M. majus entirely. As well, 10 mM Salicylic acid inhibited mycelial
growth of F. graminearum entirely. These results were not significantly different than the check
fungicide treatment, 0.05% Propiconazole, which suppressed the growth of all three pathogens
entirely (Fig. 2.13). Some antifungal activity by 10% humic acid, or 5% Civitas + 0.5%
Harmonizer were observed against F. graminearum or M. majus. Para-aminobenzoic acid
(30mM) showed activity against F. graminearum or W. circinata, and strong antifungal activity
of 1% phosphite or 10mM salicylic acid was observed against F. graminearum or M. majus.
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2.4.6. Interaction of pathogen and biocontrol on detached wheat leaves
The purpose of this test was to observe the penetration of detached wheat segments by S.
lamellicola, C. rosea, and F. graminearum using hyphal plugs. In a single inoculum test, S.
lamellicola, C. rosea, and F. graminearum were observed at 3, 5 and 7 DPI, and for all three
fungi, they were observed to have penetrated the detached wheat leaves by 3 DPI (Fig. 2.15).
Hyphae were observed growing into and out of stomata (Fig. 2.16), but the amount of hyphal
growth on the leaf surfaces differed by fungal species (Fig. 2.18).
2.4.6.1. Competitive tests of wheat-biocontrol-pathogen interactions
Hyphal surface coverage of bioagents and the pathogen was estimated based on the
images that were captured under a Nikon Labophot Model MICROLUX IV Demo LAB
microscope, Tottleben Scientific Company, U.S.A. When detached wheat leaves were inoculated
with single inoculum (hyphal plugs) of S. lamellicola, C. rosea, or F. graminearum, hyphae of
biocontrol agents and the pathogen were observed, and the hyphal surface coverage increased
gradually at 3, 5, and 7 DPI (Figs. 2.17 & 2.18). Consequently, the hyphal surface coverage of S.
lamellicola was estimated to be 15-93%, C. rosea 57-80%, and F. graminearum 60-90% (Fig.
2.18) with significant differences between species.
For dual inocula, S. lamellicola interactions with the pathogen F. graminearum were
assessed on the detached wheat leaves at 3, 5, and 7 days post pathogen inoculation (DPPI) (Fig.
2.19). The hyphal surface coverage of S. lamellicola was significantly greater than F.
graminearum at 3, 5, and 7 DPPI (Fig. 2.20). As well, the hyphal surface coverage of F.
graminearum with dual inocula was less than single inocula, where S. lamellicola reduced
hyphal surface coverage of F. graminearum by 67-94% at 3, 5, and 7 DPPI compared with single
inoculum (Fg alone) (Figs. 2.19 & 2.20). When detached wheat leaves were treated with hyphal
plugs of C. rosea and F. graminearum (dual inocula), interactions between hyphae were
observed at 3, 5, and 7 DPPI, but F. graminearum hyphae seemed to be absent at 5 and 7 DPPI,
with only hyphae and spores of C. rosea apparent (Figs. 2.19 & 2.20). C. rosea significantly
reduced hyphal surface coverage of the pathogen F. graminearum by 92-100% at 3, 5, and 7
DPPI compared with inoculated control (Fg alone) (Fig. 2.20).
2.5. Discussion
During this fungal isolation method from surface-sterilized root and leaf segments, and
ground tissues, 101 fungal cultures were obtained. Stems sections did not yield any fungal
endophytes, perhaps because sterilization was too strong or stems normally do not have many
endophytes. The numbers of endophytic fungi have been isolated from wheat tissues including
stems (Larran et al., 2007; Comby et al., 2017; Gdanetz and Trail, 2017), but the number of
endophytes was greater from wheat leaves than in those of the stems (Larran et al., 2007).
These 101 cultures were identified by morphology (colony texture, colony margin
characteristics, colony color, and growth rate on PDA after a week), and selected isolates were
further identified by sequencing of the internal transcribed spacer region. These putative
endophytes were subjected to several investigations such as phytopathogenicity tests, dual
culture tests with selected pathogens, and antagonism tests against wheat pathogens in planta.
In dual culture experiments, the outcomes showed that 38 of 101 fungal endophytes had
significant antagonistic effects against F. graminearum, M. majus, or W. circinata. These 38
endophytic fungal isolates were subjected to phytopathogenicity testing under growth room
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conditions, and the results showed that 22 isolates produced disease symptoms on wheat leaves
by 5 days post-inoculation. Among the 16 remaining isolates, all of which were found to be
antagonistic to at least one wheat pathogen and did not induce disease symptoms on inoculated
wheat leaves, three were chosen for further testing. They were first identified using DNA
sequencing of the ITS region as S. lamellicola, V. friessi, and C. flexuosum, and selected for
testing against wheat pathogens under growth room conditions.
In addition to these three sequenced isolates, 11 others were sequenced including two
others which were antagonistic to the wheat pathogens, but not pathogenic to wheat leaves:
Microdochium bolleyi (WX 210), and Neosetophoma samarorum (SW 322) (Table 2.4). The
remaining nine isolates which showed pathogenicity were as follows: Bipolaris sorokinian (SB
308), Fusarium oxysporum (SW 302), Epicoccum nigrum (WX 207), Pyrenochaeta spp. (WB
201), Phaeosphaeria nodorum (WW 219), Fusarium equiseti (WB 219), Alternaria spp. (WWg
204), Periconia macrospinosa (WX 203), and Fusarium incarnatum (SW 316) (Table 2.4).
These species have been found to be pathogens in other tests (Kumar et al., 2002; Banerjee and
Mittra, 2018; Mahadevakumar et al., 2014; Infantino & Rekah, 2008; Stukenbrock, 2006; Gupta
et al., 2013; Zhao et al., 2015).
Among the three select endophytes, distinct inhibition zones by V. friessi were observed
in dual culture against the three wheat pathogens. As well, S. lamellicola exhibited a clear
inhibition zone against M. majus and W. circinata, but although there was observable
demarcation line between the antagonist and F. graminearum, no inhibition zone was observed.
These are interesting isolates for future practical biocontrol work and may become useful
commercial biocontrol agents. The endophyte, C. flexuosum, showed a clear inhibition zone only
with W. circinata; this is interesting scientifically because determining the basis of this inhibition
against this pathogen (W. circinata), but not other pathogens may help reveal which substances
or what genes might be involved in antagonism. Some antifungal effects are due to antibiotic
production which diffuses through media to inhibit the pathogens, and it would be interesting to
uncover whether there are antibiotics involved with C. flexuosum and why they are not effective
against F. graminearum or M. majus.
Cladorrhinum flexuosum was first reported by Madrid et al. (2011) from soil in Spain.
The fungus was described based on molecular and phenotypic data. No publications have been
found that report C. flexuosum as an endophyte or biocontrol agent, and the information on this
fungus is very limited with less than a handful of articles mentioning this species. This result of
this study provides the first report of C. flexuosum as a biocontrol agent. The antagonistic fungus
V. friessi is known to produce the phenolic compound m-cresol (Child et al., 1969), but it has not
been reported to be a mycoparasite. Previous studies demonstrated that m-cresol (not sourced
from V. friessi) was responsible for suppressing radial growth and conidial production of F.
verticillioides (Dambolena et al., 2012), and inhibitory activity against Aspergillus and
Trichophyton species (Roh and Shin, 2014).
The antagonistic fungi S. lamellicola, V. friessi, C. flexuosum, and positive biocontrol C.
rosea significantly reduced the lesion lengths of F. graminearum and W. circinata on wheat
leaves in growth room studies. The interactions between organisms may involve direct
antagonism through physical contact (mycoparasitism), or indirect antagonism through
production of antimicrobials, competition, or induction of wheat resistance. Several previous
studies reported that S. lamellicola as a mycoparasite producing antifungal compounds (Kim et
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al., 2002; Choi et al., 2008; Le Dang et al., 2014; Ward et al., 2011; Ward et al., 2010; Zare &
Gams, 2001).
The positive biocontrol C. rosea, which significantly reduced severity of three wheat
pathogens in this study, was previously found to be a mycoparasite against Alternaria alternata,
Aphanomyces euteiches, Fusarium oxysporum f. sp. pisi, F. solani f. sp. pisi, Mycosphaerella
pinodes, Pythium aphanidermatum, Rhizoctonia solani, and Sclerotinia sclerotiorum (Xue, 2002,
2003a, b), and its demonstration of antibiosis has been reported by Xue et al. (2009). However,
the major antifungal compounds have not been isolated or identified.
If wheat leaves were treated with mycelial plugs of S. lamellicola or C. rosea 3 days
before inoculation with F. graminearum, the biocontrol agents reduced severity of F.
graminearum by 80% and 87%, respectively. This high level of reduction might have resulted
from colonization of wheat tissues by these biocontrol fungi to prevent the growth of F.
graminearum and compete for space and available nutrients. This was confirmed when both
biocontrol agents were re-isolated from leaf segments up to 3 cm away from the inoculation site.
In addition to successful re-isolation of both biocontrol agents, the pathogens (F. graminearum,
M. majus, and W. circinate) were re-isolated successfully from surface-sterilized lesions. As
well, S. lamellicola or C. rosea decreased hyphal surface coverage of F. graminearum on
detached wheat leaves at 3, 5, and 7 days post-inoculation under microscopic examination (Fig.
2.18). In addition, both antagonistic organisms might cause disease resistance activation and
induce defense response genes in the host plant to increase resistance against F. graminearum,
but no previous reports were found about this mechanism, so such research should be done.
Various concentrations of the non-conventional fungicides, humic acid, phosphite,
PABA, salicylic acid, and Civitas + Harmonizer were evaluated for inhibition of three wheat
diseases, caused by F. graminearum, M. majus, and W. circinata in planta under growth room
conditions. Humic acid, phosphite and Civitas + Harmonizer all individually had significant
effects against diseases induced by F. graminearum and M. majus, but not W. circinata. PABA
had significant effects against diseases induced by F. graminearum and W. circinata, but not M.
majus. Salicylic acid had significant effects against disease induced by F. graminearum, but not
M. majus or W. circinata. These experiments with non-conventional fungicides were done twice,
and the results were similar, presenting evidence of their effects on diseases induced by wheat
pathogens. Based on these results, we conducted amended agar tests to examine the sensitivity of
these pathogens to the efficacious concentrations observed in these in planta tests.
The three wheat pathogens F. graminearum, M. majus, or W. circinata were tested for
their sensitivity to selected non-conventional fungicides and fungicide propiconazole (Table 2.2)
using strip culture media. Salicylic acid (10mM) and 1% phosphite directly inhibited mycelial
growth of F. graminearum or M. majus entirely. So perhaps the inhibitory effects against disease
might result from induced resistance as has been suggested in previous research (Jayaraj et al.,
2004; Smillie et al., 1989), as well as this observed suppression of pathogen growth. The natural
phenolic compound, salicylic acid is a significant element in the signal transduction pathway in
many plants (Jayaraj et al., 2004). Salicylic acid is known to have direct effects against fungal
cells. Amborabé et al. (2002) found changes after exposure, especially in mitochondria, and in
cell respiration, with the accumulation of toxic compounds such as hydrogen peroxide in the
fungal pathogen Eutypa lata. In the current study, 10 mM salicylic acid treatment of wheat
leaves significantly reduced severity (lesion length) of F. graminearum by 70%, and in amended
agar tests, this concentration was found to fully inhibit the growth of F. graminearum.
25

Previous studies have reported that disease resistance was induced, and genes associated
with systemic acquired resistance (SAR) were expressed when plants were treated with salicylic
acid (Ward et al., 1991; Yalpani et al., 1991; Malamy and Klessig, 1992); however, Jayaraj et al.
(2004) demonstrated that the application of salicylic acid over wheat leaves significantly reduced
disease incidence of Stagonospora nodorum by up to 56%, and β-1,3-glucanase was expressed
after treatment with salicylic acid. Another study indicated that Fusarium head blight was
reduced when wheat plants were treated with salicylic acid, 24 hours before inoculation with F.
graminearum, and the physiological effects showed a significant enhancement in hydrogen
peroxide (H2O2) production, lipid peroxidation, salicylic acid, and callose content (Sorahinobar,
2016).
Phosphite is reported to be effective against Phytophthora spp. in lupin (Lupinus
angustifolius L. 'Unicrop'), tobacco (Nicotiana tabacum L. 'Hicks'), and paw-paw (Carica
papaya Tourn. ex L.) (Smillie et al., 1989). Also, it provides protection against wheat blast
disease caused by Magnaporthe grisea (Pagani et al., 2014), and it reduces severity of diseases
caused by M. majus and F. culmorum in winter wheat (Hofgaard et al., 2010). In current study,
the effect of phosphite was observed as a reduction of lesion length caused by F. graminearum
and M. majus. A crucial study indicates that phosphite application on Arabidopsis thaliana
followed by inoculation with Phytophthora palmivora led to an induced defense response in A.
thaliana, and the mode of action involved rapid cytoplasmic aggregation, nuclear migration,
superoxide release, hypersensitive cell death and the accumulation of phenolic compounds
(Daniel and Guest, 2005).
Humic acid, PABA, and Civitas + Harmonizer at efficacious concentrations against
disease showed some antifungal activity (24-66% disease reduction) compared with inoculated
control in amended agar tests and these might have an activated resistance component that
deserves further study. A required characteristic of compounds that induce plant resistance is that
they should have minor or no direct antifungal activity against the pathogen at field efficacious
rates (Hsiang et al., 2013). Thus, in growth room trial, humic acid, PABA, and Civitas +
Harmonizer may induce resistance of Triticum aestivum since they did not entirely inhibit the
growth of F. graminearum or M. majus or W. circinata in amended agar tests.
Previous studies reported that a suspension of humic acid that was prepared based on
potassium humates showed efficacy in increasing natural defense responses against plant
diseases through enhancing cell division, promoting the uptake of nutrients and water, and
enhancing the growth of soil microorganisms (Scheuerell and Mahaffee, 2004; Chen et al.,
2004). Other studies demonstrated that humic acid has the ability to induce defense resistance by
increasing activity of peroxidase, polyphenol oxidase, and phenylalanine ammonia lyase in
soybean, and promote disease resistance of faba bean against a wide spectrum of pathogens
(Abdel-Monaim et al., 2011; El-Ghamry and Abd El-Hai, 2009).
Foliar application of 30 and 40 mM PABA was found to reduce severity of F.
graminearum by 86 to 87% and W. circinata by 92 to 96%. It was only moderately inhibitory to
growth (61%) at these concentrations, and hence, this compound might be involved in induced
resistance by Triticum aestivum. In China, PABA was used to control fungal diseases such as
stripe rust (Kelman and Cook, 1977). Yang et al. (2011) reported that 18 mM PABA reduced
disease incidence of the bacterial pathogen Pectobacterium carotovorum subsp. carotovotrum in
tobacco by 77%. The biosynthesis of PABA was classified under vitamin Bx (Song et al., 2013).
And several studies indicated that vitamin B complex group, such as thiamine (vitamin B1),
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menadione (vitamin K3) and riboﬂavin (B2) have the ability to trigger systemic resistance in
various plant diseases (Song et al., 2013).
Moreover, PABA was pointed out to be effective in stimulating SAR against viral and
bacterial diseases in pepper and tomato plants (Song et al., 2013; Yang et al., 2011; Goodwin et
al., 2018), and ISR against Pseudomonas syringae pv. tomato in Solanum lycopersicum
(Goodwin et al., 2018). Since PABA is a member of vitamin B complex group that induces
resistance of plant diseases, the mode of action of this compound may have homologous
activities as other members of the vitamin B complex group (Song et al., 2013). For instance,
SAR was induced when plants were treated with thiamine that lead to accumulation of salicylic
acid which in turn triggered plant resistance via NPR1 regulation and accumulation of hydrogen
peroxide (Ahn et al., 2007). Foliar spray application of riboflavin on Oryza sativa against sheath
blight caused by Rhizoctonia solani induced defense response of rice through priming the
expression of lipoxygenase and enhancing lignification (Taheri and Tarighi, 2010).
Hsiang et al. (2013) found that mixing Harmonizer into Civitas granted greater control of
turfgrass diseases compared to Civitas alone (Hsiang et al., 2013). Thus, the products were
mixed and investigated for control wheat pathogens F. graminearum, M. majus, or W. circinata
under controlled environment conditions. Interestingly, the application of Civitas + Harmonizer
reduced the severity of F. graminearum by 48-67%, and M. majus by 82-94%, but none of
Civitas + Harmonizer treatments were directly inhibitory to W. circinata. The label application
rate, 5% Civitas and 0.5% Harmonizer, for turfgrasses, showed phytotoxicity on the wheat leaves
in preliminary tests. In our tests with 2% Civitas and 0.2% Harmonizer, the result against disease
on wheat caused by F. graminearum (48-67% disease reduction) was similar to that reported by
Hsiang et al. (2013), where the application of Civitas + Harmonizer reduced severity of
Sclerotinia homoeocarpa by 69%.
Cortes et al. (2010b) demonstrated that there was some direct effect on fungal growth in
media amended with Civitas or Harmonizer separately against different turfgrass pathogens. In
the current study, Civitas + Harmonizer was sprayed twice with a five-day interval, and then 5
days later, wheat leaves were inoculated with wheat pathogens separately. The purpose of using
this application was to avoid direct contact of the spray material with the pathogens and allow
the chemical treatment to induce plant resistance against wheat pathogens. The efficacy of
Civitas + Harmonizer against F. graminearum and M. majus gave us an initial impression that
the mode of action of Civitas plus Harmonizer might be induced systemic resistance in Triticum
aestivum. Hence, our observations corresponded with those reported by Cortes et al. (2010a).
Overall, more than 100 endophytic fungi were collected from root and leaf tissues of
field-grown winter wheat ‘AC Morley’ and ‘25R34’ and spring wheat ‘Sumai 3’ and ‘AAC
Scotia’ which are all considered to be moderately resistant to Fusarium head blight. These fungal
strains were screened using dual culture plates for antagonism against three wheat pathogens F.
graminearum, W. circinata and M. majus. Out of 101 strains, 38 were found to be antagonistic
showing distinct inhibition zones or demarcation line with at least one of the three wheat
pathogens. Among 38 strains, after phytopathogenicity test, three were selected for further
testing, and these were identified as Valsa friesii, Simplicillium lamellicola and Cladorrhinum
flexuosum by DNA sequencing. These three along with a positive control, C. rosea ACM941
significantly reduced disease severity induced by F. graminearum (39-87% reduction) and W.
circinata (31-86% reduction), but only ACM941 was effective against M. majus (56%
reduction).
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In addition to biocontrol treatments, this study was carried out to evaluate the effects of
potential non-conventional fungicides humic acid (HA), phosphite (PP), para-aminobenzoic acid
(PABA), salicylic acid (SA), and Civitas-Harmonizer (C-H), as well as the fungicide
propiconazole on Triticum aestivum for reducing disease caused by Fusarium graminearum,
Microdochium majus, or Waitea circinata under growth room conditions. The results showed
that disease caused by F. graminearum was significantly reduced by 30 mM PABA (86%
disease reduction), 1% HA (85% reduction), 10 mM SA (79% reduction), 1% PP (70%
reduction), and 2% C-H (67% reduction). Disease caused by M. majus was significantly reduced
by 0.2% C-H (94% reduction), 1% HA (70% reduction), and 1% P (37% reduction). Disease
caused by W. circinata was significantly reduced by 30 mM PABA (96% reduction).
Propiconazole prevented disease entirely incited by any of the three pathogens. S. lamellicola
and some other treatments are promising for control of foliar diseases caused by F. graminearum
and other wheat pathogens.
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Table 2.1. Source and concentration of treatments with non-conventional fungicides at various
concentrations applied to wheat leaves in cone-tainers.
Treatment
Source
Concentrations Tested
Humic acid (20%)
Confine fungicide (53% potassium
phosphite)
Para-aminobenzoic acid (137.14
g/mol)
Salicylic acid (138.12 g/mol)

The Organic Gardener's Pantry
The Agronomy Company of
Canada
Fisher Scientific

1%, 3%, 5%, 7%, and 9%
1%, 3%, 5%, 7%, and 9%

Fisher Scientific

Civitas (100%) Plus Harmonizer
(100%)
Propiconazole (14.3%)

Petro-Canada

4 mM, 10 mM, 20 mM, 40 mM,
and 80 mM
0.2% + 0.02%, 1% + 0.1%, 2% +
0.2%, 4% + 0.4%, and 5% + 0.5%
0.05%

Syngenta

1 mM, 10 mM, 20 mM to 100 mM
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Table 2.2. List of concentrations of non-conventional fungicides or fungicide propiconazole that
were added to PDA for testing against wheat pathogens F. graminearum, M. majus, or W.
circinata. These particular treatments except Civitas + Harmonizer reduced infected leaves in
growth room tests.
Treatmenta
Humic acid (L – 20%)
Humic acid (L – 20%)
Phosphite (L - 53%)
Civitas (5%) & Harmonizer (0.5%)
Salicylic acid (S - 138.12 g/mol)
Para-aminobenzoic acid (S - 137.14 g/mol)
Propiconazole (L - 14.3%)
a

Concentration
1%
10%
1%
5% & 0.5%
10 mM
30 mM
0.05%

Inoculum
F. graminearum + M. majus
F. graminearum + M. majus
F. graminearum + M. majus
F. graminearum + M. majus
F. graminearum
F. graminearum + W. circinata
F. graminearum + M. majus+ W. circinata

L = liquid, S = solid
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Table 2.3. Cultural characteristics of 101 fungal isolates originating from winter wheat (starting
with W) and spring wheat (starting with S) tissues cultured on PDA after one week at 25 C°
Isolate

Colony
shape

Colony
texture

Colony
margin

Colony color
(upper side)

Colony color
(reverse side)

Mycelial
diameter

SB301

Circular

Flat

Entire

White

White

2.2

SB302

Circular

Flat

Filiform

White

White

3

SB304

Circular

Flat

Filiform

Center black to cream edge

Center black to cream edge

5.3

SB308

Irregular

Flat

Entire

Black

Black

2.7

SB309

Irregular

Flat

Filiform

Center black to cream edge

Center black to cream edge

4.9

SB312

Irregular

Umbonate

Filiform

White

Center green to white edge

3.1

SR301

Circular

Flat

Filiform

Pink

Pink

3.5

SW302

Circular

Umbonate

Filiform

White

White

3.5

SW303

Rhizoid

Flat

Lobate

White

White

5.6

SW305

Circular

Flat

Filiform

White

White

4.2

SW306

Rhizoid

Flat

Filiform

White

White

5.4

SW307

Circular

Flat

Filiform

White

White

3

SW310

Irregular

Flat

Curled

White

White

4.2

SW313

Irregular

Flat

Filiform

White

White

4.4

SW314

Rhizoid

Flat

Filiform

White

White

7.1

SW315

Lobate

Flat

White to cream

White to cream

2.6

SW316

Irregular

Umbonate

Filiform
& Wooly
Undulate

White

White

4

SW318

Circular

Flat

Entire

White

White

2.6

SW320

Circular

Convex

Entire

White

White

8.1

SW322

Circular

umbonate

Entire

White

White

2

SW323

Irregular

Umbonate

Undulate

White

White

7.3

SW324

Circular

Flat

Filiform

White

White

8.5

SW326

Circular

Flat

Entire

White

White

2.5

SW330

Circular

Flat

Filiform

White

White

4.6

SW334

Irregular

Raised

Undulate

White

White

3.8

SW337

Rhizoid

Flat

Filiform

White

White

7.9

SW339

Irregular

Umbonate

Undulate

White

White

8.5

SW340

Circular

Raised

Entire

White

White

2

SW341

Circular

Raised

Entire

White

White

2.5

SW342

Circular

Flat

Filiform

White

White

3.8

SW343

Circular

Flat

Entire

White

White

2.9

SX301

Circular

Flat

Entire

center green to pink edge

Center green to pink edge

2.3

SX304

Circular

Flat

Entire

White

Pink

2.4

SX305

Circular

Flat

Filiform

White

White

3.1

SX306

Circular

Flat

Filiform

White

White

4.2

SX307

Circular

Umbonate

Filiform

yellow to white to brown

white to brown

2.7

SX309

Rhizoid

Umbonate

Filiform

orange to yellow to pink

Dark pink

5.8
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Table 2.3. Continued…
Isolate

Colony
shape

Colony
texture

Colony
margin

Colony color
(upper side)

Colony color
(reverse side)

Mycelial
diameter

SX310

Circular

Flat

Entire

white to pink

Pink

2.7

SX311

Circular

Flat

Entire

white to cream to green

white to cream to green

2.7

SX312

Irregular

Flat

orange to black to white

Light brown

3

WB201

Circular

Flat

Entire &
Fuzzy
Entire

Green

Green

2.1

WB202

Circular

Flat

Entire

Green

Green

1.3

WB203

Circular

Flat

Entire

Green

Black

3.1

WB204

Circular

Flat

Entire

Green

Black

2.9

WB205

Circular

Umbonate

Filiform

Green

Green

4

WB206

Circular

Flat

Filiform

Light green center to white edge

Dark green center to white edge

4.1

WB207

Circular

Flat

Entire

Green

Green

1.6

WB208

Circular

Flat

Filiform

Black center to white edge

Black center to white edge

6.3

WB210

Circular

Flat

Filiform

Black center to cream edge

Black center to cream edge

5.9

WB213

Irregular

Flat

Lobate

White

White

3.6

WB215

Circular

Flat

Filiform

White

White

2.3

WB219

Circular

Flat

Filiform

White

yellow center to white edge

2.6

WB221

Rhizoid

Flat

Filiform

White

White

6

WB222

Circular

Umbonate

Filiform

Green

Green

2.3

WB223

Circular

Umbonate

Entire

White

Light green center to white edge

3.1

WB224

Circular

Umbonate

Filiform

White

Light green center to white edge

4

WB225

Circular

Flat

Filiform

White to green

Green center to white edge

4.4

WR201

Irregular

Flat

Filiform

Pink

Pink

4.2

WR202

Circular

Umbonate

Filiform

yellow to pink

Pink

4.1

WR204

Circular

Raised

Filiform

Pink

Pink

5.9

WR209

Circular

Raised

Filiform

Pink

Pink

4.3

WR210

Circular

Flat

Filiform

orange to yellow to pink

Dark pink

5.9

WW103

Circular

Flat

Entire

White

White

6.7

WW201

Rhizoid

Flat

Filiform

White

White

4.1

WW202

Circular

Umbonate

Filiform

White

White

4.3

WW203

Circular

Flat

Entire

White

White

2.8

WW205

Rhizoid

Flat

Filiform

White

White

3.8

WW206

Circular

Flat

Filiform

White

White

5.4

WW207

Irregular

Flat

Filiform

White

White

3.2

WW208

Circular

Flat

Filiform

White

White

8

WW209

Rhizoid

Flat

Filiform

White

White

4.6

WW210

Circular

Umbonate

Entire

White

White

1.9

WW211

Rhizoid

Flat

Filiform

White

White

5.2

WW212

Rhizoid

Flat

Filiform

White

Yellow center to white edge

2

WW215

Circular

Flat

Filiform

White

White

1.6
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Table 2.3. Continued…
Isolate

Colony
shape

Colony
texture

Colony
margin

Colony color
(upper side)

Colony color
(reverse side)

Mycelial
diameter

WW216

Irregular

Raised

Filiform

White

White

4.9

WW217

Irregular

Flat

Filiform

White

White

3.2

WW219

Irregular

Raised

Undulate

White

White

4.6

WW220

Circular

Flat

Filiform

White

White

7.9

WW221

Circular

Flat

Filiform

White

White

4.7

WW222

Irregular

Umbonate

Filiform

White

White

7.9

WW223

Circular

Flat

Filiform

White

White

4.7

WW226

Irregular

Umbonate

Undulate

White

White

8.5

WW227

Circular

Flat

Filiform

White

White

5.8

WW229

Circular

Flat

Entire

White

White

4.7

WW230

Irregular

Flat

Filiform

White

White

3.7

WW231

Circular

Umbonate

Filiform

White

White

4

WW233

Rhizoid

Flat

Filiform

White

White

5

WW234

Circular

Raised

Filiform

White

White

3.2

WW235

Circular

Flat

Filiform

White

Yellow center to white edge

1.7

WW237

Circular

Flat

Filiform

White

White

1.6

WWg204

Circular

Umbonate

Filiform

white to light green to cream

3.2

WX201

Rhizoid

Flat

Filiform

Black center to white edge

light green center with some
black spots to white edge
Black center to white edge

WX202

Circular

Flat

Entire

White

White

1.5

WX203

Circular

Umbonate

Entire

Black center to white edge

2.9

WX204

Circular

Umbonate

Entire

green to white center to yellow
edge
white center to light pink edge

Black center to light pink edge

2.7

WX205

Circular

Flat

Entire

Light grey center to white edge

Light grey center to white edge

3.4

WX207

Circular

Flat

Filiform

yellow to pink

Pink

5.9

WX210

Circular

Flat

Filiform

center black to cream edge

Center black to cream edge

5.9

WX212

Circular

Flat

Filiform

white to cream

4.1

WX213

Circular

Flat

Filiform

yellow center to pink edge

black center to light brown to
cream edge
Pink

2.4

5.6
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Table 2.4. Molecular identification of select fungal isolates (14) which either showed
antagonism to wheat pathogens (5) or notable phytopathogenicity to wheat leaves (9), by ITS
sequencing and comparison against the NCBI data. Lesion sizes on wheat are also shown.
Isolate
Identification
Sequence similarity Lesion length (cm)a
WW 211
Valsa friesii
99% (440/442 bp)
0
WW 210
Simplicillium lamellicola
99% (375/380 bp)
0
SW 315
Cladorrhinum flexuosum
98% (475/487 bp)
0
WX 210
Microdochium bolleyi
100% (155/155 bp)
0
SW 322
Neosetophoma samarorum 99% (539/542 bp)
0
SW 308
Bipolaris sorokiniana
99% (527/528 bp)
3.4
SW 302
Fusarium oxysporum
100% (83/83 bp)
0.5
WX 207
Epicoccum nigrum
100% (493/493 bp)
1.7
WB 201
Pyrenochaeta sp.
99% (533/536 bp)
3.2
WW 219
Phaeosphaeria nodorum
100% (518/518 bp)
1.1
WB 219
Fusarium equiseti
99% (495/499 bp)
1.8
WWg 204
Alternaria sp.
99% (484/486 bp)
2.4
WX 203
Periconia macrospinosa
99% (495/500 bp)
1.5
SW 316
Fusarium incarnatum
100% (476/476 bp)
2.8
a The first five isolates which showed no pathogenicity to wheat leaves were antagonistic to at
least one wheat pathogen. The remaining nine isolates showed antagonism in dual culture on
plants and pathogenicity on wheat.
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Table 2.5. Control of Fusarium graminearum (Fg), Microdochium majus (Mm), and Waitea
circinata (Wc) using biological agents Valsa friessi, Simplicillium lamellicola, Cladorrhinum
flexuosum, and positive control Clonostachys rosea. The third leaf in cone-tainers was treated
with notched agar plug of the biocontrol agent. Three days later, the same leaf was inoculated
with notched agar plug of the pathogen and re-treated with biocontrol agent, so that the pathogen
plug was sandwiched between biocontrol plugs. Then disease was rated at 3, 5, 7, 9, and 11 days
post-inoculation (DPI). Shaded cells (green) have significantly less lesion length than inoculated
control (pink) at p = 0.05
lesion length (cm) by DPIa
Pathogen 3 DPI
Treatment
5 DPI
7 DPI 9 DPI
11 DPI
Valsa friessi
Fg
1.80 c
2.05 c
2.09 bc 2.15 b 2.15 b
Simplicillium lamellicola
Fg
0.36 a
0.48 a
0.54 a 0.64 a
0.66 a
Cladorrhinum flexuosum
Fg
1.16 b
1.44 b
1.60 b 1.78 b 2.32 b
Clonostachys rosea
Fg
0.40 a
0.45 a
0.45 a 0.45 a
0.45 a
Inoculated control
Fg
1.76 c
2.08 c
2.54 c 2.86 c
3.60 c
Valsa friessi
Mm
1.12 bc 1.50 b
1.50 b 1.54 b 1.55 b
Simplicillium lamellicola
Mm
1.42 c
1.64 b
1.70 b 1.77 b 1.77 b
Cladorrhinum flexuosum
Mm
1.00 ab 1.08 ab
1.12 ab 1.26 ab 1.30 ab
Clonostachys rosea
Mm
0.36 a
0.58 a
0.58 a 0.66 a
0.74 a
Inoculated control
Mm
1.24 bc 1.30 b
1.40 b 1.50 b 1.72 b
Valsa friessi
Wc
1.66 b
1.74 b
1.88 b 1.98 b 1.98 ab
Simplicillium lamellicola
Wc
1.62 b
1.78 b
1.88 b 2.38 b 2.38 b
Cladorrhinum flexuosum
Wc
0.64 a
0.66 a
0.66 a 0.70 a
0.70 a
Clonostachys rosea
Wc
0.22 a
0.26 a
0.40 a 0.42 a
0.42 a
Inoculated control
Wc
1.72 b
2.40 b
2.94 c 3.84 c
4.46 c
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.6. Effect of Humic acid (HA), Phosphite (PP), or fungicide check propiconazole (PZ) on
disease caused by Fusarium graminearum (Fg) at 3, 5, 7, 9, and 11 days post-inoculation. The
whole wheat plants were sprayed twice with a 5-day interval, and then the third leaf was
inoculated 5 days later with a notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Fg lesion length (cm) at days post-inoculation (DPI)a
Treatment
3 DPI 5 DPI
7 DPI
9 DPI
11 DPI
1% HA
0.56 b 0.92 b
0.94 b
0.94 b
0.98 b
3% HA
0.72 c 1.04 bc
1.24 bc 2.14 bc 2.80 c
5% HA
1.00 b 1.66 c
3.28 d
4.54 d
5.38 d
7% HA
1.02 c 1.26 bc
1.70 bc 2.34 c
2.36 bc
9% HA
1.10 c 3.06 d
4.46e
5.26 d
6.50 d
1% PP
1.04 c 1.46 bc
1.86 c
2.06 bc 2.06 bc
0.05% PZ
0.00 a 0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control 1.68 d 2.78 d
4.48 e
4.98 d
6.76 d
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.7. Effect of Humic acid (HA), Phosphite (PP), or fungicide check propiconazole (PZ) on
disease caused by Microdochium majus (Mm) at 3, 5, 7, 9, and 11 days post-inoculation. The
whole wheat plant was sprayed twice with a 5 day-interval, and then the third leaf in cone-tainer
was inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Mm lesion length (cm) at days post-inoculation (DPI)a
Treatment
3 DPI
5 DPI
7 DPI
9 DPI
11 DPI
1% HA
1.00 bc
1.00 bc 1.02 b
1.02 b
1.08 b
3% HA
0.88 b
1.12 cd 1.22 bc 1.30 bc 1.32 bc
5% HA
0.78 b
0.78 b
0.90 b
1.04 b
1.08 b
7% HA
0.84 b
1.02 bc 1.14 bc 1.16 b
1.16 bc
9% HA
1.24 c
1.38 d
1.42 c
1.50 c
1.50 c
1% PP
2.16 e
2.22 e
2.24 d
2.28 d
2.28 d
0.05% PZ
0.00 a
0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control 1.80 d
2.60 f
2.74 e
2.96 e
3.60 e
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.8. Effect of Para-aminobenzoic acid (PABA), or fungicide check propiconazole (PZ) on
lesion length caused by Fusarium graminearum (Fg) at 5, 7, 9, and 11 days post-inoculation. The
whole wheat plant was sprayed twice with a 5 day-interval, and then the third leaf in cone-tainer
was inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Fg lesion length (cm) at days post-inoculation (DPI)a
Treatment
5 DPI
7 DPI
9 DPI
11 DPI
1 mM PABA
1.33 ef
1.50 de
21.50 c
21.50 cd
10 mM PABA
1.00 de
1.18 cd
23.00 c
23.00 d
20 mM PABA
1.43 f
1.53 de
22.83 c
22.83 d
30 mM PABA
1.55 f
1.65 e
1.95 b
2.70 b
40 mM PABA
1.48 f
1.55 de
2.30 b
2.48 b
50 mM PABA
1.38 f
1.53 de
1.70 b
2.70 b
60 mM PABA
1.48 f
1.48 de
21.90 c
21.90 cd
70 mM PABA
0.38 ab
0.80 b
1.20 b
22.48 cd
80 mM PABA
0.63 b
1.50 de
21.80 c
21.80 cd
90 mM PABA
1.20 df
1.60 de
23.60 c
23.60 d
100 mM PABA
0.83 bc
1.40 de
22.53 c
22.53 cd
0.05% PZ
0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control
1.35 ef
1.63 de
2.20 b
19.58 c
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.9. Effect of Para-aminobenzoic acid (PABA), or fungicide check propiconazole (PZ) on
disease caused by Waitea circinata (Wc) at 5, 7, 9, and 11 days post-inoculation. The whole
wheat plant was sprayed twice with a 5 day-interval, and then the third leaf in cone-tainer was
inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Wc lesion length (cm) at days post-inoculation (DPI)a
Treatment
5 DPI
7 DPI
9 DPI
11 DPI
1 mM PABA
1.58 b
1.63 b
1.63 b
25.58 e
10 mM PABA
1.10 b
1.10 b
1.20 b
22.15 cd
20 mM PABA
1.28 b
1.58 b
1.73 b
24.28 de
30 mM PABA
0.73 b
0.73 b
0.90 b
0.90 b
40 mM PABA
1.45 b
1.45 b
1.48 b
1.95 b
50 mM PABA
1.68 b
1.88 b
21.80 cd
21.80 cd
60 mM PABA
1.60 b
24.23 e
24.23 e
24.23 de
70 mM PABA
1.75 b
22.98 de
22.98 de
22.98 cde
80 mM PABA
20.18 c
20.18 c
20.18 c
20.18 c
90 mM PABA
21.83 d
21.83 cd
21.83 cd
21.83 cd
100 mM PABA
21.70 cd
21.70 cd
21.70 cd
21.70 cd
0.05% PZ
0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control
1.53 b
1.75 b
2.08 b
20.13 c
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.10. Effect of Salicylic acid (SA), or fungicide check propiconazole (PZ) on disease
caused by Fusarium graminearum (Fg) at 5, and 10 days post-inoculation. The whole wheat
plant was sprayed twice with a 5 days-interval, and then the third leaf in cone-tainer was
inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Fg lesion length (cm) at days post-inoculation (DPI)a
Treatment
5 DPI
10 DPI
4 mM Salicylic acid
1.13 b
14.75 b
10 mM Salicylic acid
0.43 a
0.55 a
0.05% Propiconazole
0.00 a
0.00 a
Inoculated control
1.73 c
15.35 b
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.11. Effect of Civitas (C) with Harmonizer (H), or fungicide check Propiconazole (PZ)
on disease caused by Fusarium graminearum (Fg) at 3, 6, 9, and 12 days post-inoculation. The
whole wheat plant was sprayed twice with a 5 days-interval, and then the third leaf in cone-tainer
was inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Fg lesion length (cm) at days post-inoculation (DPI)a
Treatment
3 DPI
6 DPI
9 DPI
12 DPI
0.2% C + 0.02% H
0.80 b
1.10 cd
1.48 bc
5.42 d
1% C + 0.1% H
0.54 ab
0.64 bc
0.64 b
1.14 b
2% C + 0.2% H
0.40 ab
0.72 bc
0.74 b
0.94 b
4% C + 0.4% H
0.20 a
0.28 a
0.72 b
1.46 bc
0.05% PZ
0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control
0.82 b
1.48 d
2.26 c
2.82 c
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.12. Effect of Civitas (C) with Harmonizer (H), or fungicide check Propiconazole (PZ)
on disease caused by Microdochium majus (Mm) at 3, 6, 9, and 12 days post-inoculation. The
whole wheat plant was sprayed twice with a 5 day-interval, and then the third leaf in cone-tainer
was inoculated 5 days later with notched agar plug of the pathogen. Propiconazole as fungicide
control was applied 24 hours before pathogen inoculation. Shaded cells (green) have
significantly less lesion length than inoculated control at p = 0.05
Mm lesion length (cm) at days post-inoculation (DPI)a
Treatment
3 DPI
6 DPI
9 DPI
12 DPI
0.2% C + 0.02% H
0.4 ab
0.51 a
0.59 a
0.76 b
1% C + 0.1% H
0.94 b
1.18 b
1.40 b
2.44 c
2% C + 0.2% H
1.00 b c
1.06 b
1.44 b
2.42 c
4% C + 0.4% H
1.10 c
2.16 c
5.44 d
12.34 d
0.05% PZ
0.00 a
0.00 a
0.00 a
0.00 a
Inoculated control
1.06 bc
1.22 c
3.76 c
13.44 d
a
The lesion lengths are based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 2.13. Sensitivity test of wheat pathogens, Fusarium graminearum (Fg), Microdochium
majus (Mm), or Waitea circinata (Wc) to non-conventional fungicides or fungicide
Propiconazole on strip PDA plates, radial growth at 48 hours was measured in mm
Growth rate Treatment Growth
on PDA
growth rate Suppression
Pathogen Treatment
(mm/48 h)
(mm/48 h)
(%)
a
*
Fg
1% Humic acid
18.3
14.0
24
*
Fg
10% Humic acid
18.3
13.0
29
*
Fg
1% Phosphite
18.3
0.0
100
Fg
10mM Salicylic acid
18.3
0.0*
100
*
Fg
30mM Para-aminobenzoic acid 18.3
6.3
66
*
Fg
5% Civitas + 0.5% Harmonizer 18.3
7.2
61
Fg
0.05% Propiconazole
18.3
0.0*
100
Mm
1% Humic acid
13.3
13.2
1
10% Humic acid
Mm
13.3
7.5*
44
*
1% Phosphite
Mm
13.3
0.0
100
*
Mm
5% Civitas + 0.5% Harmonizer 13.3
5.2
61
Mm
0.05% Propiconazole
13.3
0.0*
100
*
Wc
30mM Para-aminobenzoic acid 24.8
5.2
79
Wc
0.05% Propiconazole
24.8
0.0*
100
a
Concentrations used in in planta inoculation tests showing significant disease suppression.
The signiﬁcance of differences between growth rate of pathogens on PDA and treatment growth
rate was determined using Student t-tests. p < 0.05 was considered statistically signiﬁcant (*).
Growth suppression rate was calculated as: % inhibition = (a - b)/a × 100, a is the F.
graminearum, M. majus, or W. circinata colony radius in the untreated control (growth rate on
PDA), b is the three pathogens colony radius in chemical treatments.
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Table 2.14. Detached wheat leaves (1 cm) were inoculated with a single hyphal plug of S.
lamellicola, C. rosea, or F. graminearum. Another group of detached wheat leaf was inoculated
with dual hyphal plugs of S. lamellicola + F. graminearum, C. rosea + F. graminearum, or clean
agar plug + F. graminearum
Treatment
1
2
3
4
5
6

S. lamellicola
treated

C. rosea

F. graminearum

PDA plug

treated
treated
treated
treated

treated

treated
treated
treated
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A

B

Circular form and round
margin

Irregular form and fuzzy
margin

Irregular form and undulate
margin

Irregular form and curled
margin

Rhizoid form and ciliate
margin

Lobate form and wooly
margin

Fig. 2.1. (A) A large variety of endophytic fungi were isolated from wheat tissues, (B) specific
cultural characteristics of individual fungal isolates on PDA plates.
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A

B

C

Fig. 2.2. (A) Dual culture technique, where 5-mm-diameter plugs of M. majus were equidistantly
placed at 3 cm away from the central endophyte (SW316) plug, and where the endophyte plug
was placed on the center of the plate one day ahead of the pathogen plugs. (B) The distinct
demarcation line between the endophytic fungus S. lamellicola and the pathogen F.
graminearum (shown by black arrow). (C) An example of high and low inhibition: Effect of
strains WB201 (left, high inhibition) and WW215 (right, low inhibition) on mycelial growth of
W. circinata.
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Fig. 2.3. The process of preparing notched 1-cm-diam hyphal plugs: (A) Culture of endophytic
fungus Simplicillium lamellicola on potato dextrose agar, (B) Tools (Cork borer, Scalpel, and
forceps) that used for preparing notched hyphal plugs, (C) 1-cm-diam hyphal plugs were cut by
cork borer at the growing edge of each mycelium, (D) Scalpel was used for cutting pie-shaped
notches in PDA plugs, (E) The notched PDA plugs of S. lamellicola were carefully removed, and
(F) A single notched hyphal plug is ready to be mounted on a wheat leaf where it is joined to the
stem.
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A

C

B

Fig. 2.4. Inoculation technique: (A and B) Notched PDA plugs of antagonistic endophytic fungi
were carefully cut and placed on wheat leaves to examine pathogenicity under controlled
environment conditions. (C) The leaves were tied three-quarters of the way up the plant to keep
the inoculum plug in place.
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A

B

Fig. 2.5. (A) Wheat leaves were inoculated with biocontrol agent and then 72 hours after
treatment, wheat leaves were inoculated with the pathogen and re-inoculated with biocontrol
agent. (B) Inoculated check, pathogen plug was sandwiched between clean PDA plugs.
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Fig. 2.6. Strip agar test for fungicide sensitivity, where the agar was amended with 5% Civitas +
0.5 Harmonizer, and fungal plugs (5 mm diameter) were placed onto the strips.
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Fig. 2.7. The top 20 fungal isolates showed inhibitory activity against wheat pathogens: (A)
Fusarium graminearum, (B) Microdochium majus, (C) Waitea circinata. Data shown are the
means of three replicates. Means followed by the same letter indicate that they were not
statistically different (p < 0.05, a test of Least Significant Difference).
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Fig. 2.8. Inhibition zone of Valsa friesii (WW211) against Microdochium majus (A1), Waitea
circinata (A2), Fusarium graminearum (A3); Simplicillium lamellicola (WW210) against
Microdochium majus (B1), Waitea circinata (B2); Cladorrhinum flexuosum (SW315) against
Waitea circinata (C). Each arrow represents 24 hours.
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Periconia macrospinosa
(WX203)

Epicoccum nigrum
(WX207)

Pyrenochaeta spp
(WB201)

Fig. 2.9. Disease symptoms caused by fungal isolates Periconia macrospinosa, Epicoccum
nigrim, and Pyrenocheta spp. on wheat leaves at 5 days post-inoculation.
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Fig. 2.10. Efficacy of Valsa friesii (Vf), Simplicillium lamellicola (Sl), Cladorrhinum flexuosum
(Cf) or positive control Clonostachys rosea (Cr) treatments against infection of wheat seedlings
by Fusarium graminearum (Fg), Microdochium majus (Mm), or Waitea circinata (Wc) assessed
at 3, 5, 7, 9, and 11 days post-inoculation. Reduction in lesion length was calculated as: (a - b) /a
× 100, where a: the lesion length of inoculated control (pathogen alone), and b: the lesion length
of the pathogen with biocontrol treatment.
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Lesion length of 3.6 cm
(pathogen plug
sandwiched between PDA
plugs)

Lesion length of 0.7 cm
(pathogen plug sandwiched
between biocontrol plugs)

A

B

Fig. 2.11. Effect of biological treatment Simplicillium lamellicola (A), or sterile agar plug (B) on
disease severity (lesion length) of infected wheat (cv. ‘Glenn’) leaves caused by Fusarium
graminearum.
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1% humic acid
A

1% phosphite
B

Inoculated control
C

Fig. 2.12. Plants were treated with (A) 1% HA or (B) 1% PP and then inoculated 5 days later
with a nuched agar plug of Fusarium graminearum. These pictures show disease at 11 days postinoculation. Inoculated control with (C) water treatment showed greater lesion lengths.
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Fig. 2.13. Direct effect of non-conventional fungicides, para-aminobenzoic acid (PABA) (A),
untreated control (B), Civitas + Harmonizer (C + H) (C), fungicide Propiconazole (PZ) (D),
humic acid (HA) (E & G), salicylic acid (SA) (F), and phosphite (PP) (H), on mycelial growth of
pathogenic fungi F. graminearum (Fg), M. majus (Mm), or W. circinata (Wc) in this strip agar
test. The outer marking indicates mycelial growth at 48 hours and the middle marking indicates
mycelial growth at 24 hours, and their difference was used for analysis.
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A

B

C

Fig. 2.14. Dual inocula of hyphal plugs inoculation onto detached wheat (cv. ‘Glenn’) leaves
segments, (A) S. lamellicola + F. graminearum, (B) C. rosea + F. graminearum, (C) PDA plugs
+ F. graminearum. The purpose of these treatments was to study the interaction between
biocontrol agents and pathogen in wheat tissue under microscopic examination.
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A
Sl (3 DPI)

Sl (5 DPI)

Sl (7 DPI)

Cr (5 DPI)

Cr (7 DPI)

Fg (5 DPI)

Fg(7 DPI)

B
Cr (3 DPI)

C
Fg (3 DPI)

Fig. 2.15. Detached wheat leaves were inoculated with hyphal plugs of S. lamellicola (Sl), C.
rosea (Cr), or F. graminearum (Fg). Under 400× magnification, hyphae of Sl (A), Cr (B), and Fg
(C) were observed at 3, 5, and 7 DPI.
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A
Sl into the stomata

Sl out of the stomata

B
Cr into the stomata

Cr out of the stomata

C
Fg into the stomata

Fg into the stomata

Fig. 2.16. Hyphae of S. lamellicola (A), C. rosea (B), and F. graminearum (C), S. lamellicola or
C. rosea or F. graminearum were observed growing directly into the stomata (circled in red), but
S. lamellicola or C. rosea were observed growing out of the stomata (circled in yellow). Photos
were taken at 400× magnification at 5 days post-inoculation.
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50 µm
Fg (7 DPI)

50 µm
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Fig. 2.17. Hyphae of S. lamellicola (A), C. rosea (B), and F. graminearum (C) were observed on
detached wheat leaf surfaces with increasing hyphal surface coverage at 3, 5, and 7 DPI. Photos
were taken at 400× magnification.
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Fig. 2.18. Hyphal surface coverage of bioagents and the pathogen at 3, 5, and 7 days postinoculation. Detached wheat leaves were inoculated with single hyphal plugs containing S.
lamellicola, C. rosea, or F. graminearum. Hyphal surface coverage was estimated area viewed at
400×.
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Fig. 2.19. Effects on hyphal surface coverage of the interactions between S. lamellicola and F.
graminearum (A), or C. rosea and F. graminearum (B). Detached wheat leaves were inoculated
with hyphal plugs of bioagents and the pathogen. Sl or Cr reduced Hyphal surface coverage of
Fg, probably through competition by (67-94%) and (92-100%), respectively at 3, 5, and 7 DPI.
Reduction in hyphal growth was calculated as: (a - b) /a × 100, where a: the hyphal surface
coverage of inoculated control (pathogen alone), and b: the hyphal surface coverage of
pathogen with biocontrol treatment. Photos were taken at 400× magnification.
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Fig. 2.20. Efficacy of Simplicillium lamellicola (Sl) (A), or Clonostachys rosea (Cr) (B)
treatments on hyphal growth of Fusarium graminearum (Fg) on detached wheat leaves.
Hyphal surface coverage of Fg was estimated at 3, 5, and 7 DPI. Reduction in hyphal growth
(C) was calculated as: (a - b) /a × 100, where a: the hyphal surface coverage of inoculated
control (pathogen alone), and b: the hyphal surface coverage of pathogen with biocontrol
treatment.
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Chapter 3: Control of Fusarium Head Blight Using Biological Agents and NonConventional Fungicides and Their Effect on the Growth of Triticum aestivum
3.1. Introduction
Fusarium head blight, also called scab, pink mold, whiteheads, tombstone scab (DeVries
et al., 2002) is a devastating and aggressive disease of wheat in moist and semi-moist areas
wherever wheat is grown (Schroeder & Christensen, 1963; Steffenson, 2003; Bai & Shaner,
2004). Although there are several species of Fusarium which can cause the FHB, F.
graminearum Schwabe [teleomorph = Gibberella zeae (Schw.) Petch] is the major causal agent
in areas such as China, and North America (Lu et al., 2001; Shaner, 2003; Sutton, 1982). Critical
epidemics of FHB have occurred in China, where more than 7 million ha of wheat are affected
annually leading to yield loss of more than 1 million tons (Bai et al., 2003). Johnson (2003)
stated that from 1991 to 1997, FHB caused a significant problem on wheat in North America,
that led to increase in direct losses estimated at $1.3 billion. With the early onset of wheat
anthesis under moister and warmer conditions in temperate regions affected by climate change,
FHB incidence is anticipated to increase more than in drier geographical regions (Madgwick et
al., 2011; Vaughan et al., 2016).
Fusarium graminearum is able to vigorously produce mycotoxins, especially
deoxynivalenol (DON) that can contaminate grains and cause indirect loss (Bai et al., 2001;
Dexter and Nowicki, 2003). Accumulation of DON in grains causes a risk to livestock and is a
critical concern in human food safety (Gilbert and Tekauz, 2000; McMullen et al., 1997). The
maximum concentration of DON allowed in human food (wheat grain), is 0.2 to 0.5 ppm in
Canada, United States, and some European countries (Dexter and Nowicki, 2003; Shaner, 2003).
Usually lower prices are obtained on wheat grain contaminated with low levels of DON, or the
grain may not be commercially acceptable (Bai and Shaner 1994).
In the wintertime, the mycelia of F. graminearum grow on residues of cereal crops such
as corn, wheat, and barley (Xu and Nicholson, 2009). In spring, perithecia normally start
formation on the crop residue, and when fully grown, the ascospores (sexual spores) or conidia
(asexual spores) are carried by air currents to wheat heads (Wiese, 1987). Infections occur when
the spores reach the spikelets in the flowering stage. Then the spores germinate and penetrate the
tissues via lemma, glume, palea or anther (Trail, 2009; Xu and Nicholson, 2009; Parry et al.,
1995b). After penetrating the host, F. graminearum is able to grow intracellularly and swiftly
colonize the tissue; as a result, the initial symptoms involve water soaking and bleaching of the
affected tissue (Bushnell et al., 2003). The bleaching of infected spikes can be observed on a few
or on all spikelets of each spike, which is a common symptom of FHB (Nopsa, 2010).
There are several approaches that have been suggested to reduce FHB and eradicate
sources of primary inoculum such as tillage and crop rotation (Bai and Shaner, 1994). Although
these cultural practices reduce options for FHB management, they are often inadequate and
undesirable (Gilbert and Fernando, 2004; Miller et al., 1985; Shaner, 2003). Seed treatment and
fungicide applications at seedling and adult stages may give some protection against infection
(Miller et al., 1985). Although there are multiple fungicides that have been registered on wheat
(Jones, 2000; Shaner and Buechley, 2003), the high cost of treatment, the lack of specific
optimal time of application, and the lack of effective registered fungicides have restricted the
utilization of chemical protection against FHB (Bai and Shaner, 2004). Fungicide applications
may decrease direct crop loss, but they might not protect the grains from harmful mycotoxin
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contamination (Martin and Johnston, 1982). A significant concern in using chemical practices,
especially systemic fungicides for a long term, is that they are absorbed, and their residues may
remain in the plant tissues, causing potential risks for humans, animals, and the environment
(Xue et al., 2009). Alternative methods that are safer for humans and the environment to limit the
effect of diseases are needed.
Genetic resistance is one of the crucial practical techniques and environmentally safer
means to control FHB (Bai and Shaner, 1996; Gilbert and Tekauz, 2000). In the early 2000’s,
genetic work had been inspiring researchers to figure out which wheat varieties were more
resistant to FHB (Xue et al., 2009). That led to the development of improved cultivar resistance
in some countries (Bai et al., 2003; Ban, 1997; Ban, 2000; Lu et al., 2001; Mesterhazy, 2003).
Although considerable progress in this field has been made, complete resistance to FHB has not
been achieved since the expression of resistance to FHB is complicated (Kolb et al., 2001).
Biological control of plant diseases by using biological agents (microorganisms) is
broadly accepted socially because it is considered more natural and environmentally safe (Xue et
al., 2009). Pal and Gardener (2006) stated that biological control has played a significant role in
different fields of biology, especially entomology and plant pathology. In entomology, biocontrol
involves predatory insects, entomopathogenic nematodes, or microbial pathogens to inhibit the
population growth of different pest insects. In plant pathology, biocontrol has included
antagonistic microorganisms, such as fungi or bacteria, to suppress pathogens. Furthermore,
products extracted or fermented from different natural sources, can be used for biocontrol trials.
Various species of microorganisms, such as endophytic filamentous fungi, bacteria, or yeasts
have demonstrated antagonistic impacts against F. graminearum (Luz et al., 2003; Palazzini et
al., 2018; Shi et al., 2014; Xue et al., 2009). Several studies showed the impact of antagonistic
microorganisms in vivo by reducing infected spikelets and spikes leading to reduced FHB
severity and incidence (Fulgueira et al., 1996; Jochum et al., 2006; Khan et al., 2001; Nourozian
et al., 2006; Schisler et al., 2002; Stockwell et al., 2001; Xue et al., 2009), reduced disease
development and systemic movement of F. graminearum within infected spikes (Yuen et al.,
2003, Xue et al., 2009), and reduced DON accumulation in wheat kernels (Palazzini et al., 2018;
Shi et al., 2014).
Plant-growth promoting fungi, which can live in rhizosphere or phyllosphere, are
nonpathogenic filamentous fungi, and they can promote the development of many different crop
plants (Fu et al., 2016; Hyakumachi et al., 2014). Many are able to colonize crop roots internally
and can be considered endophytic microorganisms (Harman et al., 2004; Kojima et al., 2013;
Narisawa, 2007; Shivanna et al., 1996; Usuki and Narisawa, 2007; Yedidia et al., 1999). PGPF
suppressed some diseases caused by soil-borne fungi, such as Pythium aphanidermatum, P.
irregulare, Rhizoctonia solani, Sclerorium rolfsii, Gaeumannomyces graminis var. tritici,
Cochliobolus sativus, and Fusarium oxysporum f. sp.cucumerinum, f. sp. lycopersici, f. sp.
radicis-lycopersici, and f. sp. spinaciae, (Ahmad and Baker 1988; Chang et al., 1986; Dewan &
Sivasithamparam 1989; Horinouchi et al., 2007, 2008, 2010, 2011; Hyakumachi, 1994; Shivanna
et al., 1996). PGPF might also stimulate systemic resistance in plants against soil-borne fungal
diseases such as Fusarium wilt of cucumber (Koike et al., 2001). Several studies have found that
PGPF are able to promote growth in some plants, such as rice, strawberries, tomatoes, soya
beans, apples, cotton or gray mangrove trees (Doni et al., 2014; Saravanakumar et al., 2013;
Raman, 2012; John et al., 2010; Shanmugaiah et al., 2009; Morsy et al., 2009; Porras et al.,
2007).
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Endophytes have exhibited significant benefits as stimuli of plant health and enhancing
growth potential and have been utilized as biological control agents against plant diseases
(Zinniel et al., 2002; Compant et al., 2005; Kirkpatrick and Wilhelm, 2007; Orole and Adejumo,
2009). Endophytes, which have been isolated from tropical plants, have the ability to produce
secondary metabolites, such as benzopyrans from Curvularia sp., dendryol E and dendryol F
from Phoma sorghina, and neocyclocitrinol from Penicillium janthinellum (Teles et al., 2005;
Borges and Pupo, 2006; Marinho et al., 2005). These bioactive compounds are natural secondary
metabolites which contribute to the beneficial relationship with the plant host (Orole and
Adejumo, 2009). Several modes of action of endophytes have been found to suppress fungal
pathogens such as the following: competition for available space and nutrients (Spadaro and
Droby, 2016); parasitism (Druzhinina et al., 2011); production of hydrolytic enzymes (Köhl et
al., 2019; Taechowisan et al., 2009); antibiosis (Talubnak and Soytong, 2010; Xue et al., 2009);
and induction of host resistance (Pieterse et al., 2014; Pal and Gardener, 2006).
A series of studies was conducted by Xue (2002, 2003a, b) which demonstrated that the
endophytic fungal biocontrol agent C. rosea ACM 941 could act as a mycoparasite against a pea
root disease complex caused by A. alternata, A. euteiches, F. oxysporum f. sp. pisi, F. solani f.
sp. pisi, M. pinodes, Pythium spp., R. solani, and S. sclerotiorum, and it reduced severity of FHB
caused by F. graminearum under greenhouse and field conditions (Xue, 2009). As well, ACM
941 is able to secrete metabolites that inhibit the growth of F. graminearum in vitro (Demissie et
al., 2018). The promising biocontrol agent, C. rosea ACM 941, was formulated as CLO-1 and
was registered in 2014 by ICUS Canada Inc., a biopesticide company located in St. John’s,
Newfoundland, Canada (Xue et al., 2014). The product is a wettable powder containing more
than 8 × 109 cfu g-1. This alternative fungicide reduced FHB and DON contamination in T.
aestivum in the greenhouse and field trials (Xue et al., 2014).
The antagonistic fungus, Simplicillium lamellicola, was previously known as
Acremonium strictum based on morphological characterization (Kim et al., 2002), and then recharacterized molecularly as S. lamellicola (Le Dang et al., 2014). Simplicillium lamellicola
isolate BCP from Korea was previously found to be involved in antibiosis and mycoparasitism as
antifungal mechanisms (Kim et al., 2002; Choi et al., 2008). It produces the antifungal
compound verlamelin which inhibits mycelial growth of Magnaporthe grisea, Bipolaris maydis,
Botrytis cinerea, Fusarium oxysporum and Alternaria alternata (Kim et al., 2002). This
antagonistic fungus also can colonize the pathogen Botrytis cinerea causing lysis of the
parasitized hyphae (Choi et al., 2008). Simplicillium spp. was utilized as a biocontrol agent
(Ward et al., 2011; Ward et al., 2010; Zare and Gams, 2001). The strain BCP was registered in
Korea and formulated using a wettable powder-type formulation (BCP-WP10) which effectively
reduced the disease incidence of gray mold on tomato and ginseng in the field trials (Shin et al.,
2017).
Altering gene expression and activating or inducing defense response genes of the host
plant at an appropriate time and to a sufficient magnitude are required to inhibit the progress of a
pathogen resulting in disease reduction or disease suppression entirely (Sreeja, 2014). For a
susceptible response, although the defense system of the host is present, the defense genes
perhaps did not reduce the progress of the pathogen because of late activation or inadequate
magnitude needed to suppress the pathogen (Sreeja, 2014). Treatment of normally susceptible
cultivars with particular biotic or abiotic resistance elicitors can alter gene expression and induce
defense response genes of the plant to manifest as disease resistance (Sreeja, 2014). Many
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different chemical products have been shown to control plant diseases and activate induced
resistance in plants (Hsiang et al., 2011). These compounds are usually considered nonconventional fungicides only if they have minor or no direct antifungal activity against the
pathogen in vitro or in planta (Hsiang et al., 2013; Sreeja, 2014).
Approaches using the resistance of wheat against FHB are considered passive or active
(Pritsch et al., 2000). Passive mechanisms are correlated with morphological characteristics such
as plant height, existence of awns, spikelet density, and time of anthesis. Active mechanisms
involve five different elements: (i) type I called resistance to initial infection (Schroeder and
Christensen, 1963); (ii) type II called resistance to spread of infection (Schroeder and
Christensen, 1963); (iii) type III called resistance to kernel infection (Mesterhazy, 1995); (iv)
type IV called tolerance to infection (Mesterhazy, 1995); and (v) type V called resistance to
mycotoxin accumulation (Mesterhazy, 1995;). Bai and Shaner (2004) further defined these types
for FHB as follows: Type 1 can be measured by spraying a conidial suspension over spikes at
anthesis and counting the infected spikelets; Type II can be measured by injecting 10 µL of
conidial suspension culture containing 400 spores using a micropipette into a single ﬂoret of a
spikelet in the middle of head and counting the diseased spikelets after some period of time;
Type III can be estimated as the percentage of infected kernels; Type IV can be estimated by
comparative yield decrease when infected and healthy plants of the same cultivar are compared
in a statistically effectual experimental design; and Type V can be measured from harvested
kernels. Many studies have used different types of measures to quantify the FHB disease:
incidence, defined as the percentage of diseased spikes in a sample; severity, defined as the
percentage of diseased spikelets per spike; index, defined as the product of incidence and
severity; and FDK, defined as the percentage of visibly scabby kernels in a sample of harvested
grain (Nopsa, 2010; Paul et al., 2005a, 2005b, 2006).
Previous studies reported that the mode of action of the endophytic fungi, C. rosea or S.
lamellicola, was mycoparasitism against some fungal pathogens in planta (Xue 2002, 2003a, b;
Choi et al., 2008). Also, previous research demonstrated that C. rosea strain ACM941 as
effective as a biofungicide to control FHB (Xue et al., 2009, 2014). Following this work, we
prepared spore suspensions of C. rosea or S. lamellicola and tested them for foliar and wheat
head application to control the pathogen F. graminearum in spring wheat cultivars at seedling
and adult plant stages.
3.2. Objectives
a. Test activity of spore suspensions of S. lamellicola or C. rosea to reduce disease incidence of
F. graminearum in three wheat cultivars at the seedling stage in growth room trials.
b. Test activity of spore suspensions of S. lamellicola or C. rosea or selected non-conventional
fungicides to control FHB (type I) in controlled environment, outdoor garden, and field trials.
c. Test the effects of biological and chemical treatments on the growth of Triticum aestivum.
3.3. Materials and methods
3.3.1. Growth room and outdoor garden trials
An outdoor garden trial and a replicate growth room experiment were conducted to test
the efficacy of a spore suspension of the biocontrol agents, S. lamellicola that was isolated from
wheat tissue (Chapter 2) or C. rosea was obtained courtesy of Dr. Allen Xue, Agriculture and
Agri-Food Canada, Canada, to control F. graminearum. Three spring red wheat cultivars
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comprised of FHB-resistant ‘Glenn’ and ‘AAC Scotia’, and FHB-susceptible ‘Wilkin’ were
tested at the 3-4 leaf seedling stage. In addition to biocontrol agents, non-conventional fungicides
were tested for their activity to control FHB in the same wheat cultivars at anthesis. Tests were
done in a garden setting which was located next to the Bovey greenhouses at the University of
Guelph campus. Wheat plants were grown in cone-tainer racks and each rack was placed on a
tray which could hold up to 2 L water. All cone-tainers were placed on a metal bench (2 m × 3
m) with full sunlight throughout the day). For the growth room trial, cone-tainer racks were
placed at 25 C˚ with 16 hours light/ 8 hours dark, and each rack was placed on a tray which
could hold up to 1 L. Wheat cultivars were obtained courtesy of Dr. Ali Navabi, Department of
Plant Agriculture, University of Guelph.
3.3.1.1. Plant culture and inoculum preparation
Seeds of the three wheat cultivars were grown in cone-tainers as described previously
(Section 2.3.3.1). Three seeds were planted in each tube containing soil Pro-Mix for seedling
stage tests in the growth room, and one seed was grown per tube for adult plant stage tests. Plant
materials were transferred to the growth room and garden until the time of inoculation at
seedling and adult stages.
Spore suspensions of biocontrol agents were prepared using the modified Xue et al.
(2009) method, where 5-mm-diam agar plugs containing S. lamellicola or C. rosea were cut
from the edge of a colony, and a single plug was placed in the middle of a fresh PDA plate. The
PDA plates were incubated at room temperature (22-25C˚) for three weeks, and then hyphae
were harvested by adding 10 mL sterile distilled water to each plate and using sterile microscope
slides to scrape plates. After that, 1 mL of hyphal suspension was placed and spread on fresh
PDA and then subjected to mixed fluorescent and ultraviolet (UV) lighting on a 12-hour light
and 12-hour dark cycle for one week. Spores were harvested by adding 10 mL sterile distilled
water to each plate and using sterile microscope slides to scrape plates and obtain spores. This
suspension was filtered through two layers of sterilized cheesecloth into a 200 mL beaker. A
hemocytometer was then used to assess spore concentrations, and the target concentration (5 ×
106 spore /mL) was obtained by adding sterile distilled water.
Conidial suspensions of the pathogen F. graminearum was prepared using the modified
Wegener (1992) method, with a mixture of three aggressive isolates (15086, 15087, and 15088,
all courtesy of Dr. Ali Navabi) that were cultured on PDA for 5 days at room temperature. Wheat
and barley straw samples were cut separately into small pieces and chopped in a grinder. Then,
2.5 g each of chopped wheat or barley straw plus 125 mL of distilled water were added to a 250
mL Erlenmeyer flask. Each flask was plugged with a cotton ball and covered with foil and
autoclaved at 121 C˚ and 18 psi for 25 min twice with a 24 h interval. After that, four hyphal
plugs (1 cm × 1 cm) of F. graminearum grown on PDA were added to each flask, and the flasks
were cultured at 120 rpm for 5 to 30 days at 25-28°C in darkness. This suspension was filtered
through two layers of sterilized cheesecloth into a 200 mL beaker. A hemocytometer was then
used to assess spore concentrations, and the target concentration (5 × 104 spore /mL) was
obtained by adding sterile distilled water.
3.3.1.2. Inoculation
At the seedling stage, when plants were 3 weeks old (3-4 leaves), the foliage of the three
spring wheat cultivars (‘Glenn’, ‘Wilkin’, and ‘AAC Scotia’) were treated with bottle sprayers
(atomizers) containing spore suspensions (S. lamellicola, C. rosea, or 50/50 combination) at 5 ×
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106 spores/mL, or propiconazole (0.05%), or sterile distilled water. Following treatments, the
three wheat cultivars were kept at room temperature for one hour to allow the treated leaves to
dry. Then wheat leaves were inoculated with a spore suspension of the pathogen F. graminearum
(5 × 104 spores/mL). Entire plants were covered with a plastic bag and then transferred to the
growth room and incubated at 25 C˚. Forty-eight hours later, plastic bags were removed and then
plants continued to be incubated. Disease incidence (percentage of infected plants) was assessed
at 7, and 11 days post-inoculation.
For adult stage wheat plants (anthesis), wheat spikes of ‘Glenn’ and ‘Wilkin’ (growth
room tests) and ‘Glenn’ only (garden tests) were sprayed with a biocontrol S. lamellicola, C.
rosea, fungicide propiconazole, control distilled water, or non-conventional fungicides, HA, PP,
SA, PABA, and Civitas plus Harmonizer (CH) (Table 3.1). The treatments were applied at 1
mL/spike using atomizers. Three hours or 3 days later, spikes were inoculated with a spore
suspension of F. graminearum at 5 × 104 spores/mL. Entire plants were covered with plastic bags
and then transferred to the growth room and incubated outdoors in the garden trial or at 25 C˚ in
the growth room. After 48 hours, plastic bags were removed and then plants continued to be
incubated for two weeks. Infected spikelets were assessed at 3- to 13 days post-inoculation.
‘AAC Scotia’ was excluded from this experiment since the wheat heads did not emerge in the
growth room tests.
3.3.2. Field trials
3.3.2.1. Plant material and inoculation
Field experiments were conducted at the Elora Research Station in Ariss, Ontario, in summer
2018 and 2019. The soil type at Elora is Grey-Brown Podzolic loam soil, and the planting date
was May 14 for 2018 and June 3 for 2019. Phosphorus (P) and potassium (K), and sulfur (S)
were applied pre-planting, and urea was applied after planting. The three wheat cultivars
(‘Glenn’, ‘Wilkin’, and ‘AAC Scotia’) were used to test the efficacy of biocontrol and chemical
agents to control FHB at both seedling and adult stages. The experiments were arranged in a
randomized complete block design (RCBD) with four replicates. Wheat seeds were treated with
Cruiser Vibrance Quattro (3.25 mL/Kg, containing 1,2-benzisothiazolin-3-one at 0.023%, 2bromo-2-nitropropane-1,3-diol at 0.021%, 5-chloro-2-methyl-4-isothiazolin-3-one at 0.00008%
and 2-methyl-4-isothiazolin-3-one at 0.000026% as preservatives) for protection against soilborne diseases of cereal crops. The three wheat cultivars were grown in three-row plots, spacing
of 38 cm, and plot length of 1 m. Mist irrigation was applied for 1-2 hours on weekdays in the
morning or afternoon as needed, and the density of wheat plants was 100 plants per plot.
At the seedling stage, when plants were 24 days old, wheat leaves were sprayed with
either a spore suspension of biocontrol agents, S. lamellicola, C. rosea at a 5 × 106 spores/mL,
humic acid (1%), propiconazole (0.31%- recommended field rate for cereals), or sterile distilled
water as inoculated control. On the same day, one hour before sunset, wheat leaves were
inoculated with a spore suspension of F. graminearum at a 5 × 104 spores/mL (prepared in
3.3.1.1.). Biocontrol agents were applied at 200 mL/plot using 1 L spray bottles containing 200
µl Tween 20 per liter, while the pathogen was applied 3 hours later at 150 mL/plot. The disease
incidence (percentage of diseased plants in the population of plants) was assessed at 7 days postinoculation.
For adult stage plants just prior to anthesis, 10 spikes from each plot were selected
randomly and labeled with tags. When the age of plants was 50 days (anthesis more than 50%),
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the spikes were treated and inoculated as described previously. FHB incidence (percentage of
infected spikes in the population of plants), FHB severity (percentage of infected spikelets per
spike), and FHB index (product of disease incidence and severity) were rated at 10, 14, and 21
days post pathogen inoculation. The area under disease progress curve (AUDPC) was generated
using the FHB index values.
3.3.3. Effect of the biological and humic acid treatments on wheat growth
This experiment was conducted three times under controlled environment conditions.
This trial was arranged in a completely randomized design with five treatments and five
replications. Morphological properties of wheat were measured at seedling and adult stages. The
materials used in this experiment were prepared using a method modified from Doni et al. (2014)
(Fig. 3.1). After the surface of the ‘Glenn’ wheat seeds were sterilized with 70% ethanol for 30
seconds, followed by 3.5% sodium hypochlorite for 30 seconds and washed three times in
sterilized distilled water for 1 minute. The wheat seeds were soaked in each treatment, a spore
suspension of S. lamellicola or C. rosea at a 5 × 106 spores/mL, F. graminearum at a 5 × 104
spores/mL, humic acid (1%), or sterile distilled water for 6 hours. Twenty gram of autoclaved
soil Pro-Mix was added into each cone-tainer tube, and then 15 mL of treatment were poured
into a tube. A single seed of ‘Glenn’ was placed in each tube to grow out a single stem per tube.
The growth components of wheat were measured at the seedling and adult stages.
Measurements for the seedling stage (fourth leaves) were made on shoot length (cm), root length
(cm), fresh weight (mg), and dry weight (mg), while at the adult stage, measurements were made
on flag leaf length and width (cm), and head length (cm). The shoot length measurements were
taken from ground level to the tip of the longest leaf. Root length was measured from the base of
the stem to the longest root. Soil was washed off the roots and wet weight measured. After each
plant had dried at room temperature for 3 weeks, the dry weights including shoot and root were
taken. At anthesis, the flag leaf length and width, and the head length were measured. Five
replicate measurements on different plants were made per variable.
3.3.4. Statistical analyses
The GLM (General Linear Model) procedure of SAS version 9.4 (SAS Institute, Cary,
NC) was used to analyze data. All data in this chapter, including the efficacy of biocontrol
agents, non-conventional fungicides, or fungicide against the wheat pathogen F. graminearum in
the growth room, garden, and field tests, or effects of S. lamellicola, C. rosea, or humic acid on
the growth of Triticum aestivum, or AUDPC were analyzed using analysis of variance
(ANOVA). After significant treatment effects were found, to assess significant differences
between means, the Test of Least Significant Difference (LSD) was calculated at p=0.05.
3.4. Results
3.4.1. Growth room and garden trials
3.4.1.1. Control of foliar disease using spore inoculum of S. lamellicola, C. rosea or
fungicide at the seedling stage (growth room)
At the seedling stage for three wheat cultivars, when 3-4 leaves appeared, entire plants
were inoculated with a spore suspension of S. lamellicola, C. rosea, 50/50 combination of S.
lamellicola and C. rosea, fungicide control propiconazole, or distilled water, and then inoculated
with a spore suspension of F. graminearum. Disease incidence was assessed at 7, and 11 days
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post pathogen inoculation and calculated as: % disease incidence = number of infected plants /
total number of plants assessed × 100.
Compared with the inoculated control (water treatment), when ‘Glenn’ was treated with
S. lamellicola, C. rosea, 50/50 combination, or control distilled water, the average disease
incidence values were 10%, 7%, 10%, and 30%, respectively, at 11 days post pathogen
inoculation (Fig. 3.2). The biocontrol agents significantly reduced disease incidence by 60% (S.
lamellicola), and 80% (C. rosea) compared with the inoculated control (Table 3.3). For the
cultivar ‘Wilkin’, propiconazole treatment resulted in no disease, while treatments with S.
lamellicola gave 7% disease incidence (80% disease reduction) and C. rosea and the
Combination gave 10% disease incidence (75% disease reduction) (Tables 3.2 & 3.3). For the
cultivar ‘AAC Scotia’, average disease incidence was higher than ‘Glenn’ or ‘Wilkin’ (Fig. 3.2),
where S. lamellicola or C. rosea both gave 13% disease incidence (60-63% disease reduction),
and the Combination gave 17% disease incidence (53% disease reduction).
3.4.1.2. Control of FHB using biological agents and non-conventional fungicides (growth
room and garden trials)
Non-Conventional fungicides or biocontrol agents lead to a significant reduction in
infected spikelets (adult stage) of ‘Glenn’ and ‘Wilkin’ wheat compared to the inoculated control
at 5- to 13 days post pathogen inoculation in growth room tests (Tables 3.4 & 3.5). For cultivar
‘Glenn’, the most efficacious non-conventional fungicides were SA and PABA, which
significantly reduced number of infected spikelets by 92%, and 82%, respectively, at 13 days
post pathogen inoculation (Table 3.6 & Fig. 3.3). Although the lowest effect was found for CH,
it significantly reduced infection by 27%. Humic acid or phosphite both significantly reduced
disease by 72%. The biocontrol agents, C. rosea or S. lamellicola, significantly reduced disease
in ‘Glenn’ (58-66%) but not as much as the non-conventional fungicides (Table 3.6 & Fig. 3.4).
Propiconazole suppressed disease entirely (Fig. 3.4).
For the susceptible cultivar, ‘Wilkin’, the highest effects were found with propiconazole
and PABA, which reduced infected spikelets by 93%, and 72%, respectively at 13 days post
pathogen inoculation (Table 3.7 & Fig. 3.3). Data analyses of non-conventional fungicides, SA,
PP, HA, CH, or biocontrol agents, S. lamellicola or C. rosea showed significant disease
reduction, but there were no significant differences between these treatments and the average
disease reduction of 56% (Table 3.7 & Fig. 3.4).
For outdoor garden tests, after spikes of ‘Glenn’ were sprayed with biocontrol or nonconventional fungicide treatments and then 3 hours or 3 days later inoculated with the pathogen,
infected spikelets were assessed at 5-13 DPPI. Compared with the inoculated control, biocontrol
and non-conventional fungicide treatments significantly reduced infected spikelets by 36-77% at
13 DPPI when spikes were inoculated with the pathogen 3 hours after biocontrol and chemical
treatments (Fig. 3.5) and by 42% - 89% (Fig. 3.6) when spikes were inoculated with the
pathogen 3 days after biocontrol and chemical treatments. Interestingly, S. lamellicola or C.
rosea were applied 3 hours before pathogen inoculation, the biocontrols gave 36% and 37%
disease reduction, respectively. Whereas when the biocontrols were applied 3 days before
pathogen inoculation, S. lamellicola showed 89% disease reduction and C. rosea showed 89%
disease reduction (Table 3.9). Fungicidal treatment (propiconazole) suppressed the disease
entirely. Aside from the fungicide control, the highest treatment effect of a non-conventional

72

fungicide was found for PABA, which significantly reduced FHB by 70-77% at 5-13 DPPI
(Table 3.8).
3.4.2. Field trials
In 2018 field experiments, the seedling stage showed a significant reduction of
disease incidence with no significant differences among treatments (Table 3.10). When
‘Glenn’ was treated with S. lamellicola, C. rosea, propiconazole, or humic acid, the
average disease incidence was 18-31%, with significantly reduced disease incidence by
53-58% except for humic acid at 28% reduction (Table 3.10). For ‘Wilkin’, biological
and chemical treatments significantly decreased the average disease incidence (9-25%)
compared to the inoculated control (53% disease incidence) (Table 3.10 and 3.11). As
well, biological and chemical treatments applied to ‘AAC Scotia’ significantly decreased
the average disease incidence (20-29%) compared with inoculated control (51% disease
incidence) (Table 3.10). In summary, the average disease reduction across all treatments
was 64% for ‘Wilkin’, 51% for ‘AAC Scotia’, and 49% for Glenn.
At the adult stage, biological and chemical treatments significantly reduced
average FHB incidence, FHB severity, and FHB index compared on all three wheat
cultivars (‘Glenn’, ‘Wilkin’ and ‘AAC Scotia’) at 10, 14, and 21 days post pathogen
inoculation (Table 3.12, 3.13 and 3.14).
At anthesis, when wheat heads of ‘Glenn’ were treated with S. lamellicola, C.
rosea, humic acid, propiconazole, or distilled water (inoculated control), the average
FHB incidence was 26-76%, while the average disease severity was 8-46%.
These treatments showed reductions in FHB Index of 70-94% (Table 3.15).
For ‘Wilkin’, the average disease incidence and severity of the inoculated control
were 94% and 63%, respectively. The FHB Index which considers both measures showed
significant reductions for all treatments by 50 to 81% at 21 days post pathogen
inoculation (Table 3.15 & Fig. 3.8). For ‘AAC Scotia’, the average disease incidence and
severity were lower than ‘Wilkin’ and approximately similar to ‘Glenn’. When heads of
‘AAC Scotia’ were treated with biological and chemical agents, treatments significantly
reduced FHB index by 69 to 80% at 21 days post pathogen inoculation (Table 3.15).
The Area Under Disease Progress Curve was calculated for the FHB index
between time points, 10, 14, and 21 DPPI. Comparisons between treatments (Table 3.16)
and comparisons between cultivars (Fig. 3.9) show significant differences. Across
cultivars, propiconazole gave the lowest average AUDPC (28) and the highest disease
reduction (86%), while humic acid gave the highest average AUDPC (67) and the lowest
disease reduction (68%). Between cultivars, FHB-susceptible ‘Wilkin’ showed the
highest AUDPC for the inoculated control (281), while the other two cultivars had values
half of that, reflecting their moderately resistant status.
In 2019 field experiments, treatments showed similar effects as the 2018 trials. At the
seedling stage, when wheat cultivars were treated with S. lamellicola, C. rosea, humic acid, or
propiconazole, the average disease incidence of ‘Glenn’ was 3-6%, ‘Wilkin’ 4-10%, and ‘AAC
Scotia’ 4-9% (Table 3.17). Although the number of diseased plants in 2019 was less than 2018
(Table 3.17), disease reduction in 2019 was higher than 2018. When averaged together for 2018
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and 2019, treatments significantly reduced disease incidence by 30-56% for ‘AAC Scotia’, 3467% for ‘Glenn’, and 36-78% for ‘Wilkin’ at 7 DPPI (Table 3.18 & Fig. 3.10).
For the adult stage, S. lamellicola, C. rosea, humic acid, or propiconazole treatments
significantly reduced average FHB incidence, FHB severity, and FHB index compared to
Glenn’, ‘Wilkin’ and ‘AAC Scotia’ at 10, 14, and 21 days post pathogen inoculation (Tables
3.19-3.21 & Fig. 3.11). When averaged across years, treatments showed significantly reduced
FHB index (incidence × severity/100) by 69-95% for ‘Glenn’, 76-86% for ‘AAC Scotia’ and 5490% for susceptible ‘Wilkin’ at 21 DPPI (Table 3.22).
AUDPC was calculated to assess which treatments and cultivars had higher disease levels
across 2018 and 2019 trials between treatments (Fig. 3.12) and between cultivars (Fig. 3.12).
AUDPC showed the disease severity of FHB when spikes were subjected to biological,
chemical, and water control treatments on three wheat cultivars. The lowest disease level of FHB
was found with the propiconazole treatment, where the average AUDPC across the three wheat
cultivars was 14.6, whereas for C. rosea and S. lamellicola, the average AUDPC were 31.6 and
34.6, respectively. While the highest severity of FHB was found when the head treated with
water control, and then humic acid, in which the average AUDPC value on three wheat cultivars
was 121.5 and 43.1, respectively. Although susceptible ‘Wilkin’ significantly showed more
disease than ‘Glenn’ and ‘AAC Scotia’, the average disease reduction on ‘Wilkin’ was 70%.
3.4.3. Comparison of growth parameters at seedling and adult stages
The outcomes of the trials showed that the treatment of wheat seeds and the soil with S.
lamellicola or C. rosea had significant effects on seedling wheat plant growth compared with the
untreated control (Table 3.23). A significant increase in wheat shoot length was observed for C.
rosea treatment, with shoot length at 41.8 cm (8% increase over untreated control); however
while S. lamellicola or humic acid treatments resulted in 41.1 cm (6% increase) or 38.3 cm (1%
decrease), respectively, these were not significantly different from the untreated control (Table
3.23). The pathogen F. graminearum significantly decreased shoot length by 10% compared to
untreated control. Root length was found to be significantly increased for treatment with C. rosea
(29%) or S. lamellicola (18%), and significantly decreased for treatment with F. graminearum
(24%), although humic acid treatment did not result in a significant difference from untreated
control.
Seedling fresh and dry weights per plant were found to be significantly increased for
treatment with C. rosea at 0.79 g (34% increase) and 0.10 g (25% increase), respectively, while
S. lamellicola gave 0.76 g (29% increase) and 0.09 g (13% increase), respectively (Table 3.23).
The pathogen F. graminearum significantly decreased fresh and dry weights by 44% and 38%,
respectively, while humic acid did not significantly affect fresh or dry weights compared to the
untreated control. At the adult stage (anthesis), treatments did not significantly affect growth
parameters of flag leaf length and width, or head length compared with untreated control (Table
3.23).
3.5. Discussion
Fusarium graminearum is a serious pathogen causing FHB disease on wheat and various
grasses. Although fungicide application is a key approach for the control of FHB in agricultural
systems, these materials may pose a risk for humans, animals and the environment (van der
Werf, 1996; Damalas and Eleftherohorinos, 2011). This has created a need for researchers to find
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alternatives to control F. graminearum using antagonistic fungi or bacteria (Xue et al., 2009; Pan
et al., 2015). Some mycoparasitic antagonistic fungi such as C. rosea (Xue, 2003a), Trichoderma
viride (John et al., 2010), or Acremonium strictum (Choi et al., 2008) can be used as biocontrol
agents to control various fungal plant diseases.
The endophytic fungus S. lamellicola was isolated from wheat tissues in this study. This
fungus along with the commercially available biocontrol C. rosea was investigated for their
activity as biocontrol agents to control FHB under growth room, garden, and field conditions.
When spore suspensions of S. lamellicola or C. rosea at 5 × 106 spores/mL were applied on
leaves of ‘Glenn’, ‘Wilkin’, and ‘AAC Scotia’ seedlings one hour prior to inoculation with the
pathogen F. graminearum (5 × 104 spores/mL), both biocontrol agents showed high levels of
reduced disease incidence on the wheat cultivars in growth room tests (67-73%), and in the field
tests (58-67%). For seedling stage tests, the growth room trials exhibited higher disease
reduction than the field trials perhaps because the controlled environment was more favorable for
biocontrol agent growth and interactions. As well, in the growth room, both pathogen and
biocontrol were sprayed 1 mL/spike, whereas in the field, the application rate for treatments was
200 mL per 100 plants and the pathogen, 150 mL/100 plants. The previous study demonstrated
that a spore suspension of S. lamellicola found to be potent against Botrytis diseases, rice blast,
rice sheath blight, cucumber gray mold, tomato late blight, and barley powdery mildew under
greenhouse conditions (Choi et al., 2009), but there were no previous reports with wheat
diseases.
Although open field conditions are less favorable environments for biocontrol agents due
to variable temperature and humidity, competitors, and leaf surface exudates (Jarvis and
Slingsby, 1977; Jones and Burges, 1998; Paulitz and Belanger, 2001; Choi et al., 2009), in this
study, spore suspensions of S. lamellicola or C. rosea displayed significant activity (58-67%
disease reduction) against disease caused by F. graminearum on wheat cultivars. To make sure
the symptoms on wheat leaves were caused by F. graminearum, re-isolations were made from
inoculated symptomatic foliage, and F. graminearum mostly (white cultures) and occasionally
Penicillium spp. (green cultures) were isolated from surface-sterilized symptomatic wheat
foliage collected from the field experiments (Fig. 3.13). Choi et al. (2009) reported that spore
suspensions of S. lamellicola reduced diseases on tomato, cucumber, and strawberry caused by
Botrytis cinerea in the field tests. The mechanism of action of S. lamellicola was previously
noted as antibiosis and mycoparasitism (Kim et al., 2002; Choi et al., 2008). This fungus
produces the antifungal compound verlamelin which inhibits mycelial growth of M. grisea, B.
maydis, B. cinerea, F. oxysporum and A. alternata (Kim et al., 2002). This study demonstrated
that spore suspensions of S. lamellicola can inhibit disease caused by F. graminearum in growth
room and field tests at seedling and adult stages to significant levels (49-67% in the growth room
trials and 58-71% in the field trials).
Development of FHB was significantly reduced when spore suspensions of S. lamellicola
or C. rosea treatments were applied on spikes 3 days before pathogen inoculation (F.
graminearum). In these experiments, since biocontrol treatments were not in direct contact with
F. graminearum, then they should not have directly affected the pathogen growth environment.
Biocontrol inoculation at 3 days before pathogen inoculation allowed the biocontrol agents to
penetrate and establish in the host tissue and may activate the resistance response to the
pathogen. In garden trials (Fig. 3.5) where biocontrol treatments were applied 3 hours before
pathogen inoculation, the biocontrols gave 36% and 37% disease reduction, whereas when the
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biocontrols were applied 3 days before pathogen inoculation, they showed 83% and 89% disease
reduction. To assess whether S. lamellicola or C. rosea could colonize wheat spikelets, reisolations were made from biocontrol-inoculated spikes, and after 7 days, both biocontrol agents
were isolated from surface-sterilized treated spikelet segments.
When spore suspensions of S. lamellicola were applied to spikes 3 hours before pathogen
inoculation, FHB incidence, severity, and index were significantly reduced in field tests on three
wheat cultivars (‘Glenn’, ‘Wilkin’ and ‘AAC Scotia’). This protective application of S.
lamellicola effectively reduced disease with a mean of 74% disease reduction with 69% disease
reduction in 2018 and 79% in 2019 trials. In comparison, the level of disease protection provided
by 0.31% propiconazole was 84% disease reduction in 2018 and 96% in 2019 on three wheat
cultivars.
The disease reduction by S. lamellicola might be due to competition or antifungal
compounds produced by the biocontrol agent (Kim et al., 2002), or mycoparasitic activity (Choi
et al., 2008). Microscopic examination if dual inoculations (simultaneous and staggered time) of
S. lamellicola and F. graminearum on detached wheat leaves in Chapter two revealed
competition of the biocontrol agent against the pathogen (Fig. 3.14). And hyphal surface
coverage of F. graminearum grown alone (90%) was greater than that in dual inoculations (5%)
(Fig. 3.15).
In the growth room and field tests at the seedling stage, S. lamellicola showed greater
disease reduction of foliar disease when applied to susceptible cultivar wheat ‘Wilkin’ than the
moderately resistant cultivars ‘Glenn’ and ‘AAC Scotia’. For the adult stage, the reverse was
seen with greater effects observed with the moderately resistant cultivars than the susceptible
one. Previous work reported that S. lamellicola was developed as a commercial product against
gray mold diseases of tomato and ginseng in Korea (Shin et al., 2017), and it may be possible to
develop S. lamellicola as a biofungicide to control FHB on wheat.
In this study, treatments such as humic acid, phosphite, para-aminobenzoic acid, salicylic
acid, Civitas plus Harmonizer, and fungicide control propiconazole were applied to reduce
infected spikelets in susceptible ‘Wilkin’ or moderately resistant ‘Glenn’ in growth room tests
and ‘Glenn’ in outdoor garden tests. Spray application of treatments 3 hours (growth room) or 3
days (outdoor garden) prior to inoculation with F. graminearum significantly reduced the
number of infected spikelets by 27-92% and 42-76%, respectively. These efficacy findings are
similar to those obtained in other studies. Sorahinobar et al. (2016) found that salicylic acid
application reduced FHB symptoms in resistant and susceptible wheat cultivars. Abdel-Monaim
et al. (2011) found that seeds soaked in humic acid protected soybean plants against damping-off
and wilt diseases caused by Fusarium oxysporum under greenhouse and field conditions. Shearer
and Fairman (2007) found that phosphite treatment showed high effectiveness to suppress
Phytophthora cinnamomi. Goodwin et al. (2018) found that foliar application of PABA reduced
disease severity of tomato (Solanum lycopersicum) caused by Pseudomonas syringae, and
Cortes-Barco et al. (2010a) found that Civitas treatment reduced severity of dollar spot caused by
Sclerotinia homoeocarpa (30%), brown patch caused by Rhizoctonia solani (46%), and pink
snow mold caused by Microdochium nivale (66%). The 3 hours or 3 days interval between
treatment application and inoculum spray should have allowed the treatments to dry off and
prevented their washing off by the spore suspension application. However, residues of the
treatments may have directly affected pathogen growth, since some of these compounds were
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seen to have direct inhibitory activity against F. graminearum in amended agar tests (Chapter
two).
An endophyte is a micro-organism that lives within tissues of plants without visibly
causing symptoms on the host, and it is able to produce metabolites to increase the growth of the
host (Song et al., 2017). Trichoderma spp., which are known as endophytes, have shown several
benefits to improve plant health via various modes of action including mycoparasitism,
antibiosis, degradation of toxins, inactivation of pathogenic enzymatic pathways, resistance to
pathogens, enhanced nutrient uptake, solubilization of nutrients, sequestration of inorganic
nutrients, and enhanced root hair development (Harman, 2006; Lorito et al., 2010; Doni et al.,
2014). In this study, the endophytic fungi S. lamellicola or C. rosea were tested for their ability
to enhance wheat growth under growth room conditions. The results showed that soil and wheat
seeds treated with either biocontrol agent significantly increased the growth (shoot and root
lengths, seedling fresh and dry weights per plant) at the seedling stage (4-5 weeks old, fourth leaf
stage) compared with treatments involving the pathogen F. graminearum, humic acid, or water
(control).
Shoots and roots length of S. lamellicola or C. rosea-inoculated wheat plants were greater
than other treatments (Fusarium graminearum, humic acid, or water). The crucial factor that led
to increase shoot and root length may be the ability of biocontrol agents to produce
phytohormones or increase nutrient uptake as suggested by Chowdappa et al. (2013) and Saba et
al. (2012). Several studies reported that some endophytic fungi can produce gibberellins which
boost crop growth, and reduce risk of abiotic stresses (Khan et al., 2011). As well, tetracyclic
diterpenoic acids (such as gibberellins) can enhance growth components in plants, such as seed
germination, seedling development, stem and leaf growth, floral initiation, and flower and fruit
growth (Crozier 2000; Davies 2010; King and Evans 2003; Pharis and King, 1985).
Aside from gibberellins, several studies have reported that endophytic fungi are able to
produce indol-3-acetic acid (Ansari et al., 2013; Waqas et al., 2014). This hormone can stimulate
several growth characteristics in plants, such as root development and axillary bud and flower
formation, and it is essential for plant growth and development (Reinhardt et al., 2000). Hassan
(2002) stated that gibberellins and indol-3-acetic acid can be produced by several fungal species,
such as Fusarium oxysporum, Penicillium corylophilum, P. cyclopium, P. funiculosum,
Aspergillus flavus, A. niger, and Rhizopus stolonifera. Moreover, several plant growth-promoting
fungi (PGPF) have been found to produce gibberellins (Hamayun et al., 2017; Salas-Marina et
al., 2011; Zhang et al., 2016). Some endophytic fungi exhibit efficient production of gibberellins
including, Penicillium citrinum (Jae-Han et al., 2002), P. spadiceum (Hamayun et al., 2017),
Gibberella fujikuroi (Robinson et al., 2001), Neurospora crassa (Jeon et al., 2003), and
Phaeosphaeria sp. L. 487 (Holbrook et al., 1961).
When wheat plants were treated with S. lamellicola or C. rosea they showed increased
root length (18-29%) compared with water treatment (control). Nawrocka and Malolepsza (2013)
indicated that hyphae of endophytic fungi Trichoderma spp. have the ability to release many
elicitors which prompt various signals molecules to spread within the plant such as SA, JA, and
ROS. Thakur and Sohal (2013) pointed out that defense genes inside the plant were expressed
when elicitors were released by Trichoderma spp. Tchameni et al. (2011) reported that cacao
disease resistance was induced against Phytophthora megakarya after treatment with
Trichoderma spp. This treatment also increased cacao root length. As well, the secondary
metabolite, harzianolide, from Trichoderma spp. improved the root length of tomato at the
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seedling stage (Cai et al., 2013). Speculatively, biocontrol agents S. lamellicola or C. rosea
might produce natural substances which play a positive role in plant growth stimulation and
induced disease resistance, but further research is needed to test this speculation.
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Table 3.1. Treatments, source, and specific concentrations applied at 1 mL per wheat head (at
anthesis) in growth room and garden tests.
Treatment

Source

Concentrations

Simplicillium lamellicola (Sl)

Wheat tissue

5 × 106 spores/mL

Clonostachys rosea (Cr)

Allen Xue

5 × 106 spores/mL

Humic acid (20%) (HA)

The Organic Gardener's Pantry

1%

Confine fungicide (53%
potassium phosphite) (PP)

The Agronomy Company of Canada 1%

Salicylic acid (138.12 g/mol)
(SA)

Fisher Scientific

10 mM

Para-aminobenzoic acid (137.14
g/mol) (PABA)

Fisher Scientific

30 mM

Civitas (100%) Plus Harmonizer
(100%) (C+H)

Petro-Canada

2% + 0.2%

Propiconazole (14.3%) (PZ)

Syngenta

0.31% a.i.

Fusarium graminearum (Fg)
isolates 15086-15088

Ali Navabi Lab

5 × 104 spores/mL

Sterile distilled water

Hsiang Lab

100%
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Table 3.2. Average disease incidence (%) in three wheat cultivars (‘Glenn’ (G), ‘Wilkin’ (W),
and ‘AAC Scotia’ (A)) in a growth room tests after plants (seedling stage) were treated with
biocontrol agents (S. lamellicola, C. rosea, or a 50/50 combination of the biocontrol agents), 1
hour before inoculation with F. graminearum. Disease was rated 11 days later. The fungicide
control, propiconazole, was applied 24 hours before pathogen inoculation.
Disease incidence (%) at 11 days post pathogen inoculation
Trial 1
Trial 2
Mean
Treatment
G
W
S
G
W
S
G
W
S
a
S. lamellicola
13 a
7 a 13 a
7a
7 a 13 a
10 a
7 a 13 ab
C. rosea
7a
7 a 13 a
7 a 13 a 13 a
7 a 10 a 13 ab
50/50 combination 13 a 13 a 13 a
7a
7 a 20 ab
10 a 10 a 17 b
Propiconazole
0a
0a
0a
0a
0a
0a
0a
0a
0a
inoculated control
33 b 33 b 40 b
26 b 40 b 40 b
30 b 37 b 40 c
a
Disease incidence (%) based on five replicates. Values within a column followed by a letter in
common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.3. Average disease reduction (%) on three wheat cultivars in a growth room tests after
plants were treated with a spore suspension of biocontrol agents, S. lamellicola, C. rosea, a 50/50
combination of biocontrol agents, or inoculated control (water) 1 hour before a spore suspension
inoculation with F. graminearum, and disease was rated at 11 days post pathogen inoculation.
Propiconazole as fungicide control was applied 24 hours before pathogen inoculation.
Fusarium graminearum reduction (%) at 11 days
post pathogen inoculation
Treatment
Glenn
Wilkin
AAC Scotia
Simplicillium lamellicola
60 b
80 a
60 ab
Clonostachys rosea
80 ab
75 a
63 ab
50/50 Combination
70 ab
60 a
53 b
Propiconazole
100 a
100 a
100 a
Inoculated control
0c
0b
0c
a
Percent disease reduction based on five replicates. Values within a column followed by a letter
in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.4. Effects of biological and chemical treatments on the percentage of infected spikelets
on ‘Glenn’ wheat in a growth room tests. At anthesis, spikes were sprayed with spore
suspensions of biocontrol agents S. lamellicola, C. rosea, at 5 × 106 spores/mL, or chemical
treatments (1% humic acid, 1% phosphite, 10 mM salicylic acid, 30 mM PABA, 2% Civitas +
0.2% Harmonizer, 0.31% fungicide control propiconazole, or water (inoculated control). Three
hours later, spikes were inoculated with spore suspensions of the pathogen F. graminearum at 5
× 104 spores/mL (1 mL/ spike).
Fusarium graminearum infected spikelets (%) on ‘Glenn’ at days post
pathogen inoculation (DPPI)
Treatment
5 DPPI 7 DPPI
9 DPPI 11 DPPI 13 DPPI
a
Simplicillium lamellicola
9.2 bc
16.3 c
20.4 c
22.5 c
38.8 d
Clonostachys. Rosea
8.7 bc
8.7 abc 15.4 bc 21.8 c
30.5 d
1% Humic acid
10.3 c
10.3 bc
22.8 c
22.8 c
25.6 cd
1% Phosphite
8.8 bc
17.8 c
20.6 c
23.7 c
23.7 cd
10 mM Salicylic acid
3.1 ab
6.3 ab
6.3 ab
6.3 ab
6.3 ab
30 mM Para-aminobenzoic acid
2.8 ab
5.9 ab
5.9 ab
17 bc
17 bc
2% Civitas + 0.2% Harmonizer 31.9 d
47.5 d
53.1 d
60.6 d
65.6 e
0.31% Propiconazole
0a
0a
0a
0a
0a
Inoculated control
42.7 e
64.5 e
72.3 e
88.2 e
90.9 f
a
Percentage of infected spikelets based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.5. Effects of biological and chemical treatments on the percentage of infected spikelets
on ‘Wilkin’ wheat in a growth room tests. At anthesis, spikes were sprayed with spore
suspensions of biocontrol agents S. lamellicola, C. rosea, at 5 × 106 spores/mL, or chemical
treatments (1% humic acid, 1% phosphite, 10 mM salicylic acid, 30 mM PABA, 2% Civitas +
0.2% Harmonizer, 0.31% fungicide control propiconazole, or water (inoculated control). Three
hours later, spikes were inoculated with spore suspensions of the pathogen F. graminearum at 5
× 104 spores/mL (1 mL/ spike).
Fusarium graminearum Infected spikelets (%) on ‘Wilkin’
at days post pathogen inoculation
Treatment
5 DPI
7 DPI
9 DPI
11 DPI 13 DPI
a
Simplicillium lamellicola
23.6 cd 40.2 cd
50 de 57.1 d
57.1 e
Clonostachys rosea
24.3 cd 36.6 cd 49.1 de 51.6 bc 51.6 cd
1% Humic acid
28.3 de 31.1 bc 38.9 cd 46.7 bc 51.7 cd
1% Phosphite
22.7 cd 22.7 b 34.1 c
40.1 b
45.4 bc
10 mM Salicylic acid
19.1 c
22.7 b 30.8 c
39.6 b
45.7 bc
30 mM Para-aminobenzoic acid
8.1 b
8.1 a 13.3 a
13.3 a
26.9 b
2% Civitas + 0.2% Harmonizer 33.3 e
44.4 d 52.8 e
58.3 d
58.3 e
0.31% Propiconazole
0a
0a
0a
6.3 a
6.3 a
Inoculated control
42.2 f
58.1 e 71.1 f
81.7 e
97.5 f
a
Percentage of infected spikelets based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.6. Effects of biological and chemical treatments on the reduction of Fusarium head
blight on ‘Glenn’ wheat spikes at 5- to 13 days post pathogen inoculation under growth room
tests. Reduction in infected spikelets was calculated as: (a - b) /a × 100, where a = infected
spikelets of inoculated control (Pathogen alone), and b = the infected spikelets of pathogen with
biocontrol or chemical treatments.
Fusarium head blight reduction (%) on ‘Glenn at days
post pathogen inoculation
Treatment
5 DPPI 7 DPPI
9 DPPI 11 DPPI 13 DPPI
a
Simplicillium lamellicola
78.2 b
74.9 de
73.1 bc 73.8 c
57.6 e
Clonostachys rosea
79.1 b
86.4 bc
80.3 bc 75.1 c
66.4 de
1% Humic acid
75 b
83.9 bcd 71.2 c
74.8 c
72.1 cd
1% Phosphite
80.8 b
73.1 e
73.8 bc 70.8 c
71.7 cd
10 mM Salicylic acid
91.7 ab
90 ab
90 ab 91.7 ab
91.7 ab
30 mM Para-aminobenzoic acid 91.7 ab
90 ab
90.8 ab 81.2 bc
81.6 bc
2% Civitas + 0.2% Harmonizer 22.5 c
26.3 f
28.5 d
29.9 d
26.7 f
0.31% Propiconazole
100 a
100 a
100 a
100 a
100 a
Inoculated control
0d
0g
0e
0e
0g
a
Percentage of disease reduction based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.7. Effects of biological and chemical treatments on the reduction of Fusarium head
blight on ‘Wilkin’ wheat spikes at 5- to 13 days post pathogen inoculation under growth room
tests. Reduction in infected spikelets was calculated as: (a - b) /a × 100, where a = infected
spikelets of inoculated control (Pathogen alone), and b = the infected spikelets of pathogen with
biocontrol or chemical treatments.
Fusarium graminearum reduction (%) on ‘Wilkin’ at
days post pathogen inoculation
Treatment
5 DPPI 7 DPPI 9 DPPI 11 DPPI 13 DPPI
Simplicillium lamellicola
43.4 cda 29.1 d
29.5 d
29.7 d
41.2 c
Clonostachys rosea
42.8 cd
36 cd 31.4 d
37.1 cd
47 c
1% Humic acid
33.1 de 46.5 bc 45.9 c
43.4 bc 47.2 c
1% Phosphite
46.3 c
60.4 b
51.8 c
50.3 b
53.4 c
10 mM Salicylic acid
54.5 c
60.5 b
57.1 c
51.9 b
53.5 c
30 mM Para-aminobenzoic acid 80.6 b
85.3 a
81.2 b
83.6 a
72.2 b
2% Civitas + 0.2% Harmonizer 20.8 e
23.2 d
25.6 d
28.7 d
39.9 c
0.31% Propiconazole
100 a
100 a
100 a
92.6 a
93.4 a
Inoculated control
0f
0e
0e
0e
0d
a
Percentage of disease reduction based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.8. Effects of biological and chemical treatments (1 mL/ spike) on the reduction of
Fusarium head blight on ‘Glenn’ wheat spikes at 5- to 13 days post pathogen inoculation in
outdoor garden tests. At anthesis, spikes were sprayed with spore suspensions of biocontrol
agents S. lamellicola, C. rosea, at 5 × 106 spores/mL, or chemical treatments (1% humic acid,
1% phosphite, 10 mM salicylic acid, 30 mM PABA, 2% Civitas + 0.2% Harmonizer, 0.31%
fungicide control propiconazole, or water (inoculated control). Three hours later, spikes were
inoculated with spore suspensions of the pathogen F. graminearum at 5 × 104 spores/mL (1 mL/
spike). Reduction in infected spikelets was calculated as: (a - b) /a × 100, where a = infected
spikelets of inoculated control (Pathogen alone), and b = the infected spikelets with pathogen F.
graminearum and biocontrol or chemical treatments.
FHB reduction (%) on ‘Wilkin’ at days post pathogen
inoculation
Treatment
5 DPPI 7 DPPI 9 DPPI 11 DPPI 13 DPPI
Simplicillium lamellicola
60 ba
48 b
40 c
33 c
36 c
Clonostachys rosea
79 ab
56 b
45 c
39 c
37 c
1% Humic acid
47 b
42 b
47 c
40 c
45 c
1% Phosphite
73 ab
63 b
50 c
43 c
52 bc
10 mM Salicylic acid
69 ab
58 b
50 c
49 c
54 bc
30 mM Para-aminobenzoic acid 75 ab
71 ab
74 b
70 b
77 ab
2% Civitas + 0.2% Harmonizer 79 ab
42 b
35 c
39 c
45 c
0.31% Propiconazole
100 a
100 a
100 a
100 a
100 a
Inoculated control
0c
0c
0d
0d
0d
a
Percentage of disease reduction based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.9. Effects of biological and chemical treatments on the reduction of Fusarium head
blight on ‘Glenn’ wheat spikes at 5- to 13 days post pathogen inoculation under outdoor
garden tests. At anthesis, spikes were sprayed with spore suspensions of biocontrol agents S.
lamellicola, C. rosea at 5 × 106 spores/mL, chemical treatments (1% humic acid, 1% phosphite,
10 mM salicylic acid, 30 mM PABA, 2% Civitas + 0.2% Harmonizer, 0.31% fungicide control
propiconazole, or water (inoculated control). Three days later, spikes were inoculated with
spore suspensions of the pathogen F. graminearum at 5 × 104 spores/mL. Reduction in infected
spikelets was calculated as: (a - b) /a × 100, where a: the infected spikelets of inoculated control
(Pathogen alone), and b: the infected spikelets of the pathogen with biocontrol or chemical
treatments.
Disease reduction (%) of ‘Glenn at days post pathogen
inoculation (DPPI)
Treatment
5 DPPI 7 DPPI
9 DPPI 11 DPPI 13 DPPI
Simplicillium lamellicola
79 ab 85 ab
92 a
90 a
89 ab
Clonostachys rosea
92 ab 85 ab
83 ab
81 a
83 ab
1% Humic acid
67 b
46 d
38 cd
38 cd
50 c
1% Phosphite
67 b
75 abc
46 c
40 cd
47 c
10 mM Salicylic acid
79 ab 54 cd
38 cd
37 cd
42 c
30 mM PABA
88 ab 85 ab
85 ab
72 ab
76 b
2% C + 0.2% H
75 ab 63 bcd
63 bc
49 bc
57 c
0.31% Propiconazole
100 a
94 a
96 a
96 a
98 a
Inoculated control
0c
0e
0e
0e
0d
LSD (p=0.05)
39
25
27
30
18
a
Percentage of disease reduction based on four replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.10. In 2018 field trials, average disease incidence (%) on the three wheat cultivars when
plants treated 200 mL/plot with spores of biocontrol agents S. lamellicola or C. rosea, or humic
acid, or propiconazole, or sterile distilled water as inoculated control at seedling stage in the
field tests. Three hours later, wheat cultivars were inoculated with the pathogen F.
graminearum, and disease was rated at 7 days later.
Disease incidence (%) at 7 days post
pathogen inoculation
Treatment
Glenn
Wilkin
AAC Scotia
a
Simplicillium lamellicola 18 a
19 ab
20 a
Clonostachys rosea
18 a
9a
25 a
Humic acid
31 ab
25 b
29 a
Propiconazole
20 a
24 b
25 a
Inoculated control
43 b
53 c
51 b
a
Percentage of disease incidence based on 4 replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.11. In 2018 field trials, effects of biological and chemical treatments on the reduction of
Fusarium graminearum on the seedling stage of the three wheat cultivars at 7 days post
pathogen inoculation in the field tests
Disease incidence reduction (%) at 7 days post
pathogen inoculation on three wheat cultivars
Treatment
Glenn
Wilkin
AAC Scotia
a
Simplicillium lamellicola
58 a
64 ab
61 a
Clonostachys rosea
58 a
83 a
51 a
Humic acid
28 ab
53 b
43 a
Propiconazole
53 a
55 b
51 a
inoculated control
0b
0c
0b
a
Percentage of disease incidence reduction based on four replicates. Values within a column
followed by a letter in common are not significantly different at p ≤ 0.05 according to Fisher’s
Protected Least Significant Difference Test (LSD).
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Table 3.12. In 2018 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
the percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘Glenn’
spring wheat in a field trial at the Elora Research Station, Ariss, Ontario, at 10, 14 and 21 days
post pathogen inoculation (DPPI) with Fusarium graminearum
10 DPPI
14 DPPI
21 DPPI
FHB
FHB
FHB
DI
DS index
DI
DS
index
DI
DS
index
Treatment
%
% %
%
%
%
%
%
%
a
S. lamellicola
9 b 2 a 0.1 a
14 ab 7 ab
1 ab
45 b 18 b
8.4 b
C. rosea
9 b 3 a 0.3 a
12 a
7 ab
1 ab
43 b 17 b
7.4 b
Humic acid
10 b 3 a 0.3 a
18 b 11 b
2b
47 b 22 b 10.3 b
Propiconazole
5 a 1 a 0.1 a
11 a
3a
0.3 a
26 a
8a
2a
6 b 1.2 b
28 c 19 c
5.4 c
76 c 46 c
35 c
Inoculated control 19 c
a
Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.13. In 2018 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
the percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘Wilkin’
spring wheat in a field trial at the Elora Research Station, Ariss, Ontario, at 10, 14 and 21 days
post pathogen inoculation (DPPI) with Fusarium graminearum
10 DPPI

14 DPPI
21 DPPI
FHB
FHB
FHB
DI
DS
index
DI
DS
index
DI
DS
index
Treatment
%
%
%
%
%
%
%
%
%
a
S. lamellicola
10 a
4 ab 0.4 a
23 a 15 b
3.3 b
61 b 36 b 22.4 ab
C. rosea
13 a
5b
0.7 a
21 a 13 ab 2.9 b
62 b 37 b 23.3 b
Humic acid
10 a
5b
0.5 a
24 a 17 b
4.4 b
70 b 42 b 29.6 b
Propiconazole
5a
2a
0.1 a
15 a
6a
0.9 a
47 a 24 a
11 a
Inoc-control
30 b 11 c
3.3 b
42 b 28 c
12 c
94c 63 c 59.4 c
a
Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.14. In 2018 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
the percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘AAC Scotia’
spring wheat in a field trial at the Elora Research Station, Ariss, Ontario, at 10, 14 and 21 days
post pathogen inoculation (DPI) with Fusarium graminearum
10 DPI
14 DPI
21 DPI
FHB
FHB
FHB
DI
DS index
DI
DS
index
DI
DS
index
Treatment
%
% %
%
%
%
%
%
%
a
S. lamellicola
5 a 2 a 0.1 a
13 a
6 a 0.7 a
47 b
21 a
10 a
C. rosea
7 a 2 a 0.1 a
11 a
5 a 0.5 a
37 ab 17 a 6.2 a
Humic acid
5 a 2 a 0.1 a
9a
5 a 0.5 a
32 a
19 a 6.3 a
Propiconazole
6 a 2 a 0.1 a
12 a
6 a 0.7 a
42 ab 17 a 7.5 a
Inoc-control
12 b 8 b 0.9 b
20 b 23 b 4.6 b
65 c
49 b
32 b
a
Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.15. In 2018 field trials, Effects of biological and chemical treatments on the reduction
of Fusarium head blight index on three wheat cultivars at 10, 14, and 21 days post pathogen
inoculation
Fusarium head blight index reduction (%) of wheat cultivars at
days post pathogen inoculation
Glenn
Wilkin
AAC Scotia
Treatment
10
14
21
10
14
21
10
14
21
a
S. lamellicola
89 a 83 a 76 a 88 a 73 a 62 a 90 a 84 a 69 a
C. rosea
79 a 84 a 79 a 81 a 76 a 61 a 87 a 89 a 80 a
Humic acid
74 a 63 a 70 a 87 a 64 a 50 a 85 a 90 a 80 a
Propiconazole
94 a 95 a 94 a 96 a 93 a 81 a 87 a 85 a 77 a
Inoculated control 0 b
0b
0b
0b
0b
0b
0b
0b
0b
a
Percentage of FHB index reduction based on four replicates. Values within a column followed
by a letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected
Least Significant Difference Test (LSD).
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Table 3.16. In 2018 field trials, AUDPC (Area Under Disease Progress Curve) of the Fusarium
head blight index for three wheat cultivars treated with S. lamellicola, C. rosea, humic acid,
propiconazole, or distilled water and then 3 hours later plants were inoculated with the pathogen
Fusarium graminearum.

Treatment
S. lamellicola

AUDPC and percent reduction by cultivar
AUDPC
Disease reduction (%)
Glenn Wilkin AAC Scotia
Glenn Wilkin AAC Scotia
35 b
97 b
39 a
77
65
72

C. rosea
31 b
99 b
25 a
80
65
82
Humic acid
48 b 128 b
25 a
69
54
82
Propiconazole
9a
44 a
30 a
94
84
78
Inoculated control 153 c 281 c
139 b
0
0
0
a
AUDPC based on four replicates. Values within a column followed by a letter in common are
not significantly different at p ≤ 0.05 according to Fisher’s Protected Least Significant
Difference Test (LSD).
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Table 3.17. In 2018 and 2019 field trials, average disease incidence (%) in the three wheat
cultivars when plants were treated with 200 mL/plot with spores of biocontrol agents S.
lamellicola or C. rosea, or humic acid, or propiconazole, or sterile distilled water as inoculated
control at seedling stage in the field tests (see text for concentrations). Three hours later, wheat
cultivars were inoculated with the pathogen F. graminearum (150 mL/plot), and disease was
rated at 7 days later.
Disease incidence (%) at 7 days post pathogen inoculation
Trial 1 (Summer 2018)
AAC
Treatment

Glenn

Wilkin

Scotia

Trial 2 (Summer 2019)
AAC
Glenn Wilkin Scotia

S. lamellicola

18 aa

19 ab

20 a

3.3 ab

6.3 ab

C. rosea

18 a

9a

25 a

3.0 a

Humic acid

31 ab

25 b

29 a

Propiconazole

20 a

24 b

Inoc-control

43 b

53 c

Mean (Trial 1& 2)
Glenn

Wilkin

AAC
Scotia

6.5 ab

10.4 a

12.5 ab

13.3 a

4.0 a

4.8 a

10.3 a

6.4 a

14.9 a

5.8 b

10 bc

9.0 b

18.5 ab

17.5 b

18.9 a

25 a

2.5 a

3.8 a

4.0 a

11.3 a

13.8 b

14.5 a

51 b

11 c

13 c

14.5 c

26.8 b

32.8 c

32.9 b

a

Percentage of disease incidence based on 4 replicates. Values within a column followed by a
letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected Least
Significant Difference Test (LSD).
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Table 3.18. In 2018 and 2019 field trials (Mean), effects of biological and chemical treatments
on the reduction of Fusarium graminearum on the seedling stage of the three wheat cultivars at
7 days post pathogen inoculation
Disease incidence reduction (%) at 7 days post
pathogen inoculation on three wheat cultivars
Treatment
Glenn
Wilkin
AAC Scotia
a
Simplicillium lamellicola
64 a
58 b
51 a
Clonostachys rosea
67 a
78 a
56 a
Humic acid
34 b
36 c
30 ab
Propiconazole
66 a
63 b
55 a
inoculated control
0c
0d
0b
a
Percentage of disease incidence reduction based on four replicates. Values within a column
followed by a letter in common are not significantly different at p ≤ 0.05 according to Fisher’s
Protected Least Significant Difference Test (LSD).
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Table 3.19. In 2019 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘Glenn’ spring
wheat in a field trial near Elora, Ontario, at 10, 14 and 21 days post pathogen inoculation (DPPI)
with Fusarium graminearum
10 DPPI

14 DPPI

21 DPPI

DI
%

DS
%

FHB
index
%

S. lamellicola

4.8 b

1.4 ab

0.07 ab

8.5 b

2.2 b

0.20 ab

15.8 b

4.1 b

0.65 ab

C. rosea

5.8 b

1.6 b

0.10 ab

8.8 b

2.5 bc

0.23 b

15.3 b

4.1 b

0.62 ab

Humic acid

6.5 b

2.4 b

0.17 b

10.8 b

3.6 c

0.40 b

18.8 b

5.2 b

0.99 b

Propiconazole

1.8 a

0.5 a

0.01 a

2.5 a

0.6 a

0.02 a

7.3 a

2.0 a

0.16 a

Inoc- control

10.5 c

4.7 c

0.50 c

16.3 c

7.4 c

1.20 c

29.0 c

11.6 c

3.37 c

Treatment

DI
%

DS
%

FHB
index
%

DI
%

DS
%

FHB
index
%

a

Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.20. In 2019 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘Wilkin’ spring
wheat in a field trial near Elora, Ontario, at 10, 14 and 21 days post pathogen inoculation (DPPI)
with Fusarium graminearum
10 DPPI

14 DPPI

DI
%

DS
%

FHB
index
%

S. lamellicola

9.8 ba

3.5 b

0.34 bc

14.0 b

6.5 b

C. rosea

9.8 b

2.7 b

0.26 b

14.3 b

13.3 c

3.5 b

0.47 c

2.5 a

0.8 a

20.8 d

5.8 c

Treatment

Humic acid
Propiconazole
Inoc-control

21 DPPI
DI
%

DS
%

FHB
index
%

0.90 b

29.8 b

21.3 bc

6.42 bc

5.5 b

0.78 b

31.0 b

18.2 b

5.63 c

19.8 c

7.3 b

1.50 c

35.5 b

26.8 c

9.94 c

0.03 a

6.3 a

2.0 a

0.13 a

12.5 a

3.8 a

0.48 a

1.22 d

27.0 d

12.3 c

3.29 d

52.5 c

47.7 d

24.94 d

DI
%

DS
%

FHB
index
%

a

Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.21. In 2019 field trials, efficacy of biological and chemical treatments (200 mL/plot) on
the percentage of disease incidence (DI), disease severity (DS), and FHB index on ‘AAC Scotia’
spring wheat in a field trial near Elora, Ontario, at 10, 14 and 21 days post pathogen inoculation
(DPI) with Fusarium graminearum
10 DPI

14 DPI

21 DPI

Treatment

DI
%

DS
%

FHB
index
%

DI
%

DS
%

FHB
index
%

S. lamellicola

5.3 ba

1.7 a

0.09 a

7.5 b

2.8 ab

0.21 ab

14 b

6.3 b

0.90 ab

C. rosea

6.8 b

1.9 a

0.13 a

9.5 b

3.8 b

0.36 b

17 b

6.9 b

1.20 ab

Humic acid

6.5 b

2.0 a

0.13 a

9.8 b

3.8 b

0.38 b

17.5 b

8.6 b

1.55 b

Propiconazole

3.5 a

0.9 a

0.04 a

4.0 a

1.7 a

0.07 a

7.3 a

3.6 a

0.26 a

Inoc-control

12.8 c

5.5 b

0.68 b

18.0 c

8.0 c

1.44 c

33.8 c

15.8 c

5.41 c

DI
%

DS
%

FHB
index
%

a

Percentage of FHB incidence, FHB severity, and FHB index based on four replicates. Values
within a column followed by a letter in common are not significantly different at p ≤ 0.05
according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 3.22. In 2018 and 2019 field trials (Mean), Effects of biological and chemical treatments
on the reduction of Fusarium head blight index on three wheat cultivars at 10, 14, and 21 days
post-inoculation
FHB index reduction (%) on three wheat cultivars at days post pathogen inoculation
Glenn

Wilkin

AAC Scotia

Treatment

10

14

21

10

14

21

10

14

21

S. lamellicola

88 ab

83 b

77 b

79 b

71 b

68 b

88 ab

84 ab

76 b

C. rosea

77 bc

82 b

79 b

78 b

74 b

69 b

84 b

81 b

79 ab

Humic acid

69 c

64 c

69 b

73 b

60 c

54 c

83 b

80 b

76 b

Propiconazole

95 a

97 a

95 a

97 a

94 a

90 a

90 a

89 a

86 a

0d

0d

0c

0c

0d

0d

0c

0c

0c

Inoculated control
a

Percentage of FHB index reduction based on four replicates. Values within a column followed
by a letter in common are not significantly different at p ≤ 0.05 according to Fisher’s Protected
Least Significant Difference Test (LSD).
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Table 3.23. Comparison of growth parameters of Triticum aestivum at the seedling and adult
plant stages. Wheat seeds were soaked in suspensions of S. lamellicola, C. rosea, humic acid, or
sterile distilled water for 6 hours and then sown in cone-tainers containing 20 g soil Pro-Mix
with 15 mL of each treatments. At the seedling stage (4 leaves), shoot length, root length, fresh
and dry weights were recorded. At the adult stage (anthesis), the head length was recorded.
Comparison of growth parameters at seedling and adult stages
Seedling stage
Adult stage
Shoot
Root
Fresh
Dry
Flag leaf Flag leaf Head
length
length
weight weight
length
width
length
Treatment
(cm)
(cm)
(g)
(g)
(cm)
(cm)
(cm)
a
S. lamellicola
41.1 ab
16.3 b
0.8 a
0.09 a
22.3 a
1.0 a
7.5 a
C. rosea
41.8 a
17.9 a
0.8 a
0.10 a
24.0 a
1.0 a
7.6 a
F. graminearum 34.8 c
10.6 d
0.3 c
0.05 c
14.6 c
0.8 c
6. 6 b
Humic acid
38.3 b
13.3 c
0.5 b
0.07 b
17.6 bc
0.9 b
6.8 b
Control
38.6 b
13.9 c
0.6 b
0.08 b
20.9 ab
1.0 a
7.4 a
a
Comparison of growth parameters based on five replicates per treatment. Values within a
column followed by a letter in common are not significantly different at p ≤ 0.05 according to
Fisher’s Protected Least Significant Difference Test (LSD).
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Cleaning

70% EtOH
@ 30 s
Bleach
@ 30 s
Wash
@ 1 min

Soaked seeds
in treatments
for 6 hours

Added 20 g soil
into conetainer

Seed

Growth parameters
- Shoot length
- Root length
- Fresh weight
- Dry weight
- Flag leaf length
- Flag leaf width
- Head length

(Seedling stage at 4 leaves)

Poured in
15 ml of
treatment/
conetainer

One seed/tube

(Adult stage at anthesis)

Fig. 3.1. Wheat plant preparation and measurement of morphological properties, wheat seeds
were surface sterilized and then soaked in 5 × 106 spores/mL of S. lamellicola, C. rosea, or 5 ×
104 spores/mL F. graminearum, or in 1% humic acid or sterile distilled water. Growth was
assessed at seedling and adult stages under controlled growth room conditions.
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Simplicillium lamellicola

Clonostachys rosea

Propiconazole

Inoculated control

50/50 combination

50
b

Disease incidence (%)

45

c

40
b

35
30
25
20
15
10

a

a

a

a

a

5

ab ab

b

a

a

a

a

0
Glenn

Wilkin

AAC Scotia

Wheat cultivars
Fig. 3.2. Average disease incidence (%) in three wheat cultivars (seedling stage) in a growth
room tests after plants were treated with a spore suspension of biocontrol agents, S. lamellicola,
C. rosea, a 50/50 combination of biocontrol agents, or inoculated control (water) 1 hour before a
spore suspension inoculation with F. graminearum, and disease was rated at 11 days post
pathogen inoculation. Propiconazole as fungicide control was applied 24 hours before pathogen
inoculation. Values are expressed as mean ± SE. Data columns with the same letter are not
significantly different (p < 0.05, least significant difference test).
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Simplicillium lamellicola
1% Humic acid
10 mM Salicylic acid
2% Civitas + 0.2% Harmonizer
Inoculated control

A

Clonostachys rosea
1% Phosphite
30 mM Para aminobenzoic acid
0.31% Propiconazole

Infected spikelets (%)

120
100

Water + Fg

(Disease Reduction %)

80

C & H + Fg (27%)
60
Sl + Fg (58%)
Cr + Fg (66%)
HA or PP + Fg (72%)
PABA+ Fg (82%)
SA + Fg (92%)

40
20
0

B

5

7

9

11

13

PZ + Fg (100%)

Infected spikelets (%)

120
100

Water + Fg

80
C & H + Fg (40%)
Sl + Fg (41%)
Cr or HA + Fg (47%)
SA or PP + Fg (53%)

60
40

PABA+ Fg (72%)
20
PZ + Fg (93%)

0
5

7

9

11

13

Days post-inoculation

Fig. 3.3. Efficacy of biocontrol agents (S. lamellicola (Sl), C. rosea (Cr) or non-conventional
fungicides humic acid (HA), phosphite (PP), salicylic acid (SA), para aminobenzoic acid
(PABA), Civitas plus Harmonizer (CH), or fungicide control propiconazole (PZ), or sterile
distilled water) on diseased spikelets of ‘Glenn’ (A), and ‘Wilkin’ (B) infected by Fusarium
graminearum (Fg) and assessed at 5, 7, 9, 11 and 13 days post pathogen inoculation in growth
room tests. Infected spikelets were calculated as the number of infected spikelets per spike/the
total number of spikelets per spike × 100.
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A
Sl

B Sl

Cr

PP

HA

Cr

HA

SA

PP

PABA

SA

PABA

C+H

CH

PZ

PZ

Inoculated
control

Inoculated
control

Fig. 3.4. Infected spikelets of ‘Glenn’ at 13 days post pathogen inoculation (A), and ‘Wilkin’ at
11 days post pathogen inoculation (B) with Fusarium head blight caused by Fusarium
graminearum in growth room tests. During the anthesis, wheat spikes were sprayed (1 mL per
head) with a spore suspension of biocontrol agents (S. lamellicola or C. rosea at 5 × 106
spores/mL), or non-conventional fungicides (humic acid 1%, Phosphite 1% , Salicylic acid 10
mM, Para-aminobenzoic acid 30 mM, 2% Civitas + 0.2% Harmonizer), or fungicide control
Propiconazole 0.31% a.i , or Sterile distilled water. Three hours after treatments, wheat spikes
were sprayed with a 5 × 104 spores/mL suspension of F. graminearum.
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A
80

Infected spikelets (%)

70
Water + Fg (inoculated control)

60

(Disease Reduction %)

50

Sl + Fg (36%)

40

Cr + Fg (37%)
1% HA or 2% C-0.2% H + Fg (45%)

30

1% PP + Fg (52%)
10 mM SA + Fg (54%)

20

30 mM PABA + Fg (77%)

10
0.31% PZ + Fg (100%)

0
5

7

9

11

13

Days post-inoculation

B

Sl

Cr

HA

PP

SA

PABA

C-H

PZ

Water

Fig. 3.5. Infected spikelets of ‘Glenn’ at 5-13 days post pathogen inoculation (A), 11 days post
pathogen inoculation (B) with Fusarium head blight caused by F. graminearum in outdoor
garden tests. During the anthesis, wheat spikes were sprayed (1 ml per head) with a spore
suspension of biocontrol agents (S. lamellicola (Sl) or C. rosea (Cr) at 5 × 106 spores/mL), or
non-conventional fungicides (humic acid (HA) 1%, Phosphite (PP) 1% , Salicylic acid (SA) 10
mM, Para-aminobenzoic acid (PABA) 30 mM, 2% Civitas + 0.2% Harmonizer (C-H)), or
fungicide control Propiconazole (PZ) 0.31% a.i , or Sterile distilled water. Three hours after
treatments, wheat spikes were sprayed (1 ml per head) with a 5 × 104 spores/mL suspension of
F. graminearum.
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A

Water

SA PP

HA

C-H

PABA

Sl

Cr

PZ

B

C

Infected spikelets (%)

A

100
Water + Fg (inoculated control)

90
80
70

(Disease Reduction %)

60

10 mM SA + Fg (42%)
1% PP + Fg (47%)
HA + Fg (50%)
2% C & 0.2% H + Fg (57%)

50
40
30

30 mM PABA + Fg (76%)
Cr + Fg (83%)
Sl + Fg (89%)
0.31% PZ + Fg (98%)

20
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0
5

7

9

11

13

Days post pathogen inoculation
Fig. 3.6. Effect of biological and chemical treatments on wheat spikes to control Fusrium head
blight in garden tests. Spikes were sprayed (1 ml per head) with spore suspensions of
biocontrol agents, S. lamellicola (Sl), C. rosea (Cr) (5 × 106 spores/mL), or non-coventional
fungicides, humic acid (HA) 1%, phosphite (PP) 1% , salicylic acid (SA) 10 mM, para
aminobenzoic acid (PABA) 30 mM, 2% Civitas + 0.2% Harmonizer (C-H), or fungicide control
propiconazole (PZ) 0.31% a.i, or sterile distilled water. Three days later, spikes were sprayed
(1 ml per head) with spore suspensions of F. graminearum (5 × 104 spores/mL). (A) Infected
spikelets at 13 DPPI magnified in (B). (C) Infected spikelets were assessed at 5, 7, 9, 11, and 13
DPPI, and percentage values indicate disease reduction at 13 DPPI. Error bars for each mean
based on four replicates.
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A

B

C

D

E

Fig. 3.7. Efficacy of biological and chemical treatments on cultivar ‘Wilkin’ against Fusarium
head blight caused by Fusarium graminearum at 14 days post pathogen inoculation, Spikes at
the anthesis of ‘Wilkin’ were treated with a spore suspension of S. lamellicola (A), C. rosea (B),
or humic acid (C), or fungicide propiconazole (D), or distilled water control (E). One hour before
sunset, spikes were inoculated with a spore suspension of Fusarium graminearum.
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A

B

C

D

E

Fig. 3.8. In 2018 field experiments, Efficacy of biological and chemical treatments on Fusarium
head blight index (product of incidence and severity) of susceptible ‘Wilkin’ wheat at 21 days
post pathogen inoculation. During head stage at anthesis, wheat spikes were sprayed with a spore
suspension of S. lamellicola 5 × 106 spores/mL (A), C. rosea 5 × 106 spores/mL (B), humic acid
1% (C), fungicide propiconazole 0.31% (D), or distilled water (E). One hour before sunset,
wheat spikes were sprayed with a spore suspension of F. graminearum 5 × 104 spores/mL.
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Scotia

Wilkin

a

Treatment

Inoculated control

b

a
b

Propiconazole

b

a
a

Humic acid

b

a
a

Clonostachys rosea

b

a
a

Simplicillium lamellicola

b

a
0

Glenn

100

200

300

Estimated AUDCP
Fig. 3.9. In 2018 field trial, disease progression of FHB index on three wheat cultivars
represented by Area Under Disease Progress Curve of wheat cultivars grown in the field. Wheat
spikes were treated with biological and chemical agents and then inoculated with the pathogen
Fusarium graminearum. AUDPC values are expressed as mean ± SE. Data in a column with the
same letter are not significantly different (P < 0.05, least significant difference test). The Area
Under Disease Progress Curve (AUDPC) was calculated as follows: AUDPC=[[(Y1+Y2)/2](t2t1)]+[[(Y2+Y3)/2](t3-t2)] where Y1, Y2, and Y3 were FHB index at 10, 14, and 21 days post
pathogen inoculation, while t1, t2, and t3 represented days of scoring (10,14, and 21 days).
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Disease incidence and reduction values (%)

90

Lines represent disease reduction (%) compared to inoculated control

80
Glenn
Wilkin
AAC Scotia

70
60
50
40

30

bars represent disease incidenc (%)

20
10
0
S. lamellicola

C. rosea

Humic acid

Propiconazole

Inoculated control

Treatment
Fig. 3.10. In 2018 and 2019 field trials, effects of biological and chemical treatments on disease
incidence and reduction caused by F. graminearum on the seedling stage of the three wheat
cultivars at 7 days post pathogen inoculation in the field tests. Column values represent the
percentage of disease incidence, and line values represent the percentage of disease reduction.
Disease incidence was assessed at 7 days post pathogen inoculation and calculated as % disease
incidence = number of infected plants / total number of plants assessed × 100. Disease reduction
was calculated as: % disease reduction = (incidence value of inoculated control – incidence value
of treatment) / incidence value of inoculated control × 100.
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2019-14 DPPI

2019-21 DPPI

A

B

C

D

E

Fig. 3. 11. In 2019 field experiments, the efficacy of biological and chemical treatments on
Fusarium head blight index (product of incidence and severity) of susceptible ‘Wilkin’
wheat at 14 DPPI (upper row) and 21 DPPI (lower row). During head stage at anthesis,
wheat spikes were sprayed with a spore suspension of S. lamellicola 5 × 106 spores/mL
(A), C. rosea 5 × 106 spores/mL (B), humic acid 1% (C), fungicide propiconazole 0.31%
(D), or distilled water (E). Three hours later, wheat spikes were sprayed with a spore
suspension of F. graminearum (5 × 104 spores/mL). Higher score disease was found with
inoculated control (E) than plants treated with biological and chemical agents (A-D).

112

Spring wheat cultivars

A
c
b
b
b

Glenn

a

b
a
a
a
a

Scotia

Inoculated control
Humic acid
Simplicillium lamellicola
Clonostachys rosea
Propiconazole

80%

Aerage disease reduction (%)
79%

c
b
b
b
a

Wilkin

0

70%
30

60

90

120

150

180

210

Treatment

B
a
Inoculated control a
b
a
Propiconazole b
b
a
Humic acid a
b
a
Clonostachys rosea a
b
a
a
b

Simplicillium lamellicola
0

81-95%

Disease reduction (%)

56-81%

Glenn
Scotia
Wilkin

68-81%

68-78%
40

80

120

160

200

Estimated AUDPC
Fig. 3.12. In 2018 and 2019 field trials- Disease progression of FHB index on three wheat
cultivars represented by Area Under Disease Progress Curve (AUDPC) of wheat cultivars grown
in the field, where (A) shows comparisons between treatments, and (B) shows comparisons
between cultivars. Wheat spikes were treated with biological and chemical agents and then
inoculated with the pathogen Fusarium graminearum. AUDPC values are expressed as mean ±
Se. Data in a column with the same letter are not significantly different (P < 0.05, least
significant difference test). The Area Under Disease Progress Curve (AUDPC) was calculated as
follows: AUDPC=[[(Y1+Y2)/2](t2-t1)]+[[(Y2+Y3)/2](t3-t2)] where Y1, Y2, and Y3 were FHB
index at 10, 14, and 21 days post pathogen inoculation, while t1, t2, and t3 represented days of
scoring (10, 14, and 21 days).

113

A

B

Fig. 3.13. (A) Re-isolations were made from infected leaves to check that the symptoms were
caused by F. graminearum. (B) F. graminearum mostly (white colony) and occasionally a
Penicillium sp. (green colony) were isolated from surface sterilized symptomatic wheat sections
collected from the field experiment.
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F. graminearum
F. graminearum

S. lamellicola
S. lamellicola

35 µm

35 µm

F. graminearum

S. lamellicola

35 µm
Fig. 3.14. Detached wheat leaves were inoculated with hyphal plugs of S. lamellicola or F.
graminearum (dual inocula), and interactions between hyphae were observed at different time
points. Photos were taken at 400× magnification.
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B

Fg alone (3 DPI)

Sl + Fg (3 DPI)
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Sl + Fg (5 DPI)

Fg alone (5 DPI)
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Fg alone (7 DPI)

Sl + Fg (7 DPI)
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35 µm

Fig. 3.15. Higher hyphal surface coverage of the pathogen F. graminearum was observed at
different time points when detached wheat leaves were inoculated with the pathogen alone
(Column A) than dual inocula of biocontrol agent S. lamellicola and the pathogen F.
graminearum (Column B). Photos were taken at 400× magnification.
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Chapter 4: Systemically Induced Resistance by S. lamellicola or C. rosea Against Wheat
Disease Caused by Fusarium graminearum
4.1. Introduction
The ascomycete Fusarium graminearum is one of the most economically important
hemibiotrophic plant pathogens. It causes diseases affecting all stages of wheat growth
(McMullen, 1997). F. graminearum is associated with Fusarium head blight (O’Donnell et al.,
2000, 2004, 2008; Starkey et al., 2007; Yli-Mattila et al., 2009; Sarver et al., 2011), and leaf
blight (Jones, 1999; Dal Bello et al., 2002). This pathogen causes significant losses to wheat and
barley estimated to be almost 900 million US dollars in nine US states from 1998 to 2000
(Nganje et al., 2001). Outbreaks of disease caused by this pathogen, has threatened food supply
in several regions worldwide (Dubin et al., 1997). F. graminearum is able to produce
mycotoxins, especially DON that can contaminate grains and affect human health resulting in
indirect losses (Bai et al., 2001; Dexter and Nowicki, 2003). Accumulation of DON in grains
causes a risk to livestock and is a critical concern in human food safety (Gilbert and Tekauz,
2000; McMullen et al., 1997).
Several beneficial microorganism agents have demonstrated the ability to suppress
harmful microorganisms that cause diseases and yield loss. Endophytes are microorganisms that
grow within plants without causing any visible symptoms of infection or diseases (Song et al.,
2017). The usefulness of using endophytes as biocontrol agents is that they are able to adapt to
living inside the plants and produce secondary metabolites to inhibit phytopathogens (Pan et al.,
2015). Utilizing microbial endophytes can be considered as a more eco-friendly means to
manage a plant disease than the use of conventional fungicides (Tao et al., 2014). Endophytes are
essential components in plant-microbial ecosystems, enhancing the growth of their host plants,
and promoting disease resistance (van Loon et al., 1998). Endophytic fungal biocontrol agents
such as Trichoderma spp., have shown several benefits to improve plant health via various
modes of action including mycoparasitism, antibiosis, degradation of toxins, inactivation of
pathogenic enzymatic pathways, resistance to pathogens, enhanced nutrient uptake,
solubilization of nutrients, sequestration of inorganic nutrients, and enhanced root hair
development (Harman, 2006; Lorito et al., 2010; Doni et al., 2014).
Unlike animals, plants do not have an adaptive immune system. They have a system
where resistance chemicals are involved, but no antibodies or a circulatory system as animals
(Nürnberger at al., 2004). The innate immune system of the plant is able to resist several microorganisms by stimulation of defense mechanisms that might be induced by previous colonization
of either the pathogen or a non-pathogenic micro-organism (Lethonen, 2009). Plant defense
responses can be separated into a series of interrelated steps: recognition, signal transduction,
and resistance response (Dangl and Jones, 2001; Keen, 2000). Initially, the host plant recognizes
the pathogen by reacting and responding to infection. Interactions occur between surface
components of extracellular materials of the pathogen, such as the production of fungal effectors
which can directly interact with host resistance genes (R-genes) which may be host receptors or
other molecules on host plasma membranes or in the cytoplasm (Lu et al., 2005). Signal
transduction can be initiated by the cell or the plant when an incompatible interaction occurs.
This can lead to increases in the activity of protein kinases, ion channels, oxidative burst events,
and production of jasmonate, ethylene, and salicylic acid. The host signaling pathways involved
can induce defense responses that suppress or inhibit the pathogen (Lu et al., 2005). The
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activated resistant responses usually involve proteins that can be directly antimicrobial, or they
can be enzymes which create antimicrobial compounds (Lu et al., 2005).
Induced resistance involves activating resistance in plants by prior infection or treatment.
Plant defenses are then enhanced resulting in greater resistance against subsequent pathogen
challenges (Kloepper et al., 1992). Plants are able to recognize foreign materials related to
microorganisms, which plants don’t possess, resulting in a resistance response where the host
place produces a wide variety of compounds and structures against the microorganisms (Latz et
al., 2018). Although plants are able to recognize pathogenic and endophytic organisms via
similar pathways, they may induce different types of responses (Wani et al., 2015; Xu et al.,
2015). The induction of disease resistance may be stimulated by endophytes within plants
allowing for disease control (Latz et al., 2018). Plants can detect something that is unique to
microorganisms through PAMPs (or MAMPs) which are pathogen- (microbe-) associated
molecular patterns detected by pattern recognition receptors (PRR) in the plant to trigger
resistance (Nürnberger and Kemmerling, 2009). Beta-glucan and chitin are components of fungal
cell wall MAMPs. Both compounds can be recognized by plant receptors and have been found to
induce plant immunity (Lyon, 2007). Endophytes have been described which are able to induce
defense responses through inducing agents, such as proteins, peptides, and enzymes; these
compounds or their degradation product may be detected by plants (Rotblat et al., 2002; Belien
et al., 2006; Druzhinina et al., 2011). Fungal effectors (also called avirulence factors or elicitors
if resulting in resistance), often small cysteine-rich proteins, are molecules produced by
pathogens or endophytes to manipulate their host to facilitate infection, but can also trigger racespecific resistance (also called effector-triggered immunity; ETI) (Bent and Mackey, 2007;
Raﬁqi et al., 2013; Hacquard et al., 2016; Nogueira-Lopez et al., 2018).
Phytohormones play a significant function in signal transduction to induce host resistance
systemically (Latz et al., 2018). Basically, there are two major types of known pre-triggered
systemic resistance: SAR and ISR. The hormone SA is an important signaling molecule in SAR,
while hormones JA and ET play a key role in ISR (Pieterse et al., 2012, 2014). The three
hormones, SA, JA, and ET are able to cross communicate with each other, which enable the
plant to finely regulate the defense response (Pieterse et al., 2012, 2014). ISR was found to
enhance JA/ET-dependent basal resistance when plants were treated with Trichoderma
asperellum, Penicillium sp. or the fungal endophyte Serendipita indica (Shoresh et al., 2005;
Hossain et al., 2008; Stein et al., 2008). But, in other interactions, S. indica stimulated resistance
independently of the JA/ET pathway (Waller et al., 2005), and plants inoculated with T.
asperellum triggered resistance in a SA-dependent pathway (Yoshioka et al., 2012). This
indicates that the triggering mechanisms may be and depend on the inducing agent of the
microorganism and receptors in the host (Latz et al., 2018). The activated resistance responses
usually involve proteins that can be directly antimicrobial, or they can be enzymes which create
antimicrobial compounds. Examples of these antimicrobial compounds, enzymes and activities
include phenols, lactones, saponins, PAL, TAL, phytoalexins, deposition of cell wall reinforcing
materials, synthesis of PR-proteins as well as production of reactive oxygen species and
activation of the HR (Veronese et al., 2003; Kuć, 2001; Van Wees et al., 2008).
To assess whether an endophyte is able to induce host resistance, some tests on defense
responses are needed. First, the ability of the resistance responses induced by inoculated
endophyte to suppress the plant pathogen or reduce the disease compared with inoculated control
of plants not inoculated with the endophyte should be tested. Secondly, expression levels of the
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defense response should be observed after the plant has been treated with the endophyte and
subsequently the pathogen, compared with inoculated non-endophyte control (Latz et al., 2018).
After inoculation, the endophyte Trichoderma harzianum strain T-203 gave strength to
epidermal and cortical cell walls of cucumber seedlings (Yedidia et al., 1999), and T. harzianum
strain T22 enhanced expression of enzyme lignification, phenylalanine ammonia lyase (PAL) in
maize (Shoresh et al., 2010). In addition to structural changes, plants have the ability to produce
metabolites and proteins with anti-microbial activity in response to invaders (Latz et al., 2018).
Inducing agents can make systemic changes in the plant by producing phytoalexin compounds
(Oliveira et al., 2016). Moreover, pathogen-related proteins (PR proteins) have been known to
inhibit plant diseases since they possess antimicrobial activity from enzymes and peptides such
as thionins, lipid-transfer proteins and thaumatin-like proteins (Loon LC and van Strien, 1999;
Sels et al., 2008). For example, PR 2 (b-1,3-glucanase) was highly expressed in oilseed rape
plants after the plants were treated with the endophyte Heteroconium chaetospira and then
inoculated with the pathogen Plasmodiophora brassicae (Lahlali et al., 2014). Also, in tomato
plant, systemic resistance was induced and PR 5 (thaumatin-like) and PR 7 (endo-proteinase)
genes were enhanced when the plant was colonized by endophytic Fusarium solani (strain Fs-K)
before inoculation with Fusarium oxysporum f.sp. radicis-lycopersici (Kavroulakis et al., 2007).
4.2. Objectives
The aim of this study was to test whether inoculum of Simplicillium lamellicola or
Clonostachys rosea can induce resistance in wheat against disease caused by Fusarium
graminearum in growth room and garden tests.
4.3. Material and Methods
4.3.1. Growth of plant material, inoculation, incubation, and assessment of endophytes and
pathogen in the growth room and garden trials
Seeds of T. aestivum ‘Glenn’ were grown in cone-tainer tubes as described previously
(Chapter 2 section 2.3.3.1), and one seed of this cultivar was planted in each tube to obtain a
single stem. After 4-5 weeks (3-5 leaf stage), three different tests on separate wheat leaves were
performed to examine induction of disease resistance using biocontrol agents S. lamellicola or C.
rosea against the wheat pathogen F. graminearum in growth room and garden tests.
For growth room tests at the seedling stage, in the first test, the third wheat leaf from each
plant was treated with a notched agar inoculum plug (as described in Chapter 2 section 2.3.5.1)
of the biocontrol agent, either S. lamellicola or C. rosea. As a control, the third leaf of each plant
was mock-inoculated with a clean PDA plug. Entire cone-tainer tube racks (40 wells) were
covered with large plastic bags and incubated for 4 days in growth room with a 16 hr
photoperiod, a temperature of 25ºC, and a light intensity of 100 μmol m-2 s-1. Four days after
biocontrol and mock inoculations, the fourth wheat leaf was inoculated with notched agar
inoculum of F. graminearum. In the second test, the third wheat leaf was inoculated with the
biocontrol agent and the fifth leaf was inoculated 4 days later with the pathogen. In the third test,
the fourth wheat leaf was inoculated with the biocontrol agent, and the third leaf was inoculated
4 days later with the pathogen. For all three tests, after pathogen inoculation, entire racks were
covered with large plastic bags for 48 hours. The development of disease (lesion lengths) was
assessed at 3, 5, 7, 9, and 11 days post pathogen inoculation. For garden trials, three similar tests
as those in the growth room were carried out with an additional control treatment, involving a
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fungus not pathogenic to wheat, but pathogenic to the tree, Cornus alternifolia. This fungus,
Cryptodiaporthe corni (Cc), was used as a non-inducing agent. Development of disease (lesion
length) was assessed at 3, 5, 7, and 9 days post pathogen inoculation.
For further testing at the seedling stage in growth room tests, the third leaf was inoculated
with an agar plug of either S. lamellicola or C. rosea and the pathogen F. graminearum at the
same time (the pathogen plug sandwiched between plugs of the biocontrol agent). This differed
from Chapter 2 section 2.3.5.1, where the biocontrol agent plug was first placed and then 3 days
later a sandwich was formed with a pathogen plug layered between another biocontrol plug. As a
control, the third leaf of some plants was mock-inoculated with clean PDA plugs and the
pathogen plug sandwiched between these. After incubation under plastic for 48 hours,
development of disease was assessed at 3, 5, 7, 9, and 11 days post-inoculation.
4.3.2. Re-isolation of the applied biocontrol agents
To see how quickly and far biocontrol agents could grow on wheat plants, tests were
done in the growth room. At the seedling stage after 4-5 weeks (3-5 leaves), the third leaf grown
in cone-tainers was treated with hyphal inoculum of S. lamellicola or C. rosea. Entire cone-tainer
tube racks were covered with large plastic bags and incubated for 4 days in growth room tests. A
day after uncovering the plants, the fourth or fifth leaves, and the internode between the third and
fourth leaf and fourth and fifth leaf were cut into small segments (0.5 mm2). The segments were
then surface sterilized in 70% ethanol for 30 sec, 0.5% bleach for 30 sec, and then rinsing in
sterile distilled water. Five small segments of the fourth or fifth wheat leaves, or stems were
placed on each PDA plate (three replicates per each treatment).
4.3.3. Data analyses
The GLM (General Linear Models) procedure of SAS version 9.4 (SAS Institute, Cary,
NC) was used to analyze data. Efficacy of biocontrol treatments or mock inoculation to induce
wheat resistance against the wheat pathogen F. graminearum by measuring the lesion lengths
were subjected to analysis of variance. There were 4 replicate plants for each treatment in each
test. Fisher’s Least Significant Test was used to compare significant differences between
treatment means at P = 0.05.
4.4. Results
4.4.1. Growth room trial
The third wheat leaf was treated with agar inoculum of biocontrol agents S. lamellicola or
C. rosea, and then 4 days later, the fourth leaf was inoculated with agar inoculum of the
pathogen F. graminearum, and the disease was assessed at 3 to 11 DPPI. Compared with
inoculated control (no biocontrol treatment), fourth leaves significantly exhibited smaller lesion
lengths than inoculated controls at 3 to 11 DPPI (Fig. 4.1 & 4.4), and S. lamellicola or C. rosea
significantly reduced lesion lengths by 62% and 72%, respectively at 11 DPPI (Table 4.1).
To reconfirm that both biocontrol agents stimulate plant resistance responses, in a second
test, biocontrol agents were placed on the third leaf versus the pathogen on the fifth leaf 4 days
later. The results showed that the application of S. lamellicola or C. rosea on the third leaf
significantly reduced the lesion length on the fifth leaf caused by F. graminearum at 3 to 11
DPPI compared with inoculated control (Fig. 4.2 & 4.4). Slightly higher disease reduction was
observed with S. lamellicola at 11 DPPI (Disease reduction 84%) than C. rosea (Disease
reduction 72%), which were not significantly different (Table 4.2).
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Furthermore, reverse positions of biocontrol agents and the pathogen on wheat leaves
were tested, where the fourth leaf was treated with biocontrol agents, and 4 days later, the third
leaf was inoculated with the pathogen (agar plug). Lesion lengths were then rated at 3 to 11
DPPI. The results showed that S. lamellicola or C. rosea significantly reduced the lesion length
on the third leaf at 3 to 11 DPPI compared with inoculated control (Fig. 4.3 & 4.4), and the
average disease reduction was 61% (Table 4.3).
For leaves inoculated with the biocontrol and the pathogen at the same time, disease
levels were reduced less than 25% by S. lamellicola or C. rosea at 11 DPI compared to the
inoculated control. However, there were no significant differences at 3, 5, 7, 9, and 11 DPI (Fig.
4.7) between biocontrol treatments and the inoculated control.
4.4.2. Garden trial
For seedling stage tests with biocontrol and pathogen on separate leaves, all three tests
(as described in section 3.3.1) showed that treatments with S. lamellicola or C. rosea
significantly gave smaller lesion lengths than the inoculated control (Fig. 4.5 & 4.6). In three
tests, S. lamellicola or C. rosea significantly reduced disease by 43% and 49%, respectively at 9
DPPI (Table 4.4, 4.5, & 4.6). The non-pathogenic check, C. corni, did not affect lesion lengths,
and these were not significantly different from the inoculated control at 3, 5, 7, and 9 DPPI (Fig.
4.6).
4.4.3. Re-isolation of biocontrol agents
After inoculation onto the third leaf, the biocontrol agents, S. lamellicola and C. rosea,
were not sucessfully re-isolated from the fourth or fifth leaves after 5 days, but after 5 days, they
were re-isolated from the stem segments only within 2.5 cm of the inoculation site (Table 4.7) .
The distance between inoculation sites of the third and fourth leaves was approximately 4 cm.
Other fungi isolated from the non-inoculated leaves included mostly Penicillium spp. (>80%),
Ceratobasidium cereale, Acremonium sclerotigenum, and Chaetomium globsum.
4.5. Discussion
Plant-pathogen interactions are significant for disease development (Sarkar et al., 2018;
Boyd et al., 2013). Each partner reacts and responds to the other, resulting in resistance or
susceptibility. Fusarium graminearum, an important wheat pathogen was investigated in this
study to reveal whether treatments with endophytic fungi (S. lamellicola or C. rosea), nonpathogenic control C. corni, have potential to induce systemic resistance in wheat. The
interaction between a host plant and micoorganism may occur when molecules or receptors on a
plant recognize the surface components of the microorganism. This recognition triggers signals
that are sent to the plant cell nucleus, leading to altered gene expression and the production of
different enzymes and compounds (Pittner et al., 2019).
In terms of disease development at the seedling stage (Tables 4.1-4.3 growth room tests
and Tables 4.4-4.6 garden tests), endophytic fungi significantly reduced lesion lengths compared
with the inoculated control. Thus, the use of these fungi, S. lamellicola or C. rosea, can
contribute to management of F. graminearum since the application of either endophyte 4 days
before the pathogen inoculation on separate leaves was able to inhibit pathogen growth by
minimizing the lesion lengths on inoculated wheat leaves (Fig. 4.4 & 4.6). These observations
demonstrated the potential of applying inoculum of endophytic fungi to result in a mode of
action that decreases disease. These modes of action may involve induced disease resistance
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(indirect antagonism), competition, antibiotics, or mycoparasitism against F. graminearum. C.
rosea is known to have the capacity to minimize the effects of F. graminearum, and reduce
disease caused by this pathogen (Xue et al., 2009, 2014), but no previous studies were found
showing that S. lamellicola can inhibit disease caused by F. gramineaum.
Endophytic fungi can colonize plant tissues or use available nutrients more efficiently
than the pathogen in order to prevent the pathogen from establishment or further invading plant
tissues (Pittner et al., 2019). Endophytic fungi are known to produce compounds or antibiotics
that can suppress the growth of pathogens, or direct antagonism by colonizing a pathogenic
species, which is known as mycoparasitism (Dutta et al., 2014). Several previous studies
reported that S. lamellicola or C. rosea were found to be mycoparasitic against various pathogens
(Kim et al., 2002; Choi et al., 2008; Ward et al., 2011; Xue, 2002, 2003a, b). S. lamellicola
produces the antifungal compound verlamelin which inhibited mycelial growth of Magnaporthe
grisea, Bipolaris maydis, Botrytis cinerea, Fusarium oxysporum and Alternaria alternata (Kim
et al., 2002), and antibiosis mechanism of C. rosea against F. graminearum has been
demonstrated by Xue et al. (2009). Both biocontrol agents have not been shown previously to
induce plant resistance or colonize tissues to prevent growth of pathogens.
To test our hypothesis that S. lamellicola or C. rosea can reduce disease via systemic
signals rather than growth to the pathogen inoculation site, the third leaf was treated with hyphal
inoculum of S. lamellicola or C. rosea, and then attempts were made to re-isolate the biocontrol
agent from the fourth or fifth leaves at 5 days after treatment. None of these isolations yielded
the biocontrol agents, and further attempts at isolations closer to the biocontrol inoculation site
only gave successful isolations 2.5 cm away. This work indicated that the biocontrol agents
induced systemic resistance against F. graminerum rather than working directly against the
pathogen. Furthermore, when hyphal plugs of F. graminearum were sandwiched between hyphal
plugs of S. lamellicola or C. rosea on the third leaf applied at the same time, neither biocontrol
agent gave significant disease suppression (Fig. 4.7), which is in line with the observation that
induced systemic resistance needs time to be activated. Moreover, microscopic examination of
stained sections that had been inoculated with S. lamellicola or C. rosea, revealed hyphal growth
inside plant tissues of both agents at 3, 5, and 7 DPI (chapter 2 Fig. 18) indicating that the fungi
could colonize plant tissues. Since the biocontrol agents did not grow beyond 2.5 cm from the
inoculation sites, leaf 4 (~4 cm away) and leaf 5 (~7 cm away) had to receive systemically
transmitted signals to acquire resistance.
Hence, we can speculate that both biocontrol agents worked against disease induced by
F. graminearum indirectly by stimulating plant resistance leading to reduced disease. Previous
studies with other biocontrol agents have found that stimulation of induced systemic resistance
by biocontrol agents even when the biocontrol agent was applied at sites spatially separated from
sites of pathogen inoculation (De Meyer et al., 1998; Kilic-Ekici and Yuen et al., 2003). Further
evidence for the induction of systemic resistance was achieved through spatially separated
biocontrol and pathogen inoculation sites. The biocontrol bacterium, Bacillus mycoides, reduced
Cercospora leaf spot by 38-91% on sugar beet (Beta vulgaris) (Bargabus et al., 2002). Among
endophytic fungal treatments, the Trichoderma had the highest potential to induce resistance in
Arabidopsis thaliana against Pseudomonas syringae (Yoshioka et al., 2012) and in Capsicum
annuum against Phytophthora capsici (Bae et al., 2011). Cordo et al. (2007) tested seeds and
wheat leaves in the greenhouse. These were inoculated with Trichoderma spp. which induced
systemic resistance in wheat against the pathogen Septoria tritici causing leaf spot disease.
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The results from these tests with the endopytes, S. lamellicola or C. rosea, against F.
graminearum at seedling stage indicated that both agents can induce systemic resistance to F.
graminearum. Other research has indicated the involvement of endophytes in systemically
induced resistance (Pittner et al., 2019; Latz et al., 2018; Molitor et al., 2011; Waller et al.,
2005). This study explored the antagonistic activity of biocontrol agents S. lamellicola or C.
rosea, leading to reduced disease levels. We speculate that they induced wheat defense
mechanism against F. graminearum at seedling. Since there are a variety of defense responses,
such as the production of anti-microbial metabolites or PR-proteins or reactive oxygen species,
reinforcement of structural barriers, and activation of the hypersensitive response (Latz et al.,
2018), determination of these mechanisms for these specific agents should be done in future
work. Also, more tests such as validating biomass of endophytes using qPCR in combination
with microscopy, identification of antifungal compounds that might be produced by endophytes,
or potential effectors involved would be interesting for future study.
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Table 4.1. Disease reduction (%) in wheat cultivar ‘Glenn’ in a growth room tests after the
third leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C. rosea
4 days before the fourth leaf was inoculated with agar inoculum of the pathogen F.
graminearum. Disease represented by lesion length was rated at 3, 5, 7, 9 and 11 days after
pathogen inoculation (DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI 11 DPPI
Simplicillium lamellicola 53 ab
53 a
55 a
59 a
62 a
Clonostachys rosea
57 a
62 a
65 a
70 a
72 a
Inoculated control
00 b
00 b
00 b
00 b
00 b
LSD (p=0.05)
32.1
30
29
24.6
23.9
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 4.2. Disease reduction (%) in wheat cultivar ‘Glenn’ in a growth room tests after the
third leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C. rosea
4 days before the fifth leaf was inoculated with agar inoculum of the pathogen F. graminearum.
Disease represented by lesion length was rated at 3, 5, 7, 9 and 11 days after pathogen
inoculation (DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI 11 DPPI
Simplicillium lamellicola
84 ab
79 a
82 a
83 a
84 a
Clonostachys rosea
78 a
71 a
69 a
72 a
72 a
Inoculated control
0b
0b
0b
0b
0b
LSD (p=0.05)
39.3
43.2
40
39.3
39.1
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 4.3. Disease reduction (%) in wheat cultivar ‘Glenn’ in a growth room tests after the
fourth leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C.
rosea 4 days before the third leaf was inoculated with agar inoculum of the pathogen F.
graminearum. Disease represented by lesion length was rated at 3, 5, 7, 9 and 11 days after
pathogen inoculation (DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI 11 DPPI
Simplicillium lamellicola
46 ab
45 a
48 a
53 a
57 a
Clonostachys rosea
63 a
56 a
58 a
61 a
65 a
Inoculated control
0b
0b
0b
0b
0b
LSD (p=0.05)
32
38.1
36.7
27.1
26.7
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).

126

Table 4.4. Disease reduction (%) in wheat cultivar ‘Glenn’ in outdoor garden tests after the
third leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C. rosea
4 days before the fourth leaf was inoculated with agar inoculum of the pathogen F.
graminearum. Disease represented by lesion length was rated at 3, 5, 7, and 9 days after
pathogen inoculation (DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI
Simplicillium lamellicola 35 ab
28 a
27 a
36 a
Clonostachys rosea
37 a
39 a
42 a
50 a
Cryptodiaporthe corni
2b
5b
6b
3b
Inoculated control
0b
0b
0b
0b
LSD (p=0.05)
17.3
13
18.7
20.2
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 4.5. Disease reduction (%) in wheat cultivar ‘Glenn’ in outdoor garden tests after the
third leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C. rosea
4 days before the fifth leaf was inoculated with agar inoculum of the pathogen F. graminearum.
Disease represented by lesion length was rated at 3, 5, 7, and 9 days after pathogen inoculation
(DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI
Simplicillium lamellicola
44 ab
34 a
29 a
33 a
Clonostachys rosea
48 a
37 a
37 a
39 a
Cryptodiaporthe corni
-6 b
-4 b
-2 b
-4 b
Inoculated control
0b
0b
0b
0b
LSD (p=0.05)
32.7
29.7
26.2
28.1
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 4.6. Disease reduction (%) in wheat cultivar ‘Glenn’ in outdoor garden tests after the
fourth leaf was treated with agar inoculum of a biocontrol agent, either S. lamellicola or C.
rosea 4 days before the third leaf was inoculated with agar inoculum of the pathogen F.
graminearum. Disease represented by lesion length was rated at 3, 5, 7, and 9 days after
pathogen inoculation (DPPI).
Fusarium graminearum disease reduction (%)a
Treatment
3 DPPI 5 DPPI 7 DPPI 9 DPPI
Simplicillium lamellicola
39 ab
48 a
54 a
60 a
Clonostachys rosea
37 a
45 a
49 a
57 a
Cryptodiaporthe corni
4b
-12 b
-3 b
-3 b
Inoculated control
0b
0b
0b
0b
LSD (p=0.05)
27.4
26.6
33.1
32.7
a
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen with biocontrol
treatment, and means are based on four replicates.
b
Values within a column followed by a letter in common are not significantly different at p ≤
0.05 according to Fisher’s Protected Least Significant Difference Test (LSD).
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Table 4.7. Attempts to re-isolate inoculated endophyte from various tissues. Stem tissue between
internodes were cut to 2 mm segments. Leaf tissue was cut into 2 mm2 pieces. Segments or
pieces (15 to 25) were surface sterilized in 70% ethanol for 30 sec, 3.5% bleach for 30 sec, and
washed three times in sterile distiled water for 1 min and then plated on PDA with 5 samples per
plate.

Isolate

Segment

S. lamellicola
on third leaf

Stem internode between leaf 3
to 4
Stem internode between leaf 4
to 5
Leaf 4 was cut into many pieces
Leaf 5 was cut into many pieces
Stem internode between leaf 3
to 4
Stem internode between leaf 4
to 5
Leaf 4 was cut into many pieces
Leaf 5 was cut into many pieces

C. rosea on
third leaf

Positive isolation of
target organism
Rep
Rep
Rep
1
2
3
2/15 0/15 0/15

Contamination1
Rep
1
7/15

Rep
2
3/15

Rep
3
1/15

0/15

0/15

0/15

5/15

1/15

1/15

0/25
0/25
1/15

0/25
0/25
0/15

0/25
0/25
1/15

13/25
1/25
0/15

2/25
0/25
0/15

3/25
2/25
1/15

0/15

0/15

0/15

0/15

0/15

1/15

0/25
0/25

0/25
0/25

0/25
0/25

2/25
0/25

2/25
0/25

1/25
1/25

Contamination was caused by more than 80% Penicillium spp. (>80%), Ceratobasidium
cereale, Acremonium sclerotigenum, and Chaetomium globsum.
1
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A

Sl (leaf 3) + Fg (leaf 4)

B

C

Cr (leaf 3) + Fg (leaf 4)

PDA (leaf 3) + Fg (leaf 4)

Fig. 4.1. The third wheat (cv. ‘Glenn’) leaf was inoculated with agar inoculum of S.
lamellicola (A), C. rosea (B), or clean PDA plug (C). Four days later, the fourth leaf was
inoculated with agar inoculum of F. graminearum. These pictures show the method of
inoculation and disease at 11 days post pathogen inoculation. Inoculated control (C)
showed greater lesion length than biocontrol treatments (A & B).
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A

Sl (leaf 3) + Fg (leaf 5)

B

Cr (leaf 3) + Fg (leaf 5)

C

PDA (leaf 3) + Fg (leaf 5)

Fig. 4.2. The third wheat (cv. ‘Glenn’) leaf was inoculated with agar inoculum of S.
lamellicola (A), C. rosea (B), or clean PDA plug (C). Four days later, the fifth leaf was
inoculated with agar inoculum of F. graminearum. These pictures show the method of
inoculation and disease at 11 days post pathogen inoculation. Inoculated control showed
greater lesion length than biocontrol treatments.
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A

B

C

Sl (leaf 4) + Fg (leaf 3)

Cr (leaf 4) + Fg (leaf 3)

PDA (leaf 4) + Fg (leaf 3)

Fig. 4.3. The fourth wheat (cv. ‘Glenn’) leaf was inoculated with agar inoculum of S.
lamellicola (A), C. rosea (B), or PDA plug (C). Four days later, the third leaf was inoculated
with agar inoculum of F. graminearum. These pictures show the method of inoculation and
disease at 11 days post pathogen inoculation. Inoculated control showed greater lesion length
than biocontrol treatments.
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A
3.0

Biocontrol on third leaf versus the pathogen on fourth leaf
Simplicillium lamellicola
Clonostachys rosea
Inoculated control

Lesion length (cm)

2.5
2.0

Fg alone (inoculated control)

1.5

(Disease reduction %)

1.0

Sl + Fg (62% reduction)
Cr + Fg (72% reduction)

0.5
0.0
3

Lesion length (cm)

B
1.6
1.4

5

7

9

11

Biocontrol on third leaf versus the pathofen on Fifth leaf

1.2

Fg alone

1.0
0.8
0.6
0.4
Cr + Fg (72% reduction)
Sl + Fg (84% reduction)

0.2
0.0
C

Lesion length (cm)

2.0

3

5

7

9

11

Biocontrol on fourth leaf versus the pathogen on third leaf
Fg alone

1.5
1.0

Sl + Fg (57% reduction)
Cr + Fg (65% reduction)

0.5
0.0
3

5
7
9
Days post pathogen inoculation

11

Fig. 4.4. Efficacy of Simplicillium lamellicola (Sl), or Clonostachys rosea (Cr) treatments
against infection of wheat seedlings by Fusarium graminearum (Fg) in growth room tests.
Agar inoculum (1cm diam) of biocontrol agent or the pathogen was applied as follows: (A) S.
lamellicola or C. rosea was applied on the third leaf and then 4 days later, fourth wheat leaf
was inoculated with F. graminearum, (B) Biocontrol on the third leaf versus the pathogen on
the fifth leaf, (C) Biocontrol on the fourth leaf against the pathogen on the third leaf. After
incubation (48 hours), the disease (Lesion length) was assessed at 3, 5, 7, 9 and 11 DPPI.
Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion length of
inoculated control (Pathogen alone), and b: the lesion length of the pathogen F. graminearum
with biocontrol treatment.
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A
Sl (leaf 3) + Fg (leaf 4)

Cr (leaf 3) + Fg (leaf 4)

Cc (leaf 3) + Fg (leaf 4) PDA (leaf 3) + Fg (leaf 4)

1.4 cm
1.7 cm

2.3 cm

cm

2.4 cm

B
Sl (leaf 3) + Fg (leaf 5)

1 cm

Cr (leaf 3) + Fg (leaf 5)

Cc (leaf 3) + Fg (leaf 5) PDA (leaf 3) + Fg (leaf 5)

0.9 cm
1.5 cm

1.5 cm

C
Sl (leaf 4) + Fg (leaf 3) Cr (leaf 4) + Fg (leaf 3)

1.3 cm

1.4 cm

Cc (leaf 4) + Fg (leaf 3)

PDA (leaf 4) + Fg (leaf 3)

2.9 cm
2.9 cm

Fig. 4.5. (A) The third wheat (cv. ‘Glenn’) leaf was inoculated with agar inoculum of S.
lamellicola, C. rosea, non- inducing control C. corni or clean PDA plug. Four days later, the
fourth leaf was inoculated with agar inoculum of F. graminearum. (B) The third wheat leaf
was inoculated with agar inoculum of S. lamellicola, C. rosea, non-inducing control C. corni
or clean PDA plug. Four days later, the fifth leaf was inoculated with agar inoculum of F.
graminearum. (C) The fourth wheat leaf was inoculated with agar inoculum of S. lamellicola,
C. rosea, non-inducing control C. corni or clean PDA plug. Four days later, the third leaf was
inoculated with agar inoculum of F. graminearum. These pictures show the disease at 7 days
post pathogen inoculation. Non- inducing control C. corni or inoculated control showed
greater lesion length than biocontrol treatments, S. lamellicola or C. rosea.
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Days post pathogen inoculation
Fig. 4.6. Efficacy of Simplicillium lamellicola (Sl), or Clonostachys rosea (Cr) treatments
against infection of wheat seedlings by Fusarium graminearum (Fg) in garden tests. Agar
inoculum (1cm diam) of biocontrol agent or the pathogen was applied as follows: (A) S.
lamellicola or C. rosea was applied on the third leaf and then 4 days later, fourth wheat leaf
was inoculated with F. graminearum, (B) Biocontrol on the third leaf versus the pathogen
on the fifth leaf, (C) Biocontrol on the fourth leaf against the pathogen on the third leaf.
After incubation (48 hours), the disease (Lesion length) was assessed at 3, 5, 7, 9 and 11
DPPI. Reduction in lesion length was calculated as: (a - b) /a × 100, where a: the lesion
length of inoculated control (Pathogen alone), and b: the lesion length of the pathogen F.
graminearum with biocontrol treatment.
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Fig. 4.7. Foliar disease caused by Fg at 5 DPI. A hyphal plug of Fg sandwiched between
hyphal plugs of Sl (A) or Cr (B) or clean agar plus (Inoculated control) (C) on the third leaf at
the same time. (D) Lesion length was assessed at 3, 5, 7, 9, and 11 DPI. Error bars for each
mean based on four replicates.
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Chapter 5: General Discussion and Conclusions
5.1. Major Conclusions
The most significant conclusions from the work presented in this thesis are as follows:
1. More than 100 fungal endophytic morphotypes were cultured from leaves, and roots of
moderately resistant winter wheat (AC Morley & 25R34) & spring wheat (‘Sumai 3’ & ‘AAC
Scotia’) (Chapter 2).
2. In dual culture tests, distinct inhibition zones and demarcation line were observed between the
colonies of wheat pathogens and 38 fungal endophytes (Chapter 2). These antagonistic
endophytic fungi might produce chemicals (antifungal compounds) which diffuse through media.
3. Hyphal plug sandwich of three selected antagonistic endophytic fungi inhibited the severity of
diseases caused by Fusarium graminearum (36-80%) and Waitea circinata (31-80%) on wheat
plants in growth room tests (Chapter 2).
4. Simplicillium lamellicola or Clonostachys rosea seem to parasitize and compete with F.
graminearum for space and available nutrients on detached wheat leaf (Chapter 2).
5. Hyphal inoculum of S. lamellicola or C. rosea stimulated disease resistance to F.
graminearum where inoculation of the biocontrol and the pathogen (4 days later) on separate
wheat leaves significantly reduced disease by 68-70% in growth room tests and 43-49% in
outdoor garden tests (Chapter 4).
6. Simplicillium lamellicola or C. rosea applied to soil or seeds increased the growth of Triticum
aestivum at the seedling stage by 15-22% compared with untreated control (Chapter 3).
Meanwhile, F. graminearum applied the same way reduced the growth of T. aestivum at seedling
and adult stages compared with untreated control (15-29%) (Chapter 3).
7. Spore suspensions of S. lamellicola or C. rosea significantly reduced Fusarium head blight in
growth room tests by 58%-66% when spikes were inoculated with the pathogen 3 hours after
biocontrol treatments, and outdoor garden tests by 83% - 89% when spikes were inoculated with
the pathogen 3 days after biocontrol treatment (Chapter 3).
8. Spore suspension of S. lamellicola or C. rosea reduced FHB on cv. ‘Glenn’, ‘AAC Scotia’,
and ‘Wilkin’ by 71-76% in field tests (Chapter 3).
9. Susceptible cultivar ‘Wilkin’ showed significant disease reduction with biocontrol agents,
humic acid, and fungicide, but disease reduction was greater for moderately resistant cultivars
‘AAC Scotia’ and ‘Glenn’ (Chapter 3).
10. Treatments with 1% HA, 1% PP, 30 mM PABA, 10 mM SA, or 2% Civitas+ 0.2%
Harmonizer significantly reduced disease caused by F. graminearum in T. aestivum at the
seedling stage in growth room tests by 67-86% (Chapter 2), and at the adult stage in growth
room tests by 27-92% and in outdoor garden tests by 42-76% (Chapter 3).
5.2. General discussion and conclusions
The major goal of this research was to investigate the impacts of non-conventional
fungicides, or endophytic fungal isolates as biocontrol agents to control wheat diseases,
particularly caused by F. graminearum under lab, growth room, and field conditions. Even
though fungicides are efficacious against plant diseases, these chemicals may have some
undesirable effects on non-target microorganisms, animals, human health, and the environment,
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as well as societal resistance against their use. Biological control is considered environmentally
friendly and potentially another means for pest and disease management. Numerous organisms
have been found to be inhibitory or suppressive to particular plant diseases (Butt et al., 2001).
Also, various chemical products have been used to manage plant diseases. Some of these are
non-conventional fungicides, as compared to the regular synthetic fungicides produced by agrochemical companies, and some can even induce disease resistance in plants. (Hsiang et al.,
2011). Consequently, the various trials investigated in this research were undertaken to explore
the impacts of biological and chemical treatments to control wheat pathogens in vitro and wheat
diseases in vivo.
Fungal endophytes from moderately resistant wheat cultivars (‘AC Morley’, ‘25R34’,
‘Sumai 3’, and ‘AAC Scotia’) were further screened using dual plate cultures (Chapter 2), and
hyphal plugs (Chapter 2 & 4) or spore suspensions (Chapter 3) in planta. Several fungal isolates
were found to be antagonistic to F. graminearum, M. majus, or W. circinata in vitro. These
antagonistic endophytic fungi inhibited mycelial growth of wheat pathogens in dual culture
assays on PDA. Based on the results from direct confrontation in dual culture PDA, we speculate
that endophytic fungi might produce antifungal compounds since distinct inhibition zones or
demarcation lines were observed between colonies. This is in agreement with the results of Xue
et al. (2009) who found that the endophytic fungus C. rosea strain ACM941 from pea plant
inhibited mycelial growth of F. graminearum in dual cultures technique.
In this research, three endophytes were selected and identified by ITS sequences as S.
lamellicola, V. friesii, and C. flexuosum. No previous reports have been found on the effects of
these three endophytes against wheat pathogens. In this study, activity of these isolates was
tested against F. graminearum, M. majus, and W. circinata in planta at the seedling stage in
growth room tests. The hyphal plugs sandwich inoculation of the three agents significantly
reduced the lesion length caused by F. graminearum and W. circinata but did not significantly
inhibit M. majus. Also, C. rosea was applied as a positive control significantly decreased
symptoms caused by the three pathogens. Since the greatest activity was observed with hyphal
plugs sandwich of S. lamellicola against F. graminearum (80% disease reduction), further tests
of both treatments (S. lamellicola vs F. graminearum) on wheat was explored. Various tests of S.
lamellicola against disease caused by F. graminearum were conducted in the lab, growth room,
outdoor garden, and in the field. Interestingly, S. lamellicola showed significant activity against
the disease in the various tests. In the lab tests on detached wheat leaves, S. lamellicola reduced
the hyphal surface coverage of F. graminearum by 67-94% at 3, 5, and 7 days post-inoculation.
In growth room tests on whole plants, hyphal plugs of S. lamellicola reduced disease caused by
F. graminearum by 68% with inoculation of the biocontrol and the pathogen (4 days later) on
separate leaves. In the outdoor garden tests on adult plants, S. lamellicola significantly reduced
FHB by 89% when spikes were inoculated with the pathogen 3 days after biocontrol treatment.
In the field tests with mature plants, S. lamellicola reduced FHB on cv. ‘Glenn’, ‘AAC Scotia’,
and ‘Wilkin’ by 76%, 69%, and 62%, respectively at 21 days post pathogen inoculation.
In previous research (Shin et al., 2017), Simplicillium lamellicola was formulated using a
wettable powder-type formulation (BCP-WP10) which effectively reduced the disease incidence
of gray mold on tomato and ginseng in the field trials. Clonostachys rosea ACM 941, is
formulated as CLO-1 to control FHB, and was registered by ICUS Canada Inc. (Xue et al.,
2014). Similarly, the current study found that S. lamellicola or C. rosea significantly reduced F.
graminearum disease development at seedling and adult stages in growth room and outdoor tests.
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In the various tests, spore suspensions of biocontrol agents were applied 1 hour (growth
room tests) and 3 hours (field tests) before pathogen inoculation at the seedling stage and 3 hours
before the pathogen inoculation at the adult stage (growth room and outdoor tests). These
intervals allow the plant surface to dry before being inoculated (spray) with the pathogen, to
reduce possible runoff of either biocontrol and pathogen inoculum. Although, this short interval
did not allow time for the biocontrol to colonize the plant tissue and to activate disease
resistance, the biocontrol agents still significantly reduced the disease at seedling and adult
stages. Since S. lamellicola or C. rosea treatments were in direct contact with F. graminearum,
then they could have directly affected the pathogen growth or indirectly by altering the
environment. As a result, we hypothesized that S. lamellicola or C. rosea may compete directly
with the pathogen for space. This was confirmed when S. lamellicola or C. rosea inoculations
onto leaf surfaces followed 3 hours later by the pathogen, resulted in observations of reduced
coverage of the thinner F. graminearum hyphae on detached wheat leaves at 3, 5, and 7 days
post-inoculation. Simplicillium lamellicola has previously been identified as being involved in
antibiosis and mycoparasitism as antifungal mechanisms against M. grisea, B. maydis, B.
cinerea, F. oxysporum and A. alternata (Kim et al., 2002; Choi et al., 2008). C. rosea ACM 941
was found to be a mycoparasite against a pea root disease complex through coiling around
pathogen mycelium (Xue, 2002, 2003a).
Systemic activity (induced resistance) of S. lamellicola or C. rosea against F.
graminearum at seedling and adult stages was tested in growth room and outdoor garden tests
(Chapter 4). Agar plug inoculum of S. lamellicola or C. rosea was applied 4 days before agar
inoculum of F. graminearum on separate leaves (e.g. biocontrol-leaf 3 vs. pathogen-leaf 4,
biocontrol-leaf 3 vs. pathogen-leaf 5, or biocontrol-leaf 4 vs. pathogen-leaf 3). S. lamellicola or
C. rosea treatments significantly reduced the disease even when applied to a separate leaf. As a
result, we hypothesized that S. lamellicola or C. rosea can colonize wheat tissues and activate
disease resistance to inhibit the growth of F. graminearum. This was further confirmed when the
hyphal growth of the biocontrol was examined, and by 4 day afterward (when the pathogen
would have been applied to a separate leaf), the biocontrol hyphae were detected at the site of
inoculation and up to 2 cm away but not 4 cm away where the other leaf was located.
Latz et al. (2018) stated that since endophytes are known to secrete effectors, metabolites,
or enzymes when they attempt to colonize hosts, these endophyte signals can lead to slight
stimulation of plant defense responses resulting, for example, in chemically modified plant cell
walls to make them more resistant to cell-wall degrading enzymes, Acumulation of ROS, or
production of anti-microbial compounds and proteins which reduce disease development or
inhibit pathogen growth. Upon pathogen attack, these defenses would then be fully triggered and
react much more quickly. Thus, the mode of action of S. lamellicola or C. rosae against disease
might be the same process for inducing systemic resistance in wheat against F. graminearum.
Several studies reported that chitin treatments are able to induce defense responses in melon
(Roby et al., 1987), wheat (Barber et al., 1989), tomato (Felix et al., 1993), oat (Ishihara et al.,
1996), and Arabidopsis (Zhang et al., 2002). Endophytes often produce proteins and peptides
which are described as inducing agents (Latz et al., 2018). Waller et al. (2005) and Molitor et al.
(2011) figured out that endophytic fungus Serendipita indica elicited systemic resistance in
barley to powdery mildew by lignification (papilla formation) and local cell death
(hypersensetive response).
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Biological treatments on plants have been demonstrated to have negative or positive
impacts on plant growth (Naseby et al., 2000). In this study, the endophytic fungi S. lamellicola
or C. rosea were tested for their ability to enhance wheat growth under growth room conditions.
The results showed that soil and wheat seeds treated with either biocontrol agent significantly
increased the growth of the seedling stage (shoot and root lengths, seedling fresh and dry weights
per plant) compared with treatments involving the pathogen F. graminearum, or water (control).
Several fungal species can produce phytohormones such as gibberellins and indol-3-acetic acid
(Hassan, 2002). These phytohormones enhance growth components in plants and boost crop
growth (Khan et al., 2011; Ansari et al., 2013; Waqas et al., 2014). The enhanced wheat growth
caused by S. lamellicola or C. rosea might rely on the potential of both agents to live and grow
within wheat tissues and increase in nutrient transfer from soil to root and their ability to produce
phytohormones. Previous studies indicated that endophytic fungi Trichoderma strains stimulated
wheat growth (Sharma et al., 2012) and other plants growth such as Lactuca sativa (lettuce),
petunia and (Tagetes) marigold (Ousley et al., 1994). Our results were similar to previous study
(Kleifeld and Chet, 1992) where endophytic fungus Trichoderma harzianum was applied to the
soil in the absence of pathogen, led to increase plant height, leaf area and dry weight in Bean
(Phaseolus vulgaris), radish (Raphanus sativus), tomato (Lycopersicum esculentum), pepper
(Capsicum annum) and cucumber (Cucumis sativus).
Previous research has demonstrated the ability of non-conventional fungicides (humic
acid, phosphite, salicylic acid, para-aminobenzoic acid, and Civitas + Harmonizer) to suppress
plant diseases, and this current study may have been the first to investigate the activity of these
products as potential non-conventional fungicides for control of select wheat diseases in growth
room, garden, and field tests. The results of Chapter 2 showed that the application of these nonconventional fungicides on the leaves twice at 5 day-interval and then inoculation with a
pathogen, could significantly reduce disease symptoms on T. aestivum caused by F.
graminearum, W. circinata, or M. majus. As well, the results of Chapter 3 showed that
application of non-conventional fungicides at anthesis 3 hours or 3 days before pathogen
inoculation significantly reduced infected spikelets compared with inoculated control. Disease
suppression by these non-conventional fungicides may have been through direct antifungal
activity or indirectly by inducing wheat resistance. Several studies have demonstrated that these
non-conventional fungicides were able to induce systemic resistant in other plants (Groves et al.,
2015; Daniel and Guest, 2005; Goodwin et al., 2018; Abdel-Monaim et al., 2011; El-Ghamry
and Abd El-Hai, 2009; Cortes et al., 2010a). The mechanism of disease suppression by these
treatments did not determine in this study, so further work is needed to assess the ability of these
non-conventional fungicides to affect the expression of defense gene responses to select wheat
disease F. graminearum.
Overall, sustainable agriculture is a significant target for growers and agricultural
researchers for providing needed foods for humans through agricultural activities. The major
goal of sustainable agriculture is to maintain the environment at a high-quality level, while
providing resources for humans. Development of disease symptoms on plants inspired
researchers to develop various methods to control serious plant diseases. Unlike fungicides,
biological control is an alternative which can be used to manage diseases while avoiding some of
the drawbacks of synthetic chemicals. The research presented in this thesis entitled “Control of
fungal pathogens of Triticum aestivum using endophytic fungi and non-conventional fungicides”
was an initiative to assess endophytic fungi or non-conventional fungicides as other resources
against wheat diseases. Simplicillium lamellicola or non-conventional fungicides exhibited high
141

potential to be developed as products to control FHB. These fungicide alternatives can minimize
the development of fungicide resistance and contribute to improved integrated pest management.
Since biocontrol agents have particularly selectivity to work against specific pathogens under
specific conditions, a deeper understanding of the biocontrol agent will help in its development.
Increased commercial release of biocontrol agents shows the potential for research, discovery,
production and use of these disease control products.

142

Literature Cited
Abd El-Kareem F (2007) Induced resistance in bean plants against root rot and Alternaria
leaf spot diseases using biotic and abiotic inducers under field conditions.
Research Journal of Agriculture and Biological Sciences, 3, 767-774.
Abdel-Monaim MF, Ismail ME, & Morsy KM (2011) Induction of systemic resistance of
benzothiadiazole and humic acid in soybean plants against Fusarium wilt disease.
Mycobiology, 39, 290-298.
Aboukhaddour R, Fetch T, McCallum BD, Harding MW, Beres BL, & Graf RJ (2020)
Wheat diseases on the prairies: A Canadian story. Plant Pathology, 69, 418-432.
Agrios GN (1997) Plant Pathology. 4th Edition. Academic Press, USA. ISBN 0-12044564-6.
Ahmad JS, & Baker R (1988) Implications of rhizosphere competence of Trichoderma
harzianum. Canadian Journal of Microbiology, 34, 229-234.
Ahn IP, Kim, S LeeY H, & Suh SC (2007) Vitamin B1-induced priming is dependent on
hydrogen peroxide and the NPR1 gene in Arabidopsis. Plant Physiology, 143,
838-848.
Akberova SI (2002) New biological properties of p-aminobenzoic acid. Biology Bulletin
the Russian Academy of Sciences, 29, 390-393.
Alvarez Nordström S (2014) Endophytic growth of Clonostachys rosea in tomato and
Arabidopsis. PhD Thesis, The Swedish University of Agricultural Sciences,
Uppsala, Suecia.
Amborabé BE, Fleurat-Lessard P, Chollet JF, & Roblin G (2002) Antifungal effects of
salicylic acid and other benzoic acid derivatives towards Eutypa lata: structureactivity relationship. Plant Physiology and Biochemistry, 40, 1051-1060.
Amein T, Omer Z, & Welch C (2008) Application and evaluation of Pseudomonas
strains for biocontrol of wheat seedling blight. Crop protection, 27, 532-536.
Anderson JA, & Kolmer JA (2005) Rust control in glyphosate tolerant wheat following
application of the herbicide glyphosate. Plant Disease, 89, 1136-1142.
Atiyeh RM, Lee S, Edwards CA, Arancon NQ, & Metzger JD (2002) The influence of
humic acids derived from earthworm processed organic wastes on plant growth.
Bioresource Technology, 84, 7-14.
Annapurna A (2013) Wheat Grass Health Benefit. Asian Journal of Pharmaceutical
Research and Health Care, 3, 62.
Ansari MW, Trivedi DK, Sahoo RK, Gill SS, & Tuteja N (2013) A critical review on
fungi mediated plant responses with special emphasis to Piriformospora indica on
improved production and protection of crops. Plant Physiology and Biochemistry,
70, 403-410.
Bae H, Roberts DP, Lim HS, Strem MD, Park SC, Ryu CM, & Bailey BA (2011)
Endophytic Trichoderma isolates from tropical environments delay disease onset

143

and induce resistance against Phytophthora capsici in hot pepper using multiple
mechanisms. Molecular Plant-Microbe Interactions, 24, 336-351.
Baenziger P, Graybosch R, Van Sanford D, & Berzonsky W (2009) Winter and specialty
wheat. In: MJ Carena (Ed) Cereals (pp. 251-265), Springer, New York, NY.
Bai GH, Chen LF, & Shaner GE (2003) Breeding for resistance to Fusarium head blight
of wheat in China. In: KJ Leonard & WR Bushnel (Eds) Fusarium Head Blight of
Wheat and Barley (pp. 296-317), APS Press, St Paul Minnesota.
Bai GH, Plattner R, Desjardins A, & Kolb FL (2001) Resistance to Fusarium head blight
and deoxynivalenol accumulation in wheat. Plant Breeding, 120, 1-6.
Bai G, & Shaner G (2004) Management and resistance in wheat and barley to Fusarium
head blight. Annual Review of Phytopathology, 42, 135-161.
Bai GH, & Shaner GE (1994) Wheat scab: perspective and control. Plant Disease, 78,
760-66.
Bai GH, & Shaner GE (1996) Variation in Fusarium graminearum and cultivar resistance
to wheat scab. Plant Disease, 80, 975-79.
Bailey KL, Gossen BD, Gugel RK, & Morrall RAA (2003) Diseases of Field Crops in
Canada, 3rd edition. Saskatoon, SK, Canada: The Canadian Phytopathological
Society, University Extension Press, University of Saskatchewan.
Ban T (1997) Evaluation of resistance to Fusarium head blight in indigenous Japanese
species of Agropyron (Elymus). Euphytica, 97, 39-44.
Ban T (2000) Review-study on the genetics of resistance to Fusarium head blight caused
by Fusarium graminearum in wheat. In: SY Nanjing (Ed) Proceedings of the
International Symposium on CAPS Wheat Improvement for Scab Resistance (pp.
82-93), Manhattan, Kansas State Univ, Press.
Banerjee A, & Mittra B (2018) Morphological modification in wheat seedlings infected
by Fusarium oxysporum. European Journal of Plant Pathology, 152, 521-524.
Barac T, Taghavi S, Borremans B, Provoost A, Oeyen L, Colpaert, JV, & van der Lelie D
(2004) Engineered endophytic bacteria improve phytoremediation of watersoluble, volatile, organic pollutants. Nature Biotechnology, 22, 583-588.
Bargabus RL, Zidack NK, Sherwood JE, & Jacobsen BJ (2002) Characterisation of
systemic resistance in sugar beet elicited by a non-pathogenic, phyllospherecolonising Bacillus mycoides, biological control agent. Physiological and
Molecular Plant Pathology, 61, 289-298.
Barber MS, Bertram RE, & Ride JP (1989) Chitin oligosaccharides elicit lignification in
wounded wheat leaves. Physiological and Molecular Plant Pathology, 34, 3-12.
Basset GJC, Quinlivan EP, Gregory JF, & Hanson AD (2005) Folate synthesis and
metabolism in plants and prospects for biofortification. Crop Science, 45, 449453.
Basset GJC, Quinlivan EP, Ravanel S, Rebeille F, & Nichols BP (2004) Foliate synthesis
in plants: The p-aminobenzoate branch is initiated by a bifunctional PabA-PabB
144

protein that is targeted to plastids. Proceedings of the National Academy of
Sciences of the United States of America, 101, 1496-1501.
Bateman GL, Edwards SG, Marshall J, Morgan LW, Nicholson P, Nuttall M, & Turner
AS (2000) Effects of cultivar and fungicides on stem‐base pathogens, determined
by quantitative PCR, and on diseases and yield of wheat. Annals of Applied
Biology, 137, 213-221.
Bechem EET, & Etaka ES (2018) Screening of fungi isolated from household waste
materials for ligninase activity. International Journal of Current Research in
Biosciences and Plant Biology, 5, 1-28.
Belien T, Van Campenhout S, Robben J, & Volckaert G (2006) Microbial endoxylanases:
eﬀective weapons to breach the plant cell-wall barrier or, rather, triggers of plant
defense systems? Molecular Plant-Microbe Interactions, 19, 1072-1081.
Bent AF, & Mackey D (2007) Elicitors, eﬀectors, and R genes: the new paradigm and a
lifetime supply of questions. Annual Review of Phytopathology, 45, 399-436.
Borges WS, & Pupo MT (2006) Novel anthraquinone derivatives produced by Phoma
sorghina, an endophyte found in association with the medicinal plant Tithonia
diversifolia (Asteraceae). Journal of the Brazilian Chemical Society, 17, 929-934.
Boyd LA, Ridout C, O’Sullivan DM, Leach JE, & Leung H (2013) Plant pathogen
interactions: disease resistance in modern agriculture. Trends in Genetics, 29,
233-240.
Burra DD, Berkowitz O, Hedley PE, Morris J, Resjö S, Levander F, & Alexandersson E
(2014) Phosphite-induced changes of the transcriptome and secretome in Solanum
tuberosum leading to resistance against Phytophthora infestans. BMC plant
biology, 14, 1-17.
Bushnell WR, Hazen BE, Pritsch C, & Leonard KJ (2003) Histology and physiology of
Fusarium head blight. In: KJ Leonard & WR Bushnell (Eds) Fusarium Head
Blight of Wheat and Barley (pp. 44-83), Phytopathology, St Paul Minnesota.
Butt TM, Jackson C, & Magan N (2001) Introduction-fungal biological control
agents. In: TM Butt, CW Jackson, & N Magan (Eds) Fungi as Biocontrol Agents.
Progress, Problems and Potential (pp. 1-8), CABI Publishing, Wallingford,
Oxon.
Cai F, Yu G, Wang P, Wei Z, Fu L, Shen Q, & Chen W (2013) Harzianolide, a novel
plant growth regulator and systemic resistance elicitor from Trichoderma
harzianum. Plant Physiology and Biochemistry, 73, 106-113.
Callejo González MJ (2002) Industrias de cereales y derivados (No E21/58). Ediciones
Mundi-Prensa, Madrid
Canellas LP, Spaccini R, Piccolo A, Dobbss LB, Okorokova-Façanha AL, de Araújo
Santos G, & Façanha AR (2009) Relationships between chemical characteristics
and root growth promotion of humic acids isolated from brazilian oxisols. Soil
Science, 174, 611-620.

145

Cassini R (1981) Fusarium diseases of cereals in Western Europe. In: PE Nelson, TA
Toussoun, & Cook RJ (Eds) Fusarium: Diseases, Biology and Taxonomy (pp 5863), The Pennsylvania State University Press, University Park and London.
Chang Y (1986) Increased growth of plants in the presence of the biological control agent
Trichoderma harzianum. Plant Disease, 70, 145-148.
Chen C, Bauske EM, Musson G, Rodriguezkabana R, & Kloepper JW (1995) Biological
control of fusarium wilt on cotton by use of endophytic bacteria. Biological
Control, 5, 83-91.
Chen L, Luo S, Xiao X, Guo H, Chen J, WanY, & Liu C (2010) Application of plant
growth-promoting endophytes (PGPE) isolated from Solanum nigrum L for
phytoextraction of Cd-polluted soils. Applied Soil Ecology, 46, 383-389.
Chen Y, De Nobili M, & Aviad T (2004) Stimulatory effects of humic substances on
plant growth. In: F Magdoft, & R Ray (Eds) Soil Organic Matter in Sustainable
Agriculture (pp. 103-129), CRC Press, Washington.
Child JJ, Nesbitt LR, & Haskins RH (1969) Production of m-Cresol by Valsa friesii.
Applied Microbiology, 18, 515.
Chmielowska J, Veloso J, Gutiérrez J, Silvar C, & Díaz J (2010) Cross-protection of
pepper plants stressed by copper against a vascular pathogen is accompanied by
the induction of a defense response. Plant Science, 178, 176-182.
Choi GJ, Kim JC, Jang KS, Cho KY, & Kim HT (2008) Mycoparasitism of Acremonium
strictum BCP on Botrytis cinerea, the gray mold pathogen. Journal of
Microbiology and Biotechnology, 18, 167-170.
Choi GJ, Kim JC, Jang KS, Nam MH, Lee SW, & Kim HT (2009) Biocontrol activity of
Acremonium strictum BCP against Botrytis diseases. The Plant Pathology
Journal, 25, 165-171.
Chowdappa P, Kumar SPM, Lakshmi MJ, & Upreti KK (2013) Growth stimulation and
induction of systemic resistance in tomato against early and late blight by Bacillus
subtilis OTPB1 or Trichoderma harzianum OTPB3. Biological Control, 65, 109117.
Clarke SM, Mur LAJ, Wood JE, & Scott IM (2004) Salicylic acid dependent signaling
promotes basal thermotolerance but is not essential for acquired thermotolerance
in Arabidopsis thaliana. The Plant Journal, 38, 432-447.
Clay K, & Holah J (1999) Fungal endophyte symbiosis and plant diversity in
successional fields. Science, 285, 1742-1744.
Comby M, Gacoin M, Robineau M, Rabenoelina F, Ptas S, Dupont J, & Baillieul F
(2017) Screening of wheat endophytes as biological control agents against
Fusarium head blight using two different in vitro tests. Microbiological Research,
202, 11-20.
Compant S, Reiter B, Sessitsch A, Nowak J, Clément C, Barka EA (2005) Endophytic
Colonization of Vitis vinifera L. by Plant Growth-Promoting Bacterium
146

Burkholderia sp. Strain PsJN. Applied and Environmental Microbiology, 71,
1685-1693.
Coombs JT, Michelsen PP, & Franco CMM (2004) Evaluation of endophytic
actinobacteria as antagonists of Gaeumannomyces graminis var. tritici in wheat.
Biological Control, 29, 359-366.
Cordeiro FC, Santa-Catarina C, Silveira V, & de Souza SR (2011) Humic acids effects on
catalase activity and the generation of reactive oxygen species in corn (Zea
Mays). Bioscience, Biotechnology, and Biochemistry, 75, 70-74.
Cordo CA, Monaco CI, Segarra CI, Simon MR, Mansilla AY, Perelló AE, & Conde RD
(2007) Trichoderma spp. as elicitors of wheat plant defense responses against
Septoria tritici. Biocontrol Science and Technology, 17, 687-698.
Cortes-Barco AM, Hsiang T, & Goodwin PH (2010a) Induced systemic resistance
against three foliar diseases of Agrostis stolonifera by (2R, 3R)-butanediol or an
isoparrafin mixture. Annals of Applied Biology, 157, 179-189.
Cortes‐Barco AM, Goodwin PH, & Hsiang T (2010b) Comparison of induced resistance
activated by benzothiadiazole,(2R, 3R)‐butanediol and an isoparaffin mixture
against anthracnose of Nicotiana benthamiana. Plant Pathology, 59, 643-653.
Crozier A (2000) Biosynthesis of hormones and elicitor molecules. In: BB Buchanan, W
Gruissem, & RL Jones (Eds) Biochemistry and Molecular Biology of Plants (pp.
850-929), MD: American Society of Plant Physiologists, Rockville.
Dal Bello GM, Monaco CI, & Simon MR (2002) Biological control of seedling blight of
wheat caused by Fusarium graminearum with beneficial rhizosphere
microorganisms. World Journal of Microbiology and Biotechnology, 18, 627-636.
Damalas CA & Eleftherohorinos IG (2011) Pesticide exposure, safety issues, and risk
assessment indicators. International Journal of Environmental Research and
Public Health, 8, 1402-1419.
Dambolena JS, López AG, Meriles JM, Rubinstein HR & Zygadlo JA (2012) Inhibitory
effect of 10 natural phenolic compounds on Fusarium verticillioides. A structure
property activity relationship study. Food Control, 28, 163-170.
Dangl JL, & Jones JD (2001) Plant pathogens and integrated defense responses to
infection. Nature, 411, 826-833.
Daniel R, & Guest D (2005) Defense responses induced by potassium phosphonate in
Phytophthora palmivora-challenged Arabidopsis thaliana. Physiological and
Molecular Plant Pathology, 67, 194-201.
Davies PJ (2010) The Plant Hormones: Their Nature, Occurrence, and Functions. In: PJ
Davies (Ed) Plant Hormones (pp. 1-15), Springer, Dordrecht.
De Galich MTV (1997) Fusarium head blight in Argentina. Fusarium Head Scab: Global
Status and Future Prospects. Mexico, CIMMYT, 19-28.

147

De la Cerda K, & Hsiang T (2009) Phylogenetic, morphological, and pathogenic analyses
of Waitea circinata and its Rhizoctonia anamorphs. Annual Meeting, Winnipeg,
Manitoba, 2009, Canadian Journal of Plant Pathology, 31, 475-504.
Delaney SM, Mavrodi DV, Bonsall RF, & Thomashow LS (2001) PhzO, a gene for
biosynthesis of 2-hydroxylated phenazine compounds in Pseudomonas
aureofaciens 30-84. Journal of Bacteriology, 183, 318-327.
Delaney TP, Uknes S, Vernooij B, Friedrich L, Weymann K, Negrotto D, & Ryals J
(1994) A central role of salicylic acid in plant disease resistance. Science, 266,
1247-1250.
de Melo BAG, Motta FL, & Santana MHA (2016) Humic acids: Structural properties and
multiple functionalities for novel technological developments. Materials Science
and Engineering, 62, 967-974.
De Meyer G, Bigirimana J, Elad Y, & Hofte M (1998) Induced systemic resistance in
Trichoderma harzianum T39 biocontrol of Botrytis cinerea. European Journal of
Plant Pathology, 104, 279-286.
Demissie ZA, Foote S, Tan Y, & Loewen MC (2018) Profiling of the transcriptomic
responses of Clonostachys rosea upon treatment with Fusarium graminearum
secretome. Frontiers in Microbiology, 9, 1061.
DeVries JW, Trucksess MW, & Jackson LS (2002) Mycotoxins and food safety (p. 55).
New York, NY, USA, Kluwer Academic/Plenum Publishers.
Dewan MM, & Sivasithamparam K (1989) Behaviour of a plant growth-promoting sterile
fungus on agar and roots of ryegrass and wheat. Mycological Research, 93, 161166.
Dexter JE, & Nowicki TW (2003) Safety assurance and quality assurance issues
associated with Fusarium head blight in wheat. In: KJ Leonard, & WR Bushnell
(Eds) Fusarium Head Blight of Wheat and Barley (pp. 420-460), APS, St Paul
Minnesota.
Diamond H, & Cooke BM (1997) Host specialisation in Microdochium nivale on cereals.
Cereal Research Communications, 25, 533-538.
Díaz de Ackermann M, & Pereyra S (2011) Fusariosis de la espiga de trigo y cebada. In:
S Pereyra, M Díaz de Ackermann, S Germán, & K Cabrera (Eds) Manejo de
Enfermedades en Trigo Y Cebada, Hemisferio Sur SRL, Montevideo.
Dobbs L, Canellas LP, Olivares FL, Aguiar NO, Peres LEP, Spaccini R, & Piccolo A
(2010) Bioactivity of chemically transformed humic matter from vermicompost
on plant root growth. Journal of Agricultural and Food Chemistry, 58, 36813688.
Doe ED, Awua AK, Gyamfi OK, & Bentil NO (2013) Levels of selected heavy metals in
wheat flour on the ghanaian market: a determination by atomic absorption
spectrometry. American Journal of Applied Chemistry, 1, 17-21.

148

Doni F, Isahak A, Zain CRCM, & Yusoff WMW (2014) Physiological and growth
response of rice plants (Oryza sativa L.) to Trichoderma spp. inoculants. Amb
Express, 4, 1-7.
Drakopoulos D, Luz C, Torrijos R, Meca G, Weber P, Bänziger I, & Vogelgsang S
(2019) Use of botanicals to suppress different stages of the life cycle of Fusarium
graminearum. Phytopathology, 109, 2116-2123.
Druzhinina IS, Seidl-Seiboth V, Herrera-Estrella A, Horwitz BA, Kenerley CM, Monte
E, Mukherjee PK, Zeilinger S, Grigoriev IV, & Kubicek CP (2011) Trichoderma:
the genomics of opportunistic success. Nature Reviews Microbiology, 9, 749-759.
Dubin HJ (1997) Fusarium Head Scab: Global Status and Future Prospects: Proceedings
of a Workshop Held at CIMMYT, El Batan, Mexico, 13-17.
Dutta D, Puzari KC, Gogoi, R, & Dutta P (2014) Endophytes: exploitation as a tool in
plant protection. Brazilian Archives of Biology and Technology, 57, 621-629.
Edwards K, Johnstone C, & Thompson C (1991) A simple and rapid method for the
preparation of plant genomic DNA for PCR analysis. Nucleic Acids Research, 19,
1349.
El-Ghamry AM, El-Hai KA, & Ghoneem KM (2009) Amino and humic acids promote
growth, yield and disease resistance of faba bean cultivated in clayey soil.
Australian Journal of Basic and Applied Sciences, 3, 731-739.
Elsharkawy MM, Shimizu M, Takahashi H, & Hyakumachi M (2012a) Induction of
systemic resistance against Cucumber mosaic virus by Penicillium
simplicissimum GP17‐2 in Arabidopsis and tobacco. Plant Pathology, 61, 964976.
Elsharkawy MM, Shimizu M, Takahashi H, & Hyakumachi M (2012b) The plant growthpromoting fungus Fusarium equiseti and the arbuscular mycorrhizal fungus
Glomus mosseae induce systemic resistance against Cucumber mosaic virus in
cucumber plants. Plant and Soil, 361, 397-409.
Elsharkawy MM, Shimizu M, Takahashi H, Ozaki K, & Hyakumachi M (2013) Induction
of systemic resistance against Cucumber mosaic virus in Arabidopsis thaliana by
Trichoderma asperellum SKT-1. The PlantPathology Journal, 29, 193.
Eshraghi L, Anderson J, Aryamanesh N, Shearer B, McComb J, Hardy GS, & O’Brien
PA (2011) Phosphite primed defence responses and enhanced expression of
defense genes in Arabidopsis thaliana infected with Phytophthora cinnamomi.
Plant Pathology, 60, 1086-1095.
Fatima Z, Saleemi M, Zia M, Sultan T, Aslam M, Rehman R, & Chaudhary MF (2009)
Antifungal activity of plant growth-promoting rhizobacteria isolates against
Rhizoctonia solani in wheat. African Journal of Biotechnology, 8, 219-225.
Felix G, Regenass M, & Boller T (1993) Specific perception of subnanomolar
concentrations of chitin fragments by tomato cells: induction of extracellular
alkalinization, changes in protein phosphorylation, and establishment of a
refractory state. The Plant Journal, 4, 307-316.
149

Friedrich L, Lawton K, Ruess W, Masner P, Specker N, Rella MG, & Métraux, JP (1996)
A benzothiadiazole derivative induces systemic acquired resistance in tobacco.
The Plant Journal, 10, 61-70.
Fu SF, Sun PF, Lu HY, Wei JY, Xiao HS, Fang WT, & Chou JY (2016) Plant growthpromoting traits of yeasts isolated from the phyllosphere and rhizosphere of
Drosera spatulata Lab. Fungal Biology, 120, 433-448.
Fulgueira CL, Borghi AL, Gattuso MA, & Di Sapio O (1996) Effects of the infection of
toxigenic fungi and an antagonistic Streptomyces strain on wheat spikes.
Mycopathologia, 134, 137-142.
Gallagher RT, White EP, & Mortimer PH (1981) Ryegrass staggers: isolation of potent
neurotoxins lolitrem A and lolitrem B from staggers-producing pastures. New
Zealand Veterinary Journal, 29, 189-190.
Gardes M, & Bruns TD (1993) ITS primers with enhanced specificity for
basidiomycetes‐application to the identification of mycorrhizae and rusts.
Molecular Ecology, 2, 113-118.
Gazis R, Rehner S, & Chaverri P (2011) Species delimitation in fungal endophyte
diversity studies and its implications in ecological and biogeographic inferences.
Molecular Ecology, 20, 3001- 3013.
Gdanetz K & Trail F (2017) The wheat microbiome under four management strategies,
and potential for endophytes in disease protection. Phytobiomes, 1, 158-168.
Gilbert J, & Fernando WGD (2004) Epidemiology and biological control of Gibberella
zeae/Fusarium graminearum. Canadian Journal of Plant Pathology, 26, 464-472.
Gilbert J, & Tekauz A (2000) Recent developments in research on Fusarium head blight
of wheat in Canada. Canadian Journal of Plant Pathology, 22, 1-8.
Godfray HCJ, Mason-D'Croz D, & Robinson S (2016) Food system consequences of a
fungal disease epidemic in a major crop. Philosophical Transactions of the Royal
Society B: Biological Sciences, 371, 1-10.
Gond SK, Verma VC, Mishra A, Kumar A, & Kharwar RN (2010) 15 Role of Fungal
Endophytes in Plant Protection. In: A Arya, & AE Perelló (Eds) Management of
Fungal Plant Pathogens (p. 183), CAB International.
Goodwin PH, Trueman C, Loewen SA, & Tazhoor R (2018) Variation in the
responsiveness of induced resistance against Pseudomonas syringae pv. tomato
by Solanum lycopersicum treated with para-aminobenzoic acid. Physiological and
Molecular Plant Pathology, 104, 31-39.
Grosch R, & Schumann K (1993) Aggressivitätsverhalten von Microdochium nivale
Samuels U Hallett an futtergräsern. Archives of Phytopathology & Plant
Protection, 28, 139-146.
Groves E, Howard K, Hardy G, & Burgess T (2015) Role of salicylic acid in phosphiteinduced protection against Oomycetes; a Phytophthora cinnamomi-Lupinus
augustifolius model system. European Journal of Plant Pathology, 141, 559-569.
150

Guo B, Wang Y, Sun X, & Tang K (2008) Bioactive natural products from endophytes:
areview. Applied Biochemistry and Microbiology, 44, 136-142.
Guest D, & Grant B (1991) The complex action of phosphonates as anti-fungal agents.
Biological Reviews, 66, 159-187.
Gunnell PS (1986) Characterization of the teleomorphs of Rhizoctonia oryzae-sativae,
Rhizoctonia oryzae, and Rhizoctonia zeae, and the effect of cultural practices on
aggregate sheath spot of rice, caused by R oryzae-sativae. PhD Thesis, University
of California, Davis, USA
Gupta V, Razdan VK, John D, & Sharma BC (2013) First report of leaf blight of Cyperus
iria caused by Fusarium equiseti in India. Plant Disease, 97, 838-838.
Hadi MR, & Balali GR (2010) The effect of salicylic acid on the reduction of Rhizoctonia
solani damage in the tubers of marfona potato cultivar. American-Eurasian
Journal of Agricultural and Environmental Sciences, 7, 492-496.
Hacquard S, Kracher B, Hiruma K, Münch PC, Garrido-Oter R, Thon MR, Weimann A,
Damm U, Dallery J-F, & Hainaut M (2016) Survival trade-oﬀs in plant roots
during colonization by closely related beneﬁcial and pathogenic fungi. Nature
Communications, 7, 1-13.
Hamayun M, Hussain A, Khan SA, Kim HY, Khan AL, Waqas M, Irshad M, Iqbal A,
Rehman G, Jan S, & Lee IJ (2017) Gibberellins producing endophytic fungus
Porostereum spadiceum AGH786 rescues growth of salt affected soybean.
Frontiers in Microbiology, 8, 1-13.
Hamilton CE, & Bauerle TL (2012) A new currency for mutualism? fungal endophytes
alter antioxidant activity in hosts responding to drought. Fungal Diversity, 54, 3949.
Hamilton CE, Gundel PE, Helander M, & Saikkonen K (2012) Endophytic mediation of
reactive oxygen species and antioxidant activity in plants: a review. Fungal
Diversity, 54, 1-10.
Hanson AD, & Gregory JF (2002) Synthesis and turnover of folates in plants. Current
Opinion in Plant Biology, 5, 244-249.
Hardy GESJ, Barrett S, & Shearer BL (2001) The future of phosphite as a fungicide to
control the soilborne plant pathogen Phytophthora cinnamomi in natural
ecosystems. Australasian Plant Pathology, 30, 133-139.
Harman GE (2006) Overview of mechanisms and uses of Trichoderma spp.
Phytopathology, 96, 190-194.
Harman GE, Howell CR, Viterbo A, Chet I, & Lorito M (2004), Trichoderma species
opportunistic avirulent plant symbionts. Nature Reviews Microbiology, 2, 43-56.
Hassan H (2002) Gibberellin and auxin production by plant root-fungi and their
biosynthesis under salinity-calcium interaction. Rostlinna Vyroba, 48, 101-106.

151

Hofgaard IS, Ergon A, Henriksen B, & Tronsmo AM (2010) The effect of potential
resistance inducers on development of Microdochium majus and Fusarium
culmorum in winter wheat. European Journal of Plant Pathology, 128, 269-281.
Holbrook AA, Edge W, & Bailey F (1961) Spectrophotometric method for determination
of gibberellic acid. American-Eurasian Journal of Agricultural and
Environmental Sciences, 28, 159-167.
Horinouchi H, Muslim A, Suzuki T, & Hyakumachi M (2007) Fusarium equiseti GF191
as an effective biocontrol agent against Fusarium crown and root rot of tomato in
rock wool systems. Crop Protection, 26, 1514-1523.
Horinouchi H, Katsuyama N, Taguchi Y, & Hyakumachi M (2008) Control of Fusarium
crown and root rot of tomato in a soil system by combination of a plant growth
promoting fungus, Fusarium equiseti, and biodegradable pots. Crop protection,
27, 859-864.
Horinouchi H, Muslim A, & Hyakumachi M (2010) Biocontrol of Fusarium wilt of
spinach by the plant growth promoting fungus Fusarium equiseti GF183. Journal
of Plant Pathology, 249-254.
Horinouchi H, Watanabe H, Taguchi Y, Muslim A, & Hyakumachi M (2011) Biological
control of Fusarium wilt of tomato with Fusarium equiseti GF191 in both rock
wool and soil systems. Biocontrol, 56, 915-923.
Horvath E, Szalai G, & Janda T (2007) Induction of abiotic stress tolerance by salicylic
acid signaling. Journal of Plant Growth Regulation, 26, 290-300.
Hossain MM, Sultana F, Kubota M, & Hyakumachi M (2008) Diﬀerential inducible
defense mechanisms against bacterial speck pathogen in Arabidopsis thaliana by
plant-growth-promoting-fungus Penicillium sp. GP16-2 and its cell free ﬁltrate.
Plant Soil, 304, 227-239.
Hsiang T, Yang L, & Barton W (1997) Baseline sensitivity and cross-resistance to
demethylation-inhibiting fungicides in Ontario isolates of Sclerotinia
homoeocarpa. European Journal of Plant Pathology, 103, 409-416.
Hsiang T, Goodwin PH, & Cortes AM (2011) Plant defense activators and control of
turfgrass diseases. Outlooks on Pest Management, 22, 160-164.
Hsiang T, Goodwin PH, Cortes-Barco AM, Nash BT, & Tung J (2013) Activating
disease resistance in turfgrasses against fungal pathogens: Civitas and
Harmonizer. In: R Imai, M, Yoshida, & N Matsumoto (Eds) Plant and Microbe
Adaptations to Cold in a Changing World (pp. 331-341), Springer, New York,
NY.
Hudec K, & Muchová D (2010) Influence of temperature and species origin on Fusarium
spp. and Microdochium nivale pathogenicity to wheat seedlings. Plant Protection
Science, 46, 59-65.
Humphreys JM, & Chapple C (2002) Rewriting the lignin roadmap. Current Opinion in
Plant Biology, 5, 224-29.

152

Humphreys J, Cooke BM, & Storey T (1995) Effects of seed-borne Microdochium nivale
on establishment and grain yield of winter-sown wheat. Plant Varieties & Seeds,
8, 107-117.
Hyakumachi M (1994) Plant growth-promoting fungi from turfgrass rhizosphere with
potential for disease suppression. Soil Microorganisms, 44, 53-68.
Hyakumachi M, Takahashi, H, Matsubara, Y, Someya N, Shimizu M, Kobayashi K, &
Nishiguchi M (2014) Recent studies on biological control of plant diseases in
Japan. Journal of General Plant Pathology, 80, 287-302.
Hyde KD, & Soytong K (2008) The fungal endophyte dilemma. Fungal Diversity, 33,
163-173.
Infantino A, & Rekah Y (2008) Characterization of Pyrenochaeta lycopersici isolates, the
causal agent of corky root in tomato, using PCR-based and VCG assays.
Phytoparasitica, 36, 19
Ishihara A, Miyagawa H, Kuwahara Y, Ueno T, & Mayama S (1996) Involvement of
Ca2+ ion in phytoalexin induction in oats. Plant Science, 115, 9-16.
Jacobs DR, Marquart L, Slavin JL, & Kushi LH (1998) Whole-grain intake and cancer:
anexpanded review and meta-analysis. Nutrition and Cancer, 30, 85-96
Jae-Han J, Shin DM, Bae WC, Hong SK, Suh JW, Koo S, & Jeong BC (2002)
Identification of FM001 as plant growth-promoting substance from Acremonium
strictum MJN1 culture. Journal of Microbiology and Biotechnology, 12, 327-330.
Jansen C, Von Wettstein D, Schäfer W, Kogel KH, Felk A, & Maier FJ (2005) Infection
patterns in barley and wheat spikes inoculated with wild-type and trichodiene
synthase gene disrupted Fusarium graminearum. Proceedings of the National
Academy of Sciences, 102, 16892-16897.
Jarvis WR, & Slingsby K (1977) The control of powdery mildew of greenhouse
cucumber by water sprays and Ampelomyces quisqualis. Plant Disease Reporter,
61, 728-730.
Jayaraj J, Muthukrishnan S, Liang GH, & Velazhahan R (2004) Jasmonic acid and
salicylic acid induce accumulation of β-1, 3-glucanase and thaumatin-like proteins
in wheat and enhance resistance against Stagonospora nodorum. Biologia
Plantarum, 48, 425-430.
Jeon YH, Chang SP, Hwang I, & Kim YH (2003) Involvement of growth-promoting
rhizobacterium Paenibacillus polymyxa in root rot of stored Korean ginseng.
Journal of Microbiology and Biotechnology, 13, 881-891.
Jewell L (2013) Genetic and pathogenic differences between Microdochium nivale and
Microdochium majus. PhD Thesis, University of Guelph, Guelph, Canada.
Jochum CC, Osborne LE, &Y uen GY (2006) Fusarium head blight biological control
with Lysobacter enzymogenes strain C3. Biological Control, 39, 336-344.
John RP, Tyagi RD, Prévost D, Brar SK, Pouleur S, & Surampalli RY (2010)
Mycoparasitic Trichoderma viride as a biocontrol agent against Fusarium
153

oxysporum f. sp. adzuki and Pythium arrhenomanes and as a growth promoter of
soybean. Crop Protection, 29, 1452-1459.
Johnson DD, Flaskerud GK, Taylor RD, & Satyanarayana V (2003) Quantifying
economic impacts of Fusarium head blight in wheat, In: KJ Leonard, & WR
Bushnell (Eds) Fusarium Head Blight of Wheat and Barley (pp. 461-483), APS,
St Paul Minnesota.
Johnson DD, Flaskerud GK, Taylor RD, & Satyanarayana V (1998) Economic impacts of
Fusarium head blight in wheat (No. 1189-2016-94160). Agricultural Economics
Report No 396, Department of Agricultural Economics, North Dakota State
University, Fargo.
Jones KA & Burges H D (1998) Technology of formulation and application. In: HD
Burges (Ed) Formulation of Microbial Biopesticides: Beneficial Microorganisms,
Nematodes and Seed Treatments (pp. 7-30), Kluwer Academic Publishers,
Dordrecht.
Jones RK (1999) Seedling blight development and control in spring wheat damaged by
Fusarium graminearum group 2. Plant Disease, 83, 1013-1018.
Jones RK (2000) Assessments of Fusarium head blight of wheat and barley in response to
fungicide treatment. Plant Disease, 84, 1021-1030.
Jonaviciene A, suproniene S, & semaskiene R (2016) Microdochium nivale and M majus
as causative agents of seedling blight in spring cereals. Zemdirbyste-Agriculture,
103, 363-368.
Kari DH, Mohammadi GE, Dalalpour MN, Rabiei M, Rohani N, & Varma A (2012)
Biocontrol potential of root endophytic fungi and Trichoderma species against
Fusarium wilt of lentil under in vitro and greenhouse conditions. Journal of
Agricultural Science and Technology, 14, 407-420
Kavroulakis N, Ntougias S, Zervakis GI, Ehaliotis C, Haralampidis K, & Papadopoulou
KK (2007) Role of ethylene in the protection of tomato plants against soil-borne
fungal pathogens conferred by an endophytic Fusarium solani strain. Journal of
Experimental Botany, 58, 3853-3864.
Keen NT (2000) A century of plant pathology: a retrospective view on understanding
host-parasite interactions. Annual Review of Phytopathology, 38, 31-48.
Kelman A, & Cook RJ (1977) Plant pathology in the People's Republic of China. Annual
Review of Phytopathology, 15, 409-429.
Khan AL, Hamayun M, Kim YH, Kang SM, Lee JH, & Lee IJ (2011) Gibberellins
producing endophytic Aspergillus fumigatus sp. LH02 influenced endogenous
phytohormonal levels, isoflavonoids production and plant growth in salinity
stress. Process Biochemistry, 46, 440-447.
Khan NI, Schisler DA, Boehm MJ, Slininger PJ, & Bothast RJ (2001) Selection and
evaluation of microorganisms for biocontrol of Fusarium head blight of wheat
incited by Gibberella zeae. Plant Disease, 85, 1253-1258.

154

Kildea S, Ransbotyn V, Khan MR, Fagan B, Leonard G, Mullins E, & Doohan FM
(2008) Bacillus megaterium shows potential for the biocontrol of septoria tritici
blotch of wheat. Biological Control, 47, 37-45.
Kilic-Ekici O, & Yuen GY (2003) Induced resistance as a mechanism of biological
control by Lysobacter enzymogenes strain C3. Phytopathology, 93, 1103-1110.
Kim JC, Park GJ, Kim HJ, Kim HT, Ahn JW, & Cho KY (2002) Verlamelin, an
antifungal compound produced by a mycoparasite, Acremonium strictum. The
Plant Pathology Journal, 18, 102-105.
King RW, & Evans LT (2003) Gibberellins and flowering of grasses and cereals: prizing
open the lid of the “florigen” black box. Annual Review of Plant Biology, 54, 307328.
Kirkpatrick B, & Wilhelm M (2007) Evaluation of grapevine endophytic bacteria for
control of Pierce’s disease. In: Proceedings Pierce’s Disease Research
Symposium (pp. 203-207), San Diego.
Kleifeld O, & Chet I (1992) Trichoderma harzianum-interaction with plants and effect on
growth response. Plant and Soil, 144, 267-272.
Klessig DF, & Malamy J (1994) The salicylic acid signal in plants. Plant Molecular
Biology, 26, 1439-1458.
Kloepper JW, Tuzun S, & Kuć JA (1992) Proposed deﬁnitions related to induced disease
resistance. Biocontrol Science and Technology, 2, 349-351.
Knott CA (2007) Breeding for value-added traits in soft winter wheat. PhD Thesis,
University of Kentucky, Lexington, Kentucky, USA.
Köhl J, Kolnaar R, & Ravensberg WJ (2019) Mode of action of microbial biological
control agents against plant diseases: relevance beyond efficacy. Frontiers in
Plant Science, 10, 845.
Koike N, Hyakumachi M, Kageyama K, Tsuyumu S, & Doke N (2001) Induction of
systemic resistance in cucumber against several diseases by plant growthpromoting fungi: lignification and superoxide generation. European Journal of
Plant Pathology, 107, 523-533.
Kojima H, Hossain MM, Kubota M, & Hyakumachi M (2013) Involvement of the
salicylic acid signaling pathway in the systemic resistance induced in Arabidopsis
by plant growth-promoting fungus Fusarium equiseti GF19-1. Journal of Oleo
Science, 62, 415-426.
Kolb FL, Bai GH, Muehlbauer GJ, Anderson JA, Smith KP, & Fedak G (2001) Host
plant resistance genes for Fusarium head blight. Crop Science, 41, 611-619.
Kouvelis VN, Wang C, Skrobek A, Pappas KM, Typas MA, & Butt TM (2011)
Assessing the cytotoxic and mutagenic effects of secondary metabolites produced
by several fungal biological control agents with the Ames assay and the
VITOTOX® test. Mutation Research/Genetic Toxicology and Environmental
Mutagenesis, 722, 1-6.

155

Kuć J (2001) Concepts and direction of induced systemic resistance in plants and its
application. European Journal of Plant Pathology, 107, 7-12.
Kumar J, Schäfer P, Hückelhoven R, Langen G, Baltruschat H, Stein E, & Kogel KH
(2002) Bipolaris sorokiniana, a cereal pathogen of global concern: cytological
and molecular approaches towards better control. Molecular Plant Pathology, 3,
185-195.
Lahlali R, McGregor L, Song T, Gossen BD, Narisawa K, & Peng G (2014)
Heteroconium chaetospira induces resistance to clubroot via upregulation of host
genes involved in jasmonic acid, ethylene, and auxin biosynthesis. PLoS One, 9,
1-9.
Larkindale J, & Knight MR (2002) Protection against heat stress-induced oxidative
damage in arabidopsis involves calcium, abscisic acid, ethylene, and salicylic
acid. Plant Physiology, 128, 682-695.
Larran S, Perelló A, Simón MR, & Moreno V (2007) The endophytic fungi from wheat
(Triticum aestivum L.). World Journal of Microbiology and Biotechnology, 23,
565-572.
Latz MA, Jensen B, Collinge DB, & Jørgensen HJ (2018) Endophytic fungi as biocontrol
agents: elucidating mechanisms in disease suppression. Plant Ecology &
Diversity, 11, 555-567.
Le Dang Q, Shin TS, Park MS, Choi YH, Choi GJ, Jang KS, & Kim JC (2014)
Antimicrobial activities of novel mannosyl lipids isolated from the biocontrol
fungus Simplicillium lamellicola BCP against phytopathogenic bacteria. Journal
of Agricultural and Food Chemistry, 62, 3363-3370.
Lees AK, Nicholson P, Rezanoor HN, & Parry DW (1995) Analysis of variation within
Microdochium nivale from wheat: evidence for a distinct sub-group. Mycological
Research, 99, 103-109.
Lethonen MJ (2009) Rhizoctonia solani as a potato pathogen: Variation of isolates in
Finland and host response. PhD Thesis, University of Helsinki, Finland.
Levenfors JP, Eberhard TH, Levenfors JJ, Gerhardson B, & Hökeberg M (2008)
Biological control of snow mould (Microdochium nivale) in winter cereals by
Pseudomonas brassicacearum, MA250. BioControl, 53, 651-665.
Li G, Yu M, Fang T, Cao S, Carver BF, & Yan L (2013) Vernalization requirement
duration in winter wheat is controlled by TaVRN‐A1 at the protein level. The
Plant Journal, 76, 742-753.
Li H-Y, Wei D-Q, Shen M, & Zhou Z-P (2012) Endophytes and their role in
phytoremediation. Fungal Diversity, 54, 11-18.
Liu B, Qiao H, Huang L, Buchenauer H, Han Q, Kang Z, & Gong Y (2009) Biological
control of take-all in wheat by endophytic Bacillus subtilis E1R-j and potential
mode of action. Biological Control, 49, 277-285.
Lodewyckx C, Taghavi S, Mergeay M, Vangronsveld J, Clijsters H, & van der Lelie D
(2001) The effect of recombinant heavy metal-resistant endophytic bacteria on
156

heavy metal uptake by their host plant. International Journal of
Phytoremediation, 3, 173-187.
Lodewyckx C, Vangronsveld J, Porteous F, Moore ERB, Taghavi S, Mezgeay M, & van
der Lelie D (2002) Endophytic bacteria and their potential applications. Critical
Reviews in Plant Sciences, 21, 583-606.
Loon LCV, & van Strien EA (1999) The families of pathogenesis-related proteins, their
activities, and comparative analysis of PR-1 type proteins. Physiological and
Molecular Plant Pathology, 55, 85-97.
Lorito M, Woo SL, Harman GE, & Monte E (2010) Translational research on
Trichoderma: from ‘omics to the field. Annual Review of Phytopathology, 48,
395-517.
Lovatt CJ, & Mikkelsen RL (2006) Phosphite fertilizers: What are they? Can you use
them? What can they do. Better Crops, 90, 11-13.
Lu H, Zou WX, Meng JC, Hu J, & Tan RX (2000) New bioactive metabolites produced
by Colletotrichum sp, an endophytic fungus in Artemisia annua. Plant Science,
151, 67-73.
Lu WZ, Cheng SH, Wang YZ (2001) Wheat Scab, Research in China. Scientific
Publication Ltd, Beijing, pp229. ISBN 7-03-009199-X.
Lu Z, Kong X, Lu Z, Xiao M, Chen M, Zhu L, & Song S (2014) Para-Aminobenzoic
Acid (PABA) Synthase Enhances Thermotolerance of Mushroom Agaricus
bisporus. PloS One, 9, 1-13.
Lu ZX, Gaudet D, Puchalski B, Despins T, Frick M, & Laroche A (2005) Inducers of
resistance reduce common bunt infection in wheat seedlings while differentially
regulating defense-gene expression. Physiological and Molecular Plant
Pathology, 67, 138-148.
Luo S, Chen L, Chen J, Xiao X, Xu T, & Zeng G (2011) Analysis and characterization of
cultivable heavy metal-resistant bacterial endophytes isolated from Cdhyperaccumulator Solanum nigrum L. and their potential use for
phytoremediation. Chemosphere, 85, 1130-1138.
Luz WC da, Stockwell CA, & Bergstrom GC (2003) Biological control of Fusarium
graminearum. In: KJ Leonard, & WR Bushnell (Eds) Fusarium Head Blight of
Wheat and Barley (pp. 77-81), APS Press, St Paul Minnesota.
Lyon G (2007) Agents that can elicit induced resistance. In: W Dale, N Adrian, & L Gary
(Eds) Induced Resistance for Plant Defense: A Sustainable Approach to Crop
Protection (pp. 9-29), Blackwell Publishing, Oxford.
MacRae R, Robinson RK, & Sadler MJ (1993) Buckwheat. Encyclopedia of Food
Science. Food Technology and Nutrition, Vol. One. Academic press, New York,
516-521.
Madrid H, Cano J, Gene J, & Guarro J (2011) Two new species of Cladorrhinum.
Mycology, 103, 795-805.
157

Madgwick JW, West JS, White RP, Semenov MA, Townsend JA, Turner JA, & Fitt BD
(2011) Impacts of climate change on wheat anthesis and fusarium ear blight in the
UK. European Journal of Plant Pathology, 130, 117-131.
Mahadevakumar S, Jayaramaiah KM, & Janardhana GR (2014) First report of leaf spot
disease caused by Epicoccum nigrum on Lablab purpureus in India. Plant
Disease, 98, 284-284.
Mahmoudi TR, Yu JM, Liu S, Pierson III LS, & Pierson EA (2019) Drought-Stress
Tolerance in Wheat Seedlings Conferred by Phenazine-Producing Rhizobacteria.
Frontiers in Microbiology, 10, 1-14.
Malamy J, & Klessig DF (1992) Salicylic acid and plant disease resistance. The Plant
Journal, 2, 643-654.
Malo L (2013) Evaluating disease reaction of western Canadian spring wheat cultivars
(Triticum spp.) to natural and artificial infection with Claviceps purpurea (Fr.)
Tul. PhD Thesis, University of Saskatchewan, Saskatoon, Canada.
Marinho AM, Rodrigues-Filho E, Ferreira AG, & Santos LS (2005) C25 steroid epimers
produced by Penicillium janthinellum, a fungus isolated from fruits Melia
azedarach. Journal of the Brazilian Chemical Society, 16, 1342-1346.
Martin RA & Johnston HW (1982) Effects and control of Fusarium diseases of cereal
grains in the Atlantic Provinces. Canadian Journal of Plant Pathology, 4, 210216.
Mathew S (2010) An evaluation on grain quality under post-harvest storage in selected
Indian wheat varieties. International Journal of Pharmaceutical Sciences and
Research, 1, 174-177.
Matusinsky P, Mikolasova R, Spitzer T, & Klem K (2008) Colonization of winter wheat
stem bases by communities of pathogenic fungi. Cereal Research
Communications, 36, 77-88.
Maurin N, Rezanoor HN, Lamkadmi Z, Some A, & Nicholson P (1995) A comparison of
biological, molecular and enzymatic markers to investigate variability within
Microdochium nivale (Fries) Samuels and Hallett. Agronomie, 15, 39-47.
McCartney CA, Brûlé-Babel AL, Fedak G, Martin RA, McCallum BD, Gilbert J, Hiebert
CW, Pozniak CJ (2016) Fusarium Head blight resistance QTL in the spring wheat
cross Kenyon/86ISMN 2137. Frontiers in microbiology, 7, 1542.
McDonnell R, Holden NM, Ward SM, Collins JF, Farrell EP, & Hayes MHB (2001)
Characteristics of humic substances in healthland and forested peat soils of the
Wicklow mountains. Biology and Environment, 101, 187-197.
McKevith B (2004) Nutritional aspects of cereals. Nutrition Bulletin, 29, 111-142
McMullen M, Jones R, & Gallenberg D (1997) Scab of wheat and barley: a re-emerging
disease of devastating impact. Plant Disease, 81, 1340-1348.
Mergoum M, Frohberg RC, Stack RW, Olson T, Friesen TL, & Rasmussen JB (2006)
Registration of ‘Glenn’ wheat. Crop Science, 46, 473-475.
158

Mert Z, Karakaya A, DÜŞÜNCELİ F, Akan K, & ÇETİN L (2012) Determination of
Puccinia graminis f. sp. tritici races of wheat in Turkey. Turkish Journal of
Agriculture and Forestry, 36, 107-120.
Mesterhazy A (1995) Types and components of resistance to Fusarium head blight of
wheat. Plant Breeding, 114, 377-386.
Mesterhazy A (2003) Breeding wheat for Fusarium head blight resistance in Europe. In:
KJ Leonard, & WR Bushnel (Eds) Fusarium Head Blight of Wheat and Barley
(pp. 211-240), APS Press, St Paul Minnesota.
Métraux JP, & Raskin I (1993) Role of phenolics in plant disease resistance. In: I Chet
(Ed) Biotechnology in Plant Disease Control (pp. 191-209), Wiley-Liss, New
York.
Miller JD, Young JC, & Sampson DR (1985) Deoxynivalenol and Fusarium head blight
resistance in spring cereals. Journal of Phytopathology, 113, 359-367.
Molitor A, Zajic D, Voll LM, Pons-Kühnemann J, Samans B, Kogel KH, & Waller F
(2011) Barley leaf transcriptome and metabolite analysis reveals new aspects of
compatibility and Piriformospora indica–mediated systemic induced resistance to
powdery mildew. Molecular Plant-Microbe Interactions, 24, 1427-1439.
Moosavi MR, & Zare R (2012) Fungi as biological control agents of plant-parasitic
nematodes. In: JM Mérillon, & KG Ramawat (Eds.) Plant Defense: Biological
Control (pp. 67-107), Springer Netherlands.
Muscolo A, Sidari M, Attiná E, Francioso O, Tugnoli V, & Nardi S (2007) Biological
activity of humic substances is related to their chemical structure. Soil Science
Society of America Journal, 71, 75-85.
Morsy EM, Abdel-Kawi KA, & Khalil MNA (2009) Efficiency of Trichoderma viride
and Bacillus subtilis as biocontrol agents gainst Fusarium solani on tomato plants.
Egyptian Journal of Phytopathology, 37, 47-57.
Naseby DC, Pascual JA, & Lynch JM (2000) Effect of biocontrol strains of Trichoderma
on plant growth, Pythium ultimum populations, soil microbial communities and
soil enzyme activities. Journal of Applied Microbiology, 88, 161-169.
Nash BT (2011) Activation of disease resistance and defense gene expression in Agrostis
stolonifera and Nicotiana benthamiana by a copper-containing pigment and a
benzothiadiazole. MSc Thesis, University of Guelph, Guelph, Canada.
Nawrocka J, & Malolepsza U (2013) Diversity in plant systemic resistance induced by
Trichoderma. Biological Control, 67, 149-156.
Nganje WE, Johnson DD, Wilson WW, Leistritz FL, Bangsund DA, & Tiapo NM (2001)
Economic impacts of fusarium head blight in wheat and barley: 1998–2000. In
Agribusiness and Applied Economics Report No. 464. ND, USA: Department of
Agribusiness and Applied Economics, North Dakota State University.
Nogueira-Lopez G, Greenwood DR, Middleditch M, Wineﬁeld C, Eaton C, Steyaert JM,
& Mendoza-Mendoza A (2018) The apoplastic secretome of Trichoderma virens
159

during interaction with maize roots shows an inhibition of plant defense and
scavenging oxidative stress secreted proteins. Frontiers in Plant Science, 9, 1-23.
Nopsa H (2010) Fusarium Head Blight: Winter Wheat Cultivar Responses and
Charcterization of Pathogen Isolates. PhD Thesis, University of Nebraska,
Lincoln, USA.
Nourozian J, Etebarian HR, & Khodakaramian G (2006) Biological control of Fusarium
graminearum on wheat by antagonistic bacteria. Songklanakarin Journal of
Science and Technology, 28, 29-38.
Nürnberger T, & Lipka V (2005) Non-host resistance in plants: new insights into an old
phenomenon. Molecular Plant Pathology, 6, 335-345.
Nürnberger T, Brunner F, Kemmerling B, & Piater L (2004) Innate immunity in plants
and animals: striking similarities and obvious differences. Immunological
Reviews, 198, 249-266.
Nürnberger T, & Kemmerling B (2009) Pathogen-associated molecular patterns (PAMP)
and PAMP-triggered immunity. Annual Plant Reviews, 34, 16-47.
O’Donnell K, Kistler HC, Tacke BK, & Casper HH (2000) Gene genealogies reveal
global phylogeographic structure and reproductive isolation among lineages of
Fusarium graminearum the fungus causing wheat scab. Proceedings of the
National Academy of Sciences, 97, 7905-7910.
O’Donnell K, Ward TJ, Geiser DM, Kistler HC, & Aoki T (2004) Genealogical
concordance between the mating type locus and seven other nuclear genes
supports formal recognition of nine phylogenetically distinct species within the
Fusarium graminearum clade. Fungal Genetics and Biology, 41, 600-623.
O’Donnell K, Ward TJ, Aberra D, Kistler HC, Aoki T, Orwing N, Kimura M, Bjornstad
A, & Klemsdal SS (2008) Multilocus genotyping and molecular phylogenetics
resolve a novel head blight pathogen within Fusarium graminearum species
complex from Ethiopia. Fungal Genetics and Biology, 45, 1514-1522.
Oduro-Mensah D, Ocloo A, Lowor ST, Bonney EY, Okine LK, & Adamafio NA (2018)
Isolation and characterisation of theobromine-degrading filamentous fungi.
Microbiological Research, 206, 16-24.
Oleson BT (1994) World wheat production, utilization and trade. In: W Bushuk, & VF
Rasper (Eds) Wheat (pp. 1-11), Springer, Boston, MA.
Oliveira MDM, Varanda CMR, & Félix MRF (2016) Induced resistance during the
interaction pathogen x plant and the use of resistance inducers. Phytochemistry
Letters, 15, 152-158.
Omacini M, Chaneton EJ, Ghersa CM, & Müller CB (2001) Symbiotic fungal
endophytes control insect host-parasite interaction webs. Nature, 409, 78-81.
Orole OO, & Adejumo TO (2009) Activity of fungal endophytes against four maize wilt
pathogens. African Journal of Microbiology Research, 3, 969-973.

160

Ousley MA, Lynch JM, & Whipps JM (1994) Potential of Trichoderma spp. as consistent
plant growth stimulators. Biology and Fertility of Soils, 17, 85-90.
Pagani APS, Dianese AC, & Café-Filho AC (2014) Management of wheat blast with
synthetic fungicides, partial resistance and silicate and phosphite minerals.
Phytoparasitica, 42, 609-617.
Pal KK, & Gardener BM (2006) Biological Control of Plant Pathogens. The Plant Health
Instructor, 2, 1117-1142.
Palazzini J, Roncallo P, Cantoro R, Chiotta M, Yerkovich N, Palacios S, & Chulze S
(2018) Biocontrol of Fusarium graminearum sensu stricto, reduction of
deoxynivalenol accumulation and phytohormone induction by two selected
antagonists. Toxins, 10, 1-12.
Pan D, Mionetto A, Tiscornia S, & Bettucci L (2015) Endophytic bacteria from wheat
grain as biocontrol agents of Fusarium graminearum and deoxynivalenol
production in wheat. Mycotoxin Research, 31, 137-143.
Parry DW, Jenkinson P, & McLeod L (1995a) Fusarium ear blight (scab) in small grain
cereals-a review. Plant Pathology, 44, 207-238.
Parry DW, Rezanoor HN, Pettitt TR, Hare MC, & Nicholson P (1995b) Analysis of
Microdochium nivale isolates from wheat in the UK during 1993. Annals of
Applied Biology, 126, 449-455.
Paul PA, El-Allaf, SM, Lipps PE, & Madden LV (2005a) Relationships between
incidence and severity of Fusarium head blight on winter wheat in Ohio.
Phytopathology, 95, 1049-1060.
Paul PA, Lipps PE, & Madden LV (2005b) Relation between visual estimates of
Fusarium head blight intensity and deoxynivalenol accumulation in harvested
wheat grain: a Meta-analysis. Phytopathology, 95, 1225-1236.
Paul PA, Lipps PE, & Madden LV (2006) Meta-analysis of regression for the relationship
between Fusarium head blight and deoxynivalenol content of wheat.
Phytopathology, 96, 951-961.
Paulitz TC & Belanger RR (2001) Biological control in greenhouse systems. Annual
Review of Phytopathology, 39, 103-133.
Paulitz TC, Smith JD, & Kidwell KK (2003) Virulence of Rhizoctonia oryzae on wheat
and barley cultivars from the Pacific Northwest. Plant Disease, 87, 51-55.
Pereyra S (2003). Prácticas culturales para el manejo de la fusariosis de la espiga
(Cultural practices in Fusarium Head Blight management). In: Winter Crops
Conferences, Uruguay. Diffusion Journal 312:1-9. (in Spanish)
Pettitt TR, Parry DW, & Polley RW (1993) Improved estimation of the incidence of
Microdochium nivale in winter-wheat stems in England and Wales, during 1992,
by use of benomyl agar. Mycological Research, 97, 1172-1174.
Pharis RP, & King RW (1985) Gibberellins and reproductive development in seed plants.
Annual Review of Plant Physiology, 36, 517-568.
161

Pieterse C, Zamioudis C, Berendsen R, Weller D, Van Wees S, & Bakker P (2014)
Induced systemic resistance by beneﬁcial microbes. Annual Review of
Phytopathology, 52, 347-375.
Pieterse CMJ, Van der Does D, Zamioudis C, Leon-Reyes A, & Van Wees SCM (2012)
Hormonal modulation of plant immunity. Annual Review of Cell and
Developmental Biology, 28, 489-521.
Pittner E, Marek J, Bortuli D, Santos LA, Knob A, & Faria CMDR. (2019) Defense
responses of wheat plants (Triticum aestivum L.) against brown spot as a result of
possible elicitors application. Arquivos do Instituto Biológico, 86, 1- 16.
Pritsch C, Muehlbauer GJ, Bushnell WR, Somers DA, & Vance CP (2000) Fungal
development and induction of defense response genes during early infection of
wheat spikes by Fusarium graminearum. Molecular Plant-Microbe Interactions,
13, 159-169.
Porras M, Barrau C, & Romero F (2007) Effects of soil solarization and Trichoderma on
strawberry production. Crop Protection, 26, 782 -787.
Raﬁqi M, Jelonek L, Akum NF, Zhang F, & Kogel K-H (2013) Eﬀector candidates in the
secretome of Piriformospora indica, a ubiquitous plant-associated fungus.
Frontiers in Plant Science, 4, 1-5.
Rajou L, Belghazi M, Huguet R, Robin C, & Moreau A (2006) Proteomic investigation
of the effect of salicylic acid on Arabidopsis seed germination and establishment
of early defense mechanisms. Plant Physiology, 141, 910-923.
Raquel LT, Luis G, Dailos G, José MC, Ángel J, Carmen R, & Arturo H (2013) Metals in
wheat flour; comparative study and safety control. Nutricion Hospitalaria, 28,
506-513.
Raman J (2012) Response of Azotobacter, Pseudomonas and Trichoderma on Growth of
Apple Seedling. International Conference on Biological and Life Sciences
IPCBEE, IACSIT Press, Singapore.
Rashid A (2003) Global information and early warning system on food and agriculture:
appropriate technology and institutional development challenges. In: PDJ Zschau,
& A Küppers (Eds) Early Warning Systems for Natural Disaster Reduction (PP.
337-344), Springer Berlin Heidelberg, Germany.
Raskin I (1992) Role of salicylic acid in plants. Annual Review of Plant Biology, 43, 43963.
Reinhardt D, Mandel T, & Kuhlemeier C (2000) Auxin regulates the initiation and radial
position of plant lateral organs. Plant Cell, 12, 507-518.
Ren R, Yang X, & Ray RV (2015) Comparative aggressiveness of Microdochium nivale
and M majus and evaluation of screening methods for Fusarium seedling blight
resistance in wheat cultivars. European Journal of Plant Pathology, 141, 281-294.
Robertson GW (1974) Wheat yields for 50 years at Swift Current, Saskatchewan in
relation to weather. Canadian Journal of Plant Science, 54, 625-650.
162

Robinson T, Singh D, & Nigam P (2001) Solid-state fermentation: a promising microbial
technology for secondary metabolite production. Applied Microbiology and
Biotechnology, 55, 284-289.
Roby D, Gadelle A, & Toppan P (1987) Chitin oligosaccharides as elicitors of chitinase
activity in melon plants. Biochemical and Biophysical Research Communications,
143, 885-892.
Roh J, & Shin S (2014) Antifungal and antioxidant activities of the essential oil from
Angelica koreana Nakai. Evidence-Based Complementary and Alternative
Medicine, 2014, 1-7.
Rotblat B, Enshell-Seijﬀers D, Gershoni JM, Schuster S, & Avni A (2002) Identiﬁcation
of an essential component of the elicitation active site of the EIX protein elicitor.
The Plant Journal, 32, 1049-1055.
Rowan DD, & Gaynor DL (1986) Isolation of feeding deterrents against Argentine stem
weevil from ryegrass infected with the endophyte Acremonium loliae. Journal of
Chemical Ecology, 12, 647-658.
Saba HDV, Manisha M, Prashant KS, Farham H, & Tauseff A (2012) Trichoderma- a
promising plant growth stimulator and Biocontrol agent. Mycosphere, 3, 524-531.
Saikkonen K, Saari S, & Helander M (2010) Defensive mutualism between plants and
endophytic fungi? Fungal Diversity, 41, 101-113.
Salas-Marina MA, Silva-Flores MA, Cervantes-Badillo MG, Rosales-Saavedra MT,
Islas-Osuna MA, & Casas-Flores S (2011) The plant growth-promoting fungus
Aspergillus ustus promotes growth and induces resistance against different
lifestyle pathogens in Arabidopsis thaliana. Journal of Microbiology and
Biotechnology, 2, 686-696.
Samuels GJ, & Hallett IC (1983) Microdochium stoveri and Monographella stoveri, new
combinations for Fusarium stoveri and Micronectriella stoveri. Transactions of
the British Mycological Society, 81, 473-483.
Saravanakumar K, Shanmuga Arasu V, & Kathiresan K (2013) Effect of Trichoderma on
soil phosphate solubilization and growth improvement of Avicennia marina.
Aquatic Botany, 104, 101-105.
Sarkar J, Chakraborty U, & Chakraborty BN (2018) Induced defense response in wheat
plants against Bipolaris sorokiniana following application of Bacillus safensis
and Ochrobactrum pseudogrignonense. Indian Phytopathology, 71, 49-58.
Sarver B, Ward T, Gale L, Broz K, Kistler HC, Aoki T, Nicholson P, Carter J, &
O’Donnell K (2011) Novel Fusarium head blight pathogens from Nepal and
Louisiana revealed by multilocus genealogical concordance. Fungal Genetics and
Biology, 48, 1096-1107.
Scheuerell SJ, & Mahaffee WH (2006) Variability associated with suppression of Gray
Mold (Botrytis cinerea) on Geranium by foliar applications of nonaerated and
aerated compost teas. Plant Disease, 90, 1201-1208.

163

Scheuerell SJ, & Mahaffee WH (2004) Compost tea as a container medium drench for
suppressing seedling damping off caused by Pythium ultimum. Phytopathology,
94, 1156-1163.
Schiavon M, Pizzeghello D, Muscolo A, Vaccaro S, Francioso O, & Nardi S (2010) High
Molecular Size Humic Substances Enhance Phenylpropanoid Metabolism in
Maize (Zea mays L). Journal of Chemical Ecology, 36, 662-669.
Schisler DA, Khan NI, & Boehm MJ (2002) Biological control of Fusarium head blight
of wheat and deoxynivalenol levels in grain via use of microbial antagonists. In:
JW DeVries, MW Trucksess, & Jackson LS (Eds) Mycotoxins and Food Safety
(pp. 53-69), Kluwer Academic/Plenum Publishers, New York.
Schisler DA, Khan NI, Boehm MJ, & Slininger PJ (2002) Greenhouse and field
evaluation of biological control of Fusarium head blight on durum wheat. Plant
Disease, 86, 1350-1356.
Schroers HJ, Samuels GJ, Seifert KA, & Gams W (1999) Classiﬁcation of the
mycoparasite Gliocladium roseum in Clonostachys as C. rosea, its relationship to
Bionectria ochroleuca, and notes on other Gliocladium-likefungi. Mycologia, 91,
365-385.
Schroeder HW, & Christensen JJ (1963) Factors affecting resistance of wheat to scab
caused by Gibberella zeae. Phytopathology, 53, 831-838.
Sels J, Mathys J, Bma DC, Cammue BPA, & De Bolle MFC (2008) Plant pathogenesisrelated (PR) proteins: a focus on PR peptides. Plant Physiology and Biochemistry,
46, 941-950.
Senaratna T, Touchell D, Bunn E, & Dixon K (2000) Acetyl salicylic acid (Aspirin) and
salicylic acid induce multiple stress tolerance in bean and tomato plants. Plant
Growth Regulation, 30, 157-161.
Senn TL (1991) Humates in Agriculture. Acres USA, Jan
Sessitsch A, Reiter B, & Berg G (2004) Endophytic bacterial communities of field-grown
potato plants and their plant-growth-promoting and antagonistic abilities.
Canadian Journal of Microbiology, 50, 239-249.
Shaner GE (2003) Epidemiology of Fusarium head blight of small grain cereals in North
America. In: KJ Leonard, & WR Bushnel (Eds) Fusarium Head Blight of Wheat
and Barley (pp. 84-119), APS Press, St Paul Minnesota.
Shaner GE, & Buechley G (2003) Control of Fusarium head blight with fungicide in
Indiana. In: Ky Erlanger, SM Canty, J Lewis, L Siler, & RW Ward (Eds) National
Fusarium Head Blight Forum (pp. 61–64), East Lansing, Mich, Michigan State
University.
Shanmugaiah V, Balasubramanian N, Gomathinayagam S, Manoharan PT, & Rajendran
A (2009) Effect of single application of Trichoderma viride and Pseudomonas
fluorescens on growth cotton plants. African Journal of Agricultural Research, 4,
1220-1225.

164

Sharma P, Patel AN, Saini MK, & Deep S (2012) Field demonstration of Trichoderma
harzianum as a plant growth promoter in wheat (Triticum aestivum L). Journal of
Agricultural Science, 4, 65-73.
Shearer BL, & Fairman RG (2007) A stem injection of phosphite protects Banksia
species and Eucalyptus marginata from Phytophthora cinnamomi for at least four
years. Australasian Plant Pathology, 36, 78-86.
Shewry PR (2009) Wheat. Journal of Experimental Botany, 60, 1537-1553.
Shi C, Yan P, Li J, Wu H, Li Q, & Guan S (2014) Biocontrol of Fusarium graminearum
growth and deoxynivalenol production in wheat kernels with bacterial
antagonists. International Journal of Environmental Research and Public Health,
11, 1094-1105.
Shin M, Shim J, You Y, Myung H, Bang K, Cho M…, & Oh B (2012) Characterization
of lead resistant endophytic Bacillus sp. MN3-4 and its potential for promoting
lead accumulation in metal hyperaccumulator Alnus firma. Journal of Hazardous
Materials, 199, 314-320.
Shin TS, Yu NH, Lee J, Choi GJ, Kim JC, & Shin CS (2017) Development of a
biofungicide using a mycoparasitic fungus Simplicillium lamellicola BCP and its
control efficacy against gray mold diseases of tomato and ginseng. The plant
Pathology Journal, 33, 337-344.
Shivanna MB, Meera MS, & Hyakumachi M (1996) Role of root colonization ability of
plant growth promoting fungi in the suppression of take-all and common root rot
of wheat. Crop Protection, 15, 497-504.
Shoresh M, Harman GE, & Mastouri F (2010) Induced systemic resistance and plant
responses to fungal biocontrol agents. Annual Review of Phytopathology, 48, 2143.
Shoresh M, Yedidia I, & Chet I (2005) Involvement of jasmonic acid/ethylene signaling
pathway in the systemic resistance induced in cucumber by Trichoderma
asperellum T203. Phytopathology, 95, 76-84.
Siddiqui ZA (2007) Biocontrol of Alternaria triticina by plant growth promoting
rhizobacteria on wheat. Archives of Phytopathology and Plant Protection, 40,
301-308.
Simpson DR, Rezanoor HN, Parry DW, & Nicholson P (2000) Evidence for differential
host preference in Microdochium nivale var majus and Microdochium nivale var
nivale. Plant Pathology, 49, 261-268.
Smillie R, Grant BR, & Guest D (1989) The mode of action of phosphite: evidence for
both direct and indirect modes of action on three Phytophthora spp. in plants.
Phytopathology, 79, 921-926.
Song GC, Choi HK, & Ryu CM (2013) The folate precursor para-aminobenzoic acid
elicits induced resistance against Cucumber mosaic virus and Xanthomonas
axonopodis. Annals of Botany, 111, 925-934.

165

Song Y, Wu P, Li Y, Tong X, Zheng Y, Chen Z, & Xiang T (2017) Effect of endophytic
fungi on the host plant growth, expression of expansin gene and flavonoid content
in Tetrastigma hemsleyanum Diels & Gilg ex Diels. Plant and Soil, 417, 393-402.
Sorahinobar M, Niknam V, Ebrahimzadeh H, Soltanloo H, Behmanesh M, & Enferadi
ST (2016) Central role of salicylic acid in resistance of wheat against Fusarium
graminearum. Journal of Plant Growth Regulation, 35, 477-491.
Spadaro D, & Droby S (2016) Development of biocontrol products for postharvest
diseases of fruit: the importance of elucidating the mechanisms of action of yeast
antagonists. Trends in Food Science & Technology, 47, 39-49.
Sreeja SJ (2014) Synthetic plant activators for crop disease management. Life Sciences
Leaflets, 2, 19-28.
Stacey G, McAlvin CB, Kim SY, Olivares J, & Soto MJ (2006) Effects of endogenous
salicylic acid on nodulation in the model legumes Lotus japonicas and Medicago
truncatula. Plant Physiology, 141, 1473-1481.
Starkey DE, Ward TJ, Aoki T, Gale LG, Kistler HC, Geiser MD, Suga H, Tóth B, Vara J,
& O’Donnell K (2007) Global molecular surveillance reveals novel Fusarium
head blight species and trichothecene toxin diversity. Fungal Genetics and
Biology, 44, 1191-1204.
Statistics Canada (2019) Production of principal field crops, July 2018. Available at:
https ://www150.statc an.gc.ca/n1/daily-quoti dien/18083 1/dq180 831b-eng.htm
[Accessed 9 January 2020].
Steffenson BJ (2003) Fusarium head blight of barley: impact, epidemics, management,
and strategies for identifying and utilizing genetic resistance. In: KJ Leonard, &
WR Bushnel (Eds) Fusarium Head Blight of Wheat and Barley (pp. 241-295),
APS Press, St Paul Minnesota.
Stein E, Molitor A, Kogel K-H-H, & Waller F (2008) Systemic resistance in Arabidopsis
conferred by the mycorrhizal fungus Piriformospora indica requires jasmonic
acid signaling and the cytoplasmic function of NPR1. Plant and Cell Physiology,
49, 1747-1751.
Stockwell CA, Bergstrom GC, & Luz WD (2001) Biological control of Fusarium head
blight with Bacillus subtilis TrigoCor 1448. In: Ky Erlanger, SM Canty, J Lewis,
L Siler, & RW Ward (Eds) National Fusarium Head Blight Forum (pp. 91–95),
East Lansing, Mich, Michigan State University.
Strickberger MW (1976) Genetics Macmillan Publishing Company. Inc. New York.
Stukenbrock EH, Banke S & McDonald BA (2006) Global migration patterns in the
fungal wheat pathogen Phaeosphaeria nodorum. Molecular Ecology, 15, 28952904.
Sutton JC (1982) Epidemiology of wheat head blight and maize ear rot caused by
Fusarium graminearum. Canadian Journal of Plant Pathology, 4, 195-209.

166

Taechowisan T, Chuaychot N, Chanaphat S, Wanbanjob A, & Tantiwachwutikul P.
(2009) Antagonistic effects of Streptomyces sp. SRM1 on Colletotrichum musae.
Biotechnology, 8, 86-92.
Taheri P, & Tarighi S (2010) Riboflavin induces resistance in rice against Rhizoctonia
solani via jasmonate-mediated priming of phenylpropanoid pathway. Journal of
Plant Physiology, 167, 201-208.
Talubnak C, & Soytong K (2010) Biological control of vanilla anthracnose using
Emericella nidulans. Journal of Agricultural Technology, 6, 47-55.
Tao A, Panga F, Huang S, Yua G, Li B, & Wang T (2014) Characterisation of endophytic
Bacillus thuringiensis strains isolated from wheat plants as biocontrol agents
against wheat flag smut. Biocontrol Science and Technology, 24, 901-924.
Tan X, Huang S, Ren J, Yan W, & Cen Z (2007) Characterization of an endophytic
bacterium strain Bc51 suppressing citrus canker. Acta Phytopathologica Sinica,
37, 9-17.
Tchameni SN, Ngonkeu MEL, Begoude BAD, Wakam Nana L, Fokom R, Owona AD,
Mbarga JB, Tchana T, Tondje PR, Etoa FX, & Kuaté J (2011) Effect of
Trichoderma asperellum and Arbuscular Mycorrhizal Fungi on Cacao growth and
resistance against black pod disease. Crop Protection, 30, 1321-1327.
Teles HL, Silva GH. Castro-Gamboa I, da Silva Bolzani V, Pereira JO. Costa-Neto CM,
& Araújo ÂR (2005) Benzopyrans from Curvularia sp., an endophytic fungus
associated with Ocotea corymbosa (Lauraceae). Phytochemistry, 66, 2363-2367.
Thakur M, & Sohal BS (2013) Role of elicitors in inducing resistance in plants against
pathogen infection: a review. ISRN Biochem, 13, 1-10.
Toda T, Hayakawa T, Mghalu JM, Yaguchi S, & Hyakumachi M (2007) A new
Rhizoctonia sp. closely related to Waitea circinata causes a new disease of
creeping bentgrass. Journal of General Plant Pathology, 73, 379-387.
Trail F (2009) For blighted waves of grain: Fusarium graminearum in the postgenomics
era. Plant Physiology, 149, 103-110.
Trognitz F, Piller K, & Nagel N (2014) Isolation and characterization of endophytes
isolated from seeds of different plants and the application to increase juvenile
development. Tagung der Vereinigung der Pflanzenzüchter und Saatgutkaufleute
Österreichs, 65, 25-28.
Tronsmo AM, Hsiang T, Okuyama H, & Nakajima T (2001) Low temperature diseases
caused by Microdochium nivale. In: N Iriki, DA Gaudet, AM Tronsmo, N
Matsumoto, M Yoshida, & A Nishimune (Eds) Low Temperature Plant Microbe
Interactions Under Snow (PP. 75-86), Hokkaido National Agricultural
Experimental Station, Sapporo.
U.S. GAO (General Accounting Office) (1999), U.S. Agriculture: Grain fungus creates
financial distress for North Dakota barley producers. Resources, Community, and
Economic Development Division.

167

Usuki F, & Narisawa K (2007) A mutualistic symbiosis between a dark septate
endophytic fungus, Heteroconium chaetospira, and a nonmycorrhizal plant,
Chinese cabbage. Mycologia, 99, 175-184.
van der Werf HM (1996) Assessing the impact of pesticides on the environment.
Agriculture, Ecosystems & Environment, 60, 81-96.
van Loon LC, Bakker PAHM & Pieterse CMJ (1998) Systemic resistance induced by
rhizosphere bacteria. Annual Review of Phytopathology, 36, 453-483.
Van Wees SC, Van der Ent S, & Pieterse CM (2008) Plant immune responses triggered
by beneﬁcial microbes. Current Opinion in Plant Biology, 11, 443-448.
Vasconcelos ACF, Zhang X, Ervin EH, & Castro JK, (2009) Enzymatic antioxidant
responses to biostimulants in maize and soybean subjected to drought. Scientia
Agricola, 66, 395-402.
Vaughan M, Backhouse D, & Ponte ED (2016) Climate change impacts on the ecology of
Fusarium graminearum species complex and susceptibility of wheat to Fusarium
head blight: a review. World Mycotoxin Journal, 9, 685-700.
Veronese P, Ruiz MT, Coca MA, Hernandez-Lopez A, Lee H, Ibeas JI, & Narasimhan,
ML (2003) In defense against pathogens. Both plant sentinels and foot soldiers
need to know the enemy. Plant Physiology, 131, 1580-1590.
Vlot AC, Dempsey DMA, & Klessig DF (2009) Salicylic acid, a multifaceted hormone to
combat disease. Annual Review of Phytopathology, 47, 177-206.
Vol’pin ME, Novodarova GN, Krainova NY, Lapikova VP, & Aver’yanov AA (2000)
Redox and fungicidal properties of phthalocyanine metal complexes as related to
active oxygen. Journal of Inorganic Biochemistry, 81, 285-292.
Walters D, Walsh D, Newton A, & Lyon G (2005) Induced resistance for plant disease
control: maximizing the efficacy of resistance elicitors. Phytopathology, 95, 13681373.
Wang J, Liu J, Chen H, & Yao J (2007) Characterization of Fusarium graminearum
inhibitory lipopeptide from Bacillus subtilis IB. Applied Microbiology and
Biotechnology, 76, 889-894.
Wani ZA, Ashraf N, Mohiuddin T, & Riyaz-Ul-Hassan S (2015) Plant-endophyte
symbiosis, an ecological perspective. Applied Microbiology and Biotechnology,
99, 2955-2965.
Waller F, Achatz B, Baltruschat H, Fodor J, Becker K, Fischer M, Heier T, Hückelhoven
R, Neumann C, & von Wettstein D (2005) The endophytic fungus Piriformospora
indica reprograms barley to salt-stress tolerance, disease resistance, and higher
yield. Proceedings of the National Academy of Sciences, 102, 13386-13391.
Waqas M, Khan AL, & Lee IJ (2014) Bioactive chemical constituents produced by
endophytes and effects on rice plant growth. Journal of Plant Interactions, 9, 478487.

168

Warcup JH, & Talbot PHB (1962) Ecology and identity of mycelia isolated from soil.
Transactions of the British Mycological Society, 45, 495-518.
Ward ER, Uknes SJ, Williams SC, Dincher SS, Wiederhold DL, Alexander DC, & Ryals
JA (1991) Coordinate gene activity in response to agents that induce systemic
acquired resistance. The Plant Cell, 3, 1085-1094.
Ward NA, Schneider RW, & Aime MC (2011) Colonization of soybean rust sori by
Simplicillium lanosoniveum. Fungal Ecology, 4, 303-308.
Ward NA, Schneider RW, & Robertson CL (2010) Field evaluations of Simplicillium
lanosoniveum as a biological control agent for Phakopsora pachyrhizi.
Phytopathology, 100, S134-S134.
Wegener M (1992) Optimierung von saatgutpillierungen mit mikrobiellen antagonisten
zur biologischen bekamfung von F. culmurum in Weizen. PhD Thesis,
Diplomarbeit, Universitat Gottingen, Germany.
Weinstein SJ, Hartman TJ, Stolzenberg-Solomon R, Pietinen P, & Barrett MJ (2003) Null
association between prostate cancer and serum folate, vitamin B- 6, vitamin B-12,
and homocysteine. Cancer Epidemiology Biomarkers & Prevention, 12, 12711272.
Wiese MV (1987) Compendium of Wheat Diseases. American Phytopathological
Society.
Xu X, & Nicholson P (2009) Community ecology of fungal pathogens causing wheat
head blight. Annual Review of Phytopathology, 47, 83-103.
Xu X, Wang C, Li S, Su Z, Zhou H, Mao L, Feng X, Liu P, Chen X, & Snyder JH (2015)
Friend or foe: diﬀerential responses of rice to invasion by mutualistic or
pathogenic fungi revealed by RNAseq and metabolite proﬁling. Scientific
Reports, 5, 1-14.
Xue AG (2002) Gliocladium roseum strains useful for the control of fungal pathogens in
plants. United States Patent. Serial No. US 6,495,133 B1.
Xue AG (2003a) Biological control of pathogens causing root rot complex in field pea
using Clonostachys rosea strain ACM941. Phytopathology, 93, 329-335.
Xue AG (2003b) Efficacy of Clonostachys rosea strain ACM941 and fungicide seed
treatments for controlling root rot complex of field pea. Canadian Journal of
Plant Science, 83, 519-524.
Xue AG, Voldeng HD, Savard ME, Fedak G, Tian X, & Hsiang T (2009) Biological
control of Fusarium Head Blight of Wheat with Clonostachy rosea Strain
ACM941. Canadian Journal of Plant Pathology., 31, 169-179.
Xue AG, Chen Y, Voldeng HD, Fedak G, Savard ME, Längle T, & Harman GE (2014)
Concentration and cultivar effects on efficacy of CLO-1 biofungicide in
controlling Fusarium head blight of wheat. Biological control, 73, 2-7.

169

Yalpani N, Silverman P, Wilson TM, Kleier DA, & Raskin I (1991) Salicylic acid is a
systemic signal and an inducer of pathogenesis-related proteins in virus-infected
tobacco. The Plant Cell, 3, 809-818.
Yamagiwa Y, Inagaki Y, Ichinose Y, Toyoda K, Hyakumachi M, & Shiraishi T (2011)
Talaromyces wortmannii FS2 emits β-caryphyllene, which promotes plant growth
and induces resistance. Journal of General Plant Pathology, 77, 336-341.
Yang HL, Sun XL, Song W, & Wang YS (2001) Studies on the rice endophytic bacteria
Entetobacter cloacae MR12’s identification and it’s effects of nitrogen fixation
and biological control to plant disease. Acta Phytopathologica Sinica, 31, 92-93.
Yang SY, Park MR, Kim IS, Kim YC, Yang JW, & Ryu CM (2011) 2-Aminobenzoic
acid of Bacillus sp. BS107 as an ISR determinant against Pectobacterium
carotovorum subsp. carotovotrum SCC1 in tobacco. European Journal of Plant
Pathology, 129, 371-378.
Yedidia I, Benhamou N, & Chet I (1999) Induction of defense responses in cucumber
plants (Cucumis sativus L) by the biocontrol agent Trichoderma harzianum.
Applied and Environmental Microbiology, 65, 1061-1070.
Yildirim E (2007) Foliar and soil fertilization of humic acid affect productivity and
quality of tomato. Acta Agriculturae Scandinavica Section B-Soil and Plant
Science, 57, 182-186.
Yli-Mattila T, Gagkaeva T, Ward TJ, Aoki T, Kistler HC, & O’Donnell K (2009) Anovel
Asian clade within the Fusarium graminearum complex includes a newly
discovered cereal head blight pathogen from the Russian Far East. Mycologia,
101, 841-852.
Yoshioka Y, Ichikawa H, Naznin HA, Kogure A, & Hyakumachi M (2012) Systemic
resistance induced in Arabidopsis thaliana by Trichoderma asperellum SKT-1, a
microbial pesticide of seedborne diseases of rice. Pest Management Science., 68,
60-66.
Yuan ZL, Rao LB, Chen YC, Zhang CL, & Wu YG (2011) From pattern to process:
species and functional diversity in fungal endophytesof Abies beshanzuensis.
Fungal Biology, 115, 197-213.
Yue Q, Miller CJ, White JF, & Richardson MD (2000) Isolation and characterization of
fungal inhibitors from Epichloe festucae. Journal of Agricultural and Food
Chemistry, 48, 4687-4692.
Yuen GY, Jochum CC, Osborne LE, & Jin Y (2003) Biocontrol of Fusarium head blight
in wheat by Lysobacter enzymogenes C3. Phytopathology, 93, S93.
Zaharieva M, Ayana NG, Al Hakimi A, Misra SC, & Monneveux P (2010) Cultivated
emmer wheat (Triticum dicoccon Schrank), an old crop with promising future: a
review. Genetic Resources and Crop Evolution, 57, 937-962.
Zare R, & Gams W (2001) A revision of Verticillium section Prostrata. IV. The genera
Lecanicillium and Simplicillium gen. nov. Nova Hedwigia, 73, 1-50.

170

Zhang B, Ramonell K, Somerville S, & Stacey G (2002) Characterization of early, chitininduced gene expression in Arabidopsis. Molecular Plant-Microbe Interactions,
15, 963-970.
Zhang S, Gan Y, & Xu B (2016) Application of plant-growth-promoting fungi
Trichoderma longibrachiatum T6 enhances tolerance of wheat to salt stress
through improvement of antioxidative defense system and gene expression.
Frontiers in Plant Science, 7, 1-11.
Zhao K, Shao B, Yang D, Li F, & Zhu J (2015) Natural occurrence of Alternaria toxins in
wheat-based products and their dietary exposure in China. PLoS One, 10, 1-11.
Zhu Z, Hao Y, Mergoum M, Bai G, Humphreys G, Cloutier S, & He Z (2019) Breeding
wheat for resistance to Fusarium head blight in the Global North: China, USA and
Canada. The Crop Journal.
Zinniel DK, Lambrecht P, Harris NB, Zhengyu F, Kuczmarski D, Higley P, Ishimaru CA,
Arunakumari A, Barletta RG, & Vidaver AK (2002) Isolation and
Characterization of Endophytic Colonizing Bacteria from Agronomic Crops and
Prairie Plants. Applied and Environmental Microbiology, 68, 2198-2208.
Zou WX, Meng JC, Lu H, Chen GX, Shi GX, Zhang TY, & Tan RX (2000) Metabolites
of Colletotrichum gloeosporioides, an endophytic fungus in Artemisia mongolica.
Journal of Natural Products, 63, 1529-1530.

171

